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Self assembling cluster crystals from DNA based
dendritic nanostructures
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Cluster crystals are periodic structures with lattice sites occupied by several, overlapping
building blocks, featuring fluctuating site occupancy, whose expectation value depends on
thermodynamic conditions. Their assembly from atomic or mesoscopic units is long-sought-
after, but its experimental realization still remains elusive. Here, we show the existence of
well-controlled soft matter cluster crystals. We fabricate dendritic-linear-dendritic triblock
composed of a thermosensitive water-soluble polymer and nanometer-scale all-DNA den-
drons of the first and second generation. Conclusive small-angle X-ray scattering (SAXS)
evidence reveals that solutions of these triblock at sufficiently high concentrations undergo a
reversible phase transition from a cluster fluid to a body-centered cubic (BCC) cluster crystal
with density-independent lattice spacing, through alteration of temperature. Moreover, a rich
concentration-temperature phase diagram demonstrates the emergence of various ordered
nanostructures, including BCC cluster crystals, birefringent cluster crystals, as well as hex-
agonal phases and cluster glass-like kinetically arrested states at high densities.
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rystals are orderly states of matter in which particles with

sizes ranging from sub-nanometer to micron are arranged

in a periodic lattice. Crystalline solids epitomize the notion
of rigidity, lying at the antipode of fluidity that is embodied by
liquids. Accordingly, hybrid, exotic phases that combine crystal-
linity with (super-)fluidity have fascinated researchers both in the
classical realm of soft matter physics!= and in the quantum
domain®-10, In usual crystals, the lattice constant a and the
particle concentration ¢ obey the proportionality a & c~1/3, dic-
tated by the condition that the (conventional) unit cell be
populated by a fixed number of particles determined by the lattice
geometry. Cluster crystals, a newer concept, are unconventional
states of matter whose lattice sites are occupied by clusters of fully
or vpartially overlapping particles rather than single
ones! ~3:6-81L12 Tp these states, the number of overlapping par-
ticles within a cluster, the lattice-site occupancy Ny is a fluc-
tuating quantity, with its expectation value scaling with
concentration as N, « ¢ and thus resulting in a concentration-
independent lattice constant, the latter being the salient structural
characteristic of both cluster crystals! and cluster
quasicrystals!314.

Cluster crystals were first discovered in a simple model of
penetrable spheres!! and thereafter it was established that they
are stabilized in general in any system of classical particles
interacting by means of soft, bounded potentials whose Fourier
transform has negative parts!3. The interaction can be purely
repulsive, leading thereby to the counterintuitive result of clus-
tering in the absence of attractions>!®. This is a physical
mechanism distinct to the one that leads to cluster formation in
colloidal systems with diverging interactions combined with a
strong, short-range attraction and a weak, long-range
repulsion!®-19. The clustering criterion has since then been
generalized also to interactions featuring a hard core?{, and
clustering phenomena have been experimentally observed in
quasi-two-dimensional systems of core-softened magnetic
colloids?!, whereas similar phenomenology has been observed in
simulations of cell colonies?2. Concrete suggestions for realizing
cluster-forming building blocks in the soft matter have been made
in computer simulation models on the basis of effective
potentials?3, and for concentrated solutions in full, monomer-
resolved simulations®2423,

Soft matter cluster crystals bear striking analogies with the
supersolid state of matter in the quantum regime®-10. Scientific
breakthroughs in atomic physics have made it possible to create
artificial interatomic potentials by exploiting collective matter-
light interactions in cavities?®?7 or by weakly coupling a Rydberg
state to the ground state using laser light?8-32. Theoretical
investigations have demonstrated that the resulting core-softened,
repulsive interactions stabilize cluster- and supersolid phases with
remarkable similarities to soft matter cluster crystals2®30,33-38,
There has been growing experimental evidence for the existence
of (metastable) quantum cluster- or supersolids in the last few
years3®~4l but no experimental realization of the soft matter
cluster crystals has been reported thus far. Here, we show theory-
informed, suitably designed DNA-based dendritic triblock are
appropriate soft-matter building blocks unambiguously leading to
the formation of stable cluster crystals whose properties conform
to earlier theoretical predictions.

Results and discussion

Building blocks design. We synthesized and studied the self-
assembly of DNA-based dendritic-linear-dendritic triblock.
Neutral bifunctional Poly(2-oxazoline)-based copolymers (Poxa)
chains that possess lower critical solution temperature behavior
(Trcst=33°C in 150 mM NaCl aqueous salt solutions) were

end-capped with all-DNA charged stiff dendrons*>43 of first and
second generation (Fig. 1). Poxa is a thermoresponsive polymer
that exhibits a reversible and sharp coil-to-globule phase transi-
tion in water by increasing the temperature above the Trcst4.
The conformational change of the individual Poxa chains is
accompanied by partial dehydration, suggesting that Poxa alters
hydrophilicity and hydrophobicity abruptly in the vicinity of
Trcst (see measurements of the cloud point of Poxa in Supple-
mentary Method 3). The dendrons’ free-ends were terminated by
a non-sticky single-stranded DNA (ssDNA) dangling tail in order
to ensure that possible intermolecular base-stacking interaction
between blunt-ended DNA helices is prohibited>. We refer to the
DNA-based triblock build up from first and second-generation
dendrons as the G1-P-Gl (Fig. la) and G2-P-G2 (Fig. 1b),
respectively. Non-denaturing gel electrophoresis was employed to
confirm the successful assembly of the DNA-polymer archi-
tectures which are schematically depicted in Fig. la-c (see
Fig. 1d). The gyration radii Ry are 6.4 nm and 9.8 nm for G1-P-Gl
and G2-P-G2, respectively. More details regarding the synthesis
and the molecular characterization are given in the Methods,
Supplementary Methods 1-3, and Supplementary Note 1.

Our choice of the experimental building blocks is guided by
computer-based design ideas for dendritic-type molecules whose
effective interactions satisfy the prerequisites for cluster crystal
formation®232>. The (electrostatically) repulsive dendrimer
coronae give rise to a repulsive interaction, which increases as
the separation between the dendrimers’ centers of mass
diminishes. This trend is tempered by the effective mutual
attraction between the thermosensitive polymers in the core of
the molecule. In this way, a core-softened repulsion results®23:2>.
Due to the decreasing solubility of bare Poxa at higher
temperatures, we expect that the propensity to cluster formation
will become stronger as the temperature increases?3. Similarly,
since the electrostatic repulsion between the terminal DNA-
dendrons is enhanced at higher generations, the clustering ability
of the G2-P-G2 blocks is anticipated to be weaker than that of
their G1-P-G1 counterparts. The key structural features of the
proposed dendritic-like building blocks are their open structure
and the chemical dissimilarity between the flexible Poxa chains
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Fig. 1 Schematics and characterization of the tethered all-DNA dendrons.
a First generation of dendritic-linear-dendritic triblock (G1-P-G1). b Second
generation of dendritic-linear-dendritic triblock (G2-P-G2). ¢ First
generation of dendritic-linear diblock (G1-P). d Non-denaturing
polyacrylamide gel electrophoresis (PAGE) analysis. 10% PAGE: Lane M
contains 50 base-pair (bp) DNA markers. Lanes 1-4 contain G1, G1-P-G1,
G1-P, and G2-P-G2, respectively.
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and the stiff all-DNA dendrons. By linking together two stiff and
highly charged dendritic blocks (all-DNA dendrons) through a
long and flexible polymer chain (Poxa), in combination with the
microphase separation mechanism driven by the immiscibility
between the DNA and polymeric blocks#®, we allow the centers of
masses of different DNA-based constructs to coincide, without
significant interpenetration of the dendrons. We shall demon-
strate that the degree of segregation between all-DNA dendron
and Poxa blocks can be temperature-controlled within the weak
limit*’, owning to Poxa’s LCST and triblock’s macromolecular
architecture. The beneficial effect of this is reflected by the
emergence of stimuli-responsive cluster crystals by altering the
temperature, leading to intriguing phase transition pathways. All
experiments were carried out in 1xTris/Na buffer (10 mM Tris,
pH: 8.0, 150 mM NaCl).

Absence of a micellization mechanism in DNA dendritic-based
triblock. The tendency of particles to form stable clusters in the
absence of attractions is a phenomenon clearly distinct from
micellization, which is common for block copolymers in selective
solvents*8-50, polymeric amphiphiles®'~7, and small molecule
amphiphile surfactant sytems®3. A conventional block-copolymer
amphiphilie, a system most relevant to our DNA dendritic-based
triblock, is commonly composed of a hydrophilic and a hydro-
phobic segment that are covalently linked. The hydrophobic part
can be a synthetic polymeric block®!:52:5459 or different types of
moieties (such as long-carbon alkyl chains, lipid molecule and
fluorescent dyes)>>>>°7, These amphiphiles can be assembled
into micelles (aggregates) with rich morphological and size
diversity at room temperature at low critical micelle concentra-
tion (cmc); with the latter obtained at extremely low concentra-
tions, and in particular many orders of magnitude below the
overlap concentration (¢*) of amphiphiles in solution. In addition,
temperature-dependent hydrophobic blocks, similar to the Poxa
employed in this study, can result in a thermoresponsive cmc,
allowing micelle assembly and disassembly upon a change in
temperature. This means that the segregation strength between
the blocks forming this type of polymeric amphiphiles can be
externally controlled, allowing access from the weak- to strong-
segregation regime?’.

However, the segregation strength of the above-mentioned
system and consequent its crmc behavior is strongly dependent on
the position of the thermoresponsive block relative to the
hydrophilic block in the block-copolymer amphiphilie. By
comparing the dilute self-assembly behavior of the dendritic-
based triblock (G1-P-G1) and diblock (G1-P), we show that the
encapsulation of the Poxa block in an effective shell of two all-
DNA dendrons results in the absence of micellar aggregates at
temperatures well above the Ty cst of Poxa. Static light scattering
(SLS) and dynamic light scattering (DLS) measurements were
employed to determine the presence and hydrodynamic radius
(Ry) of aggregates. Figure 2 presents the temperature-dependent
self-assembly behavior of the G1-P-G1 and its linear-dendritic
analog (G1-P, Fig. 1c) in dilute aqueous solutions at a
NaCl concentration of 150 mM containing buffer (Methods and
Supplementary Note 1). For the G1-P system (red-symbols in
Fig. 2), the temperature dependence of Ry; and the SLS intensity I
(at fixed scattering angle 6 =90°, g = 0.0187 nm~!) indicate the
formation of large aggregates with a narrow distribution in size at
a temperature slightly above the Poxa’s Ticst (Ry=175.3 nm,
see Supplementary Fig. la). Such a molecular aggregation is
clearly absent in the case of G1-P-Gl, as illustrated in Fig. 2
(black-symbols); with the scattering intensity and hydrodynamic
radius to be virtually unaffected within the range of 15 °C to 50 °C
(see also DLS data for the G2-P-G2 at temperature well-above the
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Fig. 2 Dilute solution properties of G1-P-G1 and G1-P. Temperature-
dependent static light scattering (SLS) intensity (left-axis, circles) at a
scattering angle of 8 =90 °, and hydrodynamic radius (Ry, right-axis,
triangles), normalized with respect to their values at T=15 °C, of dilute G1-
P-G1 (black curves) and G1-P (red curves) aqueous solutions (with DNA
concentration ¢ equal to 5.0 mg/ml and 3.0 mg/ml, respectively) using
1xTris/Na buffer (10 mM Tris-HCI, pH: 8.0, 150 mM NaCl). The gray-zone
indicates the temperature window where the concentrated G1-P-G1 and
G2-P-G2 self-assembled phase behavior is investigated.

Ticst in Supplementary Fig. 1a). In full agreement with the LS
data, the G1-P-G1 and G2-P-G2 form-factors, as probed by
small-angle X-ray scattering (SAXS) experiments reveal that their
global size (radius of gyration, R;) and internal structure is
temperature-insensitive (see Supplementary Fig. 1b, c). The R,
and Ry values of the G1-P-G1 and G2-P-G2 systems are listed in
the Methods, (“System parameters” section).

From the above results, it becomes evident that the
temperature-dependent solvophobicity of the Poxa-block does
not act as an effective short-range attraction in the interaction
potential of our DNA-based triblock that could initiate their
aggregation into stable clusters. The lack of a critical concentra-
tion and/or temperature for the GI1-P-Gl1 and G2-P-G2
micellization is intimately related to the absence of enthalpically
driven aggregation processes. However, the change of tempera-
ture allows the external steering of the microphase separation
between the two chemically incompatible blocks forming the
proposed DNA dendritic-based triblock, but only within the
weak-segregation limit. We shall demonstrate that this property
will emerge as a key factor for the rich phase behavior of G1-P-G1
and G2-P-G2 which is encountered at DNA concentrations above
their overlap values ¢* (see methods, “system parameters”
section).

In the present case, the building blocks have a repulsive
effective interaction with one another and the formation of
clusters occurs at concentrations close to their overlap value, in
agreement with theoretical predictions!!. The normal liquid thus
crosses over gradually to a cluster liquid!>24 as the overlap
density is approached, and at even higher concentrations the
cluster fluid undergoes a first-order phase transition to the cluster
crystal>3. This self-assembly pathway is sketched in Fig. 3a—c by
depicting representative simulation snapshots from the model of
Ref. 2. Together, in Fig. 3d-f, the corresponding concentration-
dependent cluster-forming scenario for the G1-P-Gl system is
depicted.

Phase diagrams of cluster-forming dendrimers. SAXS mea-
surements served as the basis for determining the phase behavior
of the dendritic-like constructs presented in Fig. la-b. A

| (2021)12:7167 | https://doi.org/10.1038/s41467-021-27412-3 | www.nature.com/naturecommunications 3


www.nature.com/naturecommunications
www.nature.com/naturecommunications

ARTICLE

NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-021-27412-3

&

Fig. 3 Simulation snapshots and schematic representations of cluster-forming particles at different concentrations. Top panel: the snapshots were
produced by performing Monte Carlo simulations of point particles interacting by the model, cluster-forming potential v(r) = eexp[—(r/a)4] at temperature
kgT/e = 0.6, and densities poS as follows: a po> = 1.0, where a normal fluid is stable; b po> = 3.8, where a cluster fluid forms; ¢ po3 = 4.1, resulting into a
cluster body-centered cubic (BCC) crystal. Each sphere represents a single building block. Bottom panel: schematic representation of the proposed
concentration-dependent mechanism for the G1-P-G1 clustering in the absence of attractions, and, finally, the G1-P-G1 clusters crystallization into a BCC
cluster crystal structure: d G1-P-G1 fluid; e polydisperse G1-P-G1 clusters with a core-shell architecture, in coexistence with non-aggregated species; f BCC
crystal formed by monodipserse G1-P-G1 clusters. The characteristic lengths are also illustrated (R cluster core radius; ds: cluster shell thickness; agcc:
BCC lattice constant; dyn: the nearest neighbor distance along with the room diagonal). Different colors for the Poxa block are added to assist in identifying
individual G1-P-G1 molecules.
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Fig. 4 Self-assembly of G1-P-G1. a 1D-SAXS profiles at 20 °C for the G1-P-G1, with DNA concentrations from the bottom to the top panel (solid-lines):
156.5 (black), 188.2 (gray), 216.9 (cyan), 255.7 (violet), 287.7 (red), 322.9 (blue), 337.7 (orange) and 356.2 (magenta) mg/ml. The corresponding image
of the sample between cross-polarizers is also illustrated for selected concentrations at the right side of the panels. In the bottom panel, the 1D-SAXS
profiles for the G1 system (dashed-lines) are included, at the same total DNA concentration as for the G1-P-G1. Also, selected profiles are shifted along the
intensity axis for clarity. The intensity shift factors are presented on the left side of the profiles. In the second panel from the top, the expected reflections
for a BCC lattice based on the position of the first intense peak in the 1D-SAXS profile are shown. b Temperature-dependent SAXS profiles of the G1-P-G1
at concentration ¢ = 255.7 mg/ml. For each 1D-SAXS profile, the corresponding type of phase behavior is indicated (BCC: Body-Centered Cubic with Im3m
space group symmetry, BCC ¢ cluster: Liquid Crystalline BCC-like cluster crystal, HPC (P6/mm): Hexagonally Packed Cylinders with P6/mm space group
symmetry. The vertical solid-lines indicate the positions of the first seven possible reflections for the stated morphologies. The most right black dashed-line
is guide for the temperature- and concentration-dependence of the gpna-peak.

various ordered phases is observed. Over the concentration range
156.5 mg/ml < ¢<255.7 mg/ml (bottom panel of Fig. 4a), the
SAXS patterns indicate that the G1-P-G1 solution undergoes
gradually a transition from a usual fluid to a disordered state of
clusters with strong positional correlations between the dendritic-

representative series of one-dimensional (1D)-SAXS patterns at
20°C, a temperature well below the Poxa’s LCST, is shown in
Fig. 4a for various concentrations of aqueous solutions of G1-P-
Gl containing 150 mM NaCl. By increasing the DNA con-
centration, a rich phase transition pathway from disordered to
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based building blocks. The latter is evidenced by the presence of a
pronounced peak with the maximum of the scattered intensity
located around the scattering wave vector value g, = 0.33 nm~1,
which  corresponds to a spatial correlation  value
d.=2m/q.,~19.0nm and represents the average inter-cluster
separation. The prediction from simulation®#2° is d, = 3R; using
the value R, = 6.4 nm for the G1-P-G1 blocks at hand (Methods
and Supplementary Note 1), we obtain d, = 19.2 nm, in excellent
agreement with the experiment. The SAXS profile in the fluid
phase (Fig. 4a, bottom panel, black solid-line, ¢ = 156.5 mg/ml)
displays a weak and broad Bragg reflection at g>1.0nm~!. The
position of this correlation peak, gpna, is related to the average
distance between neighboring DNA helices®®!. Above the fluid
phase, at DNA concentration ¢ = 188.2 mg/ml (Fig. 4a, bottom
panel, gray solid-line), the SAXS pattern shows the existence of an
additional broad peak g, which becomes progressively more
intense and narrow with increasing G1-P-G1 concentration
(Fig. 4a, bottom panel, cyan and purple solid-lines); simulta-
neously the peak moves to noticeable lower g-values.

These observations evidence the presence of stable clusters
consisting of finite aggregates of G1-P-Gl molecules, as their
concentration approaches its overlap value, ¢* = 196.0 mg/ml (see
Methods, “System parameters” section). The existence of such a
cluster fluid phase is further corroborated by the SAXS patterns
obtained from the Gl system, at the same total DNA
concentrations as for the G1-P-G1 system (Fig. 4a bottom panel,
dashed-line profiles), which reveal the absence of such cluster-
induced interference peak. This allows us to assign the g, peak to
cluster-cluster correlations mediated by electrostatic interactions
between the charged clusters, whereas the gpna-peak, contrary to
the fluid phase, corresponds to positional correlations of the DNA
segments within a single cluster. Such a peak interpretation can
offer a plausible explanation for the opposite concentration
dependence of the gpna- and g.-peak shifts within the cluster
fluid regime (bottom panel, black and gray arrows, Fig. 4a). The
very open structure of our dendritic-based macromolecules allows
the centers of masses of different G1-P-Gl1 to lie on top of each
other, thus forming spherical aggregates with a core-shell
architecture, with the DNA dendrons (G1) located within the
shell region (see Fig. 3e). On increasing the DNA concentration,
clusters with such an internal structure can progressively grow by
further aggregation, however, with a slight change in their overall
size avoiding significant overlapping of the charged dendrons.
The above intra-cluster packing scenario implies a simultaneous
increase of the cluster’s shell DNA density and charge. Both
effects are reflected in the g.- and gpna-peak shifts with
increasing concentration (see arrows at the bottom panel of
Fig. 4a), respectively. The stability of the cluster fluid phase is in
agreement with theoretical predictions®!>24,

At the vicinity of the G1-P-Gl’s overlap density, the above
clustering-forming mechanism is spontaneously triggered to
counter high levels of packing frustration owing to excluded-
volume constraints at the molecular level®2>. A complete overlap
and penetration of a dendritic-linear-dendritic triblock with a few
others becomes energetically preferable over partial overlaps with
many neighbors as a consequence of its open-internal structure.
Additionally, the entropic penalty that the Poxa chains experience
as they possibly overstretch in an attempt to increase the
aggregation number inside the cluster is effectively counter-
balanced by the inherent tendency of the flexible Poxa and the
stiff all-DNA dendrons to minimize their unfavorable contacts at
the inter-cluster level, similar to classical block copolymers®2.

The cluster fluid phase persists up to a DNA concentration of
255.7 mg/ml (Fig. 4a, violet solid-line), however, with the g.-peak
accompanied by an emerging, broad peak at slightly higher g-
values. This indicates that the cluster fluid phase becomes more

structured, signaling the onset of a disorder-to-order transition by
increasing the G1-P-G1 density. Indeed, strikingly different is the
appearance of small-angle (g < 1.0 nm™!) scattering peaks for a
DNA concentration of 2877mg/ml as can be seen from the
second panel from the bottom in Fig. 4a. An intense and sharp
principal peak, at a scattering wave vector value g* = 0.31 nm~1,
slightly below the g.-peak, and several higher-order reflections
appear, offering an unambiguous determination of the lattice
structure and lattice constant based solely on the location of these
Bragg peaks. The finding ¢" < g. is consistent with the predictions
from simulations>®2> that upon ordering on a crystalline
arrangement, the clusters become less polydisperse and more
compact, thereby slightly increasing their inter-cluster separation.
The corresponding SAXS profile displays six distinguishable
peaks centered at q/q* = 1:4/2:4/3:4/5:4/6:4/7 (vertical red
lines), providing conclusive evidence that the G1-P-G1 clusters
have self-assembled into a body-centered cubic (BCC) crystal
(space-group Im3m) with significant long-range order and a
conventional unit cell of size agcc = +/2(27/q*) = 28.7 nm (see
lattice topology in the right cartoon of the bottom panel in Fig. 3c.
The faint presence of the fourth reflection at g/q* = +/4 is due to
the minimum in the cluster’s form-factor (blue curve in
Supplementary Fig. 2a and discussion in Supplementary
Notes 2.2-2.3). The reported cubic phase is also attested by the
absence of optical birefringence, as clearly illustrated in the
corresponding depolarized image of Fig. 4a (second panel from
the bottom, right image). Upon further compression
(c=322.9 mg/ml, third panel from the bottom in Fig. 4a), the
1D-SAXS profile shows that all the reflections are preserved and
shifted to lower g-values. The blue vertical lines above the
intensity profile indicate the locations of Bragg peaks with a BCC
lattice constant of 30.7 nm. However, surprisingly, the corre-
sponding depolarized image of the sample reveals a counter-
intuitive uniform birefringence (Fig. 4a liquid crystalline BCC-
like, BCC; ), since one would expect that a cubic phase will be
optically isotropic.

Ultimately, increasing the G1-P-G1 concentration leads to a
number of significant changes in the scattering and birefringence
patterns. At DNA concentration ¢=337.7 mg/ml, the sample
under crossed polar1zers shows a vivid colorful birefringence,
with the principal g"-peak becoming noticeably wider; it also
shifts to lower g-values (second panel from the top, Fig. 4a). In
contrast, the shape of the higher order reflections is distorted,
with their positions being concentration-independent. The above
observations, in combination with the clear disagreement
between the observed peaks and the allowed reflections (orange
vertical lines) for a BCC crystal based on the primary and most
intense reflection at g, are indicative for a mechanically unstable
crystal phase. Eventually, upon further increase of the DNA
concentration to ¢ = 356.2 mg/ml, (top panel of Fig. 4a), the G1-
P-G1 solution undergoes a structural phase transition to a
hexagonal packed cylinders morphology (HPC with P6/mm
space-group symmetry), as evidenced by the three clear
reflections at ratios q/q* = 1:4/3:4/4 (magenta vertical lines).
From the primary peak, the inter-column distance dypc =
471/(+/3q") is calculated to be 26.8 nm.

The spontaneous cluster crystallization is clearly demonstrated
by the temperature-dependent 1D-SAXS profiles of the G1-P-G1
at DNA concentration ¢ = 255.7 mg/ml, which are presented in
Fig. 4b. By increasing the temperature, a phase transition from
(cluster) fluid to BCC crystal with agcc=28.2nm is observed,
similar to the concentration-dependent manner presented in the
two bottom panels of Fig. 4a (a more detailed discussion
regarding the SAXS profiles of Fig. 4b is presented in
Supplementary Note 3). It is particularly important to emphasize
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Fig. 5 Self-assembly of G2-P-G2. a 1D-SAXS profiles at 38 °C for the G2-P-G2, with DNA concentrations from the bottom to the top panel: 177.2 mg/ml
(gray); 190.8, 204.7, 220.5 mg/ml (red); 234.08, 250.6 mg/ml (purple). b Temperature-dependent SAXS profiles of the G2-P-G2 at a concentration

¢ =220.5mg/ml. The blue arrows denote the presence of the cluster form-factor feature in the corresponding 1D-SAXS profiles (see also Supplementary
Fig. 2). For each 1D-SAXS profile, the corresponding type of phase behavior is indicated (BCC: body-centered cubic with Im3m space group symmetry and
Cluster G: Non-birefringent Glass-like. The vertical solid-lines indicate the positions of the first seven possible reflections for the stated morphologies. The
most right black dashed-line is guide for the temperature- and concentration-dependence of the gpna-peak.

that this fluid-to-crystal transition occurs within a narrow
temperature range (between 20 and 23 °C) which is noticeably
lower than the LCST of Poxa. Interestingly, heating the sample up
to 38 °C, a temperature well above the LCST of Poxa, produces
identical scattering patterns compare to those at 23 °C. The latter
is in accordance with the temperature-independent behavior of
G1-P-G1 in dilute conditions. Therefore, the results in Fig. 4b
undoubtedly supports our claim for the absence of a micellization
mechanism in the reported DNA-based dendritic building blocks.

The influence of dendron generation on the clustering ability of
these DNA-based dendritic-linear-dendritic triblock and their
subsequent self-assembly to cluster crystals is demonstrated in
Fig. 5, where the concentration- and temperature-dependent
phase behavior of G2-P-G2 (Fig. 1b) are presented. Both
encompass the same type of cluster fluid-to-crystal transition,
with the increase of dendron size to be consistently reflected in
the measured BCC lattice constant, agcc =42.0nm at DNA
concentration ¢ = 220.5 mg/ml (fourth panel from the bottom of
Fig. 5a and, at for temperatures above 23 °C, Fig. 5b). Also, the
BCC crystal shows temperature- and concentration-independent
lattice constants, as witnessed by the Bragg peaks positions over a
relatively broad range of DNA densities (190.8 < ¢ < 220.5 mg/ml
at T=38°C, Fig. 5a) and temperatures (25°C<T<38°C at
¢=220.5mg/ml, Fig. 5b). However, contrary to the G1-P-Gl
where the concentration increase revealed a rich phase transition
pathway from cluster fluid to various crystalline phases, the G2-
P-G2 BCC cluster crystal becomes unstable at high DNA
densities, leading to a disordered solid. This is illustrated in the
scattering profiles of the two top panels of Fig. 5a, both of which
demonstrate that the sharp principal peak and higher orders
reflections are replaced by two broad peaks which systematically
move toward lower g-values with increasing concentration. These
intensity profiles demonstrate an intriguing similarity with the
one obtained from the cluster fluid phase (Fig. 5b, T'=23°C),
suggesting that the observed disordered phases are reminiscent of
cluster glass-like structures (Cluster G). These findings are in
agreement with simulation results based on monomer-resolved

models®2>, Indeed, in contrast to simplified models based on
pairwise additive effective interactions?, for real dendrimers the
cluster population cannot grow indefinitely with concentration
and thus the clean theoretical prediction Ny ¢ eventually
breaks down at some system-specific crossover concentration c,.
For values ¢ 2 c,, distortions of the lattice constants, anisotropic
phases and even glassy behavior have also been seen in
simulations of such systems®2>. Interestingly, the cluster-
forming SAXS signature can be easily detected in the 1D-SAXS
profiles of Fig. 5a as indicated by the blue arrows, suggesting that
clusters persist over the concentration-dependent phase transition
pathway from cluster fluid to cluster BCC crystal and finally to a
disordered solid. Finally, it is important to underline that the
disorder-to-order cluster transition is fully reversible with
temperature (Supplementary Fig. 3), and therefore it reflects
thermodynamic equilibrium morphologies.

Further analysis of the 1D-SAXS profiles corresponding to the
G1-P-G1 (Supplementary Fig. 2a) and G2-P-G2 (Supplementary
Fig. 2b) BCC cluster crystals show that the global cluster size of
the G1-P-G1 and G2-P-G2 is noticeably larger than the radius of
gyration of a single particle, implying the formation of clusters
with moderate occupancy (details on the fitting procedure of 1-D
SAXS profiles are given in Supplementary Notes 2.1-2.2). A
schematic of the cluster model is depicted in Fig. 3¢ (bottom
panel, right cartoon). Indeed, from the total DNA concentration
and BCC lattice constant, absolute values of an average cluster
occupancy number N, can be estimated (see Methods, “System
parameters” section), leading to N, = 29 for both G1-P-GI1 and
G2-P-G2. In addition, the fitting values for the nearest neighbor
distance dyy along the body diagonal of the formed BCC crystals
(left cartoon in Fig. 4f) indicate that the dendritic-based cluster
crystals almost reach the close-packed configuration (see table for
the fitting parameters in Supplementary Note 2.1 and relevant
analysis in the Supplementary Note 2.2). The lattice constants
correspond to a ratio apcc/R,=43 (27.9nm/6.4nm and
42.0 nm/9.8 nm for G1-P-G1 and the G2-P-G2, respectively), in
excellent agreement with simulations of generic similar models?>,
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Fig. 6 Phase diagrams of G1-P-G1 and G2-P-G2. A concentration-temperature phase diagram of aqueous solutions of G1-P-G1 (a) and G2-P-G2 (b). The
following phases are indicated: Fluid (black circles), cluster fluid (gray circles), BCC cluster crystal (red triangles), liquid crystalline BCC-like cluster crystal
(BCC,c cluster, blue triangles), liquid crystalline glass-like (G,¢, brown triangles), non-birefringent glass-like (Cluster G, purple triangles) and hexagonal
packed cylinder (HPC, magenta squares). The corresponding background colors are added to assist in identifying the various phases. The structural
assignment of the orange region in the G1-P-G1 phase diagram based solely on the SAXS data was not possible. The green-dashed lines indicate the DNA
overlap concentration ¢ of G1-P-G1 and G2-P-G2 (see Methods, “System parameters” section).
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Fig. 7 Cluster phases and extracted lattice parameters at various concentrations. a 1D-SAXS profiles at 38 °C for the G1-P-G1, with DNA concentrations
from the bottom to the top panel: 188.2, 216.9, 255.7, 287.7 (red profiles), 300.8, 322.9, 337.7 (blue profiles) and 356.2 (brown profile) mg/ml. The
vertical solid-lines indicate the positions of the first seven allowed reflections for a BCC crystal. In the middle panel, the gray circles indicate the appearance
of the fourth diffraction peak. The black dashed-line is guide for the concentration-dependence of the gpna peak. The profiles presented in the bottom and
middle panels are shifted along the intensity axis for clarity. The intensity shift factors are presented on the left side of the profiles. b The BCC lattice
constant agcc (top panel) and the cluster occupancy Ny (bottom panel) against G1-P-G1 concentration at 38 °C. The dashed lines are guides for the
concentration-dependence of agcc (red-line) and N, (blue-line) within the non-birefringent regime. Top panel inset: Depolarized images of selected G1-P-
G1 samples at 38 °C. DNA concentration from the left to the right: 287.7, 300.8, 322.9 and 337.7 mg/ml. € Schematic of the proposed arrangement and
deformation of the G1-P-G1 clusters within the optically anisotropic BCC-like phase (Liquid Crystalline (LC)-"cubic” phase).

in which the ratio apcc/R,=4.1 was found for broad density
ranges.

The phase diagrams of G1-P-G1 and G2-P-G2 as a function of
the temperature and the total DNA concentration are presented
in Fig. 6. A combination of the above-mentioned SAXS
measurements and depolarized images of the samples allow us
to identify most of the formed phases. Both systems, at
sufficiently high densities, form stable clusters in the fluid phase,
which upon further compression self-organize into cluster BCC
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crystals in a temperature-dependent manner. The independence
of the peak positions on concentration, the bottom panel of
Fig. 7a, points to the density-independent lattice constant, top
panel of Fig. 7b. In contrast to the G1-P-Gl case, the phase
diagram of G2-P-G2 displays one type of crystal phase (BCC
cluster) with its thermodynamic stability restricted in a noticeable
narrower region in the plane of temperature versus concentration
(red areas in Fig. 6a-b), as previously anticipated. While G2-P-G2
exhibits only an optically isotropic glass-like (Cluster G, purple
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area in Fig. 6b and SAXS profiles in Fig. 5a) behavior at higher
DNA densities, the G1-P-G1 demonstrates a rich structural
polymorphism involving birefringent crystals and birefringent
glass-like phases (Grc, brown region in Fig. 6a, and SAXS profile
in the top panel of Fig. 7a). This is not surprising given the
increased dendron size which is employed for the fabrication of
the G2-P-G2 triblock. Although the underlying physical mechan-
ism that drives the emergence of clustering is identical for G1-P-
G1 and G2-P-G2, the latter encounters higher levels of dendron
packing frustration since the length of the polymeric tether (Poxa
chain) has remained unchanged. The correct length of the Poxa
chain can lead to not only a widening of the region where the
BCC cluster crystal is stable but also allow liquid crystalline
morphologies (BCCrc and HPC in Fig. 6a) to become stable.
Therefore, the G2-P-G2 phase diagram highlights the key role of
the open architecture of the building blocks for the stabilization of
cluster crystals with an intriguing structural diversity.

In the phase diagram of G1-P-G1 (Fig. 6a), a stable phase (blue
region), which retains the diffraction features of a BCC structure
and shows unexpected optical anisotropy (BCCy ), is observed at
DNA densities above the ones where the cluster BCC crystal
phase (red region) occurs. This birefringent phase is stable over a
remarkable wide range of concentrations and temperatures. In
addition, the phase transition from BCC-to-BCCyc can also be
reversibly driven through the alteration of temperature (at DNA
concentration ¢ = 300.8 mg/ml in Fig. 6a, see also Supplementary
Fig. 4), in accordance with the thermodynamic stability of this
phase. The concentration-dependent series of SAXS profiles
acquired at 38°C (Fig. 7a), together with the corresponding
depolarized images of the samples (top panel inset of Fig. 7b)
offer a qualitative insight into the possible molecular origin of the
BCCi and its clustering character (a more detailed discussion is
presented in Supplementary Note 4). A molecular packing
scenario for the BCCy ¢ phase based on orientationally ordered
ellipsoidal-like clusters occupying the sites of the BCC lattice is
schematically shown in Fig. 7c.

Taken together, our work on self-assembly of purely repulsive
all-DNA dendritic-based triblock unambiguously demonstrate
the experimental realization of the long-anticipated equilibrium
cluster crystal structure at high densities. The experimental
discovery of this unconventional crystalline state of matter is
based on five pillars which constitute the key and unique
identifying properties of cluster crystals, namely: the absence of
micellar aggregates in dilute conditions; the emergence of clusters
in the fluid phase at ¢ Sc*; the stability of the clusters in the
absence of attractions; the crystallization of the cluster fluid into a
cluster crystal; and finally the crystal’s remarkable adaptability in
crowded conditions, as reflected by the density-independent
lattice constants (top panel of Fig. 7b) and the scaling Ny ¢
(bottom panel of Fig. 7b), that holds over a broad concentration
range. The latter is the most prominent hallmarks of cluster
crystals predicted by theory!™* and hereby experimentally
confirmed.

An intriguing aspect of this study is that the building block
design, reliant on the block copolymer paradigm, confers our
DNA-based triblock with temperature-responsiveness, resulting
to cluster crystal structures with unexpected optical anisotropy
and self-assembly transition pathways that can readily be
controlled by altering the temperature. This confluence of self-
assembly approaches from block copolymers®? and DNA
nanotechnology®® has already been shown to be capable of
furnishing temperature-regulated nanoscale structures with high
levels of self-assembled structural complexity*®. Given its versatile
and robust character, the synthetic scheme reported here can
easily be applied to any kind of all-DNA nanoscale architecture.
We foresee that the present developments in the design and

construction of DNA nanostructures with arbitrary complexity in
the research field of structural DNA nanotechnology can provide
unprecedented freedom in cluster crystal engineering through
careful design of the tethered all-DNA geometry, and therefore
opens up the possibility of steering the macroscopic properties of
the system in a predictive manner.

Methods

Synthesis of DNA-polymer hybrids. Custom, phosphorylated and dibenzylcy-
clooctyne (DBCO)-modified oligonucleotides were purchased from Biomers and
purified by HPLC. The DNA sequences used for the fabrication of all-DNA den-
drons of first (G1) and second (G2) generation were adapted from previous work
with a slight modification in order to suppress the base-stacking attraction between
the dendrons’ blunt-ends*3. To assemble the reported DNA-based dendritic
nanostructures, a strain-promoted alkyne-azide cycloaddition (SPAAC, copper-
free click chemistry) reaction was employed®. To construct G1-P and G1-P-G1, a
three-arm DNA junction (G1) having one arm terminated with a DBCO and a
mono- or di-azide (N3) end-functionalized Poly(2-oxazoline)-based copolymer
Poxa were dissolved in 1xTris/Na buffer (10 mM Tris-HCI, pH 8.0, 150 mM NaCl)
and homogenized, respectively. The optimal ratio of reacting compounds (DBCO/
N;) was found to be close to 4:1. The reactions are carried out at room temperature
overnight. A detailed description of the azide-functionalized Poxa polymer
synthesis procedure and its characterization is provided in Supplementary
Methods 2-3.

For the fabrication of G2-P-G2, a core G1-P-G1 with its free-ends terminated
with a phosphorylated non-palindromic 4-base single-stranded overhang (sticky
end) is employed. This tetra-functional dendritic-polymer core was hybridized with
four other G1 molecules with sticky-ends complementary to the G1-P-G1 in order
to finally assemble the G2-P-G2. The post-assembly ligation of the G2-P-G2 is
performed by the T4 DNA ligase (Promega). The three-arm DNA junctions
involved in the construction of the G1-P, G1-P-G1 and G2-P-G2 were formed by
hybridizing three partially complementary to each other synthetic ssDNA strands
in a 1:1:1 stoichiometric ratio in 1xXTE/Na buffer (10 mM Tris-HC, pH 7.5, 0.1 mM
EDTA and 150 mM NaCl)2. The final concentration was 15 pM for each strand.
The DNA concentration was determined by measuring the absorbance at 260 nm
with a micro-volume spectrometer (NanoDrop 2000). The oligo mixtures were
cooled slowly from 90 °C to room temperature in 10 L water placed in a styrofoam
box over 48 h to facilitate strand hybridization. The detailed construction scheme
and sequence of DNA oligos used to assemble G1-P, G1-P-G1 and G2-P-G2
systems are listed in Supplementary Method 1. Nondenaturating polyacrylamide
gel electrophoresis (PAGE) experiments were employed to confirm the successful
assembly of G1, G1-P, G1-P-G1, and G2-P-G2. As shown in Fig. 1, the desired all-
DNA and DNA-based dendritic constructs migrate as single sharp bands, with the
dendritic-linear-dendritic triblock to demonstrate decreasing mobility with
increasing generation.

System parameters. The radius of gyration (Ry) is obtained from small-angle X-
ray scattering (SAXS) and hydrodynamic radius, (Ry) is obtained from DLS. The
corresponding values for the G1-P-G1 and G2-P-G2 are 6.4 nm and 9.8 nm for Ry;
4.9 nm and 7.9 nm for Ry, respectively (more details in Supplementary Note 1).
The DNA overlap concentration (c*) of the employed dendritic-linear-dendritic
triblock (G1-P-G1 and G2-P-G2) was estimated using the equation

¢ = M,,/(3nR}N,), where M, represents the DNA molecular weight of the tri-
block (ME!~P=CGl = 58.09 KDa, M$?~P~62 = 170.36 KDa), Ry; the hydrodynamic
radius at T= 38 °C, and N, Avogadro’s number. The average cluster occupancy
Noc is calculated using the relationship N, = cNa3c/(M,f), where c is the
total DNA concentration, apcc the edge length of the BCC conventional unit cell,
and fis the number of clusters per unit cell (f=2 for a BCC lattice). The molecular
weight of the Poxa chains is 15.9 KDa for the G1-P-G1, G2-P-G2, and 19.6 KDa for
the G1-P. The concentrated DNA solutions were prepared using 1xTris/Na buffer.

Purification of G1-P-G1 and G2-P-G2. To purify desired dendritic-linear-
dendritic structures, reactions products were separated by size-exclusion chroma-
tography (SEC) on Superdex 200 Increase 10/300 GL. The column was developed
at the flow rate of 0.2 mL/min in 1xTris/Na buffer. The reaction mixture was
diluted in the same buffer to the final concentration of 2.0—4.0 mg/mL and injected
into the column by 0.3—0.4 mL portions per run. Two major peaks were collected
and the corresponding fractions were analyzed by PAGE. The first peak corre-
sponded to the DNA-based dendritic triblock and the second one to not react to
three-arm DNA junctions. Fractions eluted from 10.0—11.0 mL were pooled
together and concentrated by ultrafiltration (Amicon-Ultra 15 mL centrifugal fil-
ters). For the purification of G1-P, an anion exchange chromatography column
HiPrep DEAE Fast Flow16/10 (GE Healthcare) was used.

Light scattering (LS) experiments. DLS and static light scattering (SLS) experi-
ments were performed by employing an ALV goniometer setup equipped with a
Helium-Neon laser operating at A = 632.8 nm. The Brownian motion of the G1-P-
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G1, G2-P-G2 and G1-P was recorded in terms of the time autocorrelation function
of the polarized light scattering intensity, G(g, t), employing an ALV-5000 multi-
tau digital correlator. In DLS experiments, the intermediate scattering (field)
function C(q,t) = \/(G(g,t) — 1)/p at several scattering wave vectors q =

(47n /1) sin(6/2) is obtained, where f is an instrumental factor related to the spatial
coherence constant and depends only on the detection optics, n the refractive index
of the solvent, and 0 the scattering angle. To analyze C(g, t), an inverse Laplace
transformation using the CONTIN algorithm was applied. The average relaxation
time was determined from the peak of the distribution of relaxation times L(In 7)*3
(see Supplementary Fig. 1a).

Small-angle X-ray scattering (SAXS). SAXS experiments were carried out at the
high brilliance Galium Anode Low Angle X-ray Instrument (GALAXI) of the Jiilich
Center for Neutron Science (JCNS, Germany)®*. A Dectris-Pilatus 1M detector
with a resolution of 981 x 1043 pixels and a pixel size of 172 x 172 um? was
employed to record the 2D SAXS scattering patterns. The 2D SAXS patterns were
integrated using FIT2D software. Bragg peaks indexing in 1D SAXS profiles was
performed using the Scatter computer program®. 1D SAXS profiles fitting was
done using Jscatter® (more details on the fitting procedure are given in Supple-
mentary Note 2). The DNA solution was thoroughly homogenized (up to 3 days
for the more viscous samples) ensuring the absence of spatial concentrations
gradients before loading into capillaries (2 mm thickness borosilicate, Hilgenberg)
for SAXS experiments. The capillaries were sealed and stored at 4 °C for at least
1 month before being used for X-ray experiments. Long term stability and
reproducibility were confirmed by repeating SAXS measurements on selected
samples almost 6 months later (G1-P-G1 system, Supplementary Fig. 5).

Data availability
The relevant data sets generated during and/or analyzed during the current study are
available from the corresponding authors on reasonable request.

Received: 16 April 2021; Accepted: 11 November 2021;
Published online: 09 December 2021

References

1. Likos, C. N,, Lang, A., Watzlawek, M. & Lowen, H. Criterion for determining
clustering versus reentrant melting behavior for bounded interaction
potentials. Phys. Rev. E. 63, 031206 (2001).

2. Mladek, B. M, Gottwald, D., Kahl, G., Neumann, M. & Likos, C. N. Formation
of polymorphic cluster phases for a class of models of purely repulsive soft
spheres. Phys. Rev. Lett. 96, 045701 (2006).

3. Likos, C. N., Mladek, B. M., Gottwald, D. & Kahl, G. Why do ultrasoft
repulsive particles cluster and crystallize? Analytical results from density-
functional theory. J. Chem. Phys. 126, 224502 (2007).

4. Mladek, B. M., Charbonneau, P. & Frenkel, D. Phase coexistence of cluster
crystals: beyond the Gibbs phase rule. Phys. Rev. Lett. 99, 235702 (2007).

5. Moreno, A. J. & Likos, C. N. Diffusion and relaxation dynamics in cluster
crystals. Phys. Rev. Lett. 99, 107801 (2007).

6. Lenz, D. A, Blaak, R, Likos, C. N. & Mladek, B. M. Microscopically resolved
simulations prove the existence of soft cluster crystals. Phys. Rev. Lett. 109,
228301 (2012).

7. Sciortino, F. & Zaccarelli, E. Soft heaps and clumpy crystals. Nature 493,
30-31 (2013).

8. Balibar, S. The enigma of supersolidity. Nature 464, 176-182 (2010).

9. Boninsegni, M. & Prokof’ev, N. V. Colloquium: Supersolids: What and where
are they? Rev. Mod. Phys. 84, 759-776 (2012).

10. Ritsch, H., Domokos, P., Brennecke, F. & Esslinger, T. Cold atoms in
cavity-generated dynamical optical potentials. Rev. Mod. Phys. 85, 553-601
(2013).

11. Likos, C. N., Watzlawek, M. & Lowen, H. Freezing and clustering transitions
for penetrable spheres. Phys. Rev. E 58, 3135-3144 (1998).

12. Haering, J. M., Walz, C., Szamel, G. & Fuchs, M. Coarse-grained density and
compressibility of nonideal crystals: general theory and an application to
cluster crystals. Phys. Rev. B 92, 184103 (2015).

13. Archer, A. J., Rucklidge, A. M. & Knobloch, E. Quasicrystalline order
and a crystal-liquid state in a soft-core fluid. Phys. Rev. Lett. 111, 165501
(2013).

14. Barkan, K., Engel, M. & Lifshitz, R. Controlled self-assembly of periodic and
aperiodic cluster crystals. Phys. Rev. Lett. 113, 098304 (2014).

15. Mladek, B. M., Gottwald, D., Kahl, G., Neumann, M. & Likos, C. N. Clustering
in the absence of attractions: density functional theory and computer
simulations. J. Phys. Chem. B 111, 12799-12808 (2007).

16. Stradner, A. et al. Equilibrium cluster formation in concentrated protein
solutions and colloids. Nature 432, 492-495 (2004).

18.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

Sciortino, F., Mossa, S., Zaccarelli, E. & Tartaglia, P. Equilibrium cluster
phases and low-density arrested disordered states: the role of short-range
attraction and long-range repulsion. Phys. Rev. Lett. 93, 055701 (2004).
Campbell, A., Anderson, V., van Duijneveldt, J. & Bartlett, P. Dynamical arrest
in attractive colloids: the effect of long-range repulsion. Phys. Rev. Lett. 94,
208301 (2005).

Zaccarelli, E. Colloidal gels: equilibrium and non-equilibrium routes. J. Phys.:
Condens. Matter 19, 323101 (2007).

Glaser, M. A. et al. Soft spheres make more mesophases. EPL 78, 46004
(2007).

Osterman, N., Babic, D., Poberaj, I., Dobnikar, J. & Ziherl, P. Observation of
condensed phases of quasiplanar core-softened colloids. Phys. Rev. Lett. 99,
248301 (2007).

Smeets, B. et al. Emergent structures and dynamics of cell colonies by contact
inhibition of locomotion. Proc. Nat. Acad. Sci. U.S.A. 113, 14621-14626
(2016).

Mladek, B. M., Kahl, G. & Likos, C. N. Computer assembly of cluster-forming
amphiphilic dendrimers. Phys. Rev. Lett. 100, 028301 (2008).

Lenz, D. A,, Mladek, B. M., Likos, C. N., Kahl, G. & Blaak, R. Monomer-
resolved simulations of cluster-forming dendrimers. J. Phys. Chem. B 115,
7218 (2011).

Lenz, D. A., Mladek, B. M,, Likos, C. N. & Blaak, R. Thermodynamic stability
and structural properties of cluster crystals formed by amphiphilic
dendrimers. J. Chem. Phys. 144, 204901 (2016).

Baumann, K., Guerlin, C., Brennecke, F. & Esslinger, T. Dicke quantum phase
transition with a superfluid gas in an optical cavity. Nature 464, 1301-1306
(2010).

Léonard, J., Morales, A., Zupancic, P., Esslinger, T. & Donner, T. Supersolid
formation in a quantum gas breaking a continuous translational symmetry.
Nature 543, 87-90 (2017).

Henkel, N., Nath, R. & Pohl, T. Three-dimensional roton excitations and
supersolid formation in rydberg-excited bose-einstein condensates. Phys. Rev.
Lett. 104, 195302 (2010).

Cinti, F. et al. Supersolid droplet crystal in a dipole-blockaded gas. Phys. Rev.
Lett. 105, 135301 (2010).

Pupillo, G., Micheli, A., Boninsegni, M., Lesanovsky, I. & Zoller, P. Strongly
correlated gases of rydberg-dressed atoms: quantum and classical dynamics.
Phys. Rev. Lett. 104, 223002 (2010).

Jau, Y.-Y., Hankin, A. M., Keating, T., Deutsch, I. H. & Biedermann, G. W.
Entangling atomic spins with a Rydberg-dressed spin-flip blockade. Nat. Phys.
12, 71-74 (2016).

Zeiher, J. et al. Many-body interferometry of a Rydberg-dressed spin lattice.
Nat. Phys. 12, 1095-1099 (2016).

Honer, J., Weimer, H., Pfau, T. & Biichler, H. P. Collective many-body
interaction in Rydberg dressed atoms. Phys. Rev. Lett. 105, 160404 (2010).
Saccani, S., Moroni, S. & Boninsegni, M. Excitation spectrum of a supersolid.
Phys. Rev. Lett. 108, 175301 (2012).

Mattioli, M., Dalmonte, M., Lechner, W. & Pupillo, G. Cluster luttinger liquids of
rydberg-dressed atoms in optical lattices. Phys. Rev. Lett. 111, 165302 (2013).
Cinti, F., Macri, T., Lechner, W., Pupillo, G. & Pohl, T. Defect-induced
supersolidity with soft-core bosons. Nat. Commun. 5, 3235 (2014).
Angelone, A., Mezzacapo, F. & Pupillo, G. Superglass phase of interaction-
blockaded gases on a triangular lattice. Phys. Rev. Lett. 116, 135303 (2016).
Masella, G., Angelone, A., Mezzacapo, F., Pupillo, G. & Prokofev, V. N.
Supersolid stripe crystal from finite-range interactions on a lattice. Phys. Rev.
Lett. 123, 045301 (2019).

Mottl, R. et al. Roton-type mode softening in a quantum gas with cavity-
mediated long-range interactions. Science 336, 1570-1573 (2012).

Strauf3, P. et al. Observation of spatially ordered structures in a two-
dimensional Rydberg gas. Nature 491, 87-91 (2012).

Bottcher, F. et al. Transient supersolid properties in an array of dipolar
quantum droplets. Phys. Rev. X 9, 011051 (2019).

Li, Y. et al. Controlled assembly of dendrimer-like DNA. Nat. Mater. 3, 38-42
(2004).

Jochum, C. et al. Structure and stimuli-responsiveness of all-DNA dendrimers:
theory and experiment. Nanoscale 11, 1604-1617 (2019).

Park, J.-S. & Kataoka, K. Comprehensive and accurate control of
thermosensitivity of poly(2-alkyl-2-oxazoline)s via well-defined gradient or
random copolymerization. Macromolecules 40, 3599-3609 (2007).

Nakata, M. et al. End-to-end stacking and liquid crystal condensation of 6 to
20 base pair DNA duplexes. Science 318, 1276-1279 (2007).

Novak, S. et al. DNA self-assembly mediated by programmable soft-patchy
interactions. ACS Nano 14, 13524-13535 (2020).

Matsen, M. W. & Bates, F. S. Unifying weak- and strong-segregation block
copolymer theories. Macromolecules 29, 1091-1098 (1996).

McConnell, G. A, Gast, A. P., Huang, J. S. & Smith, S. D. Disorder-order
transitions in soft sphere polymer micelles. Phys. Rev. Lett. 71, 2102-2105
(1993).

| (2021)12:7167 | https://doi.org/10.1038/s41467-021-27412-3 | www.nature.com/naturecommunications 9


www.nature.com/naturecommunications
www.nature.com/naturecommunications

ARTICLE

49. Lodge, T. P. & Bang, J. Origin of the thermoreversible fcc-bec transition in
block copolymer solutions. Phys. Rev. Lett. 92, 145501 (2004).

50. Hamley, I. W., Pople, J. A. & Diat, O. A thermally induced transition from a
body-centred to a face-centred cubic lattice in a diblock copolymer gel. Colloid
Polym. Sci. 276, 446 (1998).

51. Li, Z., Zhang, Y., Fullhart, P. & Mirkin, C. A. Reversible and chemically
programmable micelle assembly with DNA block-copolymer amphiphiles.
Nano Lett. 4, 1055-1058 (2004).

52. Kwak, M. & Herrmann, A. Nucleic acid amphiphiles: synthesis and self-
assembled nanostructures. Chem. Soc. Rev. 40, 5745-5755 (2011).

53. Roh, Y. H. et al. DNAsomes: multifunctional DNA-based nanocarriers. Small
7, 74-78 (2011).

54. Pan, P. et al. Thermoresponsive micellization and micellar stability of
poly(nisopropylacrylamide)bDNA diblock and miktoarm star polymers.
Langmuir 28, 14347-14356 (2012).

55. Edwardson, T. G. W., Carneiro, K. M. M., Serpell, C. J. & Sleiman, H. F. An
efficient and modular route to sequence-defined polymers appended to DNA.
Angew. Chem. Int. Ed. 53, 4567-4571 (2014).

56. Dong, Y. et al. DNA functional materials assembled from branched DNA:
Design, synthesis, and applications. Chem. Rev. 120, 9420-9481 (2020).

57. Walczak, M. et al. Responsive core-shell DNA particles trigger lipid membrane
disruption and bacteria entrapment. Nat. Commun. 12, 4743 (2021).

58. Seddon, J. M. Structure of the inverted hexagonal (HII) phase, and non-
lamellar phase transitions of lipids. Biochim. Biophys. Acta 1031, 1-69 (1990).

59. Wilks, T. R. et al. “Giant Surfactants” created by the fastand efficient
functionalization of a DNA tetrahedron with a temperature-responsive
polymer. ACS Nano 7, 8561-8572 (2013).

60. Durand, D., Doucet, J. & Livolant, F. A study of the structure of highly
concentrated phases of DNA by X-ray diffraction. J. Phys. II Fr. 2, 1769-1783
(1992).

61. Salamonczyk, M. et al. Smectic phase in suspensions of gapped DNA duplexes.
Nat. Commun. 7, 13358 (2016).

62. Bates, F. S. & Fredrickson, G. H. Block copolymers—designer soft materials.
Phys. Today 52, 32-38 (1999).

63. Seeman, N. C. & Sleiman, H. F. DNA nanotechnology. Nat. Rev. Mater. 3,
17068 (2017).

64. Jilich Centre for Neutron Science. GALAXI: Gallium anode low-angle x-ray
instrument. J. Large Scale Res. Facil. 2, A61 (2016).

65. Forster, S., Apostol, L. & Bras, W. Scatter: software for the analysis of nano-
and mesoscale small-angle scattering. J. Appl. Cryst. 43, 639-646 (2010).

66. Biehl, R. Jscatter, a program for evaluation and analysis of experimental data.
PLoS ONE 14, e0218789 (2019).

Acknowledgements
We thank Prof. Valentin Gordeliy for providing the purification facilities. This work
has been supported by the Deutsche Forschungsgemeinschaft (DFG) under grants STI

664/4-1; E.S. and JO 370/5-1; U.J. and by the Austrian Science Fund (FWF) under grant I
2866-N36; C.N.L.

Author contributions

E.S. and CN.L. conceived the project and designed research; E.S. synthesized the DNA-
based dendritic nanostructures; N.J. and U.J. performed the polymer synthesis and
characterization; T.B. performed the preparative SEC for the G1-P-G1 and G2-P-G2
purification; N.A. performed the Monte Carlo simulations; E.S. performed the experi-
ments and purification of G1-P; EK. and U.R. operated the SAXS beamline; R.B. per-
formed the fittings in the 1D-SAXS profiles; ].K. G.D. contributed to initiating the project
and data interpretation; E.S. and C.N.L. interpreted the data and wrote the manuscript.
All co-authors commented on the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s41467-021-27412-3.

Correspondence and requests for materials should be addressed to Emmanuel Stiakakis
or Christos N. Likos.

Peer review information Nature Communications thanks the anonymous reviewers for
their contribution to the peer review of this work. Peer reviewer reports are available.

Reprints and permission information is available at http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
B

Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2021

10 | (2021)12:7167 | https://doi.org/10.1038/s41467-021-27412-3 | www.nature.com/naturecommunications


https://doi.org/10.1038/s41467-021-27412-3
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications

Downloaded via 77.243.25.202 on February 8, 2022 at 09:53:37 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

Ho®

www.acsnano.org

Blunt-End Driven Re-entrant Ordering in
Quasi Two-Dimensional Dispersions of
Spherical DNA Brushes

Ivany Romero-Sanchez,# Ilian Pihlajamaa,# Natasa Adzic, Laura E. Castellano, Emmanuel Stiakakis,

Christos N. Likos,* and Marco Laurati*
I: I Read Online

Article Recommendations |

Cite This: https://doi.org/10.1021/acsnano.1c07799

ACCESS |

[l Metrics & More | @ Supporting Information

Counterion-induced

ABSTRACT: We investigate the effects of crowding on the conformations terion|
rinking

and assembly of confined, highly charged, and thick polyelectrolyte brushes
in the osmotic regime. Particle tracking experiments on increasingly dense
suspensions of colloids coated with ultralong double-stranded DNA (dsDNA)
fragments reveal nonmonotonic particle shrinking, aggregation, and re-
entrant ordering. Theory and simulations show that aggregation and re-
entrant ordering arise from the combined effect of shrinking, which is
induced by the osmotic pressure exerted by the counterions absorbed in
neighbor brushes and of a short-range attractive interaction competing with
electrostatic repulsion. An unconventional mechanism gives origin to the
short-range attraction: blunt-end interactions between stretched dsDNA
fragments of neighboring brushes, which become sufficiently intense for
dense and packed brushes. The attraction can be tuned by inducing free-end backfolding through the addition of monovalent
salt. Our results show that base stacking is a mode parallel to hybridization to steer colloidal assembly in which attractions can
be fine-tuned through salinity and, potentially, grafting density and temperature.

KEYWORDS: blunt-ends, colloids, dna, polyelectrolytes, order transitions

Blunt-end attractions

Re-entrant ordering

Packing fraction

polymer chains grafted to a planar or curved surface,

have found key applications due to their unique
properties.”” Among their applications are the ability to
prevent protein absorption, called an antibiofouling effect™
and exploited in biomedical applications and tissue engineer-
ing.5 Conversely, at low ionic strength the opposite effect is
observed, i.e., strong protein abs.orption.6 The two effects can
be combined to obtain a protein delivery mechanism.” In
addition, spherical polyelectrolyte brushes (SPBs) can be used
as nanoreactors for the synthesis of metallic nanoparticles with
strong catalytic activity.” Polyelectrolyte brushes also present
an exceptionally low mutual friction,”'® which arises from the
huge osmotic pressure generated by counterions absorbed
within the brush in low ionic strength environments and can be
controlled through the addition of multivalent ions.'"'* The
ultralow friction of polyelectrolyte brushes is essential in
biolubrication, for example, for the correct operation of
synovial joints'® and the production of coatings for medical
implants.'"* In the context of polyelectrolyte-mediated
lubrication effects, the interactions between contacting brushes
and the resulting polymer conformations play a fundamental
role: compression or interpenetration can change friction by

Polyelectrolyte brushes, which consist of charged

© XXXX The Authors. Published by
American Chemical Society

WACS Publications

orders of magnitude.'’ Such interactions and conformations
are decisively influenced by the packing of brushes, in
particular, in crowded conditions, an aspect which is especially
relevant in biological systems. These deformations under
crowding, which constitute one of the main issues of the
present work, have not been fully explored to date.

DNA is a highly charged polyelectrolyte whose properties
have been used to develop nanotechnologies such as
electrochemical sensors,"> field-effect transistors,'® and smart
surfaces.'” Being highly customizable with molecular precision,
DNA is thus the ideal building block for the systematic
investigation of polyelectrolyte brush interactions in crowded
systems. In addition, the specificity of DNA interactions can be
exploited to precisely control assembly. Complex DNA
structures can be assembled through Watson—Crick base
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Figure 1. Experimental setup and analysis of the radial distribution function. (A) (Top) Sketch of the experimental setup showing dsDNA-
coated particles confined between two microscope coverslips separated by 10 gm spacers. The relative sizes of the core (Rpg) and brush (L)
are represented in the zoomed image on the left side of the sketch, where for clarity a single dsSDNA fragment is shown. The coverslips were
coated with a hydrophobic material to avoid particles sticking to the glass. (Bottom) Exemplary portion of a bright field microscopy image of
a dispersion of dsDNA-coated colloids with packing fraction 77 = 0.14. The PS cores are visible. The overall size of the particles is indicated
by the red circle. (B) Radial distribution functions g(r) of dispersions with different packing fractions 7, as indicated. In each panel curves
with larger packing fractions have been shifted vertically by 1 with respect to the previous curve for clarity. Dashed lines indicate the position
of the first peak for each curve. In the top panel, the expected positions of the peaks and the corresponding values of the ratios r;/r, for a 2D
hexagonal lattice are reported, with r; and r, the positions of peak i and 1, respectively. (C) Position of the first peak of g(r) in units of the
particle diameter in dilute conditions, as a function of packing fraction. Symbols: experiments, solid line: theory. Red arrows highlight the
nonmonotonic behavior of the experimental data. The progressive size reduction as a function of packing fraction is represented in the

cartoon.

pairing of sticky ends,'® the programmable folding of long
single strands (DNA Origami and “brick” assembly),"” or
supramolecular interactions,” including blunt-end base
stacking.”' 7> DNA can be also used to direct the assembly
of colloidal micro- and nanoparticles, which can confer to
materials desired optical, electrical, or mechanical proper-
ties.”¥”> For colloidal systems, base-pairing interactions
between sticky ends have been the main tool used to construct
the desired structural arrangements.””” Blunt-end interac-
tions, while scarcely considered,”® provide a parallel route to
colloidal assembly that exploits base stacking instead of base-
pairing. The effective interaction between a collection of blunt-
end of dsDNA fragments grafted onto two facing colloidal
particles can be fine-tuned through ionic strength and ion type
and, potentially, grafting density and temperature.

In this work, we demonstrate that the combination of strong
osmotic forces from the neighboring SPBs and the blunt-end
DNA attractions leads to unconventional re-entrant ordering
phenomena and to the emergence of stringlike patterns in
concentrated DNA-brush solutions. To this end, we combined
microscopy experiments, theory, and simulations to systemati-
cally investigate the interactions and correlations between
thick, densely packed SPBs in quasi-2D confinement. In these
experiments, the structural organization and the dynamics of
thick spherical dSDNA brushes grafted onto latex beads were
determined. Two main effects of the brush—brush interactions
were found: a progressive reduction of the interparticle
effective interaction range (distance of closest approach)
with increasing packing and a complex, unusual aggregation

behavior, with a re-entrant ordering as a function of packing
fraction. By developing a detailed microscopic model of the
effective interactions, which incorporates electrostatic, en-
tropic, and osmotic free energy contributions, as well as the
concentration-dependent blunt-end attractions, we determined
the conformations of single and contacting SPBs. Moreover,
we established that the decrease of the interparticle distance is
associated with a size reduction that origins from the pressure
exerted on a brush by the absorbed, noncondensed counter-
ions of neighbor brushes. This mechanism significantly differs
from that of charged microgels, in which the free counterions
surrounding the particles are controlling the deswelling
behavior.””*" The size reduction is accompanied by a very
limited particle interdigitation. The experimentally observed
aggregation phenomena were reproduced in simulations of
particles interacting with a short-range attraction in addition to
the mild, long-range repulsion associated with electrostatics.
The origin of the attractive interaction, which is atypical for
polyelectrolyte brushes, could be attributed to base stacking
interactions. These become significant in the osmotic regime
where dsDNA fragments are stretched, and the blunt-ends of
neighbor brushes face each other at a short distance. These
blunt-end interactions could be tuned by acting on chain
conformations through the addition of monovalent salt.

RESULTS AND DISCUSSION

Experiments: Effect of Packing on the Brush Size. We
present in this section the evolution of the conformation and
interactions of increasingly packed SPBs extracted from the
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Figure 2. Theoretical and simulation models, fraction of noncondensed counterions. (A) Schematic model of a SPB of total radius R = Ry +
L, enclosed in a spherical Wigner-Seitz cell of radius Ryy. N}, N,, and N; are the numbers of condensed, noncondensed, and free counterions,
respectively. (B) Snapshot of coarse-grained MD simulation of miniature SPB (N = 40, Rys = 10 nm), which presents the same grafting
density as the experimental system. (C, D) Fraction of counterions N;/Nf that escape the SPB, where fis the functionality and N is the chain
length. This fraction as a function of functionality f (C) and as a function of Wigner-Seitz radius R, scaled with the radius R, of a chain
monomer (D). For more information on the simulations of the miniature brushes, see the Supporting Information.

analysis of the radial distribution function g(r) of quasi-2D
dispersions of dsDNA-coated polystyrene (PS) particles. A
sketch illustrating the quasi-2D confinement is shown in
Figure 1A: particle dispersions are contained in a channel
formed by a microscope slide and a glass coverslip, separated
by 10 pm using spacers. The radial distribution function
g(r) = N(r)/(2mnrAr), with N(r) being the number of
particles in a thin shell of thickness Ar at distance r from a
selected particle and n = (N,/A) the average particle number
surface-density, was determined from particle coordinates
extracted from bright-field microscopy experiments. This
contrast technique was chosen to avoid possible damages of
the DNA fragments due to prolonged exposure to intense laser
irradiation in fluorescence-based techniques using labeled
DNA.*! In addition, fluorescent labeling of the dsDNA chain
ends can alter their interactions.” In bright field contrast only
the PS cores are visible. Dense dsDNA brushes were formed by
grafting f ~ 10° dsDNA fragments of length equal to 10
kilobase-pairs (kbp) on PS particles with radius Rpg = 0.49 ym.
In what follows, we will also employ the term functionality to
denote the number f of grafted dsDNA fragments. As shown in
previous work,”>** in water solution without any added salt the
dsDNA chains assume a fully stretched configuration resulting
in a brush thickness equal to the contour length L¢ = 3.4 um,
corresponding to a brush-core size ratio Lc/Rpg & 6.9, ie., a

starlike architecture.”® Figure 1A shows an exemplary portion
of an image of a dispersion, with indication of the overall size
of the particles. Details of the synthesis, the preparation of
dispersions, and the quasi-2D confinement of the system are
reported in the Methods. The g(r) functions of systems with
increasing packing fraction 7 = nzog/4, shown in Figure 1B,
evidence significant structural variations, indicated by changes
in the number of the observed peaks, their height, and their
position. Note that # is calculated using the particle diameter
in dilute solution 6, = Rpg + L and thus reflects the increase in
particle number density without accounting for the particle
shrinking discussed later. A clear nonmonotonic variation of
the height of the first peak with increasing # is evident and will
be discussed later together with variations of the local order
parameter. Here, we focus instead on the variations of the
position of the first peak of the g(r), r,, indicated by the dashed
lines in Figure 1B, which represents the shortest interparticle
distance. For monodisperse hard spheres, this quantity
presents a minimum value equal to the particle diameter
when particles are in contact.

For dense dispersions of soft particles, r, can be smaller than
the particle diameter measured in dilute solution due to
particle interpenetration, compression (shrinking), or defor-
mation (and combinations of them). It can be therefore used
to measure morphological changes of the particles with
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increasing crowding. Starting from r, ~ 1.050, for = 0.14,
when the packing fraction is increased the interparticle
distance decreases monotonically until # = 0.40, for which r,
~ 0.880,. Interestingly, for = 0.56 the position moves back to
a slightly larger value, indicating a re-entrant behavior. For 57 =
0.68, the value of " decreases again. Note that for this sample
also the position of the second peak shifts to significantly
smaller values compared to the previous sample, indicating a
sudden compaction of the particle neighborhood. The
minimum value of r, is registered for = 0.73, while for n =
0.87 it increases slightly and significantly more for # = 1.20.
For this value of 7, the system crystallizes into a 2D hexagonal
lattice, as demonstrated by the position of the peaks of the g(r)
(Figure 1B). The trend of r, as a function of # is reported
separately in Figure 1C. The nonmonotonic trend discussed in
detail above can be observed for packing fractions # around
0.7, even if not particularly pronounced. Overall, the values of
7, lie between 1.056, and 0.76,. The fact that r,, values are, for
the majority of samples, smaller than the particle diameter and
decreasing with increasing # indicates that the dsDNA brushes
were shrinking, interpenetrating, and/or mechanically deform-
ing. Interpenetration could be excluded in this case accordlng
to experimental evidence provided in previous work® through
confocal fluorescence microscopy images of packed, free-end
labeled brushes. The absence of interpenetration was
attributed to the large osmotic pressure generated by the
absorbed counterions. In the next section, we present a
theoretical model that confirms this speculation and explains
the physical origin of the observed decrease of r, in terms of
particle shrinking which results from the osmotic pressure
generated by absorbed, noncondensed counterions. We will
also show in the last section that the particle dynamics even at
large packing fractions never fully stop. This finding further
supports shrinking as the origin of the reduction of r,: if an
increasingly large number of particles would be able to pack
through deformation, particle movements should be strongly
suppressed. This ﬁndm% marks a clear difference with the
results of previous work™ in which particle deformation was
observed at high packings: the distinct response can be
attributed to the significantly different conditions of the
experiments in the two studies. In this work, the packing
fraction of the whole macroscopic sample was progressively
increased, while in the work of Zhang et al. only a fraction of
particles of a dilute suspension was concentrated in a limited
portion of space using magnetic forces. Shrinking, deformation,
and interpenetration due to crowdmg have been intensively
studied in microgel suspensions.””**~"* For neutral microgels
three regimes were recognized: A first regime, below space
filling, where no significant shrinking, interpenetration, or
deformation are observed; a second, above space filling, in
which particle deformation and interpenetration occur; a third
at even larger packing fractions in which deformation and
interpenetration saturate and particles shrink (deswell).””*'
Instead, for ionic microgels shrinking was found to be the main
mechanism acting above space filling.*” Note that the behavior
of the system investigated here is clearly different from the two
cases just discussed: a significant shrinking is observed well
before space filling and interpenetration is negligible also at
large packing fractions.

Theory: Modeling the dsDNA Brush Configurations
as a Function of Packing. The primary dependence of the
interaction diameter ¢ of SPBs on their packing fraction 7 is a
monotonic decrease, represented, roughly, by the solid line in

Figure 1C. Since the SPBs are complex macromolecular
aggregates, their conformations and interactions depend
crucially on a diverse variety of physical parameters, bringing
forward their hybrid polymer/colloid character. An under-
standing of the effective interactions between SPBs requires
analysis of their conformations, which result from a
minimization of a suitable free energy F, as we elaborate below.

We build a cell model of a SPB of which the geometry is
schematically illustrated in Figure 2A. The brush consists of a
hard core having a radius Rpg, surrounded by a brush of
thickness L, which consists of f PE chains comprising N
monomers each. Correspondingly, for each chain there are N
monovalent counterions, which are contained in a Wigner-
Seitz cell with radius Ry, related to the overall packing fraction
n by the requirement that a single SPB is contained within the
volume of one cell. Since the experiment has shown that the
size of SPBs can be highly density dependent, we explicitly
differentiate between the density dependent brush size R = Ry
+ L, and the brush size in unperturbed dilute conditions R =
0y/2 = Rps + L, where L stands for the brush height at
infinite dilution. We assume that the SPB is dissolved in a
solvent with electric permittivity € at temperature T. Because
of the high bare charge of the DNA fragments, many of the
counterions will be condensed along them, the number of
which, N}, can be approximated with the Manning parameter
& which we define as the ratio of the Bjerrum length, Ay = ¢*/
4rekyT, and the distance b between each charge, giving & = Az/
b, with kg being Boltzmann’s constant. Using this parameter,
we estimate that the number of condensed counterions is

N, = Qe (1 — %), where Q.. = —¢fN is the total bare

4
charge of a brush.”> With this estimation we presume that the
counterions condense in such a way that there remains only
one net charge per Bjerrum length. Here, we neglect the effect
other nearby chains exert because their electrostatic
interactions are screened by the counterions in the brush.
The remaining fN — N, counterions are subdivided into two
populations N, and Nj, representing those that are free to
move within the brush and those that are free outside of the
brush. In order to find the number of free counterions within
the brush (N,) and outside of the brush (N;), as well as the
brush thickness L, we set up a variational free energy F(N,,L)
and minimize it to find the equilibrium values of N; and L. The
remaining population is now easily calculated with the charge-
neutrality condition N; + N, + N; = Nf. We explicitly minimize
for the brush thickness L as well to qualitatively capture the
significant decrease of the location of the first peak of the radial
distribution function g(r) that was found in the experimental
system as shown in Figure 1C.

In this free energy F, we include six contributions and
express F as

F=Uy+E+Fy+S$+S5+E (1)
We present more information and explicit calculations in the
Supporting Information, limiting ourselves to a more concise
description in what follows.

The first contribution (Uy) approximates the electrostatic
energy modeling the Coulombic interactions between all the
charged PE-monomers and counterions. We use a Hartree type
expression

= [ p()_p (rr|) (2)
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where p(r) is the expectation value of the total charge density
resulting from the sum of the counterion charges and the
charges on the PE chains and where the integrations run over
the entire Wigner—Seitz cell. Theory, simulation, and experi-
ments agree that the chains of isolated, dense PE brushes in a
salt-free environment are completely stretched, meaning that
the charged monomer density falls of as r~* inside the
brush.*>**** Because counterions are inclined to neutralize the
charged monomers, we assume that the distribution of
counterions within the brush also has this functional form.
Furthermore, we model the free counterions outside the brush
as homogeneously dispersed. The charge density resulting
from the sum of the counterion and the monomer density is
now given by

0 r < Rpg
e Rpc <r <R
_73 <r<
p(r) = 4nLr* s
3eN;
ﬁ R<r< RW
4n(Ry — R°) 3)

in which the prefactors ensure charge neutrality.

The second term (F,) in the free energy models the
entropic elasticity of the PE chains, which adds a penalty for a
highly stretched chain configuration®

E _ 3’

kT 2Nb (4)

Here, b is the equilibrium length of the bonds between chain
monomers.

The third (Fy) is a Flory self-avoidance term that models
the excluded-volume interactions between the chain mono-
mers. We choose to set the excluded volume ec}ual to the
volume of a monomer with radius R, and obtain*

Fu _ f'N'R;
PURYE )

The form of this contribution to the free energy is strictly only
applicable if the radius of the central colloid is much smaller
than the total brush radius Rpg < R. Similarly, we implicitly
assume that the chain monomer density within the brush is
homogeneous, meaning that the PE chains can fully explore
the volume of the brush and are not attached to the central
colloid. However, because we are mainly interested in
predicting the way in which the brush size L changes with a
change in the relevant parameters, we expect that these
simplifications do not disqualify our findings.

The next two terms model the entropic free energy S, of the
noncondensed counterions within the brush and that of the
free counterions outside the brush, S;. We leave out the
entropy of the condensed counterions as it will drop out in the
minimization since the number of these counterions is kept
constant. However, we do take into account that the presence
of the PE chains limits the available free volume to the
counterions in the brush. Defining the local number densities
ni(r), i € {2,3}, and the counterion diameter d, we can estimate
the entropic contributions to the free energy with

S = kBT/ drn,(r) In(n,(r)d>) ©
v

in which we omit the usual characteristic length-scale term as it
will yield a constant contribution to the free energy."’

The final contribution (Pp) to the free energy takes into
account the effects of the surrounding SPBs in a concentrated
solution on the size of any given SPB. Following the arguments
put forward for the related case of star polymers,*® we
introduce F, as the free energy cost of insertion of a SPB of
radius R in a concentrated solution of the same. Such an
insertion results into the expulsion of the remaining SPBs from
a region of size R and the associated free energy cost can be
estimated as the product between the volume taken up by the
SPB, R’ and the osmotic pressure II(Ry) of the remaining
solution at packing fraction #, parametrized through the
Wigner—Seitz radius Ry, This osmotic pressure, in turn, is
dominated by the trapped counterions’® and is estimated by
the product of the number of entropically active counterions
N, in each brush, the thermal energy kzT, and the number
density of the brushes o Rj;’. Summarizing, we obtain

3
F, NR

kT R @)

and can only be considered in the limit that N, > N, which
we justify later in this section.

The role of the various terms is antagonistic: some of them
favor large SPB sizes whereas others would favor the shrinking
of the same; thus, their competition leads to a value that
minimizes the total free energy. The sum of these
contributions is numerically minimized with respect to L and
N;. In Figure 2C,D, we show for miniature brushes (N = 40,
Rps = 10 nm) the effect of varying the functionality f and the
SPB density on the osmotic power of the brushes, i.e., on the
fraction of counterions the brush absorbs. The name miniature
is used to indicate that the simulated brushes are a scaled
version of the experimental system presenting the same
grafting density (but smaller fragment length, see Figure 2B).
We validate the results of this procedure with coarse-grained
molecular dynamics simulations of these small brushes (see the
Supporting Information), finding excellent quantitative agree-
ment between the theoretical cell model and simulations for
the fraction of the nonabsorbed counterions (Figure 2C,D).
We show that as the functionality increases, a decreasing
fraction of counterions manages to escape the brush (Figure
2C). This is due to the increased relative influence of the
electrostatic energy.

Since the functionality f, i.e., the number of grafted dsDNA
fragments of an experimental brush, is rather large (f ~ 10°),
we expect these to be highly osmotic, releasing very few
counterions. Indeed, using the geometric parameters of the
large experimental brushes, our cell model predicts that the
fraction of released counterions is of the order of 107,
indicating that virtually all available counterions are being
absorbed. On the other hand, we see that an increase in the cell
size Ry, related to the volume fraction by 7 = R3/Ryy, tends to
decrease the osmotic power of the brushes. This is to be
expected, of course, since an increase in the available volume
for each brush increases the entropy of released counterions.

Applying the model to brushes with the same geometry as
that from the experiments results in a concentration-dependent
size given by the solid line in Figure 1C, which describes very
well the progressive reduction of the position of the first peak
of the experimental g(r). For the large experimental brushes,
we find that especially the contribution F, has a very significant
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influence on the density dependence of the brush size. Even
though the model captures well the experimentally observed
density-driven shrinkage of the brushes, it does not manage to
accurately predict the absolute size of the experimental
brushes, underestimating it by roughly 40%. On the other
hand, such deviations are not unusual in scaling-type theories
that seek to establish general trends and regimes and do not
aim at detailed quantitative accuracy. We remark that an
experimental verification of the theoretically predicted particle
shrinking presented in this work, which is also related to
previous contributions,”> was not presented to date.

Even though the SPBs shrink as the local colloid density
increases, at constant density the effective interactions between
two such particles can be expected to be very strongly repulsive
as they start overlapping. In particular, Jusufi et al. showed that
the effective interactions between colloidal particles similar to
SPBs scale linearly with the number of absorbed counterions.**
To confirm that these findings extend to our system as well, we
perform a similar analysis for miniature SPBs of which we
present the results in the Supporting Information. Since the
number of absorbed counterions in the experimental brushes
must be of the order of Nf ~ 10°, we conclude that even small
brush overlaps are penalized with energies orders of magnitude
higher than those available for thermal fluctuations. In short,
our model prohibits highly osmotic SPBs from (significantly)
interdigitating, in agreement with experimental findings in
previous work.™

Experiments: Aggregation and Re-entrant Ordering.
While the theory developed in the previous section identifies
the physical origin of the progressive size reduction of the
brushes, the experimental data show an additional, non-
monotonic trend of the position of the first peak, with
significant deviations from the theoretical predictions in the
interval 0.7 < 5 < 0.8. This discrepancy suggests that the
monotonic size reduction predicted by theory as an effect of
the osmotic pressure of the absorbed, noncondensed counter-
ions is not sufficient to capture the entire experimental
phenomenology, at least when only repulsive interactions
between the brushes are considered. To better understand the
physical origin of the nonmonotonic experimental trend, we
report in Figure 3 the packing fraction dependence of two
additional structural parameters, the height of the first peak of
the g(r), g, and the average 6-fold order parameter, (¥s) = (1/
NY N W), with N the total number of particles in one image
of the sample, where Wi = 1/szjl\:]"1ei6'9ff is the 6-fold order
parameter of particle i with J; the relative orientation angle
between particles i and j and Nj, the number of neighbors of
particle i. The brackets ( ) indicate an average over all images
of the sample.

Two particles were considered neighbors when the distance
between their particle centers was smaller than the diameter
plus half the distance between the first maximum and the first
minimum of the g(r). Both g, and (¥s) show a similar trend
which, on top of a progressive increase as a function of 7,
presents a nonmonotonic behavior and the presence of two
local maxima. One is observed for 77 &~ 0.40 and the second for
n = 0.68. These peaks indicate for the corresponding samples
the presence of structures with a larger degree of local order
and are visualized in the representative renderings of the
samples shown in Figure 3, which were obtained using particle
coordinates from particle-tracking (representative renderings
of all samples can be found in the Supporting Information,
Figure S1). For the sample with # ~ 0.40 one can see that

n = 0.40 n =068 =120

Figure 3. Structural parameters to investigate the degree of
ordering. (Bottom) Height of the first peak of the g(r),
g(squares), and average 6-fold order parameter (W) (circles)
as a function of packing fraction 7. Inset: Average number of
neighbors per particle, (N,), as a function of packing fraction 7],
same x-axis as the main plot. (Top) Images corresponding to
exemplary renderings were obtained from coordinates for the
samples indicated by the arrows. Particles are colored according to
their individual value of W, (see scale-bar). In the snapshots of
samples with 7 = 0.40 and 0.68 selected particles have been
represented with an artificially larger size to highlight the presence
of chainlike structures.

chainlike structures are present with a simultaneous emergence
of density inhomogeneities (crowded regions and voids),
indicating the presence of attractions in the effective brush—
brush interaction potential. These attractions, however, are
neither broad nor deep enough to bring about macroscopic
phase separation (liquid—gas) in the SPB solution, leading
rather to the formation of finite-size clusters only. The linear
geometry of the structures is also confirmed by the average
number of neighbors for each particle which is (N,) = 2
(Figure 3, inset). The length of the chains presents a broad
distribution, and also isolated particles are present. For the
sample with # = 0.68, the aforementioned features persist,
albeit with suppressed density inhomogeneities with respect to
n = 0.40, and the average number of neighbors increases to
(Ny) ~ 3 (Figure 3, inset). The degree of local order within the
aggregates is pronounced, as confirmed by the value of the
average 6-fold order parameter, (¥¢) = 0.54. Interestingly, for
n > 0.68 g, and (¥s) (and also (N,) to a minor extent)
decrease first and then increase again, indicating a re-entrant
order—disorder transition. The trends of (W) and g, (and
(Ny)) are all consistent with the trend of r,, which is also
nonmonotonic and presents a minimum value for a
comparable value of 7 = 0.73. The minimum of r, indicates
the strongest size reduction, which is followed by an increase
for larger values of 7, indicating reswelling. We speculate then
that the sudden disordering indicated by the structural
parameters ('), g, and (Ny), ie., the reduction observed
for 7 > 0.68, can be associated with the size reduction, and the
successive increase of order (increase of the parameters) with
the reswelling.

https://doi.org/10.1021/acsnano.1c07799
ACS Nano XXXX, XXX, XXX—XXX


https://pubs.acs.org/doi/suppl/10.1021/acsnano.1c07799/suppl_file/nn1c07799_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.1c07799/suppl_file/nn1c07799_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsnano.1c07799?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.1c07799?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.1c07799?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.1c07799?fig=fig3&ref=pdf
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.1c07799?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Nano

www.acshano.org

No Salt

25mM NacCl

Stretche

o) fof

d dsDNA

dsDNA backfolding

O C. 1 1

—— No salt
—A— 0.025M

0.2 0.4

1.0 1.2

Figure 4. Changes in the dsDNA configuration lead to the disappearance of reentrant ordering. (A) Images of samples with 7 ~ 0.68 for
systems without any added salt (left) and with 25 mM NaCl (right). (B) Height of the first peak of the g(r), 8 as a function of packing
fraction 7 for the system without any added salt (same data as in Figure 3) and for the system with 25 mM salt content, as indicated. Inset:
Corresponding peak position r, as a function of 77, same range as in the main plot. At the top of the figure, we show a schematic

P

representation of the changes in the configuration of a few exemplary dsDNA fragments for the system with and without added salt.

We already commented on the fact that the size reduction
registered for these samples deviates from the monotonic trend
predicted by assuming purely repulsive interactions, and we
additionally noted that pronounced aggregation is observed for
these packing fractions. This leads us to conclude that the
pronounced particle shrinking responsible for the reentrant
transition might be associated with the strong local packing
induced by aggregation. These aggregation phenomena can be
explained if an attractive interaction between the brushes is
present. We will demonstrate that introducing a model short-
range attraction between particles/brushes the experimental re-
entrant ordering can be qualitatively reproduced; the origin of
this attraction can be attributed to blunt DNA ends, and its
effect can be suppressed by salinity. Note, finally, that the
formation of a hexagonal lattice for the highest packing fraction
n = 120 is confirmed by the large value of (¥4) =~ 0.8.

Experiments: Testing the Origin of the Short-Range
Attraction by Acting on DNA Conformation. The
experimental observation of finite-size clusters and density
inhomogeneities discussed in the previous section indicates the
presence of a short-range attraction of moderate intensity
between the dsDNA brushes. We speculate that DNA blunt-
end base stacking is the origin of this effective attractive

interaction. Our interpretation is based on the following
arguments: Previous experiments” and findings in this work
indicate the absence of significant interdigitation at large
packing fractions and a stretched configuration of the dsDNA
fragments within the brushes in the absence of added salt. We
can therefore foresee that when two neighbor brushes are in
contact and the DNA fragments are stretched, a large number
of blunt ends on the two sides will face each other and will be
separated by a short distance. Recent experimental and
theoretical work on the assembly of DNA nanostruc-
tures”' ~>7*7*® showed that when a large number of
complementary DNA blunt ends lie at sufficiently small
distance from each other, stacking assembly is observed. We
propose that this mechanism could be at the origin of the
attractive interactions between compressed and densely packed
DNA brushes. It was found that the attractive interaction per
base contact amounts to a few kyT.”> Upon the SPBs
approaching contact, blunt-end-pairs are exposed to such an
attraction while at the same time experiencing a weak
electrostatic repulsion from the other brush, which is of the
order of a few kT itself.* The resulting effective interaction
between two SPBs could be thus estimated to be of the order
of the thermal energy. A fundamental assumption of our
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Figure 5. MC simulations of a system with competing attractive and repulsive interactions confirm reentrant ordering. (A) Interaction
potential with parameters: V,/kgT = 1.43; V,/kT = 0.28; 1/6, = 1.5, and variable & as indicated in the legend. (B) Simulated g(r) for various
packing fractions, where the color code matches the scheme in (A). (C) Trend of the height of the first peak (black symbols) and the order
parameter (red symbols) as a function of packing fraction. (D) Corresponding simulation snapshots.

hypothesis is the stretched configuration of dsDNA fragments
due to the presence of a large fraction of counterions absorbed
within the brush in the absence of salt. To test our hypothesis,
we performed a similar analysis of the structural evolution of
the dsDNA brushes adding 25 mM of NaCl to the dispersions.
We report in Figure 4A exemplary images of samples with
comparable particle number density for the system in
deionized water and with addition of 25 mM NaCl. For the
sample in deionized water, which corresponds to 77 & 0.68, in
selected regions like the one reported in Figure 4A (left) one
observes a pronounced heterogeneous structure with aggre-
gates and local ordering within the aggregates. For the sample
with 25 mM NaCl we did not find instead heterogeneous
regions and the structure is generally homogeneous (Figure
4A, right). This suggests an important change of the effective
interactions in the sample with 25 mM salt. This pronounced
difference is confirmed by the comparison of the trend of g, as
a function of # for the two systems (Figure 4B): No peaks are
visible for the system with added salt (the corresponding g(r)
are reported in the Supporting Information, Figure S2).
Additionally, also the position of the first peak decreases in
this case smoothly, different from the case without added salt
(Figure 4B, inset). We speculate that while addition of
monovalent salt should increase the strength of blunt-end
interactions,”*” at the same time it strongly affects the spatial
configuration of the dsDNA fragments: Previous work in ref 33

showed that a significant backfolding (sketch in Figure 4) of
the ends of the fragments occurs. This implies that the
probability that blunt ends from neighbor brushes face each
other drastically reduces and, thus, the effective attraction
between brushes decreases. This finding supports the
interpretation that the unconventional origin of the effective
attraction between brushes is blunt-end interactions.

Simulations: Aggregation and Re-entrant Ordering
in a System with Competing Short-Range Attraction
and Midrange Repulsion. Based on the experimental
evidence on the presence of additional, short-range attractions
originated by blunt-end interactions, we postulated an effective
repulsive potential that includes additional such attractions and
confirm that it brings about the experimentally observed
features. In particular, we performed Monte Carlo simulations
of colloidal particles in two dimensions, interacting with the
following generic pair interaction:

(2)200 (2)100
r r (8)

The first term is the Lennard-Jones 100—200 potential,
modeling a strong repulsion of hard-core-like spheres of
diameter o, followed by a short-range attraction.

The justification for such strong repulsion which prohibits
particles from interdigitation is found in the work of Jusufi et

e—r/ﬂ

r/A

V(r) =4y +V,
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Figure 6. (A) Experimental mean squared displacements for samples with different packing fractions. Average mean squared displacement
(Ar*(At)) of dispersions of dsDNA-coated colloids with different packing fraction 7, as indicated. Inset: Effective diffusion coefficient D,
extracted from the mean squared displacements as a function of 7 for the samples in the main panel and for the system with 25 mM NaCl, as
indicated. (B) Schematic diagram illustrating the morphological and structural evolution of samples as a function of increasing 7,
highlighting the combined effect of particle shrinking (red curve, representing the schematic evolution of the particle size) and blunt-end
induced attractive interactions in determining the state diagram (sketches at the bottom) and in particular aggregation and re-entrant
ordering of the structure (blue curve, representing the evolution of the structural parameters).

al, who showed that the effective interactions between
colloidal particles similar to SPBs scale linearly with the
number of absorbed counterions.”
absorbed counterions in the experimental brushes must be of
the order of Nf = 10°, we conclude that even small brush
overlaps are penalized with energies that are orders of
magnitude larger than thermal fluctuations. Note that for the
described conditions the interaction can be conveniently
modeled by any steeply diverging potential. This assumption is
corroborated by the experimental findings of ref 33 where it
was shown that dsDNA-coated colloids densely packed on a
2D lattice are resilient to mutual interpenetration of their
charged coronas. Moreover, the Lennard-Jones term in eq 7

Since the number of the

features an attractive well with a range corresponding to a
fraction of o. This short-ranged attraction is used to model
interactions between dsDNA fragments when particles
approach each other to close proximity, caused by the blunt
DNA-end, as discussed in the previous section. The second
term in eq 7 is of a repulsive Yukawa form that models a weak
residual electrostatic repulsion between the almost fully
neutralized SPBs.

The potential of eq 7 has been used to investigate
aggregation phenomena in 3D colloidal systems, showing
that the competition between short-range attraction and
midrange repulsion drives the formation of aggregates. Similar
interactions have been also used to study the phase behavior of
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2D colloidal systems.”” The choice of the potential parameters,
Vi, Vi, and A, determines the morphology of the
aggregates.”””" In the simulations based on the potential of
eq 7, the experimentally observed size reduction of the
particles was included by using the values of the experimental
particle diameter as a function of the packing fraction # in
Figure 1C. Potentials with different sets of V|, V,, and A values
were generated. The potential generating the g(r) that shows
reasonable, semiquantitative agreement with experiments was
chosen as the most representative of the interactions in the
experimental system.

The pair potential is reported in Figure SA and was obtained
for V,/(ksT) = 1.43; V,/(kgT) = 0.28; A/o, = 1.5. Although
we have not attempted a microscopic derivation for the values
of the parameters used, it is possible to offer plausibility
arguments for the resulting values on the basis of physical
argumentation. The parameter V;/(kgT) sets the scale of the
attraction, which, as suggested in the previous section, is
caused by end-to-end stacking of the dsDNA blunt ends and is
expected to be of the order of the thermal energy. The
obtained value of 1.43k;T is in very good agreement with this
expectation and supports our interpretation about the origin of
the attractive interaction. On the other hand, the value of the
parameter V, is set by the overall SPB charge, which is very low
for osmotic brushes and thus a small value results. Finally, the
screening length 4 is set by the radius of the Wigner—Seitz cell,
which is somewhat larger than the brush size in the
concentrations under consideration.

The obtained particle configurations were used to determine
the corresponding g(r) which are presented in Figure SB for
the investigated values of #. A nonmonotonic behavior of the
height of the first peak, g, for packing fractions in the range 0.7
< n < 0.8, Figure 5B, is observed, in qualitative agreement with
the experimental findings. The re-entrance is also reflected in
the nonmonotonicity of the 6-fold order parameter (W),
Figure SC. Finally, the snapshots of the simulated systems
(Figure SD) show the presence of chainlike structures and
aggregates comparable to those found in experiments. The
simulations thus confirm that attractions, which induce
aggregation, are a key ingredient to explain the re-entrant
ordering phenomenon. Therefore, we conclude that re-entrant
ordering is determined by two mechanisms: The formation of
aggregates and size reduction due to deswelling. At larger
packing fractions, particles get more ordered and progressively
shrink; at the same time, attraction induces formation of
aggregates. When the aggregates become locally denser than
the average packing fraction, a pronounced shrinking occurs,
which leads to a sudden disordering. Aggregates are disrupted
and the local packing decreases, allowing the particles to
rearrange configurations and partially reswell. Further increas-
ing the packing fraction, the order increases again until
crystallization occurs. It is interesting to note that a
nonmonotonic variation of g, at packing fractions in the
range 0.7 < n < 0.9 can also be found in Monte Carlo
simulations in which a monotonic decrease of particle size
similar to that predicted by theory is assumed, even though the
agreement with experiments is poorer (results not shown).
This suggests that there is a critical packing fraction, which
depends on the degree of deswelling, at which a restructuring
into a more disordered structure is needed to be able to pack
additional particles. We remark also that the re-entrant
behavior is only found in a very narrow range of potential
parameters. Finally, the re-entrant behavior observed for the

investigated family of interaction potentials is in qualitative
agreement with previous work on 2D colloidal dispersions with
competing interactions.”>"*

Experiments: Dynamics as a Function of Packing
Fraction. The structural variations observed with increasing
packing fraction, and in particular the aggregation phenomena
assigned to the interactions between dsDNA fragments of
contacting brushes, should also affect the dynamical behavior
of suspensions. In particular, the presence of particle aggregates
should induce a slowdown of the average single-particle
dynamics. To test our expectations, we determined the mean-
squared displacement (MSD) of samples with different packing
fractions, (Ar*(AL)) = ((r(At + ty) — r,(ty))?),,, where r; is the
position of particle i, At is the delay time, t; is the time during
the particle trajectory, and (), indicates an average over all

times t, and all particles i. We show the resulting MSD for
several packing fractions in Figure 6A. All trajectories were
corrected for the possible presence of drift due to stage
instabilities: despite this correction, the apparent superdiffusive
behavior at very short times might be the result of residual drift
contributions.

Samples with # < 0.56 show approximately diffusive
dynamics at long times, as indicated by the almost linear
dependence of the MSD on t. Aggregation in the form of
chainlike structures observed for 77 = 0.40 leads to a significant
slowdown of the dynamics and smaller values of the MSD,
while a slightly larger MSD is obtained for # = 0.56. This
corresponds to the transition to a more uniform spatial
distribution of particles with less aggregates. Similarly, a
considerably smaller MSD is observed at 7 = 0.68 and 0.73: in
particular, the MSDs become subdiffusive, in agreement with
the formation of a large number of aggregates in which particle
movements are suppressed. The MSD presents a larger value
and a time dependence approaching that expected for diffusion
for n7 = 0.87, while a significantly smaller and subdiftusive MSD
is obtained for # = 1.20. For the latter, the presence of a large
number of crystalline regions is at the origin of the slow
dynamics. The inset of Figure 6A reports an effective diffusion
coefficient calculated as D4 = Ar*(At =~ 55s)/4At, which
summarizes the behavior illustrated above for the MSD, and
which confirms the correspondence between the structural
variations and the evolution of the dynamics. The MSDs of
samples with 25 mM NaCl are reported in Figure S3. Similar
to what was discussed for the g(r), also the dynamics of the
system with salt show a smoother slowdown with increasing #,
as shown in the inset of Figure 6A. The data of Figure 6A also
confirm what was anticipated when discussing the possibility of
brush shrinking and/or deformation with increasing packing
fraction: For all samples, except the crystalline state for n =
1.20, the MSD shows a diffusive or moderately subdiffusive
behavior, indicating that dynamical arrest is not occurring even
at large packing fractions. This supports the scenario of
progressive shrinking of the brushes rather than deformation.

CONCLUSIONS

We report unconventional effects of packing on the
morphology and interactions of thick, dense spherical
dsDNA brushes in planar confinement. These are schemati-
cally summarized in Figure 6B. Combining experiments and
theory we showed that the large number of free (entropically
active) counterions absorbed within a dense brush in the
osmotic regime produces a huge entropic pressure which leads
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to the progressive shrinking of neighbor brushes with
increasing packing fraction. Interestingly, shrinking occurs
without significant interdigitation of the brushes and starts well
below space filling. Moreover, the absence of dynamical arrest,
even for large packing fractions, suggests that shrinking
prevents jamming and significant particle deformation. These
findings mark a pronounced difference with the behavior of
uncharged hairy colloids, where interdigitation is especially
relevant,>* but also of neutral and charged microgel particles, in
which deswelling occurs above space filling or even at larger
packings.”> As demonstrated in previous experimental and
theoretical studies on planar polyelectrolyte brushes, a small
degree of interdigitation plays a fundamental role in
maintaining the lubrication between contacting brushes
under high loads. SPBs find application as lubrication additives
in biological environments:**” Our study, indicating shrinking
in the absence of interdigitation of SPBs with increasing
packing, suggests that low friction is expected between highly
crowded brushes, a condition which is relevant for the
applications mentioned above, in which SPBs dispersions are
typically strongly confined. The lubrication between brushes is
also supported by the dynamics of the system, which do not
fully arrest even for highly crowded conditions.

The isotropic repulsive interactions derived in the theory for
generic polyelectrolyte brushes do not entirely explain the
structural evolution of the increasingly packed spherical
dsDNA brushes. Aggregation phenomena in the form of
chainlike structures and nonmonotonic shrinking are observed
experimentally and were reproduced in simulations by
considering an additional short-range attractive interaction, in
competition with electrostatic repulsion. We explained the
origin of this attraction in terms of base stacking forces
between blunt ends of dsDNA fragments, which become
particularly important when osmotic brushes are densely
packed. In these conditions a large number of blunt ends from
neighboring brushes lie at short distance and can attract each
other, leading to an effective additional short-range attraction
between the particles that drives assembly. This effective
attraction induced by blunt-end interactions can be tuned by
addition of salt, as demonstrated here, and potentially by
temperature, grafting density and the type of free-end
modification of the DNA brushes.”® Colloidal assembly
exploiting DNA hybridization of single-stranded DNA or
sticky ends has been largely investi§ated during the last years,”®
mainly for assembling crystals’”®” but also nonequilibrium
gels.61 However, it was found that assembling structures with a
higher degree of complexity than those also obtained with
more conventional colloids, and with a programmable
approach similar to that used in DNA nanotechnology, is an
extremely demanding task. As mentioned in the introduction,
blunt-end base stacking has been shown to be especially
powerful in DNA nanotechnology in combination with shape
design®>®® but is almost unexploited in colloidal assembly. We
can foresee that engineering the DNA blunt-ends through
careful design of the PCR primers and control over their spatial
distribution can allow the orthogonal programming of the
directionality and strength of the interactions between dsDNA
grafted colloids. The experimental realization of such patchy
spherical DNA-based brushes will provide the basis for the
development of innovative self-assembly platforms that
combine directionality and sequence complementarity of
DNA fragments. This may be used to guide the organization
of colloidal materials with unique plasmonic®*®® and photonic

properties,” thanks also to the possibility of easily changing
the material and shape of the colloidal core,”””*® and thus the
responsiveness to external fields.

METHODS

Synthesis of DNA Star Polyelectrolyte Colloids and
Dispersions’ Preparation. The procedure to obtain DNA star
polyelectrolyte colloids was described in detail before.*® Here, the
main steps of the procedure are recalled. They can be summarized as
follows: (i) synthesis of 10 kbp double-stranded DNA through the
amplification of end-biotinylated fragments using the polymerase
chain reaction (PCR) and (ii) grafting of DNA chains to the
streptavidin functionalized surface of polystyrene beads (Rpg = 0.49
um). In step (i) we amplified the end-biotinylated dsDNA fragments
using a A-DNA template (New England Biolabs) and a DNA
polymerase enzyme contained in the Go Taq Long PCR Master Mix
(Promega) and following the detailed PCR protocols accompanied by
this product. End-functionalization of the dsDNA strands was
achieved by the PCR using commercially synthesized and HPLC
purified forward and reverse primers, modified at their $’-ends (IDT).
More specifically, for the aforementioned linear dsDNA fragments the
forward primer was $'-biotinylated, including an extended 15-atom
spacer TEG (tetra-ethylene-glycol) in order to reduce steric hindrance
and therefore increase the binding efficiency of the long dsDNA to the
streptavidin coated PS beads (Bangs Laboratories). The reverse
primers were unmodified. Grafting was obtained using a binding
buffer (Dynabeads Kilobase binder Kit, Invitrogen). Biotin end-
modified dsDNA fragments were mixed in a picomole range with the
PS bead suspension in appropriate amounts to obtain a final volume
of about 35 yL and incubated at room temperature under gentle
rotation for 12 h in order to avoid sedimentation. The unreacted
dsDNA fragments were removed using sequential washes with Milli-Q_
water. This can be easily achieved by centrifuging the suspension and
by carefully pipetting off the supernatant and by finally resuspending
the DNA coated beads to 40 yL Milli-Q water. This procedure was
repeated three times. The number of attached dsDNA chains per bead
(functionality f) was quantified, knowing the number of the beads
(value that can be determined by the concentration of the stock bead
solution) and the number of DNA chains in the reaction vial before
the cleaning procedure. The DNA concentration was determined by
measuring the absorbance at 260 nm employing a microvolume
spectrometer (MicroDrop, ThermoScientific). Grafted particles were
then dispersed in deionized water or a saline buffer solution
containing 2.5 X 107> M of NaCl. Dispersions with different particle
concentrations were obtained by diluting a sediment obtained by
centrifugation. The average area packing fraction # of the confined
dispersions was determined through the analysis of sample images by
particle tracking. For each dispersion the results of the analysis of
1000 images were averaged.

Microscopy Experiments. Quasi-2D samples were obtained by
confining the dispersions between a microscope slide and a #1
coverslip: The distance between slide and coverslip was controlled by
means of a PET-based double-sided tape with thickness & = 10 pm
(No. 5601, Nitto). Glass surfaces were made hydrophobic by cleaning
with Rain X solution (ITW Krafft) to avoid particle sticking to the
glass. After depositing a 1.2 uL droplet of sample onto the microscope
slide, the coverslip was uniformly pressed against the slide until the
desired separation was reached and then successively glued on the
sides using epoxy resin. Microscopy experiments were performed on a
Nikon Ti—S inverted microscope using a Nikon 50x LWD objective
(N.A. 0.9). For each sample, about 50 series of 1000 images of 1280 X
1024 pixels were acquired at different locations in the sample using a
22Mp Pixelink M2 camera at a frame rate of 15fps. Particle
coordinates were extracted from images using the Mosaic Suite for
Fiji® while particle trajectories were determined using TrackMate.”’
Dedrifting procedures available in TrackMate were applied to sample
trajectories before calculating the MSDs. In order to avoid sample
degradation, experiments were run shortly after sample loading.
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Monte Carlo Simulations. Monte Carlo (MC) simulations
employing the standard Metropolis algorithm were performed for soft
discs in two dimensions interacting with the pair potential of eq 7, cut
off at a distance r, = 3.50, at constant temperature. The parameters of
the potential determining the strength of the short-ranged attraction
and the long-ranged repulsion as well as its range are reported in
Figure 5. The particles are contained in a box of dimensions L, = L, =
200,. The number of particles is N = {196, 289, 342, 380, 441, 600}
in the systems with packing fraction = {0.40, 0.57, 0.68, 0.73, 0.87,
1.17}, respectively. Data were gathered for simulation runs of 10° MC
steps for packing fractions 7 = 0.40 and 0.57; 10° MC steps for 17 =
0.68, 0.73, and 0.87; and 2 X 10° MC steps for the system with 7 =
1.17. Equilibration is achieved after 20—50% of the given MC runs.
The steric interaction diameter ¢ as a function of packing fraction is
reported in the legend of Figure SA.

ASSOCIATED CONTENT

© Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsnano.1c07799.

Additional renderings of experimental samples (Fig-
ure.S1), radial distribution functions and mean squared
displacements for the system with 25 mM NaCl (Figures
S2 and S3), theoretical details on the derivation of the
free energy model, additional information and results of
molecular dynamics simulations of the miniature brush
(Figures S4 and SS) (PDF)

AUTHOR INFORMATION

Corresponding Authors

Marco Laurati — Dipartimento di Chimica & CSGI,

Universita di Firenze, S0019 Sesto Fiorentino, Italy;
orcid.org/0000-0003-1334-5940; Email: marco.laurati@

unifi.it

Christos N. Likos — Faculty of Physics, University of Vienna,
A-1090 Vienna, Austria; © orcid.org/0000-0003-3550-
4834; Email: christos.likos@univie.ac.at

Authors
Ivany Romero-Sanchez — Dipartimento di Chimica & CSGI,
Universita di Firenze, S0019 Sesto Fiorentino, Italy; Divisién
de Ciencias e Ingenierias, Universidad de Guanajuato, 37150
Ledn, Mexico
Ilian Pihlajamaa — Faculty of Physics, University of Vienna, A-
1090 Vienna, Austria; Eindhoven University of Technology,
Department of Applied Physics, Soft Matter and Biological
Physics, NL-S600 MB Eindhoven, The Netherlands
Natasa Adzic — Faculty of Physics, University of Vienna, A-
1090 Vienna, Austria; ® orcid.org/0000-0003-4189-4410
Laura E. Castellano — Divisién de Ciencias e Ingenierias,
Universidad de Guanajuato, 37150 Ledn, Mexico;
orcid.org/0000-0002-0969-3128
Emmanuel Stiakakis — Biomacromolecular Systems and
Processes, Institute of Biological Information Processing (IBI-
4), 4 Forschungszentrum Julich, D-52425 Julich, Germany;
orcid.org/0000-0002-3845-3684

Complete contact information is available at:
https://pubs.acs.org/10.1021/acsnano.1c07799

Author Contributions

*LR.-S. and LP. contributed equally. LR.-S. prepared samples,
performed experiments, and analyzed the data. M.L., E.S., and
L-E.C. instructed sample preparation and experimental
techniques and provided materials. I.P. and C.N.L. developed

the theoretical model of the PE-brush. LP. performed the
theoretical calculations and the single-brush MD simulations.
N.A. performed the MC simulations of the effective model. All
authors interpreted the results and wrote the paper. M.L. and
C.N.L. designed the research. The manuscript was written
through contributions of all authors. All authors have given
approval to the final version of the manuscript.

Funding

Conacyt, “Consorzio per lo Sviluppo dei Sistemi a Grande
Interfase” (CSGI), Austrian Science Fund (FWF), Deutsche
Forschungsgemeinschaft (DFG).

Notes
The authors declare no competing financial interest.

ACKNOWLEDGMENTS

We thank R. Castaieda-Priego, R. Moctezuma-Martifion, E.
Zaccarelli, and P. van der Schoot for fruitful discussions. L.R-S.,
L-E.C. and M.L. acknowledge Conacyt for funding through
grant Al1-S-9098. M.L. and LR-S. acknowledge financial
support from “Consorzio per lo Sviluppo dei Sistemi a Grande
Interfase” (CSGI). N.A. and C.N.L acknowledge support by
the Austrian Science Fund (FWF) under Grant No. I 2866-
N36. E.S. acknowledges financial support by the Deutsche
Forschungsgemeinschaft (DFG) under grant STI 664/4-1.

REFERENCES

(1) Ballauff, M.; Borisov, O. Polyelectrolyte Brushes. Curr. Opin.
Colloid Interface Sci. 2006, 11 (6), 316—323.

(2) Das, S; Banik, M; Chen, G, Sinha, S.; Mukherjee, R.
Polyelectrolyte Brushes: Theory, Modelling, Synthesis and Applica-
tions. Soft Matter 2015, 11 (44), 8550—8583.

(3) Yang, W,; Zhou, F. Polymer Brushes for Antibiofouling and
Lubrication. Biosurface and Biotribology 2017, 3 (3), 97—114.

(4) Wong, S. Y,; Han, L,; Timachova, K;; Veselinovic, J.; Hyder, M.
N.; Ortiz, C.; Klibanov, A. M.; Hammond, P. T. Drastically Lowered
Protein Adsorption on Microbicidal Hydrophobic/Hydrophilic
Polyelectrolyte Multilayers. Biomacromolecules 2012, 13 (3), 719—
726.

(5) Krishnamoorthy, M.; Hakobyan, S.; Ramstedt, M.; Gautrot, J. E.
Surface-Initiated Polymer Brushes in the Biomedical Field:
Applications in Membrane Science, Biosensing, Cell Culture,
Regenerative Medicine and Antibacterial Coatings. Chem. Rev.
2014, 114 (21), 10976—11026.

(6) Wittemann, A.; Ballauff, M. Interaction of Proteins with Linear
Polyelectrolytes and Spherical Polyelectrolyte Brushes in Aqueous
Solution. Phys. Chem. Chem. Phys. 2006, 8 (45), 5269—5275.

(7) Wittemann, A.; Haupt, B.; Ballauff, M. Adsorption of Proteins on
Spherical Polyelectrolyte Brushes in Aqueous Solution. Phys. Chem.
Chem. Phys. 2003, S (8), 1671—1677.

(8) Lu, Y,; Ballauff, M. Spherical Polyelectrolyte Brushes as
Nanoreactors for the Generation of Metallic and Oxidic Nano-
particles: Synthesis and Application in Catalysis. Prog. Polym. Sci.
2016, 59, 86—104.

(9) Zhulina, E. B.; Rubinstein, M. Lubrication by Polyelectrolyte
Brushes. Macromolecules 2014, 47 (16), 5825—5838.

(10) Raviv, U,; Giasson, S.; Kampf, N; Gohy, J.-F.; Jérome, R;
Klein, J. Lubrication by Charged Polymers. Nature 2003, 425 (6954),
163—168S.

(11) Yu, J.; Jackson, N. E.; Xu, X.; Morgenstern, Y.; Kaufman, Y,;
Ruths, M.; de Pablo, J. J.; Tirrell, M. Multivalent Counterions
Diminish the Lubricity of Polyelectrolyte Brushes. Science 2018, 360
(6396), 1434—1438.

(12) Ballauff, M. More Friction for Polyelectrolyte Brushes. Science
2018, 360 (6396), 1399—1400.

https://doi.org/10.1021/acsnano.1c07799
ACS Nano XXXX, XXX, XXX—XXX


https://pubs.acs.org/doi/10.1021/acsnano.1c07799?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acsnano.1c07799/suppl_file/nn1c07799_si_001.pdf
https://orcid.org/0000-0003-1334-5940
https://orcid.org/0000-0003-1334-5940
mailto:marco.laurati@unifi.it
mailto:marco.laurati@unifi.it
https://orcid.org/0000-0003-3550-4834
https://orcid.org/0000-0003-3550-4834
mailto:christos.likos@univie.ac.at
https://orcid.org/0000-0003-4189-4410
https://orcid.org/0000-0002-0969-3128
https://orcid.org/0000-0002-0969-3128
https://orcid.org/0000-0002-3845-3684
https://orcid.org/0000-0002-3845-3684
https://pubs.acs.org/doi/10.1021/acsnano.1c07799?ref=pdf
https://doi.org/10.1016/j.cocis.2006.12.002
https://doi.org/10.1039/C5SM01962A
https://doi.org/10.1039/C5SM01962A
https://doi.org/10.1016/j.bsbt.2017.10.001
https://doi.org/10.1016/j.bsbt.2017.10.001
https://doi.org/10.1021/bm201637e?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bm201637e?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bm201637e?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr500252u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr500252u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr500252u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/b609879g
https://doi.org/10.1039/b609879g
https://doi.org/10.1039/b609879g
https://doi.org/10.1039/b300607g
https://doi.org/10.1039/b300607g
https://doi.org/10.1016/j.progpolymsci.2016.03.002
https://doi.org/10.1016/j.progpolymsci.2016.03.002
https://doi.org/10.1016/j.progpolymsci.2016.03.002
https://doi.org/10.1021/ma500772a?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ma500772a?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/nature01970
https://doi.org/10.1126/science.aar5877
https://doi.org/10.1126/science.aar5877
https://doi.org/10.1126/science.aat5343
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.1c07799?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Nano

www.acshano.org

(13) Seror, J; Zhu, L; Goldberg, R; Day, A. J; Klein, J.
Supramolecular Synergy in the Boundary Lubrication of Synovial
Joints. Nat. Commun. 2015, 6 (1), 6497.

(14) Macdonald, M. L.; Samuel, R. E.; Shah, N. J; Padera, R. F.;
Beben, Y. M.; Hammond, P. T. Tissue Integration of Growth Factor-
Eluting Layer-by-Layer Polyelectrolyte Multilayer Coated Implants.
Biomaterials 2011, 32 (5), 1446—1453.

(15) Drummond, T. G; Hill, M. G.; Barton, J. K. Electrochemical
DNA Sensors. Nat. Biotechnol. 2003, 21 (10), 1192—1199.

(16) Maune, H. T.; Han, S.; Barish, R. D.; Bockrath, M.; Goddard,
W. A, III; Rothemund, P. W. K.; Winfree, E. Self-Assembly of Carbon
Nanotubes into Two-Dimensional Geometries Using DNA Origami
Templates. Nat. Nanotechnol. 2010, § (1), 61—66.

(17) Tjong, V.; Tang, L.; Zauscher, S.; Chilkoti, A. Smart” DNA
Interfaces. Chem. Soc. Rev. 2014, 43 (5), 1612—1626.

(18) Seeman, N. C.; Sleiman, H. F. DNA Nanotechnology. Nat. Rev.
Mater. 2018, 3 (1), 17068.

(19) Rothemund, P. W. K. Folding DNA to Create Nanoscale
Shapes and Patterns. Nature 2006, 440 (7082), 297—302.

(20) Chidchob, P.; Sleiman, H. F. Recent Advances in DNA
Nanotechnology. Curr. Opin. Chem. Biol. 2018, 46, 63—70.

(21) Nakata, M.; Zanchetta, G.; Chapman, B. D.; Jones, C. D.;
Cross, J. O.; Pindak, R.; Bellini, T.; Clark, N. A. End-to-End Stacking
and Liquid Crystal Condensation of 6— to 20—Base Pair DNA
Duplexes. Science 2007, 318 (5854), 1276—1279.

(22) Kilchherr, F.; Wachauf, C.; Pelz, B.; Rief, M.; Zacharias, M.;
Dietz, H. Single-Molecule Dissection of Stacking Forces in DNA.
Science 2016, 353 (6304), aaf5508.

(23) Salamonczyk, M.; Zhang, J.; Portale, G.; Zhu, C.; Kentzinger,
E.; Gleeson, J. T.; Jakli, A.; De Michele, C.; Dhont, J. K. G.; Sprunt,
S.; Stiakakis, E. Smectic Phase in Suspensions of Gapped DNA
Duplexes. Nat. Commun. 2016, 7 (1), 13358.

(24) Jones, M. R.; Mirkin, C. A. Self-Assembly Gets New Direction.
Nature 2012, 491 (7422), 42—43.

(25) Zhang, X.; Wang, R.; Xue, G. Programming Macro-Materials
from DNA-Directed Self-Assembly. Soft Matter 2015, 11 (10), 1862—
1870.

(26) Rogers, W. B.; Shih, W. M.; Manoharan, V. N. Using DNA to
Program the Self-Assembly of Colloidal Nanoparticles and Micro-
particles. Nat. Rev. Mater. 2016, 1 (3), 16008.

(27) Michele, L. Di; Eiser, E. Developments in Understanding and
Controlling Self Assembly of DNA-Functionalized Colloids. Phys.
Chem. Chem. Phys. 2013, 15 (9), 3115—3129.

(28) Tan, S. J.; Kahn, J. S.; Derrien, T. L.; Campolongo, M. J.; Zhao,
M.; Smilgies, D.-M.; Luo, D. Crystallization of DNA-Capped Gold
Nanoparticles in High-Concentration, Divalent Salt Environments.
Angew. Chemie Int. Ed. 2014, 53 (5), 1316—1319.

(29) Pelaez-Fernandez, M.; Souslov, A.; Lyon, L. A,; Goldbart, P.
M.; Fernandez-Nieves, A. Impact of Single-Particle Compressibility
on the Fluid-Solid Phase Transition for Ionic Microgel Suspensions.
Phys. Rev. Lett. 2015, 114 (9), 98303.

(30) Scotti, A,; Gasser, U.; Herman, E. S.; Pelaez-Fernandez, M.;
Han, J.; Menzel, A; Lyon, L. A.; Ferndndez-Nieves, A. The Role of
Ions in the Self-Healing Behavior of Soft Particle Suspensions. Proc.
Natl. Acad. Sci. U. S. A. 2016, 113 (20), 5576—5581.

(31) de With, A.; Greulich, K. O. Wavelength Dependence of Laser-
Induced DNA Damage in Lymphocytes Observed by Single-Cell Gel
Electrophoresis. J. Photochem. Photobiol, B 1995, 30 (1), 71-76.

(32) Repula, A,; Oshima Menegon, M.; Wu, C.; van der Schoot, P.;
Grelet, E. Directing Liquid Crystalline Self-Organization of Rodlike
Particles through Tunable Attractive Single Tips. Phys. Rev. Lett. 2019,
122 (12), 128008.

(33) Zhang, J.; Lettinga, P. M.; Dhont, J. K. G.; Stiakakis, E. Direct
Visualization of Conformation and Dense Packing of DNA-Based Soft
Colloids. Phys. Rev. Lett. 2014, 113 (26), 268303.

(34) Moreno-Guerra, J. A; Romero-Sinchez, 1. C.; Martinez-
Borquez, A.; Tassieri, M.; Stiakakis, E.; Laurati, M. Model-Free Rheo-
AFM Probes the Viscoelasticity of Tunable DNA Soft Colloids. Small
2019, 15 (42), 1904136.

(35) Likos, C. N. Effective Interactions in Soft Condensed Matter
Physics. Phys. Rep. 2001, 348 (4), 267—439.

(36) Seth, J. R;; Mohan, L.; Locatelli-Champagne, C.; Cloitre, M.;
Bonnecaze, R. T. A Micromechanical Model to Predict the Flow of
Soft Particle Glasses. Nat. Mater. 2011, 10 (11), 838—843.

(37) Bouhid de Aguiar, L; van de Laar, T.; Meireles, M.; Bouchoux,
A.; Sprakel, J.; Schroén, K. Deswelling and Deformation of Microgels
in Concentrated Packings. Sci. Rep. 2017, 7 (1), 10223.

(38) Gasser, U; Hyatt, J. S.; Lietor-Santos, J.-J.; Herman, E. S;
Lyon, L. A; Fernandez-Nieves, A. Form Factor of PNIPAM Microgels
in Overpacked States. J. Chem. Phys. 2014, 141 (3), 34901.

(39) Conley, G. M; Aebischer, P.; N&jd, S.; Schurtenberger, P.;
Scheffold, F. Jamming and Overpacking Fuzzy Microgels: Deforma-
tion, Interpenetration, and Compression. Sci. Adv. 2017, 3 (10),
€1700969.

(40) Conley, G. M.; Zhang, C.; Aebischer, P.; Harden, J. L,
Scheffold, F. Relationship between Rheology and Structure of
Interpenetrating, Deforming and Compressing Microgels. Nat.
Commun. 2019, 10 (1), 2436.

(41) Nikolov, S. V.; Fernandez-Nieves, A.; Alexeev, A. Behavior and
Mechanics of Dense Microgel Suspensions. Proc. Natl. Acad. Sci. U. S.
A. 2020, 117 (44), 27096—27103.

(42) Nbjd, S; Holmgqvist, P.; Boon, N.; Obiols-Rabasa, M,;
Mohanty, P. S.; Schweins, R.; Schurtenberger, P. Deswelling
Behaviour of Ionic Microgel Particles from Low to Ultra-High
Densities. Soft Matter 2018, 14 (20), 4150—4159.

(43) Manning, G. S. Limiting Laws and Counterion Condensation in
Polyelectrolyte Solutions I. Colligative Properties. J. Chem. Phys.
1969, 51 (3), 924—933.

(44) Rubinstein, M.; Colby, R. H. Polymer Physics; OUP: Oxford,
2003.

(45) Jusufi, A.; Likos, C. N.; Ballauff, M. Counterion Distributions
and Effective Interactions of Spherical Polyelectrolyte Brushes. Colloid
Polym. Sci. 2004, 282 (8), 910—917.

(46) Wilk, A.; Huifmann, S.; Stiakakis, E.; Kohlbrecher, J.;
Vlassopoulos, D.; Likos, C. N.; Meier, G; Dhont, J. K. G;
Petekidis, G.; Vavrin, R. Osmotic Shrinkage in Star/Linear Polymer
Mixtures. Eur. Phys. J. E 2010, 32 (2), 127—134.

(47) Maffeo, C.; Luan, B.; Aksimentiev, A. End-to-End Attraction of
Duplex DNA. Nucleic Acids Res. 2012, 40 (9), 3812—3821.

(48) De Michele, C. Theory of Self-Assembly-Driven Nematic
Liquid Crystals Revised. Lig. Cryst. 2019, 46 (13—14), 2003—2012.

(49) Chacko, B.; Chalmers, C.; Archer, A. ]J. Two-Dimensional
Colloidal Fluids Exhibiting Pattern Formation. J. Chem. Phys. 20185,
143 (24), 244904.

(50) Mossa, S.; Sciortino, F.; Tartaglia, P.; Zaccarelli, E. Ground-
State Clusters for Short-Range Attractive and Long-Range Repulsive
Potentials. Langmuir 2004, 20 (24), 10756—10763.

(51) Sciortino, F.; Mossa, S.; Zaccarelli, E.; Tartaglia, P. Equilibrium
Cluster Phases and Low-Density Arrested Disordered States: The
Role of Short-Range Attraction and Long-Range Repulsion. Phys. Rev.
Lett. 2004, 93 (5), 55701.

(52) Reinhardt, A.; Williamson, A. J.; Doye, J. P. K; Carrete, J;
Varela, L. M,; Louis, A. A. Re-Entrant Phase Behavior for Systems
with Competition between Phase Separation and Self-Assembly. J.
Chem. Phys. 2011, 134 (10), 104905.

(53) Almarza, N. G.; Pekalski, J.; Ciach, A. Periodic Ordering of
Clusters and Stripes in a Two-Dimensional Lattice Model. II. Results
of Monte Carlo Simulation. J. Chem. Phys. 2014, 140 (16), 164708.

(54) Vlassopoulos, D. Colloidal Star Polymers: Models for Studying
Dynamically Arrested States in Soft Matter. J. Polym. Sci, Part B:
Polym. Phys. 2004, 42 (16), 2931—2941.

(55) Scheffold, F. Pathways and Challenges towards a Complete
Characterization of Microgels. Nat. Commun. 2020, 11 (1), 4318.

(56) Ma, S.; Zhang, X; Yu, B.; Zhou, F. Brushing up Functional
Materials. NPG Asia Mater. 2019, 11 (1), 24.

(57) Liu, G.; Cai, M.; Zhou, F.; Liu, W. Charged Polymer Brushes-
Grafted Hollow Silica Nanoparticles as a Novel Promising Material

https://doi.org/10.1021/acsnano.1c07799
ACS Nano XXXX, XXX, XXX—XXX


https://doi.org/10.1038/ncomms7497
https://doi.org/10.1038/ncomms7497
https://doi.org/10.1016/j.biomaterials.2010.10.052
https://doi.org/10.1016/j.biomaterials.2010.10.052
https://doi.org/10.1038/nbt873
https://doi.org/10.1038/nbt873
https://doi.org/10.1038/nnano.2009.311
https://doi.org/10.1038/nnano.2009.311
https://doi.org/10.1038/nnano.2009.311
https://doi.org/10.1039/C3CS60331H
https://doi.org/10.1039/C3CS60331H
https://doi.org/10.1038/natrevmats.2017.68
https://doi.org/10.1038/nature04586
https://doi.org/10.1038/nature04586
https://doi.org/10.1016/j.cbpa.2018.04.012
https://doi.org/10.1016/j.cbpa.2018.04.012
https://doi.org/10.1126/science.1143826
https://doi.org/10.1126/science.1143826
https://doi.org/10.1126/science.1143826
https://doi.org/10.1126/science.aaf5508
https://doi.org/10.1038/ncomms13358
https://doi.org/10.1038/ncomms13358
https://doi.org/10.1038/491042a
https://doi.org/10.1039/C4SM02649G
https://doi.org/10.1039/C4SM02649G
https://doi.org/10.1038/natrevmats.2016.8
https://doi.org/10.1038/natrevmats.2016.8
https://doi.org/10.1038/natrevmats.2016.8
https://doi.org/10.1039/c3cp43841d
https://doi.org/10.1039/c3cp43841d
https://doi.org/10.1002/anie.201307113
https://doi.org/10.1002/anie.201307113
https://doi.org/10.1103/PhysRevLett.114.098303
https://doi.org/10.1103/PhysRevLett.114.098303
https://doi.org/10.1073/pnas.1516011113
https://doi.org/10.1073/pnas.1516011113
https://doi.org/10.1016/1011-1344(95)07151-Q
https://doi.org/10.1016/1011-1344(95)07151-Q
https://doi.org/10.1016/1011-1344(95)07151-Q
https://doi.org/10.1103/PhysRevLett.122.128008
https://doi.org/10.1103/PhysRevLett.122.128008
https://doi.org/10.1103/PhysRevLett.113.268303
https://doi.org/10.1103/PhysRevLett.113.268303
https://doi.org/10.1103/PhysRevLett.113.268303
https://doi.org/10.1002/smll.201904136
https://doi.org/10.1002/smll.201904136
https://doi.org/10.1016/S0370-1573(00)00141-1
https://doi.org/10.1016/S0370-1573(00)00141-1
https://doi.org/10.1038/nmat3119
https://doi.org/10.1038/nmat3119
https://doi.org/10.1038/s41598-017-10788-y
https://doi.org/10.1038/s41598-017-10788-y
https://doi.org/10.1063/1.4885444
https://doi.org/10.1063/1.4885444
https://doi.org/10.1126/sciadv.1700969
https://doi.org/10.1126/sciadv.1700969
https://doi.org/10.1038/s41467-019-10181-5
https://doi.org/10.1038/s41467-019-10181-5
https://doi.org/10.1073/pnas.2008076117
https://doi.org/10.1073/pnas.2008076117
https://doi.org/10.1039/C8SM00390D
https://doi.org/10.1039/C8SM00390D
https://doi.org/10.1039/C8SM00390D
https://doi.org/10.1063/1.1672157
https://doi.org/10.1063/1.1672157
https://doi.org/10.1007/s00396-004-1129-9
https://doi.org/10.1007/s00396-004-1129-9
https://doi.org/10.1140/epje/i2010-10607-2
https://doi.org/10.1140/epje/i2010-10607-2
https://doi.org/10.1093/nar/gkr1220
https://doi.org/10.1093/nar/gkr1220
https://doi.org/10.1080/02678292.2019.1645366
https://doi.org/10.1080/02678292.2019.1645366
https://doi.org/10.1063/1.4937941
https://doi.org/10.1063/1.4937941
https://doi.org/10.1021/la048554t?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/la048554t?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/la048554t?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1103/PhysRevLett.93.055701
https://doi.org/10.1103/PhysRevLett.93.055701
https://doi.org/10.1103/PhysRevLett.93.055701
https://doi.org/10.1063/1.3557059
https://doi.org/10.1063/1.3557059
https://doi.org/10.1063/1.4871901
https://doi.org/10.1063/1.4871901
https://doi.org/10.1063/1.4871901
https://doi.org/10.1002/polb.20152
https://doi.org/10.1002/polb.20152
https://doi.org/10.1038/s41467-020-17774-5
https://doi.org/10.1038/s41467-020-17774-5
https://doi.org/10.1038/s41427-019-0121-2
https://doi.org/10.1038/s41427-019-0121-2
https://doi.org/10.1021/jp500074g?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp500074g?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.1c07799?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

for Simultaneous Joint Lubrication and Treatment. J. Phys. Chem. B
2014, 118 (18), 4920—4931.

(58) Gvozden, K.; Novak Ratajczak, S.; Orellana, A. G.; Kentzinger,
E.; Riicker, U; Dhont, J. K. G.; De Michele, C.; Stiakakis, E. Self-
Assembly of All-DNA Rods with Controlled Patchiness. Small 2022,
18, 2104510.

(59) Nykypanchuk, D.; Maye, M. M,; van der Lelie, D.; Gang, O.
DNA-Guided Crystallization of Colloidal Nanoparticles. Nature 2008,
451 (7178), 549—-552.

(60) Macfarlane, R. J.; Lee, B.; Jones, M. R;; Harris, N.; Schatz, G.
C.; Mirkin, C. A. Nanoparticle Superlattice Engineering with DNA.
Science 2011, 334 (6053), 204—208.

(61) Di Michele, L.; Varrato, F.; Kotar, J.; Nathan, S. H.; Foffi, G.;
Eiser, E. Multistep Kinetic Self-Assembly of DNA-Coated Colloids.
Nat. Commun. 2013, 4 (1), 2007.

(62) Woo, S.; Rothemund, P. W. K. Programmable Molecular
Recognition Based on the Geometry of DNA Nanostructures. Nat.
Chem. 2011, 3 (8), 620—627.

(63) Gerling, T.; Wagenbauer, K. F.; Neuner, A. M.; Dietz, H
Dynamic DNA Devices and Assemblies Formed by Shape-
Complementary, Non—Base Pairing 3D Components. Science 20185,
347 (6229), 1446—1452.

(64) Fan, J. A; Wu, C.; Bao, K; Bao, J.; Bardhan, R; Halas, N. J.;
Manoharan, V. N,; Nordlander, P.; Shvets, G.; Capasso, F. Self-
Assembled Plasmonic Nanoparticle Clusters. Science 2010, 328
(5982), 1135—1138.

(65) Kuzyk, A.; Schreiber, R;; Zhang, H.; Govorov, A. O.; Lied], T.;
Liu, N. Reconfigurable 3D Plasmonic Metamolecules. Nat. Mater.
2014, 13 (9), 862—866.

(66) Sun, D.; Tian, Y,; Zhang, Y,; Xu, Z; Sfeir, M. Y.; Cotlet, M,;
Gang, O. Light-Harvesting Nanoparticle Core—Shell Clusters with
Controllable Optical Output. ACS Nano 2015, 9 (6), S657—5665.

(67) Grzelczak, M.; Pérez-Juste, ].; Mulvaney, P.; Liz-Marzan, L. M.
Shape Control in Gold Nanoparticle Synthesis. Chem. Soc. Rev. 2008,
37 (9), 1783—1791.

(68) Sacanna, S.; Korpics, M.; Rodriguez, K.; Col6n-Meléndez, L.;
Kim, S.-H.; Pine, D. J; Yi, G.-R. Shaping Colloids for Self-Assembly.
Nat. Commun. 2013, 4 (1), 1688.

(69) Sbalzarini, I. F.; Koumoutsakos, P. Feature Point Tracking and
Trajectory Analysis for Video Imaging in Cell Biology. J. Struct. Biol.
2005, 151 (2), 182—195.

(70) Tinevez, J.-Y.; Perry, N.; Schindelin, J; Hoopes, G. M.
Reynolds, G. D.; Laplantine, E.; Bednarek, S. Y.; Shorte, S. L.; Eliceiri,
K. W. TrackMate: An Open and Extensible Platform for Single-
Particle Tracking. Methods 2017, 115, 80—90.

JACS.

N OPEN ACCESS JOURNAL OF THE AMERICAN CHEMICAL SOCIETY

Editor-in-Chief
§ Prof. Christopher W. Jones

Georgia Institute of Technology, USA
Open for Submissions [}

ACS Publications

pubs.acs.org/jacsau Most Trusted. Most Cited. Most Read

https://doi.org/10.1021/acsnano.1c07799
ACS Nano XXXX, XXX, XXX—XXX


https://doi.org/10.1021/jp500074g?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/smll.202104510
https://doi.org/10.1002/smll.202104510
https://doi.org/10.1038/nature06560
https://doi.org/10.1126/science.1210493
https://doi.org/10.1038/ncomms3007
https://doi.org/10.1038/nchem.1070
https://doi.org/10.1038/nchem.1070
https://doi.org/10.1126/science.aaa5372
https://doi.org/10.1126/science.aaa5372
https://doi.org/10.1126/science.1187949
https://doi.org/10.1126/science.1187949
https://doi.org/10.1038/nmat4031
https://doi.org/10.1021/nn507331z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nn507331z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/b711490g
https://doi.org/10.1038/ncomms2694
https://doi.org/10.1016/j.jsb.2005.06.002
https://doi.org/10.1016/j.jsb.2005.06.002
https://doi.org/10.1016/j.ymeth.2016.09.016
https://doi.org/10.1016/j.ymeth.2016.09.016
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.1c07799?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/jacsau?utm_source=pdf_stamp

PHYSICAL REVIEW E 91, 022715 (2015)

Charge regulation in ionic solutions: Thermal fluctuations and Kirkwood-Schumaker interactions
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We study the behavior of two macroions with dissociable charge groups, regulated by local variables such as
pH and electrostatic potential, immersed in a monovalent salt solution, considering cases where the net charge can
either change sign or remain of the same sign depending on these local parameters. The charge regulation in both
cases is described by the proper free-energy function for each of the macroions, while the coupling between the
charges is evaluated on the approximate Debye-Hiickel level. The charge correlation functions and the ensuing
charge fluctuation forces are calculated analytically and numerically. Strong attraction between like-charged
macroions is found close to the point of zero charge, specifically due to asymmetric, anticorrelated charge
fluctuations of the macroion charges. The general theory is then implemented for a system of two proteinlike

macroions, generalizing the form and magnitude of the Kirkwood-Schumaker interaction.

DOI: 10.1103/PhysRevE.91.022715

I. INTRODUCTION

From the point of view of electrostatic interactions, pro-
teins, such as ampholytes, are challenging objects since they
carry a nonconstant charge, dependent on dissociation of
chargeable molecular moieties such as N and C terminals as
well as the (de)protonation of amino acid side groups [1-3].
Consequently, their behavior cannot be analyzed with the
assumption of a constant charge [4], otherwise applicable for
many (bio)colloidal systems [5], since it misses the crucial
contribution of charge regulation and charge fluctuations to
the interactions between macroions [6]. In fact, it has been
known for some time that extremely-long-ranged attractive
interactions occur between proteins in an aqueous solution
with dissociable charge groups (amino acids) on the surface,
close to their point of zero charge (PZC), as first elucidated
by Kirkwood and Shumaker [7,8]. The Kirkwood-Shumaker
(KS) derivation is based on the thermodynamic perturbation
theory around a noninteracting state that takes into account
protein charge fluctuations. In the case of no ionic screening,
apart from the usual Coulomb interaction, they also obtain a
fluctuation interaction that scales as an inverse second power
of the separation between the macroions. This scaling form is
fundamentally different from the van der Waals interactions,
exhibiting an inverse sixth power [9], that stem from dipolar
fluctuations and act between electroneutral bodies. In fact, it
can be shown that it is a consequence of the monopolar charge
fluctuations and does not exist for macroions with a strictly
fixed charge distribution. Kirkwood-Shumaker interaction
pertains only to systems with flexible charge equilibrium
that possess a nonzero capacitance, where the net charge is
not a constant but depends on the underlying dissociation
processes [10], implying furthermore that the effective charge
on the macroion, e.g. the protein surface, is regulated and
responds to the local solution conditions: pH, electrostatic
potential, salt concentration, spatial dielectric constant profile,
and the presence of other vicinal charged groups [11]. While
the effects of charge regulation were analyzed on various levels
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in the mean-field approximation [10,12—18], the fluctuation
effects have not received a proportional amount of attention.

Recently, the KS theory experienced renewed interest when
it was shown, using detailed Monte Carlo simulations [19],
that indeed there exists an interaction between proteins that
has the same salient features as the original approximate
form of the KS interaction. An important step further was
achieved by consistently including the charge-regulation free
energy [10], derivable from the Parsegian-Ninham model [20],
in the theoretical framework that allowed one to derive
analytically and exactly the interaction free energy on the
Gaussian fluctuation level [21], leading to an exact form
of the KS interaction for the three-dimensional system with
planar geometry. The full exact solutions for charge-regulation
interaction, beyond the Gaussian fluctuation ansatz, have been
found also in the case of a family of one-dimensional models
solvable by the transfer-matrix formalism [22].

The aim of this paper is to present an improved theory
of fluctuation interaction for two small and distant spherical
macroions subject to charge regulation. The problem is
formulated in a way that allows for decoupling of the charge-
regulation part and the interaction part, of which the former
can be treated exactly while the latter can be dealt with on
the Debye-Hiickel (DH) level. This allows us to derive a
closed-form expression for the total interaction and compare
it with various approximate forms, including the original
KS expression. We show that our generalized fluctuation
interaction reduces exactly to the KS result in the limit of
large separations between macroioins, where the macroion
charge autocorrelation function is assumed to be independent
of the separation between them, consistent with the original KS
perturbation theory derivation. This assumption, implicit in the
original KS derivation, breaks down for any finite separation.
Apart from going beyond this limitation of the original theory
of KS interactions, we are also able to go beyond the KS result
in terms of deriving realistic pH and ionic-strength-dependent
interactions between protein macroions with known amino
acid composition.

The paper is arranged as follows. In Sec. II we introduce
a model consisting of two spherical macroions immersed
in a monovalent salt solution, with charge-regulated surface

©2015 American Physical Society
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charges described with an appropriate free-energy term. The
theory of electrostatic interactions for such a system is derived
using the field-theoretic approach, described in Appendix A.
Three different cases of charge regulation are considered
(Sec. III): a fully symmetric system, consisting of two identical
macroions with both charges spanning the interval [—e,e]; a
semisymmetric system, composed of two identical macroions
with charges spanning the asymmetric interval [—e,(a — 1)e]
(¢ > 1); and a completely asymmetric system composed of
one negative and one positive macroion with charges [—e,0]
and [0, e], respectively. For all three cases we calculate the av-
erage charge, the charge-charge cross-correlation function, the
charge-charge autocorrelation function, and the total interac-
tion potential obtained numerically using the exact evaluation
of the full partition function as well as via two simplifying and
illuminating approximation methods (Sec. IV): the saddle-
point method and the Gaussian approximation method, both
giving an analytical closed form for the full charge-regulation
interaction, including the thermal fluctuations. In Sec. V we
show how this theory can be generalized to be applicable to
a system of proteinlike macroions with specific amino acid
composition. In Sec. VI we present a summary and comment
on the connection with experiments and simulations.

II. MODEL

We consider a model system composed of two charged
spherical macroions in a 1:1 salt solution (Fig. 1). The charge
of the macroions is not constant, but is described by a
dissociation surface free-energy density cost corresponding to
the Parsegian-Ninham charge-regulation model, as discussed
in [21], of the general lattice-gas form

) = iono(F o0 iBeop(F)
Jole(r)) = ioop(r) — OthTe—ln(l + b)), (1)
0
where ¢q is the elementary charge, B is the inverse of the

thermal energy kpT. o quantifies the number of dissociation
sites, and Inb = Bug, where ug is the free energy of charge
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FIG. 1. (Color online) Schematic representation of the model:
two charge-regulated macroions immersed in a 1:1 salt solution, with
positive and negative ions indicated in red and blue, respectively. The
dissociation sites and the dissociation process itself at the surface of
the macroions are indicated with arrows. The solution is composed
of salt ions that can be exchanged with the surface sites. In the
Ninham-Parsegian model of charge regulation, the charge group
dissociation proceeds through (de)protonation of the dissociable
charge groups. In the case of proteins these are the dissociable amino
acids.
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dissociation. In the case of protonation of the surface charge
one furthermore hasInb = —In 10(pH — pK) [21], where pK
is the dissociation constant and pH indicates its value in the
bulk, differing from the local value of pH at the dissociation
sites exactly by the value of the local electrostatic potential, as
implied by the second term in the logarithmic function of the
above equation. The local electrostatic potential also depends
on the ionic strength of the solution as well as on the vicinity
of other dissociable charge groups or macroions [16].

Above ¢(7) is the local fluctuating potential that needs
to be integrated over to get the final partition function.
The mean-field Poisson-Boltzmann (PB) approximation is
obtained by identifying ¢(F) — i¢p = i¢pg [21]. The total
dissociation free energy for a spherical macroion of radius a,
sufficiently small so that one can assume that the electrostatic
potential is uniform over its surface (|7 | = ag) = ¢, can be
written in the form

f@w=fmwmwﬁ
S
— iNeyp — akgT N In(1 + be'Pe¥), 2)

where N is the number of absorption sites satisfying [ dS oy =
Nep and o > 1 is a coefficient of asymmetry determining the
width of the interval spanned by the particle’s effective charge
e(¢) as a function of the mean-field potential on its surface

¢ = ¢(ao):

e(d = P(a))
@)
-¥2

= eoN[% —1— %tanh (—%(lnb _ ﬁeo¢)>:|. 3)

The effective charge of the macroion can thus fluctuate
in the interval —Neg < e < (@ — 1)Neg, ¢ > 1. Whena = 2
the charge interval is by definition symmetric [—Nep, Nep].
All of the expressions for the charge regulation referred
to above are just variants of the surface lattice-gas free
energies [21] with a variable number of dissociation sites
that describe the dissociation of the charge moieties on the
surface of the macroions. In addition we have taken the limit
of small macroions, implying that the surface potential on the
macroions is a constant f(¢) = 55\?\=ao Fole@))d*7.

Assuming that the fluctuating electrostatic potential of one
macroion is ¢;(a) = ¢; and of the other one is ¢,(a) = ¢»,
located at 7; and 7,, respectively, the partition function of
the system can be derived in the field-theoretic form (see
Appendix A)

Z://d%e—ﬁfwl)(;((pl’(pz)e—ﬂﬂm)d(pz, @

where the partition function has already been normalized by
dividing by the bulk system partition function [23], obtained
for f(¢) =0, and G(¢;,¢2) is the propagator of the field,
defined with the values of the potential ¢; and ¢, at the location
of the first and the second particle, respectively, derived in
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Appendix A:

_ B(lo\ (GGI.F) GGFLDY (¢
G((pl’¢2)_eXp|:_§(§02> (G(71,72) G(szz)) ZYAN
&)

where the matrix of the Green’s functions for the bulk
composed of a 1:1 electrolyte in the DH approximation is

given as
5 o 5 o | e 1 ek
G(zl’il) G(Cl”_?) — dmeey a dmeey R (6)
G(r1,r2)  G(r,r2) Lt L2 )
dmreey R dreey a

Here we assume that the two macroions cannot come closer
than a = 2ay. Variations on the above form are possible and

g—K(R—H)

would contain the factor y3(E) for the separation dependence
Ka)

of G(¥,7). We will comment on the detailed choice of the form
for the DH interaction later.

The charge-regulation energy term e~ #/®) can now be
expanded as a binomial [22]

e Pl — e*iﬁNeot/)(l + beiﬁEOW)aN

alN
=2 (a;v )b"efﬂNewefﬂew. ™
n=0

The integral (4) then becomes

aN aoN

1 )
— —ipeo(N—n)p
Z = - //d(pld(pz En En/ a,a, e "re |

wexn | _B(# ! G(ri.r)  G(Fi.r2) e
P15\ e G(ri,r2)  G(r2,r2) 2
x e—iﬂeo(N—n’)wz] , (8)

where a,(a) = (aév)b" for any «.

Introducing the dimensionless variables R = kR and @ =
ka, one can rewrite the partition function for two equal
macroions with both charges allowed to vary in the interval
[—Ney,Nep] in the form

2N 2N

2= a,@ay @) P B, 9)

n

where we introduced Fy_y(n,n’, R) as

fN,N(n,n/,Ié) =

2 —a
lad (ﬂ [(N —n) + (N — ']
8meey

-R
+ 2%(1\/ —n)(N — n/)>. (10)
Clearly, we have incorporated exactly the charge-regulation
free energy for each of the macroions, while the electrostatic
coupling between the two macroions is included approx-
imately via the DH propagator. The configuration of this
particular example is symmetric, as the two macroions are
identical and are described by the same charge-regulation
free energy. The asymmetric configuration, corresponding to
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unequal charge-regulation free energies for the two macroions,
is addressed next.

In order to describe two equal macroions with a regulated
charge in the interval —Nep < e < 0 we take as a model
expression (2) witha = 1, i.e.,

f(@) =iMeop — akgT N In(1 + be'P?), (11)
where M = N, and with the partition function
N N B
2= ) aDay (e Prrrenho, (12)

Furthermore, charge regulation in the interval 0 < e < Neg is

described by
f(@) = —kgT N In(1 + be'Peo¥), (13)

corresponding to the protonization of neutral state (M = 0),
with the partition function for two equal macroions obtained
in the form

N N
2= Z Z an(l)an/(l)e*fo,o(n,n’7R)'

n=0 n'=0

(14)

Finally, for an asymmetric case where the two macroioins are
different, one with charge in the allowed interval [0, Ney] and
the other one spanning the interval [—Ney,0], the partition
function is obviously obtained in the form

N N ~
223 e

n=0 n'=0

15)

These results for the partition function derived above can be
written succinctly in a single formula as

oaN aN

Z = Z Z an(a)an,(a)e—ﬂFN,M(n,n B,
n ’

n

(16)

where one can distinguish three different cases: (a) M =
N, a =2, the fully symmetric system (the macroions are
identical, both with charge spanning the symmetric interval
[-Neg,Nepl); (b) M = N, o > 2, the semisymmetric system
(the macroions are identical, both with charge spanning the
asymmetric interval [—Neg,aNegl); and (¢) N #0, M = 0,
o = 1, the asymmetric system (one particle is positive, with
charge fluctuating [0,Nep], the other negative with charge
spanning the interval [—Nep,0]). The partition function (16)
can be evaluated exactly only numerically, as we will do, in
addition to providing two explicit analytical approximations.

III. SYMMETRIC-ASYMMETRIC CHARGES
ON PROTEINS

With this we proceed to calculate the average value of the
charge of the macroions (e ), charge cross correlation (e;e;),
and autocorrelation function (e; — (e;))? for all three systems.
The thermodynamic averages can be written as

aN
| -
()= E an(@)ap (@) - - - e BFumlnn’ Ry 7y
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FIG. 2. (Color online) Symmetric system: (a) average charge of macroions, (b) charge cross-correlation function, and (c) autocorrelation
function. All averages are obtained by exact evaluation of the partition function. Two systems are shown: a fully symmetric system with o = 2
and the semisymmetric case, which takes the asymmetry coefficient to be « = 5. Each line style corresponds to a choice of parameters (number
of adsorption sites N and salt concentration ¢) and the system under consideration, as described in (a). The dimensionless diameter of the
macroions is set to be & = 0.5 and the separation between them is R = 1. The R dependence is plotted at the PZC pH — pK = 0.

In this way we can write, e.g., the dimensionless average charge
of the particle (¢;) = (e;)/ep as

(e1) = ((n — M)). (18)

In a similar way, other averages are calculated exactly from
the full partition function and are plotted as functions of R and
pH — pK, for different values of the number of absorption
sites N and salt concentration c, keeping fixed the diameter of
the macroions a (see Figs. 2 and 4).

In a fully symmetric system (Fig. 2, o = 2), the average
charge is allowed to vary in a symmetric interval, reaching
the point of zero charge (PZC) for pH = pK. Away from
the PZC, the average charge changes almost linearly until
it reaches saturation and stays constant for any value of
pH — pK [Fig. 2(a)]. The charge cross-correlation function,
being negative close to the PZC, indicates that even in the
fully symmetric system the macroion charges tend to fluctuate
asymmetrically, charge fluctuation on one macroion being
accompanied by a fluctuation of the opposite sign on the
other macroion [Fig. 2(b)]. This is a robust property of
the system, fully discernible also in the one-dimensional
exact solutions [22]. Considering the charge cross-correlation
function as a function of distance between macroions, plotted
for fixed pH — pK, one can observe that at the PZC, the
fluctuation asymmetry effect decreases as separation increases
and it is strongest for smaller values of salt concentration,
while close to the PZC, the asymmetry appears in the regime
of larger salt concentration and smaller separations. The
charge autocorrelation function is positive with the maximum
centered at the PZC, being bigger for smaller salt concentration
[Fig. 2(c)].

Finally, the interaction force is calculated as

3 d 5
F(R) = =1~ Z(R)]

and is shown in Fig. 3. Two identical macroions repel for most
values of the parameters, but show a net attraction in the vicin-
ity of the PZC. This attraction is of purely fluctuational origin,
stemming from the asymmetric charge cross correlation. At
the same value of dimensionless separation, the strength of
this fluctuation attraction is larger in systems with larger salt
concentration and a larger number of adsorption sites.

Concerning the semisymmetric system of macroions with
both charges spanning the same asymmetric interval (Fig. 2,
o =5), one can discern similar behavior of all averages as
in the fully symmetric system. However here, the PZC is no
longer determined by pH = pK, but is shifted, meaning that
the concentration of the positive ions close to the macroion
surfaces is different from the concentration of protons in the
bulk. The autocorrelation function as a function pH — pK
is not centered anymore on the PZC, but the asymmetric
fluctuations do again appear at the PZC [Fig. 2(b)], where
one can observe net attraction between the macroions (Fig. 3,
inside graph).

The behavior of the completely asymmetric system is
shown in Figs. 4 and 5. Here, away from the PZC, the first
macroion is positive and the second neutral, or the first can be
neutral while the second can be negatively charged, depending
on the value of pH — pK. In the region —3 < pH — pK < 3

FIG. 3. (Color online) Interaction force for the fully symmetric
system (solid lines) and the semisymmetric system (dashed lines). All
averages are obtained by exact evaluation of the partition function.
Each line style corresponds to a choice of parameters (number of
adsorption sites N and salt concentration ¢) and the system under
consideration, as described in Fig. 2(a). The R dependence is plotted
at the PZC pH — pK = 0, while the pH — pK dependence is plotted
setting by R = 1. The dimensionless diameter of the macroions is
taken to be d = 0.5.
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FIG. 4. (Color online) Asymmetric system: (a) average charge of macroions, (b) charge cross-correlation function, and (c) interaction
force. All averages are obtained using the exact evaluation of the full partition function. Each line style corresponds to a choice of parameters
(number of adsorption sites N and salt concentration c) as described in the legend. The dimensionless diameter of the macroions is set to be
@ = 0.5 and the separation between them is R = 1. The R dependence is plotted at a point determined with pH — pK = 0.

both macroions carry nonzero charge of opposite sign and at
pH = pK the system is electroneutral as a whole, i.e., the sum
of average charges is equal to zero [Fig. 4(a)]. The charge
cross-correlation function is always negative [Fig. 4(b)] and

0.0
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FIG. 5. (Color online) Asymmetric system: (a) interaction force
plotted at pH — pK = 3.5 and (b) (&,)? (&, — (&,))? and (&,)* (&) —
(1))%. All averages are obtained using the exact evaluation of the
full partition function. Each line style corresponds to a choice of
parameters (number of adsorption sites N and salt concentration c) as
described in the legend. The dimensionless diameter of the macroions
issettobe a = 0.5.

one can observe only attraction [Fig. 4(c)]. The number of
adsorption sites has the biggest influence on the intensity of
the interaction.

The fluctuation effect shows an interesting twist in this
system: The interaction force as a function of separation shows
attraction also when one of the macroions is charged and the
other reaches its point of zero charge [see Fig. 5(a)]. The
origin of that attraction comes from the mean charge-induced
charge interaction [see Fig. 5(b)], where one can observe a
nonzero product (8;)? e; — (éj))z) of nonzero charge (&;)?
and autocorrelation function of zero charge (é;). As is the case
in the symmetric system, here also for the same dimensionless
separation the attraction is significantly stronger in a solution
with larger salt concentration.

IV. DISCUSSION

In the previous section we showed results obtained numer-
ically using the exact evaluation of the full partition function.
The aim of this section is to seek an analytical approximation
that will provide better intuition about the behavior of the
attractive interaction arising between identical macroions with
fluctuating charge so that it can be compared with the original
KS result for the attractive components as well as the DH
result for the repulsive component, respectively. In order to
do so, we will evaluate the partition function (16), introducing
two different approximations, the saddle-point approximation
and the Gaussian approximation, comparing the ensuing
approximative results with the exact ones. The approximations
refer to the evaluation of the partition function (4) and not
to the evaluation of the field Green’s function G(@1,¢2),
which is always assumed to be of the DH form. All the
approximations detailed below thus refer to the evaluation of
the charge-regulation part of the partition function.

A. Saddle-point approximation

The saddle-point approximation consists of finding the
dominant contribution to the partition function, corresponding
to the minimum of the field action, which is then expanded
around the minimum to the second order in deviation.
The saddle-point approximation is usually referred to also
as the mean-field approximation, but we need to distinguish
the mean field in the treatment of the charge-regulation free
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FIG. 6. (Color online) Total interaction force, obtained using the saddle-point approximation to evaluate the the full partition function (SP),
compared with numerical results, obtained using the exact evaluation of the full partition function (N) for the (a) fully symmetric system with
o = 2, (b) semisymmetric system with @ =5, and (c) asymmetric system. Each line style corresponds to a different choice of parameters
(number of adsorption sites N, salt concentration ¢, and pH — pK) as indicated. The dimensionless diameter of the macroions is set to be

a=20..

energy with the PB mean field, which refers to the interaction
part. The procedure is detailed in Appendix B, where we
derive expressions for the saddle-point free energy, as well
as the fluctuation-induced free energy from the second-order
correction (B9). With respect to that decomposition, one
can distinguish the saddle-point interaction force F, and
the fluctuation component of the interaction force F, with
magnitudes given as

- 1+ R _, 55
Fo=k 2 a‘e? ™k
L1 = @/ REEGNIg; — @/R)e R o
[1 = (@/Rye >R
and
- 1+R Gle—2R-a)
=——= ~ —. 20
R3 hi(@)ha(¢3) — (a/R)?e 2R 0
Here k = ‘;“f” , while /11 (¢7}) and h1(¢3) are defined as
eyk
M@ = 1+ ——ele b+ e,
abN
ka @
h(¢y) = 1+ e (b +e” ),
abN

with ¢} and ¢; the solutions of the saddle-point equations (B3)
and (B4) given in Appendix B. Since they are obtained
numerically, this method does not give us a transparent
analytical solution for the free energy and interaction force.
The sum of the saddle-point interaction force F, and
the fluctuation force F, for symmetric, semisymmetric, and
asymmetric systems are plotted as functions of separation R
and compared with results obtained by exact evaluation of
the full partition function (Fig. 6). One can notice that there
is excellent agreement between both results obtained using
these different methods. The saddle-point method decouples
the total force into a saddle-point part and a fluctuation part,
one being repulsive and the other attractive, respectively,
except for the asymmetric system, where there is no repulsion
whatsoever [Fig. 6(c)]. They can be differentiated based on
the separation scaling of the interaction free energy. In the
first case it decays exponentially with R, while in the second it
decays exponentially with 2R. The repulsive force decreases as

the system approaches the PZC, where it is identically equal to
zero. In this regime the fluctuation component to the interaction
force becomes the dominant one.

The main and important difference between the interactions
calculated exactly or on the saddle-point level is that the
attractive component of the interaction force in the latter
case does not depend on pH, but is sensitive and increases
with the salt concentration [Figs. 6(a) and 6(b)]. The full pH
dependence of the interaction is thus not described properly
by the saddle-point approximation.

B. Gaussian approximation

In this case the analytical evaluation of the partition
function (16) is based on a Gaussian approximation for
the binomial coefficient and is presented in Appendix C.
The partition function in this case also decouples into two
separate contributions, of which one decays exponentially
with R and the other decays exponentially with 2R. We will
again refer to them as the mean and the fluctuation part
of the interaction force, using the same notation as for the
saddle-point approximation. One should note here that on this
approximation level there is no real decoupling into the mean
and fluctuation part. We differentiate them purely based on
their separation scaling.

The mean interaction force Fj can be obtained as

[(pH — pK)In 10]?
[1+2(ki/N)e + (a/R)e~(R-07]2
(22)

and the fluctuation force F, as

. 1+R Gl 2R~
TR [+ (dkajaN)el P — (@) R2)e 2R
(23)

Again both F, and F, are obtained in the same way and
the separation into mean and fluctuation parts is arbitrary.
Nevertheless, the separation scaling of the two is the same
as for the mean-field and fluctuation contributions in the case
of the saddle-point approximation, making the nomenclature
reasonable.
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FIG. 7. (Color online) Analytical results for the total force, obtained using approximative evaluation of the full partition function (A), are
compared with numerical results, obtained using exact evaluation of the full partition function (N) for the (a) fully symmetric system with
o = 2, (b) semisymmetric system with « = 5, and (c) asymmetric system. Each line style corresponds to the choice of parameters (number of
adsorption sites N, salt concentration ¢, and pH — pK) as indicated. The dimensionless diameter of the macroions is set to be @ = 0.5.

The general form of the mean interaction force is given in
Eq. (C4), which is valid for all three systems considered: fully
symmetric, semisymmetric, and asymmetric. Because of its
complexity, we display here only Fj for the fully symmetric
system (22). On the other hand, the fluctuation force (23) has
the same universal form for all three types of systems. One can
compare these results (22) and (23) with those obtained using
the saddle-point approximation (19) and (20).

Clearly, the fluctuation force in the Gaussian approximation
corresponds exactly to the fluctuating force in the saddle-point
approximation if the saddle point is taken at the PZC pH = pK
and the mean potentials are ¢ = ¢; = 0. However, in general,
the two approximations do not coincide and thus we cannot
claim that F; is purely fluctuational in origin.

The mean and the fluctuation part to the interaction force
are plotted as functions of dimensionless separation R in
Fig. 7. The total interaction force obtained in this way is
compared with the one obtained using the exact evaluation
of the partition function. For the fully symmetric system,
the Gaussian approximation fits perfectly the exact results
[Fig. 7(a)]. Somewhat lesser agreement can be found in a
semisymmetric system [Fig. 7(b)], while the analytical results
do not work at all in the region away from the PZC in the
asymmetric system [Fig. 7(c)].

In the fully symmetric system, the mean part of the
interaction force is repulsive, decreasing on approach to the
PZC, while in the asymmetric system, it is actually attractive as
the macroions are on average oppositely charged. On the
other hand, the fluctuation component to the interaction force
is attractive no matter what the symmetry of the system
and the pH of solution are, while it does depend on the
salt concentration. Interestingly enough, on the Gaussian
approximation level for the binomial coefficient the pH
dependence of the autocorrelation function again drops out
completely, which is contrary to the full numerical evaluation
of the charge autocorrelation function.

C. Comparison with DH and KS forms

We now set our results against the mean-field DH theory
of interactions between pointlike macroions and against the
KS theory of charge-fluctuation forces. Obviously, without
charge regulation the charge of both interacting macroions is

fixed and the DH form of the interaction should be recovered.
Setting « =0 and M = N in Eq. (16), one indeed gets the
DH interaction force between two well-separated like-charged
macroions in a salt solution

. N2 R

F~——. (24)

k R

Charge regulation, besides inducing attraction at the PZC,
also introduces significant modifications in the mean-field
interaction force (22), leading to its vanishing at the PZC. In
the limit of large separations, the charge-regulated interaction
force (22) in fact scales as

Fy ~ Lkazeza_ﬁ [(pH — p~K)1n 1~0]2’
R [1 4 2(kd/N)ei]?

clearly showing a strong dependence on the solution pH.

As for the fluctuation component of the interaction force
for two spherical pointlike macroions, we can cast its form in
the Gaussian approximation, going to a limit of asymptotically
large separation (23) as

(25)

1 aze—z(ﬁ—a)

CR2[1+2(ka/N)e >
In this limit the charge autocorrelation functions for the
two macroions (Aé%) = ((&; — (£,))?) are independent of the
separation between them and can be calculated analytically
using the same Gaussian approximation with the following
result:

=

(26)

k2&2626
[1 +2(kd/N)ea ]2

With this result the fluctuation component of the interaction
force assumes the asymptotic form

(A&t)(ads) ~

27)

872R

k2R2
This actually coincides exactly with the original Kirkwood-
Schumaker result [7,8] if we take into account the fact that
they take the DH Green’s function for two point charges
with a finite-size scaling factor e?/(1 + &), so that we would
have to multiply Eq. (28) by e~2%(1 4 a@)>. Again we note
that on this approximation level the pH dependence of the
autocorrelation function drops out completely, but is retained

~

2~ =

(A&t)(a&3). (28)
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TABLE 1. The pK values of amino-acid functional groups in
dilute aqueous solution, after Ref. [16].

AA pK

Asp 3.71
Glu 4.15
Tyr 10.10
Arg 12.10
His 6.04
Lys 10.67
Cys 8.14

in the full numerical evaluation of the charge autocorrelation
function.

V. PROTEINLIKE MACROIONS

The general theory formulated above can be straightfor-
wardly applied to the interaction of proteinlike macroions. In
a protein, the amino acids (AAs) Asp, Glu, Tyr, and Cys can
be negatively charged, while Arg, Lys, and His can carry a
positive charge, all depending on the solution conditions. The
respective pK for the dissociation of the various amino acids
are given at Table I [16].

In order to describe a protein macroion composed of these
amino acids, one should write down the charge-regulation free
energy in the form

fol9) =i NiMjeop —kT Y  N;M;In(l + b;e’#*?)
J J

—KkT Y NeMiIn(1 + be'%), (29)
k

where j stands for negative AAs j = {Asp,Glu,Tyr,Cys},
while k stands for positive ones k = {Arg,His,Lys}. Here N;
and N; are the numbers of absorption sites on each positive
AA and negative AA and since each of these AAs has one
adsorption site it will be set to 1. In addition, M; and M
count how many times each AAs occurs in the protein and b;
and by stand for b, = ¢~ M 10PH=PK) where the pK,, for each
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FIG. 9. (Color online) Generalized system: interaction force. All
results are obtained by using the exact numerical evaluation of the
full partition function. Each line style corresponds to a choice of
system and the values of salt concentration ¢ as indicated in Fig. 8(a).
The functions bearing an R dependence are plotted at the isoelectric
point of the two systems: pH = 5.15 and 7.87, respectively. The
dimensionless diameter of the macroions is set to be & = 0.5 and the
separation between them is R = 1.

AA is given in Table I. For pointlike macroions the spatial
distribution of AAs on the surface of the protein is irrelevant
and the above approximation is thus admissible.

The partition function for the system composed of two
proteinlike macroions in a 1:1 salt solution is derived in the
same way as explained in Sec. II and is given in Appendix D.
Since the evaluation of Eq. (D2) is computationally time
consuming, we consider only the behavior of two model
systems, one (system I) composed of proteinlike macroions
consisting of two Asp, two Glu, two Lys, and two His AAs and
the other (system II) having four AAs more, two Tyr and two
Arg. The results are shown in Figs. 8 and 9. The protein charge,
as a function of pH, spans a symmetric interval with constant
plateaus in the pH regions, which correspond to charging up
an additional AA. The cross-correlation function in general
follows the pattern of plateaus of the average charge, being
positive everywhere except at the PZC, where an asymmetric
charge distribution appears. The autocorrelation function and

6 y
System [ stem 11
N ystem [ System 08
Al . c=10mM  ------
NN -100mM —-- o~ —
SN
2 \\\\ ~
NhN
=~ AR
O N ~
N Y e
2 TR AN
NOY.
4 o
-6 )
2 4 6 8 10 12 0.8
pH

FIG. 8. (Color online) Generalized system: (a) average charge of macroions, (b) charge autocorrelation function, and (c) charge-charge
cross-correlation function. All results are obtained by using the exact numerical evaluation of the full partition function. System I consists of
two proteins, each of which consists of 2 Asp, 2 Glu, 2 Lys, and 2 His AAs, while system II has additional 2 Tyr and 2 Arg. The results are
plotted for two different values of salt concentration ¢ = 10 and 100 mM for each system. The dimensionless diameter of the macroions is set
to be @ = 0.5 and the separation between them R = 1. The functions bearing an R dependence are plotted at the isoelectric point of the two

systems: pH = 5.15 and 7.87, respectively.
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the charge cross correlation show opposite signs, with one
being positive and the other negative, respectively.

Analyzing the behavior of the interaction force Fig. 9, one
can see that two identical proteins mutually repel and that the
strength of the interaction depends on the pH in the solution,
following closely the behavior of the charge cross-correlation
function. The repulsion is smaller in a solution of higher salt
concentration, since the salt screens the protein charge and
reduces the interaction. The repulsion disappears at the PZC,
where the attraction sets in, increasing with salt concentration
at a fixed dimensionless separation between the proteins. The
attractive interaction is negligible for proteins composed of a
larger number of amino acids, which does not correspond with
our previous results, where the attraction is larger for a larger
number of adsorption sites. This can be explained by analyzing
the average charge of the protein [Fig. 8 (a)], where one can
observe a plateau of zero charge for system II, which is not
the case in system I. So it can be concluded that the strength
of the fluctuation interaction depends on the rate of change of
the charge of the macroion with pH, which of course depends
on the type of the protein.

This can be derived also formally by following Lund and
Jonsson [11]. The fluctuation part of the interaction force (28)
is approximately proportional to the charge variance, which in
turn follows from the macroion capacitance C as

(@~ (@) ~c= 2D L)

(Beod) In10 apH
as is clear also from Eq. (3). The strength of the fluctuation
interaction therefore depends on the rate of change of the mean
charge of the macroion with pH, i.e., its capacitance. This can
be clearly discerned from Fig. 8(b), where we observe that
system II has zero capacitance at its PZC, while system I has
a nonzero capacitance at its PZC.

(30)

VI. CONCLUSION

We presented a theory describing electrostatic interaction
between two spherical macroions, with nonconstant, fluc-
tuating charge, surrounded by a monovalent bathing salt
solution. The macroion charge fluctuations are described with
the Parsegian-Ninham model of charge regulation, which
effectively corresponds to a lattice-gas surface dissociation
free energy. Our theory is based on two approximations:
One assumes the macroions as pointlike, in the sense that
the electrostatic potential on the surface of the macroion
is uniform, and other treats the intervening salt solution on
the Debye-Hiickel level, assuming the electrostatic potential
to be small, so that the Poisson-Boltzmann equation can
be linearized. Choosing the proper charge-regulation energy,
we analyzed the behavior of three different systems that
differ in the symmetry of charge distribution. These are a
symmetric system composed of two identical macroions with
a symmetric as well as asymmetric charge-regulation intervals,
corresponding to the fully symmetric and semisymmetric
cases, and an asymmetric system, composed of oppositely
charged macroions, allowing the case of having one charged
and one uncharged particle.

We have shown that in charge-regulated systems, asym-
metrical charge fluctuations appear near the PZC, engen-

PHYSICAL REVIEW E 91, 022715 (2015)

dering strong attractive interactions of a general Kirkwood-
Schumaker type, but with different functional dependences as
argued in their original derivation. The fluctuational nature of
the Kirkwood-Schumaker interaction is consistent also with
the fact that it arises even between a charged and a charge
neutral object, in the vicinity of the pH where the charged
macroion becomes neutral itself. This is the case studied also
in the context of the PB theory within the constant charge-
regulation model, in fact corresponding to a linearized form of
the full charge-regulation theory [24,25]. In this limit too the
effects of charge regulation are crucial and lead to attraction.
However, in the context of our approximations, the attractive
interaction between a charged and a neutral surface stems
from the coupling between the net charge of one and charge
fluctuations of the other surface. Superficially, one would tend
to see the attraction in the constant charge-regulation model as
being grounded in the mean-field level, but caution should be
exercised here. In our case too the Green’s function pertains to
the DH mean-field level and the attraction actually comes from
the surface charge regulation. The constant-charge-regulation
model must obviously capture some of the same physics.

The bathing solution with its pH and ionic strength there-
fore plays an important role in charge-regulated systems and
the interactions to which they are subject. In all cases studied,
the fluctuation attraction is larger for larger salt concentration
in solution at the same dimensionless separation, while the
repulsion is actually reduced at a fixed separation by increasing
the salt concentration, consistent with the electrolyte screening
effect. Furthermore, a stronger attraction is found in systems
composed of identical macroions having a larger number of
adsorption sites, giving rise to larger charge fluctuations.

The theory, developed for toy models, was then applied to
the case of proteinlike macroions, with a different dissociation
constant for different chargeable amino acids. For protein
electrostatic interactions their strength depends on the rate
of change of the charge of the macroion with respect to the
solution pH, i.e., the molecular capacitance of the macroion,
which is protein specific and connected with the capacitance
of the protein charge distribution. Apart from this, salt concen-
tration enhances the attraction between proteinlike macroions,
as evidenced also in simulations and experiments in the case
of, e.g., lysozyme in monovalent salt solutions [26,27]. In fact,
understanding the details of the protein-protein interaction is
our main motivation for developing further our theoretical
approach, specifically the relation between the KS interaction,
the patchiness effects, and van der Waals interactions between
proteins in electrolyte solutions.
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APPENDIX A:

PATH-INTEGRAL FORMALISM
The field propagator at points 71 and 7, is defined as

@(F2)=¢2
G(p1,92) = /

1 =/ =/
Dle(F)18(p(F1) — p1)8(p(F2) — ¢2) exp [——/dr dr'o(F )G (7P )p(F )}
P(F1)=¢1
where G~!(7,7") is the usual Debye-Hiickel kernel of the form [4]

(Al)
(FF) = —eo[VeF )V — e(F )I8GF — 7). (A2)
where « is the inverse Debye length. Using the § function in the integral representation
- dk .. - dk o e o
8(p(F) — ¢1) = / Soettrmel — / 5o exp | —ike +ik / dr pi(F () ), (A3)
2w 2
where p(F) = 8(F — F), one can rewrite the propagator as
o - 1 I I
G(p1,¢2) = / dk e~k / dk'e= ke / D[p(F)] exp [—5 / dr di' (P )G~ F. P el ) +i / t(F)o(F )d r:| (A4)
where t(7 ) stands for (¥ ) = kp;(F ) + k' po(¥ ). After integration over the field, one obtains
1 - o
G(p1,02) = —d GG /dk —iker /dk’ —ik'py exp (——/dr dr'tF)GF, 7P @ ))
+00  pHo00
—/ / dk dk e~ ker=ik ¢ kaG(rl "1)/2, —K” G(F2.72)/2 ,—kK' G(71.F2) (AS)
detG-1(r,7")
If one introduces a two-dimensional vector (k k'), this integral can be rewritten as

1 r 1 T = = - -
o= gz | [aaeon () (1) [5 () (605 602

k
S0 S ). (A6
2 G(F1,7) G(Vz,rz)) (k)} (46)
Since this is a Gaussian integral, it can be evaluated explicitly

B o\ (GG, GG\ (e
G s = €X _— - ’_. - ’-; . A7
(P1.92) = exp [ 2\e) GGy ) e (A7)
APPENDIX B: SADDLE-POINT APPROXIMATION
The partition function (4) can be evaluated using the saddle-point method, consisting of minimization of the field action
% = 0, where the action can be written in the form

A(p1,92) = fi1(P1) + 8(h1,¢2) + f2(¢2)
with g the logarithm of the Green’s function, given as

(B1)
. SN
o G(ri,r1)  G(ry,r2) &
’ _ 1 LT I LI . B2
8(01.42) = (452 G(ri,r2)  G(rp,r2) 2 (B2)
The saddle-point equations are obtained as
NN be™ e 4reeg 1 e @ 4reeg 1 e R 0 B3)
— — — — —— = = U,
1+ be® ! Bel e~2/a2 — 2R /R2 @ 2 Belic e~2/a2 —e2R/R2 R
Y N be dree 1 e 4ree
~ N e T

1 -R
< ., i ) (B4)
,36016 672“/512 — 672R/R2 a Begk e 2a/512 — e72R/R2 R
Solutions of these equations are denoted by ¢{ and ¢3. If one sets M = 0 and o = 1, one deals with an asymmetric system, for

M = N and @ = 2, one deals with a fully symmetric system, and the choice M = N and « > 2 defines a symmetric system with
an asymmetric interval of fluctuating charge, i.e., a semisymmetric system

The action can be expanded around the SP solution up to the second order in deviation from ¢} and ¢3, yielding

19%A
A1) = F1@D) + 8@7.0D) + ) + 5 oLP2)

! sp2 4 LAGLI| oL 182A<¢1 | 52
20000 gy 091062 2003 g

(BS)
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where f1/2(¢7),) are given as
fi2(@7 ) = =M@}, —aNIn(1 + be *ir). (B6)
If we denote second derivatives in the equation above by A, A2, and Ay, respectively, we have

e dee 1 e

A =—aNb — — ——
11 (04 (l+be—¢l)2 ,363/( e—za/az_e—ZR/RZ a

e " dee 1 e

Ay = —aNb — — - —— —
2 (1 4+ be%2)?2 /363/( e~2d /g2 — ¢"2K/R2 G

, (B7)

dmee 1 e

so the saddle point and the fluctuation free energy are equal to

BFo = —111(9]) + g@7.83) + f2(3)] (B8)
and
det Ag
detA’
where Ag is a matrix, related to the partition function of the unperturbed system, with the elements

BF, =—In (B9)

_ Ag(¢1,¢0)  dmee 1 e
3¢,12 - ,36(%’( e=2/32 — e—zﬁ/kz a
_ PA(@1.dy)  Amee 1 e
3¢§ - ﬁeék €2 /a2 — e—zﬁ/kz a
o _ 0*Ao(p1.42) 4meeg 1 e

A, = = —— —.
12 dp10¢> Belk e=2/a% —e—2R/R2 R

) (B10)

=n

Finally, the saddle-point interaction force and the force due to the fluctuations around the saddle point are given as

Fo_dmec L+ R, o0 gldf — @/ R)e Rp3ligs — @/ R)e™ o]
0= ,36(%/( R2 [1— (d/R)Ze—z(R_g)]g

) (B11)

i 1+ R ale R0
F=—— —, B12
’ R hi(@)ha(¢3) — (@) R?)e2K=D 12

where
dreeyd
,Be(Z,KNoeb

dreepd

Be2k Nah e (b 4 ). (B13)
0

hi(@}) =1+ e (b + e, ha(dy) =1+

The saddle point and the fluctuation force are plotted as functions of dimensionless separation R in Fig. 6.

APPENDIX C: GAUSSIAN APPROXIMATION

The partition function (16) can be evaluated analytically if one takes a Gaussian approximation for the binomial coefficient

aN) _ Ae—miv—h)z/zaM )
n JTaN]2

After the substitutions x = ¢ N — 2n and x’ = M — 2n’, summation can be transformed into the integral, when one assumes
N > 1, so the partition function becomes

z = /OO dx /OO dx/e(l/Z)(erx’)(prpK)ln 1067(1/20[N)(x2+x’2)efﬂ]:(x,x’,R)’ (CZ)
—00 —00
where
5 62K e ka e—KR
F(x,x',R) = Sn(’_eeo< - x+NQC—a)P+[X +MQ2—-a)*}+2 I [x+NQ2—a)lx +MQ2 - a)]). (C3)
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This is a general Gaussian-type integral and can be calculated analytically, but since the solution is too cumbersome, it is not
displayed here. The interaction force then follows as a sum of the mean contribution to the force and the fluctuation force as

#1+R [(pH — pK)In 10]?

F() = kdzeZ&_

(@ — ka2e?R 14+ R

R? {14 2(kd/N)ed + (d/R)e~(R-0)2

a?N[1 + (4kde? /aN)]> R2
4aM(aN — 1)(pH — pK)In 10[1/1 + (4kae? jaN)]e~ R0

« (_ 2a(N + M)(pH — pK)In 10
(1+ {1/[1 + (4kae? JaN)*}(a/R)e~(R-)>

(1 — {1/[1 + (4kaed Ja N)]2}(a2/ R?)e2R-a))2

(4aM 8)(1+{1/[1+(4kae Ja N)*}a%/ R?)e 2 R=D)— (o — 2)[1 + (M2 /N[N /1 + (dkéie? JaN)|(G@/ R)e~R a))
(1 — {1/[1+(4kae? /aN)] }(a2/R2)e 2AR-a))2 ,

. 1+ R e 2R-a)

R3 [1 4 d/a)(4rmecoa/BeicN)ed]” —

The mean contributions to the force and fluctuation force
are plotted as functions of separation R and the results are
presented in Fig. 7. We note that the nomenclature “mean”
and “fluctuation” do not have the same meaning in the context
of the Gaussian approximation as they do in the saddle-point
approximation. In fact, in the former the interaction free energy
cannot be consistently separated into mean and fluctuation
types. We use this separation based on the dimensionless
separation scaling.

APPENDIX D: PROTEINLIKE MACROIONS

The partition function for the system of two pointlike
proteins immersed in monovalent salt solution and con-
taining seven types of dissociable AAs, negatively charged
{Asp,Glu, Tyr,Cys} and positively charged { Arg,His,Lys}, can

(&Z/RZ)e—Z(R—d) ’

(C4)
[
be written as
M, M, ‘ ‘
M;! M;)!
z=TT > u™" e Pm (DI)
4 / L__; ’
=17 il ip! M—lg)'l'(M—l)
where ¢ runs through {Asp,Glu, Tyr,Cys} and {Arg,His,Lys},
with
2 —a
epk | e m 2 m 2
P = g T (S + Dty 1)

(D2)

L2503 - ) X ),

m m

where the unprimed and the primed notation refer to the
two protein macroions. Here Mf counts how many times
each of these seven amino acids occurs in a protein, while
M!" is restricted to counting only negative amino acids. In
addition, b, refers to the chemical energy of dissociation
by = e~ M10PH=PK) " \where the intrinsic pK, for the seven
dissociable amino acids are given in Table I.
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Abstract

We have studied the compact phase conformations of semi-flexible polymer
chains confined in two dimensional nonhomogeneous media, modelled by
fractals that belong to the family of modified rectangular (MR) lattices. Members
of the MR family are enumerated by an integer p (2 < p < o0) and fractal
dimension of each member of the family is equal to 2. The polymer flexibility
is described by the stiffness parameter s, while the polymer conformations are
modelled by weighted Hamiltonian walks (HWs). Applying an exact recurrence
equations method, we have found that partition function Zy for closed HWs
consisting of N steps scales as w" u‘/ﬁ, where constants w and g depend on
both p and 5. We have calculated numerically the stiffness dependence of the
polymer persistence length, as well as various thermodynamic quantities (such
as free and internal energy, specific heat and entropy) for a large set of members
of the MR family. Analysis of these quantities has shown that semi-flexible
compact polymers on MR lattices can exist only in the liquid-like (disordered)
phase, whereas the crystal (ordered) phase has not appeared. Finally, behavior
of the examined system at zero temperature has been discussed.

Keywords: solvable lattice models, structures and conformations, phase
diagrams, polymers
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1. Introduction

Behaviour of a linear flexible polymer in various types of solvents has been extensively stud-
ied in the past and the subject is well understood, at least when the universal properties of
polymer statistics are under consideration [1]. The canonical model of a linear polymer is the
self-avoiding walk (SAW), which is a random walk that must not contain self-intersections. In
this model, steps of the walk are usually identified with monomers, while the surrounding sol-
vent is represented by a lattice [2]. In a good solvent (high temperature regime) polymer chain
is in extended state, whereas in a bad solvent (low temperatures) it is in compact phase. Since
in the compact phase a polymer fills up the space as densely as possible, it is often modelled
by Hamiltonian walk (HW), which is a SAW that visits every site of the underlying lattice.

Most of real polymers, especially biologically important ones, are semi-flexible, but con-
trary to the flexible polymers, knowledge of their conformational properties is scarce. The
measure of bending rigidity of a semi-flexible chain is its persistence length /,, which can be
understood as an average length of straight segments of the chain. In a good solvent the stiff-
ness of the polymer only enlarges the persistence length, while in a bad one (when polymer
is compact), an increase of the chain stiffness may promote the transition from a disordered
phase (when polymer bends are randomly distributed over the polymer, with finite density)
to an ordered crystalline phase (when large rod-like parts of the chain lie in parallel order,
with zero density of bends). In order to study the compact phase of semi-flexible polymers on
homogeneous lattices Flory introduced a model of polymer melting [3], in which a compact
polymer is modelled by HW, while the bending rigidity is taken into account by assigning
an extra energy to each bend of the chain. Applying the proposed model within the mean-
field theory, it has been found [3] that there are two compact phases: disordered liquid-like
and ordered crystal-like phase, and a phase transition caused by competition between the
chain entropy and the stiffness of the polymer has emerged. At high temperatures, the entropy
dominated disordered phase exists, in which the number of bends in the chain is comparable
with the total number of monomers, and the persistence length is finite. At low temperatures
bending energy dominates, so that polymer takes ordered crystalline form, in which bends
exist only on the opposite edges of the underlying lattice. In this phase the persistence length
becomes comparable to the lattice size. Using various techniques, in a series of papers [4—12],
the existence and nature of phase transition between these two phases of compact polymers
have been investigated, giving quite different results for the order of phase transition.

Besides being interesting from the pure physical point of view, semi-flexible compact poly-
mer models are of great importance for better understanding of some biological systems and
processes. For example, DNA condensation [13] and protein folding problem [14] take place
in squeezed cellular environment and demand for compact states of these rigid polymers. For
such systems, coarse-grained polymer models often present valuable tool in explaining the
major features observed in experiments [15].

The Hamiltonian walk problem, even in its simplest form, with no interactions involved
and on regular lattices, is a very difficult one. Exact enumeration of HWs, which is a pre-
requisite for further analysis of the compact polymer properties, is limited to rather small
lattice sizes. For instance, HWs on L? square lattice have been enumerated up to size L = 17
[16], and on L cube up to L = 4 [17], which is not sufficient to draw solid conclusions about
asymptotic behavior for long compact chains (therefore approximate techniques, such as
Monte Carlo algorithms [18, 19] have been used). In addition to the HWs enumeration, solv-
ing the semi-flexible HW problem requires their classification according to the number of
bends, which makes it even less feasible. On the other hand, in real situations polymers are
usually situated in nonhomogeneous media, so that models of semi-flexible compact polymers
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should be extended to such environments. In that sense, as a first step towards more realistic
situations, fractal lattices may be used as underlying lattices for semi-flexible HWs, which has
been successfully accomplished for a broad range of polymer related problems [20-29]. Some
deterministic fractal lattices have already been useful in exact studies of flexible HWs [30]. In
these studies, emphasis has been put on establishing the scaling form of the number of very
long walks, which is a long-standing issue in various polymer models [31]. Recently, a closely
related problem of finding the scaling form of the partition function of semi-flexible HWs on
3- and 4-simplex lattices has been analyzed [32] in an exact manner. The method applied in
[32] also enabled detailed analysis of various thermodynamic quantities, which brought about
the conclusion that ordered crystal-like phase can not exist on these lattices. In order to resolve
the question whether the inhomogeneity of the polymer environment always suppresses the
crystal phase, it would be useful to extend this study on other nonhomogeneous lattices. In
[33] an outline of a similar approach, applied on modified rectangular (MR) lattices, has been
presented, and in this paper we generalize the applied method to the whole family of such
lattices. Each member of this family is actually a square lattice with self-similarly removed
bonds, where the manner in which the bonds are removed are characterized by an integer
p = 2. None of the vertices is removed in this process, and fractal dimension of each of these
lattices is 2, all that making them similar to the square lattice (on which most of the lattice
polymer models are studied), and convenient for systematic analysis of the impact of defects
in homogeneous environments on thermodynamic properties of the studied model.

The paper is organized as follows. In section 2 we describe the MR lattices for general
scaling parameter p, then we introduce the model of semi-flexible HWs and the recurrence
relations method for the exact evaluation of the partition function. In the same section we pre-
sent specific results obtained for p = 2 MR lattice, and we analyze thermodynamic quantities
concerning the studied model. In section 3 we generalize the method for lattice with arbitrary
p > 2, and discuss the obtained general scaling form of the partition function. General ther-
modynamic behavior is presented in section 4, and the possibility of existence of different
phases within the model is discussed. The behavior of the studied polymer model at temper-
ature 7= 0 (ground state) is examined in section 5. Summary of the obtained results and
pertinent conclusions are given in section 6.

2. Semi-flexible closed HWs on the family of MR lattices

In this section the method of recurrence relations for studying the conformational properties
of compact semi-flexible polymers is described. Polymer rings are modeled by closed HWs
(Hamiltonian cycles), whereas the substrates on which the polymers are adsorbed are repre-
sented by fractals belonging to the MR family of fractals [34]. Members of MR fractal family
are labeled by an integer p (2 < p < o), and can be constructed iteratively. For each par-
ticular p, at the first stage (r = 1) of the construction one has four points forming a unit square.
Then, p unit squares are joined in the rectangle to obtain the (r = 2) construction stage. In the
next step, p rectangles are joined into a square, and so on (see figure 1). The complete lattice
is acquired in the limit » — oco. The lattice structure obtained in the rth stage is called the rth
order fractal generator. It contains N, = 4p =1 Jattice sites, and fractal dimension is d;f = 2
for each fractal of the family.

To take into account the polymer stiffness property, to each bend of the walk we assign the
weight factor s = e~=/%7 (stiffness parameter), where € > 0 is the bending energy, T is the
temperature, and kg is the Boltzmann constant. Varying T and/or ¢, the stiffness parameter
can take values in the range 0 < s < 1, where two opposite limits s = 0 and s = 1 coincide
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(@)

p=2 [ ]

r=1 r=2

I’=1 |’:2

Figure 1. (a) First four steps of iterative construction of p =2 MR fractal lattice.
(b) First three steps in construction of p = 3 MR fractal.

with a fully rigid and a fully flexible polymer chain, respectively. To evaluate the partition
function one has to sum the weights of all possible polymer conformations Cy with N-steps:

Zv=7> ¢, e E(CN)/ksT \where E(Cy) = eN,(Cy) is the energy of an N-step conformation hav-
ing N, bends. The above partition function can be written as Zy = ZCN sN(Cx) = > Ny gN,NbsN”,

where gy, is the number of N-step conformations with NV, bends (i.e. degeneracy of the energy
level eNp).

2.1. Recursion relations construction for p =2 MR lattice

To calculate the partition function for the model under study, one has to enumerate all possible
Hamiltonian cycle conformations. In general, this appears to be a very complicated task, but
in this case the self-similarity of MR lattices allows systematic enumeration using an exact
recursive method [33]. In order to explain this approach we present its application in the case
of p =2 MR lattice. In figure 2(a) an example of closed HW on the p = 2 MR lattice of order
r =5 is shown. Performing a coarse-graining process one notices in figure 2(b) that this walk
can be decomposed into several parts corresponding to constitutive second order generators,
which consist of one or two strands. As it can be seen in figures 2(c) and (d), this process can
be repeated two more times, leading to a coarse-grained HW consisting of two one-strand
parts within the two constituent » = 4 generators. It is quite obvious that figure 2(d) is general
in the sense that any closed HW on generator of any order (r + 1) can be decomposed into
two open HWs, traversing the two constituent rth order generators. These two open HWs are
of the same type, by which we mean that both of them enter and exit the rth order generator
through vertices lying at the ends of the same longer edge of the generator, perpendicularly
to that edge. We denote such conformations as Bi-type HWs, and assign to them the function

B(s) = > B}, 5", @.1)
Np

where Bff]z,b is the overall number of B;-type HWs with N, bends, which traverse an rth order
generator. Then, knowing BY) (s), one can calculate the partition function
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.

B
(c) (d)

Figure 2. (a) Example of a semi-flexible Hamiltonian walk on the 5th order generator
of p =2 MR lattice. This walk has 42 bends, so that its statistical weight is equal
to e~*2¢/kT = §*2_ Subsequent steps of the coarse-graining process are depicted in
(b)—(d). Grey rectangles in (b)—(d) represent generators of order two, three and four,
respectively, whereas curved lines correspond to the coarse grained parts of the walk.
Different types of conformations within the r = 2,3 and 4 generators are encircled. In
(d) one can see that this closed Hamiltonian walk, observed on r = 5 generator, consists
of two B;-type HWs which span the two constituent » = 4 generators. It is obvious that
such decomposition of any closed Hamiltonian walk on generator of order (r + 1) into
the parts within the constituent rth order generators is the only possible one.

Z+h = (BY)Y ’ (2.2)

corresponding to all closed semi-flexible HWs on (r + 1)th order lattice structure. The func-
tion BE’) (s) can be calculated recursively, utilizing the fact that each B;-type HW on any rth
order generator can be decomposed into parts within the constituent (r — 1)th generators (as
depicted in figure 2(c)), and so on. As one continues HW decomposition into parts within
lower order generators, careful inspection shows that altogether nine types of semi-flexible
HW conformations can emerge, 5 one-stranded and 4 two-stranded (see figure 3), which differ
by directions of the outer entering and exiting steps, as well as by the main direction of their
strands within the generator (which can be either along longer or shorter edge). We denote
these nine ‘traversing’ types of conformations as Aj, A,, By, By, B3, Dy, D, E| and E», and to
each of them (as for the B;-type) we assign a function

X0 (s) = ZX,\(/:)SN" , X €{A,A2,B\,B,,B3,D1,D1,E\, Es }, (2.3)
Np

with XA(,:) being the number of HWs of the type X with N, bends, on the rth order fractal

structure. These functions can be thought of as restricted partition functions, and due to the
self-similarity of the lattice, they obey the following recursion relations
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Bl BZ B3

D, D,
E, E,
Figure 3. Possible types of semi-flexible HWs on the rth order lattice structure in the
case p = 2.
Agr+l) _ BY)DY) ) A£r+l) _ Bir)Dgr) i
2 2
Bgr-H) _ <A§r)) , B§r+1) :Agr)Aér) , Bgr+l) _ (Agr)) ,
2
D5r+1) _ 2E§r)D£r) + (Bgr)) i DgH—l) _ Dgr)EEr) +E§r)DY) +B§r)B§r) ,
2
B = (o) R =D, 2

Starting with their values for r = l:Agl) =54 Agl) =, Bgl) = 2, Bgl) = s, Bgl) =5t
Dgl) =% Dgl) =, Eil) =52, and Eél) = 3, for any particular value of s one can, in prin-
ciple, numerically find the values of the restricted partition functions for very large r values.
In figure 4, construction of recursion relations for A- and B-type restricted partition functions,
together with their initial conditions, is illustrated. In a similar way one can find recursive
relations for the two-stranded partition functions, and the corresponding initial conditions.

Iterating restricted partition functions and using (2.2), one can obtain Z. and, consequently,
explore the thermodynamic behavior of the model. However, applying the recursion relations
(2.4) for various values of s (between 0 and 1), one can show that there is a critical value of
the bending parameter s* = 0.736 6671, such that for s < s* all restricted partition functions
tend to O (and so does the overall partition function), whereas for s > s* they all become infi-
nitely large, for » > 1. This can be explained by the coupling between the degeneracy gu .,
of energy levels E(N,) = &N}, and the corresponding Boltzmann factor s*. Degeneracies are
such that they increase with the energy of levels attaining their maximum value, after which
they decrease. At low temperatures (that is, for small s), degeneracies are not large enough to
overcome small Boltzmann factors, but increasing the temperature they prevail and partition
function iterates to infinity.

The fact that for s > s™ restricted partition functions indefinitely grow makes the analysis of
the thermodynamic behavior difficult, and therefore it is useful to introduce rescaled variables

x()

= Ei’) ,

X x € {a1,az,b1,bs,b3,dy,d>, €3} . (2.5)
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A, A, B, B, B,
r+1 \ \ \ \
\ \ \ \
B1 | 2 ‘ ‘ A1 A2 ‘ A1 A1
\ \ \ \
\ \ | \
| \ \ \
S \ \ \ \
r=1 s ! S ! s st s st
s \ S \ S IS S
S S

Figure 4. Top row: possible conformations of one-stranded types of semi-flexible
HWs on the generator of order (r 4 1). Gray rectangles represent the rth order lattice
structure, and curved lines correspond to coarse-grained walks. Bottom row: possible
one-stranded semi-flexible HWs on the first order generator. Small black circles
represent sites the lattice consists of.

These new variables fulfil the following recursion relations

A bgr)dgr) D bgr) S ﬁ
1 2 d(,) > 2
2

2 9
(4)
r 2 r r r 2
(r+1) _ ag) (r+1) _ ag )ag) (r+1) _ ag :
bi=lgm) o = = o)
d, (dgr)> d,

r r 2 r r r r
R L ey _ 1 a5
o =ratlw) s Tt "y

d, d, d, (dzr)

> (2.6)

with the initial conditions

aV=p" =,  aV=p" =V =5, bV=a"=1, V=5 2.7)
They are useful to operate with because it turns out that for any s in the region 0 < s < 1,
(r)
i

values. In particular, numerical analysis of (2.6) shows (see appendix A for some details) that
k k
D)~ D) B ()~ () (28)

for k > 1, where ), and ), are finite functions of s (see figure 5).

variables a;” and bfr) quickly tend to 0, whereas d (r), dér) and egr) tend to some finite non-zero

Now, using the rescaled variable bﬁ’), the partition function (2.2) may be written as
2
ZC(H_I) _ (bgr)Eir)) , 2.9)

so that, introducing variables
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Figure 5. Dependence of w (2.13), A, and A, (2.8) on the stiffness parameter s, for
p =2 MR lattice.

In Z(-r) In Efr)
Yr N, qr N, (2.10)
where N, = 2"t! one obtains
In 5"
Yr+1 ZQr+T+1]’ 211
(r)
Ind, 2.12)

qr+1 ZQr+W,

which follows from the recursion relation for Eir) (given in (2.4)) and definition (2.5).

Numerically iterating recursion equation for g,, for various values of s, one obtains that finite
limiting value lim,_, g, exists and it depends on s. Then, from (2.11) and (2.8) it follows that

lim y, = lim ¢, = lnw(s), (2.13)

r—00 r—0o0
meaning that the leading factor in the asymptotical behavior of Zc(r) is w™r. Values of w(s) are
depicted in figure 5. To find the next term in the asymptotical formula for In Zc(r), we observe
that, using (2.11)—(2.13), one obtains

mb) & mb”) S ndl
Vo1 = Inw + 2r+1| — Z(qH_l —¢q;)=lnw+ 2r+11 p 2i+21 . (2.14)

Taking into account that | In déi)| is less than some finite constant (which was numerically
obtained), one can conclude that for r > 1 the following approximate relation follows
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In 5"
yr+1 %1nw+2r7+1] (215)

Employing the relations (2.8), it further leads to the following form of the partition function:

fe(s)]VNr, for reven
ZU (s) ~ [w(s)]V x [ , 2.16
0(s) ~ [w(s) {[M(s)]m, o 2.16)
where 1,(s) = [Mo(5)]"/V2 and p1o(s) = Ae(s).
2.2. Thermodynamics of semi-flexible Hamiltonian cycles on p =2 MR lattice
By definition, the free energy per monomer, in the thermodynamic limit, is equal to
Inz{"
f=—ksT lim —2 @.17)
r—oo N,
so that, from (2.10) and (2.13), it follows
1
f= —kgThw=c—2 (2.18)
Ins
Using already found values of w(s), one can obtain f(7), which is shown in figure 6.
Internal energy per monomer, in the thermodynamic limit, is equal to
(r)
N, 0
uzsrli%lo<]\b/r> =55 (flns), (2.19)

where N}Er) is the number of bends within the HW. Using (2.18) and (2.13), one obtains

u 0 Ly
o= sa(ln w)=s rlgglo q (2.20)

where prime denotes derivative of g, with respect to s. The recursion relation for ¢, follows
from relation (2.12) and has the form

! (dér)y 2.21)

ro_ b
qr+1 = 4r + N, dér) ’

whereas from (2.6) one can directly obtain recursion relations for derivatives of x’ (defined
by (2.5)). Iterating all these relations, internal energy u can be calculated for any particular s.
Persistence length is defined as an average number of steps between two consecutive bends

/ i N, €

= lim —— = —,
p— <N,§r)> u (2.22)
and can be evaluated directly from u.

Using expressions obtained for u, one can show that the heat capacity per monomer ¢ = %

is equal to

2

¢=kgln?s [: + szgsz(lnw)] . (2.23)
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Figure 6. Free energy f (2.18), internal energy u (2.20), persistence length I, (2.22),
and heat capacity ¢ (2.23) per monomer, in the thermodynamic limit, as functions of
temperature 7" (f and u are measured in units of €, ¢ in units of kg, and 7 in units of
¢/kg), for p =2 MR lattice.

Since Inw = lim,_, , g/, this means that in order to calculate the heat capacity, in addition to
already calculated u, one needs second derivatives of g,, for r > 1. These derivatives can be
obtained recursively using the relation

" I
/! /! _|_ 1 (dér)) (dér)) (2 24)
qr = qr r - r ’ .
+1 Nr dé ) dg )

which follows directly from (2.21), together with recursion relations (2.6) for x and corre-
sponding recursive relations for their first and the second derivatives, which can be obtained
straightforwardly. Temperature dependence of all evaluated thermodynamic quantities is
depicted in figure 6, whereupon one can perceive that the free energy f and the persistence
length of the polymer monotonically decrease with 7, whereas the internal energy u is mono-
tonically increasing function of 7. Finally, the specific heat ¢ is a non-monotonic function of
temperature, displaying a maximum for some 7 < 1 (in the units of £/kg). These results imply
that there is no finite order phase transition for the studied model. On the other hand, since for
s < s* all restricted partition functions tend to 0, and for s > s* they tend to infinity, one could
have expected different phases in these two regions, and therefore, existence of a phase trans-
ition. However, different polymer phases are characterized by different typical conformations.
Here, that would be manifested by different mutual relationships between various restricted
partition functions in the regions s < s* and s > s*, but our precise and detailed numerical
analysis could not detect any of these. This means that, formally speaking, structure of the
recursion relations (2.4), together with their initial conditions (which are both determined by
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D, E,

Figure 7. Two additional types of semi-flexible HWs on the rth order fractal structure,
for any p > 2 MR lattice. Other possible conformations are of the same type as for
p = 2 MR lattice, and they are depicted in figure 3.

the lattice topology and by the studied model) suppress abrupt change in orientational order-
ing of typical HW conformations, at any s value.

3. Generalization to MR lattices with p > 2

It is straightforward to generalize the method for lattices with p > 2. Due to the connectivity
of the lattices and symmetry considerations, it follows that for any p > 2 there can be alto-
gether eleven possible types of semi-flexible conformations. The nine ones, shown in figure 3,
have already been introduced in the case of p = 2. Two additional ones needed in the case of
p > 2 are shown in figure 7. In the upper part of figure 8 the only possible decomposition of
any closed HW is shown, so that one concludes that the partition function of all closed semi-
flexible conformations on the generator of order (r + 1), for an arbitrary p > 2 member of the
MR family, can be written as

Z{r+h = (BY’)2 (Dg’))H . 3.1

Therefore, in a similar manner as in the case p = 2, one can iteratively calculate Zc(rH) for
any r, which requires recursion relations for all eleven restricted partition functions. These
relations have the following form

A§r+1) _ Bir)DEr) <Dgr)>1’*2 ’ Agr+1) _ BE’)Dy) (Dgr))’FZ )
BY“) _ (Agr))p—z <Ag)>2 ’ B§r+]) _ (Ag,))n—lAg,.) ’ B§r+l) _ (A5r>>p 7
D§r+l) _ ZDgr) <D§,)> p=2 E§’> +(p-2) <D§r)>2 (Dgr)) P—3E§r)
+28080DY (00) 7 4 (p-3) (80) (09) (D)
pi Y = p{ (Dg'>) " ED 4 (Dgr>) "CED - (p—- 200D <D§r> ) R
+ 880Dy (D)) " BB DY () e
(-3 (87) DDy (0)"
Dy = 2p® (Dg’>) "PED L (p-2) (sz (Dgr)) -y
+28" 0" (Dg’>) " (p-3) (BE’))2 (DY))2 <D§’)> "
ECHD (D§r>>2 (Dgn)p‘z , ES) = by (D)) .

0 = (b)) (00)" (3.2)
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Figure 8. Upper part: decomposition of any closed semi-flexible HW on the generator
of order (r+ 1), for an arbitrary p >?2 MR lattice. Grey rectangles represent p
generators of order r. Lower part: example of a Ds-type conformation on generator
of order (r + 1), illustrating occurrence of E3-type conformations on MR lattices with
p > 2. The E; part can exist on any of the (p — 2) inner rth order generators, so that
2 p—3

such conformations correspond to the term (p — 2) (Dgr)) (Dgr)) E{ in the
recursion relation for restricted partition function D3, given in (3.2).

The initial values for the new variables are given by Dgl) = 1and Egl) = s* while for the

other variables they are the same as for the p = 2 case. For each restricted partition function
recursion relation is obtained by decomposing the corresponding HW conformation on the
generator of order (r + 1) into parts within the constituent rth order generators. In the lower
part of figure 8 an example of Ds-type conformation on the generator of order (r + 1) is
depicted, illustrating occurrence of Es-type conformation. Since E3-type conformation within
the (r 4+ 1)th order generator can traverse any of its (p — 2) inner rth order generators, such

2 -3
conformations have overall weight equal to (p — 2) (Dgr)) (Dgr)) : Egr), which is, there-

fore, one of the terms in the recursion relation for restricted partition function D3, as can be
seen in (3.2).

As in the case of p =2 MR fractal, it is convenient to rescale the set of variables
X € {Al,Az, Bi,B;,B3,D,,D,,D3,E>, E3} by d1v1d1ng them with the variable E;, thus intro-
ducing the new ones

) x )
= EE’) ,

X x € {a,a2,b1,by,b3,d1,dy, d3, €2, €3} . (3.3)

Then, directly from (3.2) follows that these new variables obey recurrence equation (B.1),
given in appendix B, whereas the equation for E| becomes

ED = (d§’>)2 (4”) e ()", (3.4)

so that the partition function (3.1) in new variables gets the form

12
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2070 = (o) ()" (E) (3.5)

Iterating these recursion relations, one can find that, for all s values, all variables a and b tend
to zero, while variables d and e tend to some finite constants, which depend on the parity of the
generator order. For arbitrary p we find, similarly to equation (2.8), that b; approaches zero as

D) ~ e B8 ~ o))" (3.6)

where constants A, and )\, depend on the fractal parameter p. Following the same procedure
as in section 2.1, for the asymptotic behavior of the partition function, for general p we again
obtain the scaling form

[11e(s)]YV",  for r even

’ 7
[1o()]YY", for r odd (3.7

Z{(s) ~ w(s)" x {
where now f1.(s) = [A,(s)]"/v? and 1, (s) = A.(s). Dependence of w on the stiffness param-
eter s, for various values of p, is given in figure 9, where one can observe that for very large
p the quantity w approaches the unit value, ceasing to depend on s. Also, one may notice
that w(s = 1) is smaller for lattices with higher value of p, meaning that the number of fully
flexible HWs on equally large lattices is smaller for higher p. The reason for this is that the
number of edges, and therefore connectivity of lattices, decreases with p. Values of p, and p,,
as functions of s, are shown in figure 10, for various values of p, where one can see that p,
decreases, while p,, increases with s, for each member of the MR family.

The asymptotic form (3.7) obtained for the partition function, implies that correction to the
leading term in the free energy is proportional to the square root of the number of steps of the
walk. This can be compared with the similar correction terms obtained for flexible compact
polymers on other lattices. For homogeneous d-dimensional environments such a correction
in flexible polymer models is related to surface effects, which arise due to the fact that at low
temperatures a polymer forms a compact globule, whose surface is proportional to N~ D/,
with N being the number of monomers in globule [35]. Results obtained for flexible HWs on
some fractal lattices imply that simple generalization of such correction term for nonhomo-
geneous environments is not possible [30]. In particular, correction term on all studied fractal
lattices is of the same form V" as for regular lattices, but o is non-universal, i.e. it depends
not only on fractal dimension, but also on other lattice characteristics. Here we have found the
same value o0 = 1/2 for each member (with the same fractal dimension 2) of the MR fractal
family, meaning that o depends neither on parameters by which these lattices differ, nor on the
stiffness parameter s. This can be compared with the results 0 = 0 and 0 = 1/2, obtained for
semi-flexible HWs on 3- and 4-simplex fractal lattices, respectively, for all values of s [32].
To the best of our knowledge, impact of the polymer rigidity on o in the case of semi-flexible
compact polymers on homogeneous lattices has not yet been studied, but on the bases of these
results one could expect that it might be universal. That would also be in accord with recent
conclusion that some other critical exponents, corresponding to semi-flexible SAW on the
square lattice, also do not depend on s [36].

4. Thermodynamics of semi-flexible Hamiltonian cycles for general p

Thermodynamic functions for semi-flexible Hamiltonian cycles on MR lattices with p > 2
may be obtained using the recurrence equation (B.1), given in appendix B and expressions

13
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Figure 9. Stiffness dependence of the base w in (3.7), for various members of the MR
family, labelled by parameter p.
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Figure 10. Stiffness dependence of the bases y in the stretched exponential factor in
(3.7), for various members of the MR family, labelled by parameter p.
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that correspond to the equations (2.12), (2.21) and (2.24) (obtained for p = 2 case), respectively.

The obtained numerical results for the persistence length /, as function of temperature 7,
for different MR fractals, are depicted in figure 11, where one can see that /, decreases with
temperature, implying that number of polymer bends increases with 7. Dependence of free
and internal energy on T is presented in figure 12, for various members of the MR family.
One perceives that f monotonically decreases, while # monotonically increases with 7, for
each p. Also, in the limit of very large p, one can conclude that both f and u go to zero. The
obtained increment of internal energy with temperature is in accordance with the fact that at
lower temperatures energetic effects dominate, so that low energy levels with conformations
consisting of smaller number of bends are more populated. At higher temperatures, all energy
levels become populated and internal energy saturates (i.e. becomes constant). This saturation
is faster on fractals with larger values of p, for which the internal energy is generally smaller.
The reason for this lies in the connectivity of the vertices. For lattices oriented as in figure 1
there are more vertical than horizontal edges, and for lattices with larger value of p this aniso-
tropy becomes larger. The walks follow preferred direction and make smaller number of turns
which reduces energy and increases persistence length. Described behavior of internal energy
implies that specific heat should have a peak in the low temperature region, which we have
numerically confirmed and displayed in figures 13 and 14, where specific heat as a function of
T is shown. In these figures one can notice that besides one pronounced peak in specific heat
landscape, there is another small peak at low temperatures, for fractals with p > 4. This effect
in specific heat behaviour is known as Schottky anomaly (see, for instance [37]) and appears
in systems with a finite number of energy levels.

We finish our discussion inferring that within the studied compact polymer phase there
is no finite order phase transition, due to the fact that entropy and specific heat are con-
tinuous, smooth functions of temperature. One might challenge this conclusion, because
it is based on numerical calculations, however, these calculations were performed with
high precision, only by iterating exact recursion relations. For instance, the free energy
is obtained by calculating w(s) (see (2.18)), which is a limiting value of variable ¢, that
quickly saturates upon iterations. Furthermore, calculations were performed for a large
number of s values, therefore functions f(7T) presented in figures 6 and 12 are obtained
with high accuracy and one might be pretty sure, only relying on these figures, that the
free energy is a differentiable function of 7. Of course, this was further confirmed by
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Figure 11. Persistence length [, as a function of temperature, for various values of
parameter p that enumerates members of the MR family.
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Figure 12. Free energy f and internal energy u as functions of temperature, for various
values of parameter p that enumerates members of the MR family.
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Figure 13. Specific heat ¢ as a function of temperature 7, for MR fractals labelled by
p =3,4,5, and 6. Inset graph highlights additional small peaks that have appeared for
p = 4,5 and 6 fractals.

calculating the other thermodynamic functions, which, although defined through partial
derivatives with respect to s, can be done without actual numerical differentiation, but
again iteratively, utilizing the fact that derivatives of g, obey recurrence relations (4.2) and
(4.3). Since the persistence length [, is finite at any 7 (for finite p), the polymer system is
always in liquid-like (disordered) phase, and the transition to the crystal (ordered) phase
is not possible. The existence of only disordered compact phase has also been observed
in the case of semi-flexible HW on 3- and 4-simplex lattices [32]. The absence of crys-
tal phase on the studied family of lattices stems from their asymmetry in horizontal and
vertical direction. For each MR fractal there are more vertical than horizontal bonds. This
discrepancy is more pronounced for larger p lattices, implying smaller number of bends
in compact conformations since they are forced by the lattice in the vertical direction.
Nevertheless, on such lattices conformations still have a large number of horizontal steps
that prevent an ordered state that can exist on the square lattice [11].

5. Ground states and frustration

In order to achieve a minimal energy state at 7 = 0, in this section only conformations with a
minimal number of bends will be considered. First we analyse the case of p = 2 lattice. Since
the conformation D, makes the smallest number of bends on the unit square, one expects that
the ground state, in this case, would be comprised of HW conformations with the maximal
possible number of D, type on each unit square. Contribution of the ground state to the whole
partition function is of the form Zy = Nos™», with Nj being the number of ground state HW's
and Ny being the number of bends in each of these conformations. This term in the partition
function can be obtained from the relation (2.2) and recurrence equation (2.4), keeping only
the terms with conformations of the type D,. Then, some of the variables drop, and the system
(2.4) reduces to
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Figure 14. Specific heat as function of temperature, for p = 10, p = 15 and p =50
fractals. Inset graphs show small peaks for these fractals. For higher p, peaks are smaller
and pulled toward lower temperatures.
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Figure 15. Entropy per monomer o, in thermodynamic limit, as a function of the
stiffness parameter s, for various members of the MR fractal family (labelled by p).
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Solving this system exactly, from (2.2) we obtained Zj on the rth order fractal structure
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Table 1. Entropies per monomer o™ at temperature 7' = 0, for various p fractals of the
MR family. We see that o* (and consequently the number of ground state conformations)
decreases with p.

p 3 4 5 10 50 100 500
o* 0.040902 0.033925 0.030247 0.016914  0.0034679  0.0017333  0.00034658

Zp = sV I3 2441 (52)

In this case the ground state is non-degenerate, with the only one conformation lead-
ing to the zero entropy. From the number of bends in this conformation, given by
Nyor = (V2)" 11 + (=1)"*1] + 227 4+ %(—1)", we could calculate the ground state energy

per site in the thermodynamic limit, as uy = € lim,_, o % The obtained value is “?0 = %,
which is verified numerically and can be seen in figure 6.

For p > 2 equations are more complicated, and we have not been able to extract exact
expressions for the number of ground state conformations, but numerically we have calculated
the entropies per site, in the thermodynamic limit, in the whole range of stiffness parameter s
(see figure 15). One can observe that for p > 2 fractals, ground state entropies per monomer
do not vanish, meaning that there are exponentially large number of ground state conforma-
tions, which is a characteristic of geometrically frustrated systems. Limiting values of entro-

pies for various MR fractals are given in table 1.

6. Summary and conclusion

We have studied a model of compact semi-flexible polymer rings modelled by closed HWs
on the family of MR fractal lattices, whose members are labelled by an integer p > 2. All lat-
tices from the family have the same fractal dimension (df = 2) and the coordination number
(three), but their vertices are connected differently. Lattices can be obtained from the square
lattice by deleting some bonds from it, which induces anisotropy between horizontal and ver-
tical direction. By applying an exact method of recurrence relations, we have established the
scaling form of the corresponding partition function (given by equation (3.7)) on the whole
family of fractals. There is a leading exponential factor with a base w, which depends on the
lattice parameter p, as well as on the stiffness parameter s. For each p studied, we have found
numerically that w is increasing function of s, and that it changes more slowly on fractals with
higher p. Correction to the leading exponential factor is stretched exponential factor of the
same form for each fractal of the considered family, in the whole range of s values.

From the obtained partition function we have evaluated the set of thermodynamic quanti-
ties (free and internal energy, specific heat and entropy) as well as the polymer persistence
length, as functions of the stiffness parameter s (or temperature 7). We have found that all
these quantities are differentiable functions of s. For each member of the MR family, we
have found that all these quantities are monotonic functions of 7, except for the specific heat,
which has a maximum at low temperatures. Since the entropy and specific heat are continu-
ous, smooth functions of temperature, there is no finite order phase transition, and the studied
polymer system can exist only in disordered phase.

Eventually, we have analysed the ground state of the studied model. For p = 2 fractal we
have found that the ground state is non-degenerate, and that the only ground state conforma-
tion has the persistence length /, = 3. So, on average, there is one bend after every three
steps, and there are no long straight segments in this conformation. The number of left/right
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and up/down turns are comparable and this conformation is disordered. On the other hand,
for fractals with p > 2, the ground state is degenerate, with exponentially large number of
conformations, producing the residual entropy. The number of ground state conformations is
maximal for p = 3 and decreases with p. Persistence length is the smallest for p = 3 ground
state, and becomes larger, for larger p. However, all these ground state conformations have
many bends and do not represent ordered ground states. In fact, we have geometrically frus-
trated systems, where geometry of the lattices is in conflict with the condition for minimal
energy (i.e. minimal number of bends) and the requirement that all vertices are occupied only
once. Geometric frustration suppresses ordered ground states and possibility of ordered phase
at any 7. The studied model describes disordered, liquid-like compact phase of semi-flexible
polymers. Although MR lattices have some resemblance to the square lattice (on which the
ordered phase can exist), an anisotropy of vertical and horizontal directions (small for p = 2,
and greater for p > 2), causes that ordered phase can not exist on these lattices.

The main conclusion of this paper that inhomogeneity of the environment, in which the
model was studied, suppresses the crystal phase of semiflexible polymers is in accord with
the conclusions obtained in [32] for the same model applied on 3- and 4-simplex fractal lat-
tices. Whereas there are no results for this model on homogeneous lattices that have symme-
try similar to 3- and 4-simplex lattices (such as triangular or tetragonal ones), the family of
MR lattices provides an infinite spectrum of nonhomogeneous lattices which differ from the
square lattice by having smaller number of bonds, while the number of vertices is the same.
Therefore, conclusion obtained here might imply that any kind of inhomogeneity can suppress
occurring of the ordered phase. However, we think that this issue should be further inspected
by performing similar studies on other nonhomogeneous lattices, and it could be of practical
significance to expand the study of examined model into a more realistic case, when polymers
are situated in three-dimensional fractal space.
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Appendix A

Here we give some additional details of the analysis of recursion relations (2.6) for the res-
caled variables x” in the case of p = 2 MR lattice, given in section 2.1. Forany 0 < s < 1, by
iterating (2.6), one obtains

C k) o k) o S @) N o
dm a7 (s) =di(s),  lim 7T (s) = dy(s), L e (s) = es)
: (26) (o — e : (26) ¢\ _ e : (26) o\ — e
kh_fgo di™ (s) = di(s), kh_glo dy" (s) = dj(s), kh_glo ey (s) = e5(s), (A.1)

where dependence of the limiting values d*, d5 and €5 on s is depicted in figure Al.
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Figure A1. Dependence of the limiting values d{", dy and e5°, defined in (A.1), on the
stiffness parameter s, for p = 2 MR lattice.

Furthermore, the following relations are satisfied
did; = djds =2, ees =1, (A.2)
so that using relations (2.6), for large r one obtains the asymptotic recursion relation
r 1 r 2
Bt & - (bi )) ’ (A.3)
4
which implies that
2% k 2%k+1 k
B~ WP B 6~ ) (Ad)

for k > 1. Dependence of A, and A, on values of the bending parameter s, obtained by numer-

ical iteration of 2. is depicted in figure 5
1cal 1teration o 3077 , 1S eplce m gure .

Appendix B

In this appendix we give recurrence relations for the rescaled variables x” in the case of p > 2
MR lattice, defined in section 3 by (3.3). Directly from recurrence relations (3.2) one obtains
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Structure and stimuli-responsiveness of all-DNA dendrimers:
theory and experiment

How can we create nanocages, i.e., robust and stable objects
with regular voids and tunable properties? Short segments of
DNA molecules synthetized to build a Y-shaped unit are the
perfect building-blocks for the controllable design of a new
family of dendrimers. These novel nanoconstructs are charged
and void-containing assemblies, characterized with high rigidity
and remarkable resistance to added salt. The investigated
properties indicate these DNA-dendrimers as candidates for
functional nanocarriers and as building blocks for engineering
biocompatible artificial materials.
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We present a comprehensive theoretical and experimental study of the solution phase properties of a
DNA-based family of nanoparticles - dendrimer-like DNA molecules (DL-DNA). These charged DNA den-
drimers are novel macromolecular aggregates, which hold high promise in targeted self-assembly of soft
matter systems in the bulk and at interfaces. To describe the behaviour of this family of dendrimers (with
generations ranging from G1 to G7), we use a theoretical model in which base-pairs of a single DL-DNA
molecule are modeled by charged monomers, whose interactions are chosen to mimic the equilibrium
properties of DNA correctly. Experimental results on the sizes and conformations of DL-DNA are based
on static and dynamic light scattering; and molecular dynamics simulations are employed to model the
equilibrium properties of DL-DNA, which compare favorably to the findings from experiments while at the
same time providing a host of additional information and insight into the molecular structure of the nano-
structures. We also examine the salt-responsiveness of these macromolecules, finding that despite the
strong screening of electrostatic interactions brought about by the added salt, the macromolecules shrink
only slightly, their size robustness stemming from the high bending rigidity of the DNA-segments. The
study of these charged dendrimer systems is an important field of research in the area of soft matter due
to their potential role for various interdisciplinary applications, ranging from molecular cages and carriers
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for drug delivery in a living organism to the development of dendrimer- and dendron-based ultra-thin
films in the area of nanotechnology. These findings are essential to determine if DL-DNA is a viable candi-
date for the experimental realization of cluster crystals in the bulk, a novel form of solid with multiple site

rsc.li/nanoscale occupancy.

DNA nanoarchitectures*™°

areas such as molecular and cellular biophysics,
molecular crystallography,’® inorganic nanopatticle templated
self-assembly for nanoelectronics,"” protein

with promising applications in

15 macro-

Introduction

All-DNA constructs are complex self-assemblies made solely by
DNA. The creation of such nanostructures was initiated in the

early 1980s when Seeman proposed the use of DNA as a pro-
grammable nanoscale building material," laying the foun-
dation for structural DNA nanotechnology.>* This interdisci-
plinary research field has had a striking impact on
nanoscience and nanotechnology, demonstrating the construc-
tion of a remarkably rich assortment of multidimensional all-

“Institute for Theoretical Physics, TU Wien, Wiedner HauptstrafSe 8-10,

A-1040 Vienna, Austria. E-mail: clemens.jochum@tuwien.ac.at

bFaculty of Physics, University of Vienna, Boltzmanngasse 5, A-1090 Vienna, Austria.
E-mail: natasa.adzic@univie.ac.at

“Institute of Complex Systems 3, Forschungszentrum Jiilich, Leo-Brandt-Strafe,
D-52425 Jiilich, Germany

“Department of Biological and Environmental Engineering, Cornell University,
Ithaca, New York 14853-5701, USA

“Institute for Theoretical Physics and Center for Computational Materials Science,
TU Wien, Wiedner HauptstrafSe 8-10, A-1040 Vienna, Austria

+These authors contributed equally to this work.

1604 | Nanoscale, 2019, 11, 1604-1617

assembly,'"?°%* drug delivery*>* and biotechnology.*

Very recently, the area of DNA-based self-assembly has been
embraced by the research field of soft-matter physics for fabri-
cating all-DNA particles with engineered shape and interaction
potentials that could serve as model systems for exploring
unconventional bulk phase behaviour of diverse states of
matter such as gels®*® and liquid crystals.>**° In 2004, Luo
and co-workers,*' demonstrated the fabrication of a novel den-
drimer-like DNA (DL-DNA) construct. The DL-DNA particles
were synthesized in a controlled step-wise fashion from the
enzymatic ligation of Y-shaped DNA (Y-DNA) building blocks
with rigid arms and specifically designed hybridization
regions known as “sticky-ends”, leading to the formation of a
highly charged and void-containing macromolecular assembly
with tree-like architecture (see Methods for more details).
Here, we perform a joint experimental/theoretical analysis of
the shapes, sizes, and forms of these constructs, demonstrat-

This journal is © The Royal Society of Chemistry 2019


www.rsc.li/nanoscale
http://orcid.org/0000-0002-4906-3315
http://orcid.org/0000-0003-4189-4410
http://orcid.org/0000-0001-7875-2278
http://orcid.org/0000-0003-3550-4834
http://crossmark.crossref.org/dialog/?doi=10.1039/c8nr05814h&domain=pdf&date_stamp=2019-01-21

Nanoscale

ing their unique properties. We show that they are different
from both sterically and charge-dominated dendrimers, they
possess a regular spherical shape with voids, and are robust to
the influence of added salt.

DL-DNA molecules are a clear example of novel functional
nanostructures that can be assembled with remarkable control
and subnanometer precision through programmable sticky-
end cohesions. Unlike other chemical dendrimers, their built-
in modularity allows tailored reshaping of the dendritic
scaffold in terms of surface functionalization®* and internal
structure modification®® by employing standard tools from bio-
functional chemistry. Thus, these DNA-based dendritic archi-
tectures have been envisioned to play a promising role in
developing nano-barcodes,***> DNA-based vaccine®® techno-
logies, and functioning as a structural scaffold as well as a
structural probe involving multiplexed molecular sensing pro-
cesses.>”*® Furthermore, from the fundamental research per-
spective, their polyelectrolyte character and inherently open
architecture near their center of mass endow the DL-DNA par-
ticles with an ultrasoft repulsive potential®® and penetrability;
features which make the DL-DNA molecules optimal candi-
dates for the experimental realization of the recently proposed
cluster-crystal structure.**~*?

The investigation of the structural properties of DL-DNAs at
a single particle level, including their responsiveness to charge
screening, is imperative for the development of emerging
applications and for the understanding of intriguing collective
phenomena related to this type of novel soft material. Broadly
speaking, access on global molecular characteristics such as
particle diameter and spatial structure at a very coarse-grained
level is feasible with numerous scattering techniques.
However, probing in detail the internal and surface mor-
phology of a complex nanostructure is a challenging task. To
this end, we adopted an approach of tackling the above issues
by combining experiments and simulations to profound
insights from the latter into quantities and properties not
accessible to experimental techniques. As a prerequisite for
establishing the reliability of the latter, we first validate the
model by comparing results from the simulation approach
with accessible experimental findings.

System description

The building block of the dendrimer of interest is the Y-DNA
unit, a three-armed structure consisting of double-stranded
DNA (dsDNA), formed via hybridization of three single-
stranded DNA chains (ssDNA), each of which has partially
complementary sequences to the other two. Each arm is made
up of 13 base-pairs and a single-stranded sticky end with four
nucleobases, see Fig. 1. While a single Y-DNA corresponds to
the first dendrimer generation, G1, attaching further Y-DNA
elements yields DL-DNA of higher generations, as shown in
Fig. 2. This attachment is achieved by enzymatic ligation,
where the single-stranded ends of two different arms form a
regular double-strand through base-pairing. In this paper we

This journal is © The Royal Society of Chemistry 2019
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Fig. 1 Sketch of the Y-DNA structure: three ssDNA chains (colored red,
green, and blue) assemble to form a star-like configuration with sticky
ends.

study experimentally and computationally DL-DNA macro-
molecules from the first generation, G1, up to the sixth gene-
ration, G6. We extend the theoretical model also to G7 dendri-
mer for selective quantities that spread light on the dendri-
mers’ internal structure. Subgenerations of a GN dendrimer
will be indicated by g;, i =1, 2, ..., N.

In order to build a model of the DL-DNA nanostructures, we
start with a simple and widely used approach by assuming a
bead-spring DNA model, where the interactions and the corres-
ponding parameters are carefully chosen to mimic the struc-
tural properties of a single dsDNA chain.**** This particle-
based model for a dsDNA, which is presented in the following,
has already been introduced in recent theoretical studies of
polyelectrolyte brushes**™ and its validity has been tested in
comparison with experiments in the context of salt-dependent
forces between DNA-grafted colloids.**™® Accordingly, each
Y-DNA arm is modeled as a chain of charged monomers con-
sisting of a single dsDNA junction monomer followed by twelve
dsDNA chain monomers and a single-stranded end group of
four monomers. While the first thirteen monomers correspond
to base pairs, the last four represent single nucleobases. The
connection between two Y-configurations is established by
replacing four + four ssDNA monomers with four dsDNA mono-
mers, see Fig. 2. The numbers of constituents of each gene-
ration are given in Table 1.

The beads of the DNA-strands carry electric charges; mobile
counterions are introduced in order to preserve the electro-
neutrality of the system. Additionally, we also introduce different
concentrations of monovalent salt ions, Na” and CI~, with the
purpose of studying the influence of salt on the conformational
characteristics of DL-DNA. The properties of each particle type
can be seen in Table 2. The steric interaction is described via a
truncated and vertically shifted Lennard-Jones potential, which
is equivalent to the Weeks-Chandler-Andersen (WCA) potential,
here with a possible horizontal shifting by r,; as follows:

0 if r <74,
@ (r) = 4€|:( id )127< id >6+1} if oy <1 < /206 + Tap,
steric I— Ty r—Te 4 o == ab>
0 if r > 20+ Tap,

(1)
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DL-DNA

Fig. 2 Schematic representation of our DL-DNA model: the left part shows the representation of a single Y-DNA according to our particle-based
model; the middle part shows how the union of Y-DNAs via enzymatic ligation gives rise to a dendrimer-like structure; the rightmost part shows the
equivalence of two combined sticky ends to regular dsDNA at the connection of two Y-DNAs in our model.

Table 1 Characteristic numbers Ny (i.e., number of Y-DNAs), Ny, (ie.,
number of base pairs), and Nyon (i.€., number of monomers) for DL-DNA
of different generations

Generation Ny Nip Nimon
G1 1 39 51
G2 4 168 192
G3 10 426 474
G4 22 942 1038
G5 46 1974 2166
G6 94 3666 4422

Table 2 Properties of system’s constituents. The radii at the last
column refer to the model in eqn (1)

Counterions (C") 20 +1
20 +1

Particle type Mass m[u]  Charge gle]  Radius r, [A]
Regular monomer (M™) 660 -1 9
Y-junction monomer (M~) 660 -1 9
Sticky end-linker (M™) 330 -1 9
2
2

Salt particles (S*)

with the following parameters values: 6 = 4 A, £ = 1 k] mol™
and r,y = r, + 15 — o (with @, = M™, C', or S, referring
to monomers, counterions, and counter/co-ions belonging
to the salt particles, respectively), where ry- = 9 A and rc =
Tge =2 A.

This way, the excluded volume interaction between counter-
ion particles reduces to the usual WCA interaction, diverging
at zero separation, while the potential between monomers and
ions diverges at a center-to-center distance of 7 A and the inter-
action between monomers diverges at the distance of 14 A,
accounting for the larger size of the monomers. Thus, the
steric interaction acts in the range of r < 18.5 A, corresponding
to the value of the effective DNA helix diameter, which is
approximately equal 20 A.

1606 | Nanoscale, 2019, 11, 1604-1617

Consecutive monomers along dsDNA- or ssDNA-strands are
connected with bonds described by a harmonic bonding
potential:

Vo(r) =2 (r = b)*, (2)
where the spring constant takes the value k, = 210 kJ (mol
A% giving a dispersion of about 0.15 A, which is consistent
with the values observed in structural studies of DNA.>>*' The
equilibrium bond length is I, = 3.4 A, (which renders the
spring constant equivalent to kpl,> ~ 10°ksT) corresponding
to the typical distance between base pairs in DNA.**°
Comparing the bond length [, with the steric monomer-
monomer interaction offset - = 14 A reveals that neigh-
bouring monomers in a straight configuration are located in
the divergent regime of the WCA potential. Therefore, we set
the WCA steric interaction to only act between monomers
which are not within the same chain and additionally exclude
the steric interaction between the first five monomers located
at the Y-DNA junctions.

The stiffness of dsDNA is modeled via a harmonic bending-
angle potential Vpena(¢), which acts on the angle ¢ between
the bonds connecting any monomer (index ) to the two neigh-
bouring monomers (indicesj + 1 and j — 1):

Viena () =2 (¢~ " )

where the constant of bending energy, k,, takes the values:

750kJmol™"  for stiff chains,
ky = 4 150k mol™"  for sticky ends, (4)
0 for the fully flexible Y — junction.

The bending energy constant value k; = 750 k] mol™" is
chosen to reproduce the typical persistence length L =
500-1000 A of dsDNA at low ionic strength.”* While the bonds
between the three central junction monomers are the same as
between all other monomers, the Y-arms are fully flexible, i.e.,
the bending energy constant is chosen to be zero. Since the

This journal is © The Royal Society of Chemistry 2019
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Fig. 3 Simulation snapshot of a G6 dendrimer. Each color corresponds
to a different dendrimer generation. The figure shows only a small frac-
tion of simulation box. Small spheres represent counterions.

persistence length of unpaired ssDNAs is lower than for
dsDNAs,>** the degree of flexibility of the sSDNA end group
monomer is set to ky = 150 kJ mol ™.

Since each monomer bears an elementary charge qu- =
—e < 0, a corresponding number of counterions with charge
e > 0 is added to ensure overall electroneutrality of the system.
Any two charged species a and f interact additionally via the
Coulomb interaction

Vo(r) ., Y9a4p
kBT a ﬂB r ’ (5)

where r denotes interparticle separation, g,q; € e,—e, and the
2

Bjerrum length 1 = is set to Az = 7 A. Water is treated

Er€oKB
as uniformly dielectric with dielectric constant &, = 80.

The above described model is used in Molecular Dynamics
(MD) simulations, details of the latter are given in Methods. A
representative simulation snapshot for a G6 dendrimer is
shown in Fig. 3, where monomers pertaining to different sub-
generations are presented by different colors.

It can be seen that the connections between successive
branching points are rather rigid segments with a strong overlap
between neighboring monomers, while the sticky ends (i.e., the
segments pertaining to ssDNA belonging to the outermost sub-
generation) show a less stiff behaviour. Counterions are found to
be absorbed into the interior of the dendrimer to a high degree.

Methods

Here, we briefly specify some of the experimental as well as
simulation techniques employed in this work.

Experimental
DNA sequences and synthesis of DL-DNA

The DL-DNA nanostructures were fabricated following the syn-
thetic procedure described in the reference,® which is based

This journal is © The Royal Society of Chemistry 2019
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on two assembly procedures: (a) self-assembly and (b) enzyme-
assisted assembly. Briefly, DL-DNA was prepared from a core
three-arm DNA junction (Y-DNA), having each arm terminated
with a non-palindromic four-base-long sticky-end. We desig-
nate this Y-DNA as a first dendrimer generation (G1). To build
up the next generation (G2), the above all-DNA tri-functional
core was hybridized with three other Y-DNAs with sticky-ends
complementary to the core Y-DNA. The cohesions points were
enzymatically sealed using T4 DNA ligase (Promega).
Additional generations (G3, G4, G5, etc.) were created by
repeatedly ligating Y-DNAs to the sticky-ends of the previous
generation. The Y-DNA building block is synthesized by
annealing of three partially complementary single-stranded
DNAs (ssDNAs) at equal molar ratio, employing a one-pot
approach. Purification of excess DNA was performed using a
combination amicon ultra spin columns as well as dialysis.

The sequences of DNA strands used to create the DL-DNA
constructs are slightly modified compared to those reported in
reference®® in order to minimize the total number of different
strands necessary for synthesizing all-DNA dendrimers up to
the 6™ generation. The sequences of DNA strands were
designed using the program SEQUIN.>> All DNA strands used
in this study were purchased from Integrated DNA
Technologies, Inc. (http:/www.idtdna.com), phosphorylated at
their 5-end, and purified by denaturing polyacrylamide gel
electrophoresis. The DNA strand concentrations were deter-
mined by measuring the absorbance at 260 nm with a micro-
volume spectrometer (NanoDrop 2000).

DNA sequences and construction scheme for synthesizing
the all-DNA dendrimers used in this study are listed below.
The bold letters correspond to sticky-end sequence and p indi-
cates the position of the phosphate modification.

DNA strand sequences:

O Y1a: 5-p-TGAC TGGATCCGCATGACATTCGCCGTAAG-3’

* Y,,: 5-p-GTCA TGGATCCGCATGACATTCGCCGTAAG-3'

O Y3,: 5'-p-ATCG TGGATCCGCATGACATTCGCCGTAAG-3'

A Y,,: 5-p-GCAA TGGATCCGCATGACATTCGCCGTAAG-3'

O Yip: 5'-p-TGAC CTTACGGCGAATGACCGAATCAGCCT-3'

* Yop: 5'-p-CGAT CTTACGGCGAATGACCGAATCAGCCT-3'

¢ Y3p: 5'-p-TTGC CTTACGGCGAATGACCGAATCAGCCT-3'

A Y,p: 5'-p-GTCA CTTACGGCGAATGACCGAATCAGCCT-3'

O Yt 5-p-TGAC AGGCTGATTCGGTTCATGCGGATCCA-3'

* Yyt 5'-p-CGAT AGGCTGATTCGGTTCATGCGGATCCA-3'

O Y3t 5'-p-TTGC AGGCTGATTCGGTTCATGCGGATCCA-3’

A Y, 5'-p-GTCA AGGCTGATTCGGTTCATGCGGATCCA-3’

DL-DNA construction scheme:

1% generation DL-DNA: G1 = Y; = Y;, + Yy, + Y.

2™ generation DL-DNA: G2 = G1 + 3 X Y,,

where Y, = Yy, + Yo, + Yoo

3™ generation DL-DNA: G3 = G2 + 6 X Yj,

where Y; = Y3, + Y, + Y3

4™ generation DL-DNA: G4 = G3 + 12 x Yy,

where Y, =Y, + Ya, + Yy

5™ generation DL-DNA: G5 = G4 + 24 X Y5,

where Y5 = Yy, + Yo + Yy

6™ generation DL-DNA: G6 = G5 + 48 X Yj,

Nanoscale, 2019, 11, 1604-1617 | 1607
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where Y = Y; = Y3, + Y3, + Y3

Agarose gel electrophoresis was employed to confirm the
successful assembly of all-DNA dendrimers. As shown in
Fig. 4, the desired DL-DNA constructs migrate as single bands,
showing decreasing mobility with increasing generation. The
disparity in the sharpness of the bands is likely to be a result
of the increased flexibility of the larger dendrimers, which can
explore a variety of confirmations, leading to a diffuse band.
The G1 band is likely more diffuse due to having moved
further through the gel.

Light scattering experiments

Dynamic light scattering (DLS) and static light scattering (SLS)
experiments were performed by employing an ALV goniometer
setup equipped with an helium-neon laser operating at A =
632.8 nm. The effective hydrodynamic radii of the DL-DNA
constructs in dilute aqueous solutions at different conditions
of salinity (NaCl) were measured with DLS. The Brownian
motion of the DL-DNA molecules was recorded in terms of the
time auto-correlation function of the polarized light scattering
intensity, G(g,t), using an ALV-5000 multi-tau digital correla-
tor. The measurement consisted of obtaining the intermediate
scattering (field) function C(q,¢) = \/(G(g,t) — 1)/p at several
scattering wave vectors g = (4nn/)(sin(6)/2), where # is an
instrumental factor related to the spatial coherence constant
and depends only on the detection optics, n the refractive
index of the solvent, and € the scattering angle. C(q, t) was
analyzed via an Inverse Laplace Transform (ILT) using the
CONTIN algorithm®® and the average relaxation time was
determined from the peak of the distribution of relaxation
times. The translational diffusion coefficient, D = I'/q*, was

VEER R B (5 G0
: sty ™

LS

Fig. 4 Non-denaturing agarose gel (0.5%) electrophoresis analysis of
the assembly of DL-DNA. The electrophoretic mobility of purified all-
DNA dendrimers up to 6th generation is demonstrated. Lane M: 1 Kbp
double-stranded DNA marker (bottom to the top: 1 Kbp to 10 Kbp with
a 1 Kbp step), lane 1: G1, lane 2: G2, lane 3: G3, lane 4: G4, lane 5: G5
and lane 6: G6.

1608 | Nanoscale, 2019, 11, 1604-1617
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found to be g-independent (7" is the measured relaxation rate).
The hydrodynamic radius was extracted from the measured
diffusion coefficient D assuming validity of the Stokes-
Einstein relation, Ry = kT/6myD (k is the Boltzmann constant,
T the absolute temperature, and 5 the solvent viscosity) for
spherical objects, (see Fig. 5).

The radius of gyration R, of the higher DL-DNA generations
was extracted from SLS experiments in very dilute aqueous
solutions. The scattered intensity of the solution I, the
solvent Iy, and the pure toluene I, were recorded over an
angular range from 15° to 150° corresponding to scattering
vector ¢ in a range of 3.46 x 10® < g < 2.55 x 10> nm™". The
pure toluene was used as a scattering-angle-independent stan-
dard to account the dependence of the scattering volume on
the scattering angle. Thus, the scattered intensity I of the
DLDNA particles was determined as follows: I(q) = (Lo(g) —
Low(q))/Itoi(q). The R, was obtained from SLS experiments by
performing a Guinier plot: In(f(g)) = In(Z(0)) — (¢°Ry’)/3.
All experiments reported here were performed at room
temperature.

Simulation

To simulate the behaviour of the above described macromol-
ecular system with given interactions we employ molecular
dynamic (MD) simulations. Simulations are performed using
two independent platforms, namely ESPResSo’’”® and
LAMMPS.”® The time step used is At = 107z, where
7 = y/mo? /¢, so that the total running time of the simulations
extends over 100 ns (i.e., over 10° simulation steps). The box
size is chosen to keep the total particle density, p,, indepen-
dent of dendrimer generation. This number density is set to
the value of p, = 5 x 10~7 A in order to avoid self-interaction

1 ey

e
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[ O 4=0001326nm™,6=60°
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Fig. 5 Intermediate scattering functions, C(q,t), at different angles for a
dilute G6 all-DNA dendrimer aqueous solution at a concentration of 15
nM and under mild-salinity conditions (50 mM NaCl). For such dilute
regime only a single translational diffusion process is observed. Indeed,
the C(q.t) is a single diffusive relaxation which is clearly confirmed by
the g2 dependence of the decay rate, D = I' (top inset). Bottom inset:
The natural logarithm of the reduced static light scattering intensity for
the G6 dendrimer as a function of g® (Guinier plot). In both insets, the
slopes (red lines) were used for the extraction of the Ry (top) and Ry
(bottom).
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via periodic boundaries while keeping the box size small at the
same time.

Canonical ensemble is applied and periodic boundary con-
dition are applied. The evaluation of electrostatic interactions
is performed using the Ewald summation method®® and the
multilevel summation method®"®* (MSM) for ESPResSo and
LAMMPS, respectively, with a relative force accuracy of 107>,
Langevin thermostat is chosen and set to preserve the temp-
erature of 7 = 298 K. We use 1000 snapshots of a simulation
run over 0.1 ps (after equilibration) of a single DL-DNA mole-
cule to obtain results that follow.

Results and discussion
Comparison between experiment and simulation

The overall size of the dendrimer can be characterized by its
radius of gyration R, or its hydrodynamic radius Ry. In prin-
ciple, these quantities can be determined in simulations; they
are also experimentally accessible by means of different scat-
tering techniques, e.g., SANS, SAXS, or dynamic light scatter-
ing. However, in this contribution, we only calculate the radius
of gyration, R,, from simulated systems via the following
expression:

i=1

Rg2 =;<Z(rircom)2>: (6)

where N is the total number of monomers constituting the
DL-DNA, r; denotes the positions of the individual monomers,
and r.om stands for the center of mass of the molecule. This
quantity is readily accessible in MD simulations and enables
us to assign a typical size to the molecule described by the
employed model. The hydrodynamic radius Ry was experi-
mentally determined using dynamic light scattering and
measuring the diffusion coefficient in diluted dendrimer solu-
tions. Though the two radii are different by definition, one
measuring spatial extent and the other hydrodynamic drag,
they differ in their values only by a small amount so that a
comparison of R, from simulation with Ry from experiment is
a good way to validate the model. Moreover, static light scatter-
ing has been also employed to determine R, for dendrimers of
higher generation numbers.

A comparison of the results originating from experiment,
Ry, and simulation, Ry, is presented in Fig. 6. For G1 to G5 the
results of R, and Ry show excellent agreement, indicating the
appropriateness of the underlying model. The two sets of data
show small discrepancies for DL-DNAs of higher generations,
i.e., for G6 DL-DNAs; therefore, we show here also experi-
mental values of R, for G5 and G6 DL-DNAs. As experiments
show, for G5 DL-DNAs the radius of gyration coincides with
the hydrodynamic radius R, = Ry, which on the other hand,
fits nicely with the obtained simulation value. This matching
between results of static and dynamic light scattering for G5
justifies our choice of comparing two different quantities that
characterize the size of a dendrimers of lower generation

This journal is © The Royal Society of Chemistry 2019
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Fig. 6 Hydrodynamic radius Ry (as extracted from experiment) and
radius of gyration Ry (as predicted in simulation) as functions of the
generation index of DL-DNAs (as labeled). For DL-DNA of G5 and G6
experimental values of Ry are also provided.

numbers. We observe that both the experimental and simu-
lation data exhibit a concave shape as function of generation
index, reflecting the non-linear growth of the dendrimer with
increasing generation number. This feature can be explained
by the observed increase of the molecules’ sphericity with the
growing monomer density at the periphery of the DL-DNA. As
the sphericity of the dendrimer increases, as it is the case for
G6 DL-DNAs, the ratio between the experimentally measured
radius of gyration and the hydrodynamic radius deviates from
1 and goes toward smaller values, i.e., Ry/Ry = 0.94. For the
sake of comparison, the theoretical value of this ratio is 0.778
for a homogeneous hard sphere® and 1.0 for hollow spheres
with an infinitely thin shell.®® Therefore, the significant discre-
pancy observed between the experimental Ry; and R, obtained
from simulation for G6 DL-DNAs and probably also for higher
generations becomes reasonable and one has to employ static
light scattering in order to obtain better agreement with the
results of the performed simulations.

Conformational analysis

A more detailed analysis of the form factor Fy,,(g) of the den-
drimer provides a deeper insight into the structural properties
of the dendrimer. The form factor is defined as

Fam(g) =1+ <Z exp [~ilg- rm>, )

i#]
where the summation runs over all inter-monomer distances
r; and the brackets (...) stand for an average over all confor-
mations, which restores rotational symmetry; here, g denotes
the scattering wavevector, allowing to look at different scales
within the molecule. At coarse length scales, gR, < 1, the
above expression reduces to the Guinier law:*°
—(gRy)”

Fam(g) ~ N exp [3;; , (8)
which represents a useful relation between the form factor and
the radius of gyration within the regime gR, < 1. Via this
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expression, the radius of gyration can be extracted from experi-
mental form factor data in the small wave-vector limit.

An overview of the results for Fn,,(gq) from simulation is
given in Fig. 7, where this function is shown on different
scales. As eqn (8) implies, the form factor becomes equal to
the total number of monomers of the molecule in the limit of
small wave vectors, i.e., for ¢ — 0. Further, we observe oscil-
lations in Fym(q) for go ~ 107"; the first local minimum
becomes more pronounced with increasing generation index,
signifying that these larger molecules possess a more spherical
shape and that the sharpness of the molecules’ boundary at
the outermost shell increases. The rigidity of the dsDNA
strands within the molecule reflects in the large wave-vector
behaviour of F,;,,(g), hamely, the form factor satisfies the law
Fum(q) ~ ¢ " in the limit of large wave vectors.®® This is the
typical scaling law for scattering from rigid rods, which is in
contrast to flexible dendrimers, which usually scale with ~g*
in the same range of g, according to Porod’s law.®” This
outcome can be better understood in the context of scattering
from fractal aggregates: it can be shown®® that for arbitrary
systems of scatterers the scattering intensity Fy,m(q) scales with
the wave vector as

—2Dy+Ds

Fmm(q) ~ (gR) forR'<g<al, (9)

where D,, and D, are the mass and surface fractal dimensions,
respectively. The size of a single monomer is a, while the size
of the whole system is denoted as R. In the case of solid
spheres the mass dimension D,, is equal to the system’s
spatial dimension d (Dy, = d = 3), while the surface dimension
is Dy = d — 1 = 2, which results in the well-known Porod’s law,
Fum(q) ~ ¢~*. On the other hand, a rigid dendrimer can be
characterized as a single fractal aggregate. Therefore, its fractal
dimension, D, is equal to the fractal mass and surface dimen-
sions, D = Dy, = D < d, obeying the scaling law

(10)

me(q) ~ (ng)—D for ng >1,

with D = 1. By analyzing the form factor in this way, we have
obtained a beautiful reflection of the distinctive behaviours of
flexible and rigid dendrimers.

1000
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Additional insight into the conformational features of
DL-DNAs can be acquired by analyzing the monomer-
monomer pair correlation function. In Fig. 8 the radial distri-
bution function g,,m(r) for DL-DNAs of generations G1 and G5
is plotted as a function of the distance r, given in units of the
equilibrium bond length /,. The well-defined maxima which
occur at equidistant positions indicate that the bonds between
the monomers are rather stiff. The first and largest peak rep-
resents the nearest neighbour separation along the Y-DNA
arms. The height of the maxima scales with 7%, which is the
rate at which the volume of the spherical shells increases. The
two curves of gmm(r) are identical for G1 and G5 in this regime.

Another quantity that provides detailed information about
the complex internal structure of DL-DNAs is the density
profile of the constituents of the macromolecule with respect
to the center of mass of the dendrimer:

(11)

p(r) = <§m: S(r—ri+ rcom)>,

where the summation runs over all particles of a particular
type, such as the monomers or the counterions; the vectors r;
denote the corresponding positions of the particles. In Fig. 9
the density profiles for specific components of DL-DNA mole-
cules are shown, focusing on a G3 (Fig. 9(a)) and a G6
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Fig. 8 Monomer—monomer radial distribution function gmm(r) for
DL-DNAs of generations G1 and G5 plotted as functions of distance r,
given in units of the equilibrium bond length .
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Fig. 7 The form factor F,,m(q) of the DL-DNAs of generation G1 to G6 (as labeled) obtained from simulations, given as a function of the dimension-
less wave-vector. Data are shown: (a) on a linear scale; (b) on a double-logarithmic scale; and (c) on a double-logarithmic scale with limg_oFmm(q)
rescaled to 1. The dashed lines in panel (c), i.e., Frmm(q) ~ g~ correspond to the typical scaling law for the scattering from rigid rods®® for large

g-values.
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(Fig. 9(b)) dendrimer, respectively. The different entities con-
sidered are (i) all monomers (without distinction; “total”), (ii)
the monomers pertaining to a specific subgeneration, g;, and
(iii) the counterions. The monomers are regularly distributed
in concentric-like structures such that only minor overlap
between subsequent subgenerations exists. This kind of behav-
iour is typical for charged macromolecules with rigid
bonds:*>”° the strong Coulomb repulsion, combined with
rigidity and the dendritic character prevent backfolding of the
outer monomers towards the interior of the molecule, a
feature that is in contrast to the standard dense-core model of
dendrimers with flexible bonds.”"”* This rigidity is in addition
reinforced by the Coulomb repulsion between like-charged
monomers, resulting in a complete suppression of backfold-
ing. Because the Y-DNAs of the individual subgenerations
exhibit a transition at the junction, where one inward-facing
arm splits into two outward facing arms, the corresponding
density profiles feature a double-peak. This double-peak
feature is not as pronounced in subgenerations with higher
index g;, as the spatial distribution of these higher subgenera-
tions is less coherent and more flattened out.

The counterion density distribution closely follows the
monomer density due to the system’s propensity towards local
charge neutrality and the spatial structure of the counterions
is less pronounced due to an entropic ‘smearing out’ of the
profiles. Overall, we obtain, especially for higher generations,
almost flat-density molecules, whose monomer- and counter-
ion-profiles are tunable by varying the generation index, GN.
Contrary to the usual, dense-core, flexible dendrimers,®”””* the
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Fig. 9 Monomer and counterion density profiles p(r) as functions of r,
given in units of the equilibrium bond length [,; p(r) is shown for
different entities of the system (as labeled and see text). Data are shown
(a) for a G3 DL-DNA and (b) for a G6 DL-DNA.
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Fig. 10 Simulation snapshot of G5 DL-DNA. The encircled G1 DL-DNA
is inserted to the figure to guide the eye to better visualization of the
void size.

monomer profile of the DL-DNA does not monotonically drop
as one moves from the center of the molecule towards its per-
iphery, but it remains rather flat and constant (with modu-
lations close to the junction points). Moreover, these nano-
structures feature very low local monomer packing in their
interior, p(r)o° ~ 107> (see Fig. 9), as opposed to typical values
p(r)e® ~ 1 for flexible dendrimers.®” Accordingly, they offer a
great deal of empty space (voids) in their interior, capable of
accommodating smaller molecules, such as a G1l-dendrimer,
as demonstrated in Fig. 10. Due to their ‘uniform-density’
interior, DL-DNA constructs are also suitable for an analytical
description using the Poisson-Boltzmann theory,”>”* since the
constant ion density inside the molecule simplifies analytical
calculations.

In the following, a more detailed analysis of the counterion
condensation is presented. In our investigation we have
encircled each arm of the individual Y-DNA elements by a tube
of radius r; we have then counted the percentage of ions Q(7)
captured in those cylinders. The dependence of Q.(r) on the
tube radius r is depicted in Fig. 11(a). Even though the con-
sidered system is electro-neutral, a difference in the value of
Q¢(r) of approximately 20% between G1 and G5 dendrimers
can be observed for tube radii larger than 3ry-¢:. This obser-
vation is a direct consequence of an increase in the available
volume provided by the larger dendrimers. The same effect
can be seen in Fig. 11(b), where the total amount of counter-
ions absorbed by the dendrimers is shown, expressed via func-
tion Qs(r). When the radius of the sphere r that encircles the
dendrimer exceeds the size of the dendrimer rp,,, only 40% of
counterions are absorbed by a G1 DL-DNA, whereas this per-
centage grows with increasing dendrimer generation number
and approaches 90% in the case of a G5 DL-DNA. It is also
worth noticing that the transition of the counterion profile
from the interior to the exterior becomes increasingly sharp as
the dendrimer generation index grows: accordingly, high-G
DL-DNA’s act as osmotic dendrimers, in full analogy with the
osmotic polyelectrolyte stars,”>””” which capture the counter-
ions in their interior. However, in contrast to these, DL-DNA’s
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Fig. 11 (a) Percentage of total counterions, Q.(r), captured in tubes of
radius r surrounding each arm of the Y-DNA elements as a function of r
(in units of o). (b) Percentage of total counterions, Qs(r), captured in
spheres of radius r centered at the center of mass of the DL-DNA r.,, as
a function of r/rmay, Where rma, denotes the maximum distance between
a DNA-monomer and r.om. The graphs are shown for dendrimers G1,
G3, and G5 (as labeled).

are very robust against salinity, maintaining their size essen-
tially unaffected by addition of large quantities of monovalent
salt, as it will be shown in what follows.

In Fig. 12 the probability of the nearest junction-to-junction
separation of successive subgenerations g; and g;.; within a G6
DL-DNA is shown as a function of distance given in units of
bond length. Since each branch extending from junction to
junction point consists of 30 monomers, the peak of this func-
tion is located slightly above 291, for the innermost branches
and its position decreases monotonically as one moves away
toward the exterior of the molecule, (ie., towards the outer

P ()
%

30

Fig. 12 Probability for the nearest junction-to-junction separation of
successive subgenerations g; and g;,; within a G6 DL-DNA given in units
of the equillibrium bond length (.
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subgroups) while the variance increases at the same time. The
shrinkage of bond lengths belonging to the outer branches is
a consequence of osmotic swelling which tends, on one hand,
to stretch central (inner) branches, while on the other hand, it
allows a slightly higher flexibility of the branches belonging to
higher subgenerations. To understand the physics behind this,
we need to consider the osmotic pressure from the counter-
ions trapped in the interior of the molecule, which tries to
swell the dendrimer by exercising an outward force at a ficti-
tious spherical surface of radius 7y, that surrounds the mole-
cule, touching the free tips of the outermost Y-junctions (com-
posed of 4-bases long ssDNA). This force is transmitted to the
interior of the dendrimer, but the number of Y-junction tips
among which it is partitioned is halved each time the subge-
neration index decreases by one. Accordingly, the innermost
generations are pulled more strongly than the outermost ones;
thus they are more rigid, more straight-line looking. This effect
is also observable in the simulation snapshot (see Fig. 3),
where it can be seen that the innermost branches are more
rigid, having the shape of a straight line, while the branches
belonging to the outermost subgenerations expose a more
wiggly behaviour. This interpretation is corroborated by the
analysis of angular fluctuations in what follows.

In order to analyze the internal freedom of the typical con-
formations of the dendrimers, we measure in the simulations
two kinds of bond angles, namely ¢ and 6, for the individual
subgenerations. Here, ¢ is defined, according to eqn (3), as the
angle between two consecutive bonds within a Y-arm; it is con-
sequently a reliable measure of the rigidity of the Y-DNA arms.
The angles 6; (i = 1, 2, 3), on the other hand, are defined as the
angles between the vectors pointing along the three arms of
the Y-DNA, whereby an arm vector is defined as the vector con-
necting the first and last monomer of a specific Y-DNA arm,
i.e., the arm is assumed to be fully rigid. Each Y-DNA element
is characterized by three of these angles: 6,, 6,, and 6;. For
fully rigid connections between successive Y-junctions in the
dendrimer, one would find ¢ = & and 6, = 2n/3 for all i.

In Fig. 13(a) the probability distribution P(¢) of the angle ¢
for the innermost generations, g;, is shown for DL-DNAs of
different generation index. The distributions all exhibit a pro-
nounced maximum close to the value of a fully rigid dendri-
mer, i.e., ¢ = x. This feature again demonstrates that the inter-
actions of our model tend to keep the monomer chains
straight. A slight but visible enhancement of the peak (i.e., a
reduction of the fluctuations) can be seen for the G7 dendri-
mer. This indicates, that its inner generation is more stretched
and thus more straight as the number of generation grows.
This feature is one manifestation of the increased osmotic
stretching force from the counterions. If we focus on a
G7 molecule and look at the stretching of the various gener-
ations g; within the G7 DL-DNA, Fig. 13(b), a similar trend can
be observed: the distribution is rather sharply peaked close to
the angle ¢ = x, pointing to stretched connections between the
junction points. Again, one can notice that the probability dis-
tribution P(¢) for higher subgenerations displays a ‘leakage’ to
smaller ¢-values, indicating that the branches belonging to the
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outermost subgenerations are more flexible compared to the
innermost branches, which is consistent with the finding on
the inter-bonding separation (see Fig. 12) and our interpret-
ation of its physical origin. In addition, we also show in
Fig. 13(b) the probability distribution of angle ¢ corresponding
to those parts of the chains that are characterized as a sticky-
end. As it is expected, the function spreads over a wider range
of possible conformational angles, reflecting the fact that
sticky ends exhibit a significantly more flexible behaviour.

Fig. 14 shows the corresponding probability distributions
P(6,) for the angles 6; (i = 1, 2, 3), for DL-DNAs of different
generation index. In particular, in Fig. 14(a) we focus on the
innermost generation, g, of various GN-dendrimers and we do
not distinguish between the three angles 6;, i = 1, 2, 3, since
their distributions coincide by symmetry. The distinction is
being made in Fig. 14(b), for which we collected statistics of
outer angle #; and inner angles 6,, to determine the three
individual distributions P;(6) for the three angles denoted in
the insets. Here, we can see that the most probable angle of
the innermost subgeneration, g;, of dendrimers of different
generations is centered around 6; = 2x/3, confirming the rigid-
ity of the Y-branches. However, the width of these distributions
increases with decreasing generation number GN, as the
amplitude of the fluctuations in 6; correlates negatively with
the size of the dendrimer branch attached to the corres-
ponding arm. With growing generation number, the number
of branches grows more rapidly, so that the fluctuations in the
angle 6 become less probable due to the reduced available

This journal is © The Royal Society of Chemistry 2019
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volume and the restrictions due to the mutual electrostatic
repulsions between the different arms. When examining the
distributions of different subgenerations within a G7 DL-DNA,
Fig. 14(b), the emergence of differently centered peaks of P(6)
and P(6, ,) for the corresponding intermediate subgenerations
can be observed.

This phenomenon can be explained by the deformation of
Y-DNAs from a conformation with 6; = 2x/3, i = 1, 2, 3, into a
configuration with 6, > 2n/3, with i = 1, 2, and 63 < 2x/3. This
change is caused by the monomers pertaining to the outer
(inner) generations that pull (push), respectively, monomers of
the intermediate subgenerations outwards via steric and
electrostatic interactions. This phenomenon does not occur
for Y-DNAs of the last subgeneration, i.e., g, in the examined
case, as these Y-DNAs are not constrained by subgenerations
of higher index.

Finally, in Fig. 15 the distribution P(fs) is shown for a G7

3
DL-DNA, where 0y = Z 0. The data provide evidence that the
i—1
Y-DNA of the innnermost subgeneration, whose arms are
subject to outward forces caused by the subsequent gener-
ations, is almost completely planar, i.e., 0y ~ 2x. With increas-
ing generation index, however, the Y-DNAs’ deviation from the
planar configuration becomes more pronounced, ie., 05 < 27.
Underlying to this behaviour are two opposite effects:
Coulomb repulsion and the aforementioned outward forces
drive the Y-DNAs towards a planar configuration, but at the
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junction angles 6y, of the individual subgenerations within a G7 DL-DNA
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same time this planarity reduces the number of configurations
available to the Y-DNAs and therefore their entropy. As we
proceed to the outermost generations, the branches of the
Y-junctions have more freedom to fluctuate and entropic con-
tributions become enhanced, enabling fluctuations of the
Y-junctions that deviate from planarity.
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Fig. 16 The effect of different NaCl concentrations on the hydrodyn-
amic radius Ry for DL-DNA of generations G2 to G6 (as labeled). The
inset shows a comparison between the Ry- and the Rg4-shrinkage (as
compared to respective salt-free values Rg and Rg) for a G6 DL-DNA.
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Influence of salt on conformational properties of DL-DNA

We have also analyzed the effect of a finite salt concentration
(NaCl) on the overall size of the dendrimer. The experiments
are performed for different values of salt concentrations,
extending from a low salt regime (¢ = 0.1 mM) up to very high
salt concentrations (¢ ~# 5 M). Due to numerical limitations,
only salt concentration up to ¢ &% 30 mM could be considered
in simulations. Results for the hydrodynamic radius, as
obtained from the experiment, are summarized in Fig. 16. By
adding salt essentially no change in the size of the dendrimer
is observable up to a concentration of ¢ = 10 mM.

This observation is confirmed in the simulations (see
Table 3). The absence of any significant shrinking at low salt
concentrations is the consequence of the rigidity of the mole-
cule, i.e., the high persistence length. In order to overcome the
stiffness of the molecule, one has to proceed to higher salt
concentrations, ie., above ¢ = 10 mM; under such conditions
the screening of the charge of the molecule starts to affect the
Coulomb inducing
thereby the shrinking of the molecule. This reduction in size

interaction between the monomers,

is more pronounced for higher dendrimer generations and it
can range from approximately 10% to 15% for extremely
high salt concentrations (ie., ¢ ~ 1 M). Throughout, the
decrease of Ry is generation-dependent and the critical salt
concentration at which the molecule starts to shrink differs
from generation to generation.The inset of Fig. 16 shows the
comparison of the experimental results for the radius of
gyration and for the hydrodynamic radius of G6 DL-DNA
under the change of salt concentration. Both quantities show
the same trend but with slightly more expressed shrinkage of
Ry over R,.

We have performed simulations of G4 DL-DNA for various
values of salt concentration, and the resulting radius of gyra-
tion as a function of salt concentration is given in Fig. 17(a).
The comparison with the hydrodynamic radius obtained from
experiments is also shown. From simulation, we observe the
shrinking of the molecule by approximately 7% when varying
the salt concentration from ¢ = 1 mM to ¢ = 30 mM, while the
experiments show the shrinkage by approximately 5% when
varying the salt concentration from ¢ = 1 mM to ¢ = 50 mM. In
Fig. 17(b) we present the form factors, comparing two sets of
simulation data corresponding to different salt regimes. The
curves unambiguously demonstrate that the added salt does

Table 3 Comparison of the results for the radius of gyration, Ry, obtained in simulations and for the hydrodynamic radius, Ry, extracted from
experiment (as labeled) over six generations of DL-DNA. Experiments are performed for a salt concentration of 0.1mM. Simulations are carried out
both for the salt-free regime (co = 0 mM) and using a salt concentration of ¢; = 1 mM with different simulation packages (as labeled)

REP

ESPResSo

LAMMPS LAMMPS

Generation H/c=0.1mM [nm] g/c=0mM [nm] g/c=0mM [nm] g/c=1mM [nm]
G1 3.5 3.30 3.37 —

G2 9.31 9.60 9.37 9.6

G3 14.42 15.75 15.52 15.4

G4 21.43 22.14 22.02 21.6

G5 30.58 28.87 28.75 28.2

G6 40.49 36.02 35.8 —
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Fig. 17 (a) Hydrodynamic radius Ry, as extracted from experiments,
and radius of gyration Ry, obtained from simulation, (as labeled) as func-
tions of the NaCl concentration (given in mM) for a G4 DL-DNA. (b)
Form factor F,w(q) as a function of q for a G4 DL-DNA for salt concen-
trations ¢ = 0 mM and ¢ = 30 mM (as labeled), obtained from simulation.

not have any impact on the rigidity of the dendrimer, i.e., in
the regime of large wave vectors the form factor satisfies the
above mentioned ¢~ scaling law irrespective of the salt con-
centration. From these data one can conclude that the
Coulomb interactions do stretch the bonds between the mono-
mers, but the related effect is subdominant when compared to
the role that rigidity has in suppressing significant changes in
bond lengths.

The shrinking of flexible, charged polymers upon addition
of salt can be physically traced back to the screening of the
electrostatic interaction or to the enhanced osmotic pressure
from the co- and counterions at the exterior of the macro-
molecule.”® For the case at hand, it is not clear that the same
physical mechanism is at work, since the shrinkage is
minimal and the molecular architecture is different. To shed
light into the mechanism behind the size reduction of the
nanoparticle, we look at the density profiles with and without
salt. In Fig. 18(a) and (b), the monomer density profile for a
G4 DL-DNA is shown for the salt-free case and for a NaCl salt
solution of concentration ¢ = 30 mM, respectively. One can
notice that the only difference between corresponding
monomer profiles under different salt conditions appears for
the outermost subgeneration g,. In the salt solution enhanced
backfolding of the outermost branches arises, resulting in the
small shrinkage of the dendrimer’s radius of gyration,
observed at Fig. 17(a). The interior of the dendrimer remains
unaffected by the added salt, an additional manifestation of
the combined effect of rigidity and branched architecture of

This journal is © The Royal Society of Chemistry 2019
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Fig. 18 Monomer density profile for G4 DL-DNA: (a) salt-free regime,
c=0mM; (b) c = 30 mM.

the novel DL-DNA constructs. These are remarkably resistant
macromolecules, which nevertheless feature a very low internal
monomer concentration, allowing them to absorb counterions
or smaller molecules in their interior. In addition, whereas sal-
inity is expected to affect the effective interactions between
such dendrimers, practically it does not affect their sizes and
shapes, rendering them thus as prime candidates for mole-
cules with tunable, ultrasoft effective repulsions.

Conclusions

We have investigated the structural properties of DL-DNA at a
single particle level with sizes ranging from G1 to G7.
Additionally, we probed the salt-responsiveness of the complex
nanostructure of said molecules with regards to backfolding of
dendritic arms, providing a thorough investigation of the
structural properties of these all-DNA nanostructures. Through
a combination of experiments and molecular modeling we
provide an advancement of our understanding of such dendri-
tic DNA constructs, which is essential for developing appli-
cations and investigating novel phenomena related to this type
of soft material.

In colloidal polymer network terms, the high-G DL-DNA
and ionic microgels share some common characteristics. Both,
highly permeable to solvent molecules, can act as efficient
absorbers of their own counterions under salt-free conditions,
and at a very coarse-grained level their internal structure has a
core-shell morphology. However, our results revealed that the
DL-DNA’s scaffold architecture and its inherent rigidity grant
these all-DNA nanostructures with low internal monomer con-
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centration, regular voids in their interior and, at the same
time, a resilience against the addition of salt; intriguing and
promising features which are absent in ionic microgels and
which are expected to have significant impact on the dendri-
mers’ collective behaviour. More specific, experimental as well
as computational results show that varying the salt concen-
tration only minimally affects the conformation and does not
cause any backfolding of dendritic arms. This low salt-respon-
siveness allows for adjusting the effective interaction between
different DL-DNA molecules without the dendrimers collap-
sing or their structure deforming significantly. In addition, the
monomer density profiles revealed that high-G DL-DNA are
dendrimers with almost flat density and internal cavities with
generation-independent size. The cavity space, located at the
dendrimer’s center of mass, was found to be comparable to
the size of G1, implying that the void interior can be
engineered at subnanometer precision (at the level of a
single level) by simply adjusting the arm length of the Y-DNA
building block belonging to the first generation; thus allowing
full control over the degree of dendrimer interpenetrability.
We believe that the above properties make these highly
charged tailored empty-core/shell nanostructures ideal candi-
dates for exploring novel forms of self-assembly such as cluster
crystallization in the bulk. The current work sets the pivotal
point for the investigation on the many-body properties of con-
centrated DL-DNA systems, which will be the subject of the
future work.
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Abstract. In order to find the exact form of the electrostatic interaction between two proteins with disso-
ciable charge groups in aqueous solution, we have studied a model system composed of two macroscopic
surfaces with charge dissociation sites immersed in a counterion-only ionic solution. Field-theoretic repre-
sentation of the grand canonical partition function is derived and evaluated within the mean-field approx-
imation, giving the Poisson-Boltzmann theory with the Ninham-Parsegian boundary condition. Gaussian
fluctuations around the mean field are then analyzed in the lowest-order correction that we calculate analyt-
ically and exactly, using the path integral representation for the partition function of a harmonic oscillator
with time-dependent frequency. The first-order (one loop) free-energy correction gives the interaction free
energy that reduces to the zero-frequency van der Waals form in the appropriate limit but in general gives
rise to a monopolar fluctuation term due to charge fluctuation at the dissociation sites. Our formulation
opens up the possibility to investigate the Kirkwood-Shumaker interaction in more general contexts where

their original derivation fails.

1 Introduction

Kirkwood and Shumaker were the first to realize, more
than half a century ago, that there might exist anoma-
lously long-range interactions between proteins in aque-
ous solutions stemming from thermal charge fluctuations
of dissociable charge groups on their surface [1,2]. Within
the framework of statistical mechanical perturbation the-
ory they showed that this interaction is different from the
standard van der Waals (vdW) interaction [3], ubiquitous
between neutral bodies, primarily because of its extremely
long range. The Kirkwood-Shumaker (KS) interaction was
shown to scale with a lower inverse power of separation
between two proteins then the vdW interaction. Further-
more and contrary to vdW interactions, the KS forces are
not universal, but depend on whether and how the pro-
tein charge can respond to the local electrostatic poten-
tial, a salient property of dissociable charge groups that
is usually referred to as charge regqulation and was first
formalized by Ninham and Parsegian [4].

Charge regulation implies that the effective charge on
a macroion, e.g. protein surface, responds to the local
solution conditions, such as local pH, local electrostatic
potential, salt concentration, dielectric constant varia-
tion and most importantly the presence of other vicinal
charged groups [5]. Although charge regulation is an old
concept, modern theories of electrostatic interaction be-

# e-mail: natasa.adzic@ijs.si

tween macroions immersed in Coulomb fluids [6] mostly
deal with constant surface charge of a macroion, bypassing
the complications introduced by charge regulation [7-10].
Constant charge is of course a very stringent approxi-
mation and holds only in a very restricted part of the
parameter space. In general, however, the charge of a
macroion surface with dissociable groups always depends
strongly on the acid-base equilibrium that defines the frac-
tion of acidic (basic) groups that are dissociated [11-13],
and it is necessary to incorporate this property consis-
tently into a theoretical formulation. Our goal in this
work is thus to find a theoretical description which would
take into account charge regulation of dissociable surface
groups and would allow to generalize the original Ninham-
Parsegian derivation to include the contribution of fluctu-
ations around the mean field, as well as to pave the way
towards other approximations that go beyond the simple
mean-field Ansatz.

We will first show what is the correct free energy that
corresponds to the Ninham-Parsegian mean-field charge
regulation theory [4]. It will furthermore become clear as
we proceed that the KS interactions in fact correspond
to Gaussian monopolar charge fluctuations around the
Ninham-Parsegian state, different from the dipolar fluc-
tuations at the origin of the standard vdW forces. We
will derive explicitly an exact expression for the one-loop
correction of the free energy in the case of a counterion-
only system in a planar parallel slab geometry. The the-
ory presented here, while being explicitly formulated only
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Fig. 1. Schematic representation of two charged planar sur-
faces at a separation D with charge dissociation sites dis-
tributed uniformly along the surfaces and with counterions be-
tween the surfaces. The counterions originate from the charge
dissociation of the dissociable groups (AC) through the reac-
tion AC «» A~ + C™T.

for a restricted model, allows for many generalizations of
the monopolar fluctuation interactions that can be de-
rived within the same formalism. We will nevertheless not
pursue these generalizations here and relegate further de-
velopments to subsequent publications.

The plan of the paper is as follows: in sect. 2 we
start from the simplest model that retains the salient
features of charge regulation, composed of two planar
parallel macromolecular surfaces with surface distributed
charge dissociation sites, immersed in a Coulomb fluid
composed of counterions only. We base our analysis on a
field-theoretic description of the system’s partition func-
tion, whose Hamiltonian is generalized to include a surface
term which describes properly the charge regulation and
consequently the local charge fluctuation at the macro-
molecular surfaces. This model is introduced in sect. 3
together with its full free energy and is shown to coincide
with the Ninham-Parsegian Ansatz for the charge disso-
ciation equilibrium on the mean-field level and to reduce
to the Poisson-Bolzmann (PB) equation with the charge
regulation boundary condition in sect. 4. In sect. 6 we
address the Gaussian fluctuations around this mean-field
solution with its charge regulation boundary condition
that can in fact be solved ezactly and analytically. The
exact one-loop free-energy correction is obtained by us-
ing the path-integral approach for a harmonic oscillator
with time-depended frequency with all the relevant tech-
nical details relegated to appendix A. Finally in sect. 7 we
present numerical results and comment upon its relevance
for the KS interaction in the Conclusions sect. 8.

2 The model

We consider two flat parallel plates, located at z = +D /2
and immersed into an aqueous solvent, that carry dissocia-
ble charge groups of the type AC <+ A~ + CT, where the
counterion C is released into the aqueous solution, fig. 1.
We do not specify the identity of the released counterion
but assume it is the only mobile species in the consid-
ered model. Furthermore we assume a grand canonical
ensemble for the counterions, specified by a fixed value

Eur. Phys. J. E (2014) 37: 49

of the activity. The number of the counterions in the so-
lution is thus not fixed but depends on the dissociation
state of the surfaces. While in standard formulations of
the counterion-only Coulomb fluids with fixed boundary
charge the grand canonical formulation is just a step to-
wards the final canonical ensemble, corresponding to a
fixed number of charges, in our case this is not fixed and
the grand canonical description is natural.

We need to note that in the Ninham-Parsegian model
the released counterion is a proton and the aqueous solu-
tion contains a salt mixture at a specified ionic strength
for both monovalent and divalent complements [4]. While
this model can be formalized in the same way as our sim-
plified model, we first solve the simplified case in order to
derived the proper level of description as well as to inves-
tigate the salient features of fluctuations in a case, where
they can be treated exactly.

In order to describe the surface charge dissociation
we introduce a lattice gas model with its own surface
free-energy contribution. This surface part of the free en-
ergy stems from the charge dissociation equilibrium and
describes the (free) energy penalty for a finite surface
charge density. We show furthermore that on the mean-
field level our formulation yields ezactly the same result as
the Ninham-Parsegian charge regulation Ansatz, which is
not explicitly based on any surface free energy. The equi-
librium distribution of the counter ions is then obtained
from the saddle-point equation, that corresponds to the
minimum of the complete, i.e. volume plus surface, free
energy. The dielectric constant in the region between the
walls is taken as e, while outside that region it is assumed
to be in general different and equal to €.

3 Field-theoretic description of the model

For describing this model system of interacting particles
it is advantageous to use the field-theoretic formalism to
derive the partition function. The configurational part of
the Hamiltonian of an auxiliary system of N counterions,
with a fixed surface charge density oy on the bounding
surfaces, can be written as

N

H= %Zu(ﬁ,r"j)eiej + Z%u(ﬁﬁ)gonﬁ (1)
i#j i=1

where ¢ implies an integration over all the charged bound-

ing surfaces and u(7, 7;) is the electrostatic interaction ker-

nel, i.e. Green’s function of the Coulomb potential, which

satisfies the relation

(2)

The canonical configurational partition function of the
system can then be represented by an integral over all
positions of the counterions

Qn = /dfl...dFNe*ﬁH. (3)
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After applying the Hubbard-Stratonovich transformation,
one can obtain the grand canonical partition function as
a functional integral over the fluctuating electrostatic po-
tential @(7)

2= [ Dlp(rye s, ()

with the field-action of the form:
1 _ ‘ .
Slp(r)) = heca [ STVREIP 44 [ dor et

+i 74 A7 oo (7), (5)

Here X is the absolute activity that will be obtained self-
consistently. The above field-action is universal in terms of
the non-linear volume interaction term, the second term
in the above equation, that corresponds exacty to the
van’t Hoff ideal osmotic pressure of the counterions. This
is a well-known result [14], which on the weak coupling
mean-field level, using substitution ¢ — i¢yw, gives the
PB equation with fixed charged density boundary condi-
tion 7 - ﬁd)MF = 09 [6].

We now generalize this free-energy Ansatz so that it
will contain also a surface part, not necessarily linear in
the surface fluctuating potential, by assuming that the
surface free energy in eq. (5) can be modified as

i § oupIET— § FelT)ET. (6)

where f(p(7)) is a general non-linear function of the lo-
cal potential. The exact form of this surface free-energy is
not universal and depends on the model of the surface-ion
interaction [15]. Here, we will delimit ourselves to a sur-
face lattice gas model, which was introduced in a different
context by Fleck and Netz [16], and derive the correspond-
ing free energy, as well as show that the same model in
fact corresponds exactly to the Ninham-Parsegian charge
regulation theory [17]. The surface lattice gas model of
dissociable charged groups gives [16,19]

Fpl0e) = i) = kT 2L (14 et
¢

where pg is the free energy of dissociation. In the ar-
gument of the logarithm function one can recognize the
partition function for a system with uncharged ground
state and a charged state with an effective energy Bus +
ifep(). It is possible to generalize this model with other
surface free energies [20-22] that can capture other de-
tails of the surface-ion interaction. Furthermore, in the
limit of Sug — oo, the sites are completely undissoci-
ated, the bounding surfaces are uncharged and there is
no contribution to the surface free energy. In the opposite
limit, Bus — —oo, the bounding surfaces are completely
dissociated and we are back to the fixed surface charge

f(p(r)) = ioop(r).
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The complete field action of the model at hand thus
assumes the form

1 Y . —
Slp()] = 5 Peeo / d*7 [V (7)]* + A / 37 piBer(®)

+zﬂfd2faoga(r) - ?{dQF@

€o

% In (1 + e—ﬁus-&-iﬁew(r)) ) (8)
While the volume part presents an exact field-theoretic
representation of the counterion partition function, the
surface part pertains to a specific model of the interaction
between the mobile charges and the bounding surfaces.

4 Mean-field approximation

The functional integral eq. (4), with the field-action func-
tional S[p(7)] decomposed as

Slp(F)] = /V fr(p(7)) dr + 7@ fs(e(®)) &2 (9)

can not be evaluated exactly, since it is in general not
Gaussian. One thus has to take recourse to various ap-
proximations of which the mean-field approximation, be-
ing equivalent to the saddle-point approximation, is the
most straightforward one.

The mean-field potential ¢yp(7) of the field-action
eq. (9) is defined as a solution of the saddle-point equation
corresponding to dS[p(7)] = 0 at ¢(7) = idmr(7) where
omp (7)) is thus a solution of

dfv(omr (7)) Ofv(dmr (7))
V( IV o () >_ o) 0 (10
and
—ﬁ6606¢MF(F) — afS(quF(F)) _ U(¢MF(F))7 (11)

on Opnir (77)
where 7 is the normal vector to the bounding surface(s),
and o(¢pumr(7)) is the effective surface charge at the
bounding surface(s). In extenso the first equation is ex-
actly the standard PB equation for the counterion-only
System

A .
V2 oup () = — 28 g Pedmr (™),
€€p

(12)

while the second saddle-point equation with f(p(7)) from
eq. (7) reduces to the boundary condition

—5660%%72(” = —% <1+tanh; (—Bus + 560¢MF)> :

(13)

Obviously the above surface charge density can span the
interval [—oyg, 0].

Assuming that Sus = —In10(pH — pK), with pK =

—log K and K being the dissociation equilibrium constant
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while pH = — log[H"] with [HT] the concentration of the
protons in the bath, the above boundary condition coin-
cides exactly with the charge regulation boundary condi-
tion of the Ninham-Parsegian site-dissociation model [17].
Should there be more then one type of dissociable groups
the proper generalization was introduced in ref. [18].

For the planar geometry the mean-field solution of
eq. (12) depends only on the z coordinate and has the
form )

omr(z) = e In[cos? (az)],
where « can be determined from the boundary condition
eq. (13) as

(14)

1

(1 +b)atan(aD/2) + ba tan®(aD/2) = PR (15)

with b being related to the dissociation free energy as
Inb = Bug. Here p is the Gouy-Chapman length, which
represents the characteristic distance at which a counte-
rion interacts with a macromolecular flat surface, of sur-
face charge og, with an energy kg7 and is defined as

= 2ege/efoy.

5 Second-order (Gaussian) correction

After solving the mean-field equations, one proceeds to
analyze the fluctuations around the mean-field potential
by evaluating the partition function eq. (4) for the field-
action functional S[¢(7) = ¢mr (7)+3dH(7)]. To the lowest
Gaussian order in the field fluctuations d¢(7") the field-
action can be expanded

S[o(7)] = Slomr () + 60(7)] = Swr[dmrE] + 82[6(;5(7?()1]67)

where
1 528 DI
S[6(7)] = 5 / / S 9

45 § @b PR ()

and obviously decomposes into a volume and surface term
just like the complete field action. Above we introduced
the Hessian of the volume part of the field-action as

528 1 .
ImMr==0 (UI(T, i)

1 B
266(F)36(7) 2

— B3 (F—7'
cos?(az) ( )
(18)
while Cg is the surface capacitance due to the non-linear
coupling of surface charge and surface electrostatic poten-

tial

0% f(pmr () _ 9o
O(Benr (1)*  O(Bedmp (7))

Cs(7) = (19)
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We will show later on that in the original theory of KS
interactions it is this surface capacitance that quantifies
the thermal charge fluctuations [5].

The decomposition of the field action eq. (17) induces
a decomposition of the partition function into a product
of the saddle-point partition function and its first-order
correction, so that finally

Z — o3 Inldet Bu(F7")] o Sléur (7))

X / D[6¢p(7)] 520 = z\1p x Z,. (20)

The last term is due to Gaussian fluctuation around the
saddle-point and thus corresponds to the one-loop correc-
tion in the free energy.

In order to proceed we first introduce the appropriate
field Green’s function

G(061(7), 062(7)) =

dpa 7 F)dFd?
DI6g(7)) e I T e S6IONETET (51

01

that describes the field, or better the propagation of Gaus-
sian electrostatic potential fluctuations and will allow us
to formally separate the bulk and the surface terms in the
calculation of the one-loop partition function.

Since the kernel u=! (7, 7') is isotropic in the transverse
directions p = (z,y), one can introduce the Fourier-Bessel
transform of the fluctuating potential as

56(7) = 69, 2) = / T AQAQIQ. ). (22)

where §¢(Q, z) depends only on the magnitude of the 2D
transverse wave vector, @ = |Q|. With this notation the
complete Green’s function can be presented as the product

G(861(7).502(7) ) = oG (30(@Q. 21).66(Q. 22)). (23)

where Go(06(Q, z1),09(Q, 22)) can be furthermore de-
rived in the form

Ga (56(Q. 21), 60(@. ) ) =

6¢(Q,22) 1 Z=ZzZ2
/ Dod(Q, z)] exp | — 55660/ dz
0p(Q,21) 2=z

dog\> ) 202 )

X - — |4 .
<< dz ) <Q * cos? (az) ¢
Obviously this is nothing but the Feynman propagator
of a harmonic oscillator with time-depended frequency,
where the z coordinate plays the role of “time” [23], and
the Wick’s rotation makes the action real instead of imag-

inary as in quantum mechanics. The general method of
solving this type of functional integrals was described by

(24)
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B 2e-P9Q(a? + Q?)
22(D) = Ilq \/2#(((1 tan[aD/2] + Q)? — (atan[aD/2] — Q)2e—2PQ)
‘ \/C51652 + Be’e0(Cs, + CS2)Q + (5650)2]\[2 + (66/50)2622 + (5650)((351 +Cs, + QﬁEIGOQ)M (26)
v = @letan[52]+ Q) + (o + o® tan’[2]) (a tan[22] + Q)
(@tan[22] + Q)2 — (a tan[22] - Q%200

Q(a tan[22] - Q) - (o + a® tan[2R])(a tan[22] — Q)e*P2

a (atan[%P] + Q)? — (atan[22] — Q)2e—2DQ ’
N2 _ M2 B 4672DQQ2(062 + Q2)2 (27)

[(atan[=P] +Q)* -

~ (rtan[32] - Q)2e-209)|”

Khandekar and Lawande [24] and was adapted to this par-
ticular case as described in detail in appendix A.

The partition function, or specifically the part stem-
ming from Gaussian fluctuations, eq. (20), around the
mean-field can now be cast into the following form:

2y(D) = g [ Distn (7307
xGaq (07 6¢1(F)> o« o~ 3 J5,d%rCs, (dur)63 (7)
XgQ<5¢1( ), 002 (7 )) o o~ 3 J5,4°Cs5 (dmr) 365 (7)

xGq (66:(7),0), (25)
where Gg stands for the Green’s function eq. (24) but with
« = 0, as there are no counterions behind the two bound-
ing surfaces. The exact form eq. (A.18) thus still remains
valid but evaluated explicitily for vanishing a.. Of course in
that case the functional integral can be evaluated directly
in a trivial fashion. In addition, one needs to take the di-
electric constant as € for G (0,01 (7)) and Go(dp2(7), 0),
but as € for Go(d¢1(7), d¢p2 (7)) in the definition eq. (24).

One could see the above formula as describing fluc-
tuations behind the surface at z = 2z, described by
Go(€';0,0¢1(7); 00), fluctuations behind the surface at
z = 23, described by QQ(e’; d¢2(7),0; 00), fluctuations in
the space between the two surfaces for z; < z < 2, de-
scribed in their turn by Gg(€; 001 (7), d¢2(7); D), and fi-
nally all of them coupled through the surface capacitance
and the surface potential fluctuations at the two surfaces
at z = z1 and z = 25 corresponding to the two exponential
terms.

After integration over the boundary electrostatic po-
tential fluctuations the final exact form of the partition
function can be written as

see eq. (26) above

with the functions M and N defined as

see eqs. (27) above

We have thereby derived the explicit and exact forms of
the partition function in the form of a mean-field term
and the one-loop or Gaussian fluctuation correction that
has not been calculated before.

What remains now is the evaluation of the correspond-
ing free energy and specifically the part of this free energy
that depends on the separation between the bounding sur-
faces, i.e. the interaction free energy.

6 Second-order correction: Interaction free

energy

Knowing the partition function for Gaussian fluctuations
around the mean field, one can straightforwardly calculate
the second-order or the one-loop correction to the free
energy as

F2(D)
S

Z25(D)
ZQ(D — OO) ’

= —kpT1In (28)
where we subtracted the free energy corresponding to in-
finite separation that contains the bulk free energy as well
as the surface self-energies.

Assuming furthermore that the surfaces have identi-
cal properties, i.e., Cs, = Cg, = Cs we get the one-loop
correction as

72; kBT/ 0dQ m[(

2 [70uQ n (1~ a3 29),
(29)

1 2
a2 =+ Qz) All(Q):|
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Cs(atan[aD/2] 4+ Q) + Beo[e'Q(atan [@D/2] + Q) + e{Q(atan [aD/2] + Q) +
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(a? + o® tan® [aD/2])}]

A11(Q) = Cs + BeoQ(e +©) s (30)
Au(@) = CslatanlaD/2 = Q) + Beol¢Q(atan [aD/2) — Q) — e{Q(atan[aD/2] - Q) - (o® + a* tan® [aD/2])}] (31)
Cs(atan[aD/2] + Q) + Beole Q(atan [aD/2] + Q) + e{Q(atan [aD/2] + Q) + (a2 + a2 tan? [aD/2])}]

where we defined the following quantities:
see eqs. (30) and (31) above

The second-order correction free energy eq. (29) consists
of two integrals. The first one corresponds to that part
of the self-energy of the two bounding surfaces that de-
pends on the inter surface separation, while the second
integral represents a generalization of the zero-frequency
(classical) vdW-Lifshitz term [25]. In fact it can be easily
seen that in the limit of no mobile ions between the sur-
faces, corresponding to @ = 0, it reduces exactly to the
zero-frequency vdW term with

2@ = (55)

(32)

while the first term vanishes. With mobile ions present,
the second-order correction is however very different from
this limit. In the limit of fixed surface charge (Cs, = Cs, =
0) and no dielectric discontinuity (¢/ = €), the integral
reduces to the known result [26]:

fQ(D kBT 1
5 /Qdanl( 21 ?)
~ ~ ~ 2
x(2Q+2Q;Q+a2+1> k;BT/ 0d0
x In <1—< = 1~+d2~ > €2DQ>,
2Q0+2Q>+a%2+1
(33)

leading to the attractive pressure which scales as In D x
D3 in a system composed of mobile counterions and fixed
surface charge. At the end we also consider a formal limit
of the free energy corresponding to no dielectric disconti-
nuity € = ¢, as well as no mobile ions o — 0, but nev-
ertheless assuming a non-vanishing surface capacitance C.
While this limit is not meaningful in our model, we will
nevertheless use it to show how the KS result [1,2], which
is based on a linear response formalism and considers no
coupling between the mean-field solution and the corre-
sponding values of the capacitances, is obtained from our
conceptual framework.

The KS limit could be obtained more directly if in-
stead of a counterion-only case dealt with here, we would
consider a uni-univalent salt as indeed was considered by
Kirkwood and Shumaker in their derivation of the long

range interaction between protein molecules with disso-
ciable surface groups [1,2]. Nevertheless, for &« — 0 our
general result reduces to

c 2
C+ 2566062) ’ (34)

which in its turn, to the lowest order in the surface capac-
itance leads to the disjoining pressure

_ 0 (D) 2 -1
o2 (P

@) = (

(35)

As it depends quadratically on the surface capacitance,
this interaction presents the contribution of monopolar
fluctuations in the surface charge to the free energy. This
can be easily confirmed by evaluating the free energy of
two fluctuating charge distributions in the Gaussian ap-
proximation explicitly. Let us now show that interaction
pressure eq. (35) corresponds exactly to the KS interaction
between two planar surfaces.

In fact, the disjoining pressure eq. (35) starts to be-
come more familiar when we realize that a Hamaker-type
summation [3] for two thin planar surface sheets with a

pair interaction of the KS form scaling as V(R) ~ R™2,
gives the interaction pressure as [1]
F(R) o [~ 1
=—"=—-— 2rRAR V(R) ~ D™~ 36
p= g0 =55 [ 2RARV(ER) (30)
The two forms of the disjoining pressure, eqs. (35)

and (36), are thus identical, meaning that the KS inter-
action is nothing but a monopolar fluctuation interaction.
This is clear from the fact that the separation dependence
of the fluctuation interaction free energy between two sur-
faces is slower then in the case of standard vdW interac-
tions that stem from dipolar fluctuations between either
two semi-infinite media or two thin layers, scaling respec-
tively as [3]

_F(R)  A(D) 2A(D)a?
P= " T T12rD2 and/or  — 7D5 7 (37)
respectively.

The KS fluctuation forces thus originate in monopolar
fluctuations and follow a different scaling either between
point particles, R~2, or between fluctuating surface lay-
ers, D71, then in the case of dipolar fluctuations. They
arise directly from surface capacitance that is non-zero
only for a surface free energy that is non-linear, i.e. at
least quadratic, w.r.t. the local electrostatic potential.
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(1+ tan?[32])(a [f’} Q)+

+(14 b+ btan? (%

2)]
P))2[2Q(a tan[%2] + Q) + (1+A)(d2+d2tan2[‘w )] ) }

3.0

2.5¢

2.0F

Fig. 2. (a) Rescaled mean-field disjoining pressure plotted as a function of rescaled surfaces separation for different values of
parameter b. The curve o = oo corresponds to b = 0. (b) Rescaled mean-field pressure from (a) plotted in a log-log plot. The two

dotted lines represent the scalings D™ and D72

introduced solely to guide the eye. Obviously the scaling D~ for mean-field

pressure sets in for small and D~2 for large values of the dimensionless separation.

7 Numerical results

It is convenient to introduce dimensionless quantities by
using the Gouy-Chapman length scale p and oZ/2ee
as the disjoining pressure scale. Hence, the length scale
(r, D), the free energy (F'), the disjoining pressure (p) and
the surface capacitance (C) can all be rescaled into dimen—

= D/u, F F/(Q“O)u :

2 ~
p=p/( 2‘:—20) and C = uC, respectively. We also introduce

the dielectric mismatch with A = (¢ — ¢')/(e + €'). With
these definitions, the mean-field free energy becomes

sionless variables ¥ = r/u, D

FoéD) = a%D + 21n[1 + &7,

(38)

where & = pa is the solution of the boundary condition

(1+b)atan (@D/2) + batan® (aD/2) = 1. (39)

The rescaled surface capacitance in terms of & is then
equal to

1+ tan?[aD/2]

=2 b =
Peeob Ty + bran?[aD),2))?

C~Sl ,Sa (40)

which goes to zero for large values of b, lim,__. (,;31,52 —
0 as well as for vanishing b, lim;_.oCg, s, — 0. We also

invoke a coupling parameter =, analogous to the one in-
troduced by Netz and Moreira [27], given as
= €300
= 8m(eeokpT)? (41)

for monovalent counterions. For a counterion-only sys-
tem with fixed surface charge the magnitude of the cou-
pling parameter defines a weak- and a strong-coupling
regime [6]. In our case the existence of the surface free
energy introduces also other length scales that preclude a
direct introduction of a unique electrostatic coupling pa-
rameter and it is thus in general not possible to establish
the presence of the weak and the strong coupling limits
strictu senso as exact limits of the partition function.

While the weak coupling limit can therefore not be
derived as an exact limit, the saddle-point can be defined
for any field-action. As explained in detail in ref. [6] we
thus use the saddle-point solution as the proxy for the
weak coupling limit and evaluate the contribution of the
fluctuations around the saddle-point to the free energy.

The surface interaction part of the Gaussian fluctuat-
ing free energy from eq. (29), in a dimensionless form is
then given as

see eq. (42) above

We first investigate the surface separation dependence
of the interaction free energy and the disjoining pressure
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Fig. 3. (a) Rescaled fluctuation disjoining pressure as a function of rescaled surface separation is plotted for different values of

parameter b with a fixed dielectric jump A = 0.95, and coupling parameter = =

. (b) Rescaled fluctuation disjoining pressure

from (a) plotted in a log-log plot to show the effective scaling of the disjoining pressure with the intersurface separation. The
scaling exponent is typically comparable with the case of the counterion-only Coulomb fluid between two surfaces with fixed

charges, which is —3, but its exact value depends on b.

between the surfaces pertaining to that dependence. The
mean-field rescaled pressure is shown in fig. 2(a), as a
function of the surface dissociation energy Inb = Bug
in a lin-lin and log-log plots. Clearly, the higher the en-
ergy penalty for charge dissociation at the surface, b, the
lower is the interaction pressure between the two sur-
faces until for large enough energy penalty the interac-
tion remains close to zero for all intersurface separations.
The scaling of the mean-field disjoining pressure with
the separation is shown in fig. 2(b). For constant surface
charge o = 0y, i.e., corresponding formally to b = 0, the
asymptotic forms of the mean-field interaction pressure
are imp__. po(D) ~ D™2 and limp__.qpo(D) ~ D71,
see ref. [28]. This is in fact also what we observe in the
case of charge regulation, with the proviso that the regime
of validity of the two limits depends additionally on the
value of b; the smaller its value the more extended is the
region of D~ scaling.

Because the surface capacitance depends on the mean-
field solution, the fluctuation correction to the free energy
and the corresponding disjoining pressure also depend on
the surface dissociation energy, as can be discerned from
fig. 3(a). This is very different from the standard vdW
interactions that do not depend on the mean-field solu-
tion, at least in the standard DLVO formulation [3]. The
scaling of the fluctuation part of the interaction pressure,
fig. 3(b), shows a robust value of the scaling exponent close
to —3, close to its value for the case of a counterion-only
Coulomb fluid between two surfaces with fixed charges,
where the fluctuation disjoining pressure scales exactly as
~InDx D73, see ref. [6] for details. The exact value of the
scaling exponent in the charge-regulated case, however,
depends on the value of the surface interaction parameter
b. Since the dielectric mismatch in this case is not zero,
the monopolar and vdW dipolar fluctuation interactions,

stemming from the surface capacitance and the dielectric
mismatch respectively, are always mixed together and can
not be disentangled in the separation dependence of the
fluctuation pressure.

Adding the mean-field and the fluctuation contribution
together, fig. 4, we note that for large values of the surface
dissociation energy, the fluctuation contribution becomes
dominant, a simple consequence of the fact that the mean
field vanishes while the fluctuation part remains finite.
While in general the fluctuation part is always subdomi-
nant to the mean-field solution, in this case the matters
are a bit more complicated as the charge regulation can
wipe out the mean field entirely but not the fluctuation
part. The fluctuation disjoining pressure for a vanishing
mean field again depends crucially on the presence of the
dielectric mismatch at the bounding surfaces and does not
necessarily coincide with the standard vdW interaction.
In fact for the case of complete dielectric homogeneity,
A = 0 see fig. 5, the interaction pressure scaling expo-
nent is in general smaller than for A # 0. Asymptotically
for small separations in fact it approaches one, just as for
the KS interaction. For larger separations it tends to a
larger value but does not approach —3 as the fluctuations
it corresponds to, being due to the presence of counterions
between the surfaces, are never purely dipolar.

Finally, in order to get an idea about the strength of
the attractive interaction we compare the fluctuation dis-
joining pressure ps with the pure van der Waals pressure
given as pyaw = —H (A) /12w D3, see ref. [3], where H(A)
is a Hamaker coefficient, which for illustration purposes we
chose to be 4.3zJ [29]. We choose a large dielectric inho-
mogeneity (A = 0.95), and a separation between the sur-
faces of 1 nm (D = 1nm), bearing maximal surface charge
oo = 0.5ep/nm?. With the given set of parameters, we cal-
culate the fluctuation disjoining pressure p,—q correspond-
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Fig. 4. Rescaled total disjoining pressure as a function of the rescaled surface separation plotted for different values of the

parameter b, fixed dielectric jump A = 0.95 and for the following values of the coupling parameter: (a) = = 0.5; (b) =& =

0.00

-0.01

Fig. 5. (a) Rescaled fluctuation disjoining pressure as a function of rescaled surface separation is plotted for different values of
the parameter b but without any dielectric jump, A = 0, and = = 1. (b) The scaling exponent v for the effective scaling of the
disjoining pressure with the intersurface separation is defined as p2 ~ D”. For small separations it approaches —1 asymptotically,

whereas for large separations it tends to a value close but not equal to —3.

ing to a maximal charge at the surfaces, and the fluctuat-
ing disjoining pressure pp—100, corresponding to the case
of electroneutral surfaces. One finds that for this specific
choice of parameters the fluctuating pressure is compa-
rable to the vdW disjoining pressure: pyqgw = —1.1atm
while pp—100 = —1.3atm and py—o = —0.8 atm.

8 Conclusion

In this paper we derived a theory describing electrostatic
interactions between macromolecular surfaces bearing dis-
sociable charge groups immersed in an aqueous solution
of dissociated counterions. Introducing a surface free en-
ergy corresponding to a simple model of charge regulation,
and formulating it in a field-theoretic language, we derived
the mean-field solution which is related to the Ninham-
Parsegian charge regulation theory and also obtained an

exact solution for the second-order fluctuations around the
mean field. The fluctuation contribution to the total free
energy is related to vdW interactions but is fundamen-
tally modified by the presence of dissociable charges on
the bounding surfaces as well as the counterions dissolved
in the space between them.

While for the model discussed, containing an addi-
tional surface term usually not present in Coulomb fluids
with fixed charges on interacting surfaces, a weak-coupling
approximation can not be consistently defined, we proceed
from the observation that the saddle-point and the fluc-
tuations around the saddle-point can be defined for any
field action [6]. The range of validity of this approxima-
tion should eventually be ascertained once compared with
detailed simulations of the same microscopic model.

What our methodology also clearly identifies is the

monopolar nature of the fluctuation interactions between
charge-regulated surfaces that singles them out from the
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dipolar fluctuation interactions as is the case for vdW fluc-
tuation interactions. This sets the two types of interac-
tions fundamentally apart as the range and scaling char-
acteristics of the two are vastly different. It also emerges
quite straightforwardly that the two types of fluctuation
interactions are not additive but are fundamentally in-
tertwined and can only be decoupled in extreme limiting
cases of either no dielectric discontinuity or in the case of
no surface capacitance. More specific predictions regard-
ing the role of monopolar fluctuation interactions between
dissociable charge groups corresponding to deprotonated
and protonated molecular groups, as is the case for pro-
teins, will be forthcoming once the model considered is
generalized to include the intervening salt solution at a
set value of the solution pH.

Suffice it to say at this point that in an appropriate
limit our theory is related to the KS interactions known
to be relevant in the protein context. More importantly
though, it allows to consistently generalize the theory of
KS interactions, or indeed any electrostatic interaction
that presumes charge regulation, in such a way that one
can use advanced concepts and methods of the Coulomb
fluid theory to solve it approximately. In this way we
pave the way to new developments in the theory of KS
and related interactions that would not be conceivable
within their original theoretical framework [1,2]. The field-
theoretic framework in fact allows to formulate a single-
particle partition function which can be used as a proxy for
the strong-coupling approximation, also not consistently
defineable in the case where the field action contains addi-
tional surface terms, as in the model introduced here [6].
We are currently working to extend the present formula-
tion to the case of symmetric as well as asymmetric ionic
mixtures containing monovalent and polyvalent ions.
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vice regarding this work. N. A. acknowledges the financial
support by the Slovenian Research Agency under the young
researcher grant. R.P. acknowledges the financial support by
the Slovenian Research Agency under the grant P1-0055. R.P.
would like to thank the hospitality of Prof. R.R. Netz during
his stay at the Freie Universitdt and the Technische Univer-
sitdt in Berlin as a visiting professor, where parts of this work
were performed.

Appendix A. Exact evaluation of the path
integral

The path integral in eq. (24) can be written in the
form [24]

9p <5¢(Q> 21),09(Q, ,22)) =

q/%exp {2/ddz/0 d,uR(z,z,u)}

cexp [ = 252 (50(Qu 220/ () — 5012 20)

(A1)
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where f(z) is a solution of the equation of motion given
as

Fou(@re =22 =0 (A.2)
K cos? (az) )7 '
where f = f(z; ). The Green’s function equation is

2 Oé2

d / 2
@Q(Zaz ) — <Q W

Q(d’ Z/llu) =

)cxz,z'm) = —5(—2),

(A.3)

with Q(—d, 2'|n) = 0. The resolvent R(z, 2’| 1)

obeys the equation

—ﬂ(Q2+

2

dz2

6z =) (@ +

20

Rz, 2 ) =
202
— A4
cos? (az) )’ (A4)
R(d,z'|;r) = 0. We can see that the re-
2
- (Q2 + %M)Q(Zv 2'|p).
The Green’s function Q(z, 2'|i) has the form

L [ 9z R ) /A,
) {<z,u>< 1)/ A (),
(

where g(z, 1) and h(z, u) are two linearly independent so-
lutions of eq. (A.2) satlsfymg the conditions

g(=d;p) = h(d; ) =0

with R(—d, 2’ |u) =

solvent satisfies R(z, 2'|) =

2 < 2,
(A.5)
z> 72,

(A.6)

and

Ap) = g(—d, p)h(—d, 1) = —g(d, p)h(d, ).

The integration of the resolvent operator yields

/ Rz, 2lu)d / (@ m;(;))czu,zm)dz:

[—1/A(w)] /ﬂi <Q2 + i )g(z,u)h(z,u)dz.

(A7)

cos? (az)
(A.8)
Consider now the equation satisfied by g
20/
. 2
— ——F—1)g=0 A9
g ,u(Q + cosQ(az))g (A.9)
and differentiating it with respect to u, we have
20 20
- 2 e _ 2 e )
(Q T o (az) )g I 'U(Q T o (az) )g“
(A.10)

Inserting this into the resolvent integral and integrating
by parts, one can get

d
/_ R(z. 2z = [1/A()

X[gu(_dv M)h(_d7 :U’> - h(da
—gu(d, 1)/ g(d, ) — g (—

1) gu(d, p)] =

w)/g(—=d, ), (A.11)
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from which it follows that
/ du/ dzR(z, z|p) = In[g(d, 1)/ g(—
In[(g(d,1)/§(—d,1))(g(—d,0)/g(d, 0))].

As g(d,0)/g(—d,0) = 2d = D, we have

m]lo =
(A.12)

1 d
exp [_;/0 d,u/_ddzR(z,zLu)] = [Dj(=d,1)/g(d, 1)]2.

(A.13)
Now, the solution of the equation of motion is given as a
linear combination of the solutions g and h as

f(z7 1) = (5(;529(2, 1)/g(d, 1)+5¢1h(’z7 1)/h(_d7 1)7 (A'14)

so the exponent in the propagator eq. (A.1) becomes

Beeg

x| - 25 (6¢<Q,ZQ>f (22) - 60(@. 201 () | =

exp {— ﬁeeo(&b @)
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Finally the propagator can be written as

—06°(Q, (A.15)
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(A.16)

Solutions g(z,1) and h(z, 1), which satisfy eq. (A.2) when
1 =1 and boundary conditions eq. (A.6), are given as

sinh[Q(d + 2)](Q? cot[ad] + a? tan[az])
a(@Q? +a?)
+o¢Q cosh[Q(d + 2)](1 + cot|ad] tan[az])
a(Q? +a?) '
sinh[Q(—d + 2)](Q? cot[ad] — o tan[az])
a(Q? +a?)
JraQ cosh[Q(—d + 2)](—1 + cot[ad] tan]az])
a(Q? + a?) ’

9(z) =

h(z) =

(A.17)

Page 11 of 12

After inserting these solutions back into eq. (A.16), one
obtains the final result in the explicit form:

Go (&zs (Q, —127) 56 <Q, 127)) _
\/g < exp | 560 ([W (Q, —1;) 562 (@ 1;)} c
25 (Q, ) 56 (Q, 127) A>

D/2, 1 =

: (A.18)

where zy = —D/2 while A, B and C are defined

as

A= Q(a? + Q%) cot*(aD/2);
B = 2aQ cosh(DQ) cot(aD/2)
+(a? + Q? cot*(aD/2)) sinh(DQ);
C = Qcosh(DQ) (20 + (a? + Q*) cot®*(aD/2))
+2a(a® + Q* + Q* cos(aD)) csc(aD) sinh(DQ).
(A.19)
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Titratable macroions in multivalent electrolyte solutions:
Strong coupling dressed ion approach
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We present a theoretical description of the effect of polyvalent ions on the interaction between
titratable macroions. The model system consists of two point-like macroions with dissociable sites,
immersed in an asymmetric ionic mixture of monovalent and polyvalent salts. We formulate a
dressed ion strong coupling theory, based on the decomposition of the asymmetric ionic mixture
into a weakly electrostatically coupled monovalent salt and into polyvalent ions that are strongly
electrostatically coupled to the titratable macro-ions. The charge of the macroions is not considered as
fixed, but is allowed to respond to local bathing solution parameters (electrostatic potential, pH of the
solution, and salt concentration) through a simple charge regulation model. The approach presented,
yielding an effective polyvalent-ion mediated interaction between charge-regulated macroions at
various solution conditions, describes the strong coupling equivalent of the Kirkwood-Schumaker
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interaction. Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4952980]

. INTRODUCTION

Charged colloidal particles such as proteins,! surfactant
micelles and vesicles,? and nanoparticles3 are seldom
describable as possessing a fixed charge or a fixed potential,
though this notion does not cease to be popular.* A more
realistic point of view considers colloidal particles immersed
in an aqueous electrolyte solution as possessing ionizable
surface groups that respond to the local solution conditions.>®
Formally this perspective is equivalent to the assumption
that one can characterize the chargeable surface of the
colloid particles with a specific free energy describing
the dissociation/association equilibrium of surface ionizable
groups or adsorption/desorption equilibrium of charged ions
from solution to the surface’ and is referred to as charge
regulation (CR). This concept was first introduced implicitly
by Linderstrom-Lang almost a century ago in the context
of pH titration of proteins® and was later invoked through
“proton occupation variables” in the context of protein
charge-fluctuation interactions by Kirkwood and Shumaker
in the 1950s>'" as well as in the context of dissociable
lipid membrane interactions by Ninham and Parsegian in the
1970s,!! based on the generalization of the boundary condition
within the Poisson-Boltzmann (PB) theory of electrostatic
interactions.'?

The implementation details of the CR paradigm can vary.
Chemical dissociation equilibrium of surface binding sites
with the corresponding law of mass action was introduced
already in Ref. 11 and was later generalized in different
contexts.'>"1® A surface-site partition function or indeed
a surface free energy model leads to the same basic
self-consistent boundary conditions for surface dissociation
equilibrium, but without an explicit connection with the law of

Dnatasa.adzic@ijs.si
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mass action.”-!’"?” The relationship between various boundary
conditions that can be derived was elucidated recently.”

Charge regulation has been invoked and widely applied
in the context of various colloidal systems: stability and
inter-surface forces due to the electrostatic double-layers,”*3
dissociation of amino acids and the corresponding electrostatic
protein-protein interactions,”®3!=33 charge regulation of pro-
tein aggregates and viral shells,* and of polyelectrolytes and
polyelectrolyte brushes,>3% as well as charge regulation of
charged lipid membranes.***' Here, we specifically dedicate
ourselves to the problem of the connection between charge
regulation and electrostatic interactions between proteins in
ionic solutions.!*® We recently showed how the Kirkwood-
Schumaker (KS) interaction®!? follows directly from charge
regulation, based on different surface free energy models, %!
and presented a theory of fluctuation interaction between
macroions subject to charge regulation, thereby generalizing
the KS perturbation approach.®!?

We formulated this generalized KS problem by decou-
pling the system composed of two charge-regulated macroions
and an intervening bathing ionic solution into two parts: the
solution part and the surface part.'~?! These were then treated
within separate approximation schemes. The solution part was
treated on the linearized weak-coupling Debye-Hiickel (DH)
level,*? while the surface part was shown to be amenable to
an exact evaluation. This decomposition allowed us to derive
a closed-form expression for the total effective interaction
between macroions that we were able to connect with the
original KS expression. In fact, our generalized fluctuation-
mediated interaction reduces exactly to the KS result in the
limit of large separations between macroions and in fact
presents a one-loop (Gaussian fluctuation) correction to the
mean-field DH result. As such, it is only valid for a weakly
charged system, where the salt ions mediating the mean-field
as well as fluctuation interactions are electrostatically weakly

Published by AIP Publishing.
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coupled to the macroions. No such approximations were
necessary in a 1D model that can be evaluated exactly?' and
supports the conclusions based on the weak coupling (WC)
approximation.

We now change the perspective and consider a case
where the bathing solution contains not only weakly charged
monovalent salt ions but also polyvalent ions that are strongly
electrostatically coupled to the charged macroions, mediating
the interaction between them. A possible realization would
correspond to a mixture of multivalent ions in a bathing
solution of monovalent ions, a situation rather typical
in the context of e.g., semiflexible biopolymers, where
multivalent ions are believed to play a key role in their
condensation.*>* With the presence of polyvalent ions in the
system, the WC paradigm in general breaks down and the
existence of KS interactions becomes dubious.*> However,
there exists a theory, the dressed ion theory, based on an
asymmetric treatment of the different components of the
bathing electrolyte solution, that would allow us to analyze the
effect of charge regulation of macroions also in the presence
of polyvalent salt ions in the bathing solution.**** It is based
on the fact that one can use the WC DH approach in order to
describe the monovalent salt ions, while a strong coupling
(SC) approach is preferable for the polyvalent ion part.
This combined weak-strong coupling approach*>** effectively
leads to dressed interactions between polyvalent ions and
thus also affects the interactions mediated by polyvalent
counterions between two like charge-regulated macroions.
The ensuing effective interactions between macroions would
then correspond to a generalized KS interaction, mediated
by strongly coupled salt ions and not by weakly coupled
monovalent salt. This generalized KS interaction would
consequently also cease to be fluctuational in nature, i.e., of
the type proposed in the original work of Kirkwood and
Shumaker,”!° but would show a different behavior stemming
from the polyvalent ion mediated interactions coupled to the
charge regulation response of the dissociation equilibrium at
the macroion surfaces.

Our approach as detailed below is composed of disjoined
parts brought together to describe this new type of generalized
KS interaction, and a short guided tour through the conceptual
and calculational flowchart is thus in order. The dissociable
surfaces of the two identical macroions, representing two pro-
teins with dissociable amino acids, are described with a charge-
regulation surface free energy that allows the effective charge
to vary between a positive and a negative maximal value. We
then contract the macroion to a point particle merely as a calcu-
lational device, since we can then disregard the angular distri-
bution of the dissociable groups along the surface, remaining
solely with the monopolar charge as the only characteristics of
the macroion. The bathing solution for the macroions, assum-
ing to be an ionic mixture of monovalent salt and polyvalent
ions, is then treated within the dressed ion theory, i.e., the
monovalent salt is described within the WC and the polyvalent
ions within the SC paradigm, an approximate approach that
has already proved valuable in other contexts.*>* We then
further approximate the non-linear surface charge regulation
free energy with a Gaussian expansion proved to be a good
description on the WC level.!>? Finally, we study the obtained
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expressions for the effective generalized KS interaction be-
tween the macroions in the various parts of the parameter space
and comment on the results.

The dressed ion theory, as a variant of the SC theory,42
does not hold the same status as the original SC theory,
valid exactly for a counterion-only system in the limit of
large coupling constant.*>*" In fact the regime of validity of
this approach can be only checked against explicit-ion Monte
Carlo simulations, showing that the dressed ion theory can
indeed give quantitatively accurate results in a wide range of
realistic parameter values.*>#443

II. GENERAL FORMALISM
A. Model

We study the system which consists of two equal titratable
macroions immersed in a bathing solution, itself composed
of a mixture of monovalent salt ions as well as polyvalent
ions of valency ¢, see Fig. 1. Two macroions, representing
for instance two titratable proteins in the context of a second
virial coefficient pair-interaction calculation, immersed in a
monovalent salt solution with a small admixture of multivalent
salt, are located at r; and r; so that their separation is equal
to |r; — ry| = R. The macroions are assumed to be identical
with a radius of a/2 and can have either sign. Furthermore,
the macroions are charge-regulated with adsorption sites,
which can exchange a proton from the environment, and are
described with the lattice gas free energy, see below, with a
site number coefficient of o = 2. This implies that there are
twice as many proton adsorption/dissociation sites as there
are negative fixed charges. This allows the total charge of the
macroion to span negative as well as positive values, a basic
tenet of our charge regulation model.

The macroion charge is thus not fixed, but responds to the
local solution conditions. We also assume that the macroions
are “small” in the specific sense that the angular variation of the
local electrostatic potential along their surface is negligible.

° O

o@ ©9%¢ o [+

FIG. 1. Schematic representation of the model: two charge regulated macro-
ions, representing two proteins with titratable surface groups, immersed in a
mixture of monovalent-polyvalent salt solution. The microscopic model (left)
shows the different types of ions and the surface dissociation equilibrium on
the surface of the macroion. The coarse-grained dressed ion model (right)
shows the effective DH potential (light colored corona) of the macroion as
well as the polyvalent solution ions. In a cylindrical coordinate system with
the z-axis connecting the two macroions, having its origin in the middle
between the macroions, the macroions are located at r| = (x, y,—R/2) and
ry =(x, y, R/2), respectively.
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This implies that we only deal with effective monopolar
fluctuations, disregarding the subdominant higher multipolar
fluctuations that would correspond to a generalization of
the full van der Waals interaction potential.*” The higher
multipolar KS interactions remain as a possible future topic
of our investigation.

B. Charge regulation

For charge-regulated titratable macroions we have
recently introduced several models,'*?* based on a charge
dissociation free energy that generalizes the law of mass action
charge-regulation approach of Ninham and Parsegian.'' In
these models the charge regulation is described by a surface
free energy fs(r) = fs(¢(r)) that depends on the surface
electrostatic potential ¢(r). For each macroion the total charge
regulation free energy F[¢(r)] would thus be a functional of
the surface potential amount to

Flom)] = f’; F(SEO)Pr, )

where S is the surface area of the macroion. At this point we
simplify matters by furthermore assuming that the macroions
are spherical and of vanishing radius, i.e., they are point
particles. Of course this approximation will only work
for sufficiently large separations between them and small
separation regime would need to be analyzed separately.
It will soon become clear why this type of approximation
simplifies the calculation substantially.

While the approximation of contracting the macroion to
a point particle is a convenient analytical device to make the
calculations tractable, it obviously entails some additional
limitations to their validity. The most severe one is the
disregard of non-spherically symmetric charge fluctuations,
or equivalently of fluctuating higher order multipoles. A
macroion of finite extension, with an angular distribution
of surface dissociable sites, will typically show fluctuating
monopoles, dipoles, etc., that depend on the local electrostatic
potential. The point-particle simplification retaining only
the monopolar fluctuations can be argued to be the most
important contribution in the large separation limit, while the
higher order multipoles are subdominant. In addition, higher
order multipoles—starting with the dipole—would invariably
couple the charge fluctuation interaction with the standard van
der Waals interaction.

In addition, the point macroion approximation disregards
the electrostatic interaction between dissociable groups,
as they are represented by a single point-like charge
regulated moiety. A finite size of the macroion with angular
dependence of the dissociation site distribution would bring
in also the electrostatic interactions between the sites
on the same macroion, which could furthermore lead to
potentially important new facets in the interaction between
two macroions. While this line of reasoning can certainly be
pursued, and will be in the future, it is important to have the
“baseline” point-macroion results first in order to assess the
importance of other contributions.

Assuming then that the macroion is located at (rg) and
has a vanishing radius a — 0, the integral of the dissociation
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free energy over the surface of the macroion, Eq. (1), simply
gives a total dissociation energy of the point-like macroion
as a function of the local potential at the point r = ry. The
point-like approximation for the macroion therefore disregards
the angular variation of the local electrostatic potential along
the surface of the macroions and can describe only monopolar
charge regulation, while higher multipoles are ignored.

In the next step one needs to assume a model for
fs(é(r)). We already invoked several models'*?" related to
the original Ninham-Parsegian model.!! Focusing on a simple
two-parameter model we introduce the following ansatz for a

charge regulated point-like macroion:>°

F(¢(ro)) = 61113}) ji Fs(p(r)d*r
— —Neyp(ry) — aNkgT log (1 + be—ﬁeo¢<ro>) L

where ¢(rg) is now the local electrostatic potential at the
position of the ion, while N and « are two parameters
characterizing the dissociation process. The site number
coefficient @ quantifies the number of dissociation sites,
and logb = Bus incorporates the free energy of charge
dissociation ug.

In the case of protonation of the titratable surface charge, it
furthermore follows that log b = log 10(pH — pK), where pK
is the dissociation constant and pH = —log[H*] is the proton
concentration in the bulk, differing from the local value of pH
at the dissociation site.'>? It is straightforward to see that the
free energy Eq. (2) is composed of the electrostatic energy of
N fixed negatively charged sites with the total charge —Neg
and aN lattice gas sites, that can be filled with adsorbing
protons from the solution; in fact 1 + e# is nothing but the
lattice gas partition function for single occupation sites, with
zero energy for the empty site and u for the filled site, while
log (1 + ") is just the corresponding grand canonical surface
pressure.

The form of the charge regulation free energy then allows
us to derive the effective charge of the charge-regulated
macroion as a function of the local electrostatic potential in
the form

_9F(9)
op
where F(¢) is the dissociation free energy Eq. (2) yielding

e () (€)

e(@)=eoN ((5 - 1) - 5 tanh [-2Gnb - peos)]) . @)

The effective charge of the macroion then varies in the
interval —Neg < e(¢) < (@ — 1)Ney. Choosing the site number
coeflicient to be o = 2, one thus remains with a symmetric
charge regulated macroion whose effective charge varies
within the interval —Ney < e(¢) < +Ney. This is the generic
charge regulation model that we will consider as a simple
description of the protein charge regulation in what follows.

C. Field theory—general formalism

We proceed by writing the partition function through the
Hubbard-Stratonovich transform for the Coulomb potential as
explained in detail elsewhere.’® This leads to a field theory,
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where the classical partition function is represented as a
functional integral over the fluctuating electrostatic potential.
Two explicit exact limiting results are then obtainable from
this representation in the case of a counterion-only system:*?
the saddle-point of this field-theory in fact corresponds to the
mean-field Poisson-Boltzmann (PB) approximation, while the
Gaussian fluctuation correction together with the PB theory
constitutes the WC theory; the first order virial expansion of
the partition function then constitutes the SC theory, unrelated
to the PB approximation. The latter can be further generalized
in the case of a mixed system by treating the monovalent salt
on the WC level while the polyvalent ions are described on
the SC level, i.e., their contribution to the partition function
is written as a second order virial expansion theory. This
approximation was dubbed the “dressed ion theory.”*>#
Assuming that the fluctuating electrostatic potential of
the macroions is ¢(r =r;) = ¢; and of the other one is
o(r = 13) = ¢y, located at ry and r,, respectively, the partition
function of the system within the dressed ion theory can be
derived in the field-theoretic form as'®?°

Z = // d(ple‘_ﬁF("P‘)G((pl,gpz)e_ﬁF("pz)dgoz, (5)

where F (1) is charge regulation free energy, Eq. (2), evaluated
at imaginary values of the fluctuating electrostatic potential,
and the field propagator or the Green function, giving the
probability of field configurations with ¢(r = r;) = ¢; and
¢(r = 1) = ¢y, is given by

Glp1,¢2) = /D[¢(r)]e—ﬁﬂlw]5(¢(rl) = 01)8(p(r2) — ¢2),

(6)
with the bulk field action,

- BH[¢] = - BHol¢] + A¢ / dre'Paes), (7)

where A, is the fugacity of the polyvalent ions with valency ¢
and Hy[¢] is the DH field Hamiltonian

~ BHolg] = €€ [ drdr’o(r)up)y (r,r')p(r')
= ze€o [(Ve(r)* + K¢ (r))dr, ®)

Here we have assumed that the monovalent salt is weakly
coupled to the rest of the charges and can be treated on the
DH level. The inverse square of Debye length was introduced
as

K> = dnlgny = 4nly(2ng + gco), 9)

with {p the Bjerrum length and obviously ny, = 2ng + gco,
where ny is the bulk concentration of the monovalent salt and
¢ is the bulk concentration of the multivalent ions, assumed
to originate in dissociation of a g:1 salt. The DH interaction
kernel ul‘)lH(r,r’) implies a screened effective DH interaction
potential

1 e—Klr—r’l _ ,
ipg(r,r’) (10)

upg(r,r’) = =
pH(r.r) dreeg Ir—1r'|  4dreeg

between the polyvalent ions and the macroions. On this
level the polyvalent ions are thus treated explicitly, but
their interactions with the macroions are described with
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a dressed electrolyte-mediated effective DH potential. By
explicit polyvalent ions we understand the fact that in the final
expressions the positions of the polyvalent ions still need to
be traced over, while the monovalent salt is present only via
its screening length.

The strong asymmetry in the system, implied by the
presence of polyvalent mobile ions, together with their small
concentration leads straightforwardly to the virial expansion
for their contribution to the partition function that yields to
the lowest order,*3:44:48

e BHI] = =3B [ drdve®upprr)e()
x(1+ A, / droePaee™) 4 .. (11)
\%4

furthermore implying that the propagator G(¢i,¢;) can be
decomposed into

G(¢1,902) = Go(g1,92) + /lc/ droGi(e1, 02 10). (12)
v

The propagator G (¢, ¢2; o) describes the field propagation
from macro-ion at r; to macro-ion at r, mediated by the
presence of the polyvalent ion ¢ at ry integrated over the
fluctuating potential at the positions of both macroions.
Formally this can be expressed as

Gi(p1,02;10)
- / DIEo((r) — e0)e P 5(p(r) - ¢, (13)

where the effective field action H|[g;ry] can be decomposed
into the DH part due to the weakly coupled monovalent salt
ions and the coupling between fluctuating potential and the
polyvalent ion of valency ¢ located at ry, i.e.,

BH\[:1o] = BHol¢] i / pr)pdr.  (14)

The last term describes the interaction with the polyvalent ion
with density,

p(ro) = gé(r — r).

This formal expression for the propagator Gi(g1,p2;To) is
thus identical to the partition function of two macroions at
positions r; » with set values of the fluctuating potential ¢; »
interacting via the DH interaction with an additional point
particle of charge gey at ry at the positions of the two point-
like macroions. The functional integral in Eq. (13) simply
indicates the summation over all fluctuating potentials that
satisfy these constraints.

With these definitions the full dressed ion partition
function can then be cast into the sum of two disjoint
terms, one corresponding to two isolated polyvalent ions
interacting directly via DH potential and the other describing
the polyvalent ion mediated interaction,

Z= // d‘,ﬂleiﬁF(‘pl)[Go(tpl,(Pz)

+ A / droGi(p1, 02 ¥0) | e PP 9Vd gy = Zo + A 2,
\'%4
(15)

with obvious definitions for the two terms in the sum. Z;, and
Z, by definition then give the zero order and the first order
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polyvalent ion virial expansion contributions in the partition
function. Zj has been already analyzed in Ref. 20 and Z;
will be evaluated below. The above decomposition of the full
partition function Z = Z(R) is the essence of the dressed ion
theory and the corresponding free energy will describe the
interactions between the two macroions as a function of their
separation and model parameters.

D. Dressed ion theory and charge regulation

The first order virial expanded Green function
G1(p1,92; 10) can be reduced to Gaussian functional integrals,
see Appendix, and can be derived in an explicit form

exp (3 Bi(ro)G™"i;(r1, 1) ®;(x0))

Gi(p1,2:10) = NG ., (16)
where we introduced
®;(ro) = i1 + geoupn(ro,r;) 17
and
Gij(rirs) = kBT( a’ tosnr) ) (18)
upp(ri,ra) a

for i,j = 1,2. From the above expressions it is clear that
the macroions interact with themselves as well as with
the polyvalent ion whose position within the system will
be finally integrated over. The terms with a~' describe the
self-interaction of the macroions with diameter a, while the
interaction between the macroions as well as between the
macroions and the polyvalent ion are given by the DH screened
interaction potential. In a cylindrical coordinate system with
the z-axis connecting the two macroions, having its origin
in the middle between the macroions, themselves separated
by R, the position of the polyvalent ion with respect to both

J
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macroions can be written as [rg — ry| = , /p% + (R/2 + zp)* and
Iro—1a) = 4/ P+ (R/2 — z)?, respectively.

Going back to the definition of the partition function Z;,
Eq. (15), one can finally write

Z = /10/ dl‘o/d¢|€7ﬁF(l¢1)[G1(901,tpz)]e*ﬁF(“md(pz.
1%
(19)

While the Green function Gi(¢1,¢,) is Gaussian in the
two fields, the surface field action F(ip) is not. Additional
considerations are therefore needed to proceed. First we note,
as amply elucidated in Ref. 20, that an exact method of
evaluation of Z; is available if one expands the surface field
action into a series, yielding

e PEGY) — e—iﬁN€0¢(1 + beiﬁeow)ZN
)e—iﬁNeOgabneiBeongo. (20)

While the above expansion, giving a sum over surface terms
linear in the fluctuating potential, could in principle be used
for a direct numerical evaluation of the partition function,
we have already shown'*?° that an additional approximation,
simplifying the calculation extensively, yields an accurate
result that compares well with the exact summation. This
further step relies on the Gaussian approximation for the
binomial coefficient in the above expansion,

2N 22N —n)?
lim ( ): T , 2D

N>1\ n

valid strictly in the limit of a large number of adsorption
sites, N > 1. Introducing the auxiliary fields x; = N — n; and
X3 = N — ny, summation in Eq. (20) can thus be replaced with
an integration, so that the partition function assumes a much
simplified and easily calculable form

eS(@*rr)+In 10 (pH-pK)(x1+x2)- 1 |
Z =/1c/ dro/d901d902/dx1dx2 exp[— E‘PiG_ ij(r,r2)e; +1Begpi(—x; + qy;)|.
v

\/detG;j(ry,r2)

(22)

Here the effective interaction matrix G;;(ri,r;) has been already defined in Eq. (18), while G j(r1,1p) is its matrix inverse. In
addition we introduced two additional auxiliary fields with no other role but to make the notation more compact,

a2 1. e¥R
y1 = ————— | ~ipu(ro,r)) — ipH(ro,I2) (23)
1 — &2 o-2«R \a R
R2
and
a? e R 1.
Yo = > ( dpu(ro,T1) — —MDH(I'O,I'z)) : (24)
1—2,2R\ R a
R2

The effective self-energy of the polyvalent ion, s(qz; r|,r;), mediated by both macroions, is proportional to the square of the

polyvalent ion charge and is given by

1 lpa
s(g%r,r)) = 5612 2

a’ _

N N a g N
PR (73 2 (X0, ¥1) + 153,y (0, 72) — 2 g€ Riip (ro,1)iip (Ko, 1)) (25)
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After integrating out the x;-auxiliary fields and the fluctuating potentials of the two macroions, ¢1, ¢,, one obtains the final result
in the form of an integration over the position of the polyvalent ion,

Zi= Zo/lc/ dry X exp [
\'4

gtpN(pH — pK)In 10 (i p a(xo,11) + fip (To, 1‘2))]
2+ Nigi[l + %e*R]

1
X exp [56]25123 (Cnﬂ%H(ro,I'l) + Caiiny 1 (x0,12) — 2C 128l p 1 (T0, 11l p 11 (T, 1'2))], (26)

where Z is the partition function of a system of two isolated
charge-regulated macroions on the WC approximation level,
already derived within the context of the weakly coupled
macroions in monovalent salt solution'®?° and given by

N[(pH-pK)In 10] ]
2+NIgL[1+&e*R]

exp [

27)

~

2
4 2 Ip B a? ,_2«R
\/m+ﬁ7+ﬁ[1‘ﬁe “

Above we also introduced the generalized self and mutual
capacitances as

lB 2
£ + .
a N
Chi=Cn= 5
(L4 2) -2t
a N RZ/[%3
lBefkR (28)
R

Cn= .
B
While they do not have the standard form of the capacitances,
since they both contain also contributions from mutual
interactions, in the limit of large separations between the
macroions they do reduce to the expected values. The
difference in the definition of capacitances is a consequence
of the fact that the dressed ion theory is not Gaussian as
far as the fluctuating potential is concerned, in contrast to

(

the WC case analyzed before,'%20 but is a non-linear SC
theory. Capacitance is a WC concept, pertaining to Gaussian
fluctuations and thus does not have a direct equivalent in the
SC theory.

We now write down the free energy difference between
the state where the two macroions are at a finite spacing R
and the state corresponding to two isolated macroions with
R — oo. This SC free energy difference, Eq. (15), finally
assumes the form

BF =—-1n[Zo] - /lcé = %o + coFi. (29)
2o

Here, in the grand canonical ensemble, the fugacity A. is
identical to polyvalent ion concentration in the bulk ¢y and

Fo = —In[Z), (30)

where Zj is defined in Eq. (27) and extensively analyzed in
Refs. 19 and 20. For the sake of completeness we nevertheless
write it down in an explicit form
F - N[(pH - pK)In 10]?
24 Nigi[l + &e*R]

2
lB

Clz —ZK
+%ln(1+Né—§+WN2[l—Fe 2 R]). 31

On the other hand, Va , as defined above yields the final
expression

Fi= / dro( exp [qN@H - pK)In10 (LllDH(I'o,l'l) + MDH(l‘o,I'z))]
\4 2+NIBE[1+%6_KR]

1
X exp [qu(CuM%H(ro,l‘l) + Coptiy 1y (X0, 12) = 2C131p (X0, X1 )t p p (Ko, 1'2))] - 1), (32)

with explicitly subtracted free energy value of two isolated
macroions with R — oco. The structure of this complicated
expression is as follows: the first exponent corresponds to
the screened DH interactions of the g-valent polyvalent ion
with both macroions, whose charge is determined by the
bulk pH of the solution and is proportional to pH — pK,
while the second exponent corresponds to the electrostatic
self-interaction of the polyvalent ion in the presence of both
macroions. Finally the product of the two expressions needs to
be integrated over all the possible positions of the polyvalent
ion. The constants C;; and Cyy, Eq. (28), can be interpreted
as generalized self-capacitances and mutual capacitance C,

of the macroions, originating in the interaction between the
three charged particles. At the end, we subtracted the non-
interacting part of two isolated macroions proportional simply
to the volume of the system V.

In addition, we note that both Fo(R) as well as F(R)
contain parts which are due to polyion mediated interaction
between the macroions, proportional to gN(pH — pK), as
well as polyion self-interaction mediated by the macroions
and proportional to g°. The division into a “mean interaction”
and “fluctuations” is thus not possible due to the fact that
our theory is not of a mean-field type that would allow for
fluctuations around the mean-field configuration.
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In the case of absent charge regulation, where the
system consists of two macroions with fixed charge Ne,
immersed in the same bathing solution with a strongly

—«kR

_ 1
%+c09f1=1v213(—+€
a

This is very instructive, since obviously without charge
regulation the self-interaction contributions proportional to g°
are absent, and the interaction energy reduces to the macroion-
macroion repulsion proportional to the charge squared, (Neg)?,
and a contribution stemming from the interaction of macro-
ions with the polyvalent ion, proportional to the product of
both charges, g(Neg). The above equations represent the final
result of the dressed ion theory for the interaction between
two identical point-like charge regulated macroions in the
presence of small concentrations of a polyvalent salt and they
have to be evaluated numerically.

lll. RESULTS AND DISCUSSION

The effective interaction free energy between the charge-
regulated macroions is obtained directly from Eq. (27) after
performing the numerical integration over volume in Eq. (32).
We calculate the total interaction free energy, SF (R), as a
function of the separation between the macroions as

BF (R) = Fo(R) + o i(R). (34)
We study the separation dependence of the force,

_dFuR) dFi(R)
dR " dR
for different values of the parameters, differentiating in
particular the case of pH — pK =0, i.e., the point of zero
charge (PZC), corresponding to macroions that are on the
average uncharged. In spite of this, the self-energy of the
polyvalent ion in this case still contains the non-vanishing

electrostatic self-interaction of the polyvalent ion mediated by
both charge regulated macroions.

F(R) = = Fy(R) + Fi(R), (35)
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coupled oppositely charged polyvalent ion, one can repeat
the above analysis and obtain the final free energy in the
form

) - Co/vdl’o(exp [CIN (upH(re,ry) + MDH(ro,l‘z))] - 1)- (33)

(

We first analyze the term F(R), obtained from Eq. (32),
which corresponds to the interaction force mediated by
the polyvalent g-ion only. Obviously, see Figure 2(a), this
interaction force leads to an attractive contribution to the
force at PZC, stemming solely from the self-interaction of
the polyvalent ion, mediated by the charge regulation of the
macroions, whose magnitude depends quadratically on g. The
screening effect of the monovalent salt is clearly discernible.
In summary, the polyvalent self-interaction at PZC yields an
attractive interaction that gets stronger and more long-ranged
on increase of the valency g of the polyvalent ion and on
decrease of the monovalent salt concentration ny. We should
note that this PZC polyvalent ion-mediated attraction in the
SC dressed ion approach is much stronger then the residual
WC (KS) attraction between charge regulated macroions in a
monovalent salt solution (black lines) Fig. 2(a).

We have not specified yet the sign of the ¢ polyvalent ion.
In fact the product g(pH — pK) can have either sign. In Fig. 2
we thus study how the sign of polyvalent ions modifies the
polyvalent ion-mediated contribution to the total interaction
force. For both cases, g(pH — pK) positive, Fig. 2(b), and
for g(pH — pK) negative, Fig. 2(c), the interaction force
corresponds to attractive polyvalent ion-mediated forces but
of vastly different magnitude, being much larger in the former
case then in the latter. In both cases the attraction is again
larger in the lower screening regime (less ng, bigger ¢).

The total interaction force between the two titratable
macroions, F(R) = Fy(R) + Fi(R), is presented in Figs. 3
and 4. Obviously, the interaction force is attractive when
g(pH — pK) > 0, due to the strongly coupled polyvalent
ion mediated interaction, and is in general screened by the
monovalent salt. Interestingly enough, in this case even the

FIG. 2. Interaction force contribution £(R), calculated from Eq. (32), originating in the presence of polyvalent ions, for (a) pH— pK =0; (b) pH- pK = 3; and
(c) pH— pK=-3. Blue lines (marked with an open circle), g = 3; red lines (marked with a filled circle), ¢ =4; black lines (marked with star), g =0 (standing
for the attraction coming from Eq. (31)). Solid lines correspond no= 150 mM, dashed np =300 mM, while dotted stand for no =500 mM in (b) and (c), while
in (a) monovalent salt concentration is chosen as ng= 100 mM solid lines and ng= 150 mM dashed lines. Macroions diameter a = 1 nm, number of adsorption

sites N =7, and co=1 mM.
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q=4 np=150 mM e
q=0 np=150 mM
q=3 np=150 mM o
q=4 ny=300 mM =

q=3 np=300 mM ¢

Fiot
(=]

FIG. 3. The total interaction force for pH—pK=3 (solid lines) and
pH—pK=-3 (dashed lines), at fixed values of parameters as shown in
legend. Macroions of diameter @ = 1 nm, with the number of adsorption sites
N =7 and salt concentration cop=1 mM.

interaction at small separations remains attractive and the bare
macroion repulsion is not observed. The reason for this is not
the polyion mediated electrostatic attraction but its size: in fact
for small separation the polyvalent counterion cannot enter
the space between the macroions and thus exerts an additional
effective osmotically generated attraction between them in
general akin to the depletion effect, already noticed in a
similar context for net-neutral surfaces at small separations.*®
In the opposite case, when g(pH — pK) < 0, the repulsion in
general prevails, except at large separations where one can
detect a small residual attraction, possibly as a consequence of
an asymmetrical charge fluctuation due to charge regulation.
At smaller separations the bare repulsion between macroions
is reduced partly due to the charge regulation effects and
partly due to depletion effects. In Fig. 4 one can additionally
notice how the two cases, one with small pH — pK, immersed
in a solution of low salt concentration, and the other one with
large pH — pK, but immersed in concentrated salt solution,
have quite similar behavior, indicating that the valency of the
polyion and the screening of the monovalent salt somehow
act in parallel.

pH- pK=- 3, 3
e PH-pK=-1,1

np=500 mM
np= 150 mM

Frot

S

15 20 25 3.0

R

FIG. 4. Total interaction force between macroions with small pH - pK val-
ues at low salt concentration compared with the total interaction force in
concentrated salt solutions between macroions with large pH— pK. Dotted
lines correspond to g being a counterion, dashed g is coion, while solid lines
stand for ¢ =0. Macroions diameter a =1 nm, number of adsorption sites
N =7,and co=1 mM.
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np=300 mM
q=0 solid
q=3 dashed

Frot
(=}

FIG. 5. The comparison of the total interaction force for non-regulated case
(black full line) with total regulated interaction force at g(pH — pK) < 0 (dot-
ted lines) and g(pH- pK) > 0 (dashed lines), at fixed values of parameters
as shown in legend. Macroions of diameter @ =1 nm, with the number of
adsorption sites N =7 and salt concentration co=1 mM.

In Fig. 5 the total interaction force is now compared for
the two cases with and without charge regulation, Egs. (32) and
(33), respectively. The charge non-regulated case corresponds
to fixed values of the macroion charge equal to Ney. Here, one
can notice the important effect of charge regulation through
the polyvalent mediated interaction, ruled by the pH value,
which determines the overall strength of the charge regulation
interaction, that can then appear as either smaller or larger than
the one corresponding non-regulated interaction energy. This
non-monotonic effect of charge regulation hinges on the two
terms in the dressed ion free energy that respond differently
to titration of the macroion charges.

The dressed ion theory obviously predicts an attractive
interaction between charge regulated macroions, which can
sometimes dominate the overall interaction. This is different
from the WC case,'>2° where the fluctuation attraction, or the
KS interaction, is subdominant to the DH repulsion, except
close to the PZC, where it indeed becomes dominant. In
the SC dressed ion theory the attraction can clearly become
dominant either with or without the charge regulation, though
it can be stronger in the latter case and remains important for
any value of pH. The salt effect acts mostly to quench the
correlation polyvalent ion-mediated attraction and diminish
its spatial range.

The mesoscale model of charge regulation introduced
depends only on the difference pH — pK as a free parameter
and the value of pK should be taken from other considerations.
The physical dimensions of the interaction force can be
obtained by multiplying the dimensionless force with kgT /.
Since kpT is 4.114 pN nm and /p is 0.7 nm this then leads
to the physical force of the order ~10 pN at nanometer-
ranged separations. The interaction force of that order of
magnitude is found, for example, in the experiments with
charge-regulated silica particles in the presence of multivalent
cations as described in Ref. 51.

The attraction between two identical charge regulated
macroions, seen in the dressed ion theory, has a different
origin from the WC KS interactions, where they are due
to thermal monopolar charge fluctuations around the mean-
field solution, enabled by the dissociation equilibrium of
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the surface of the macroion. In the dressed ion theory, the
polyvalent ion-mediated attraction could be seen as being
due to the electrostatic bridging interaction involving the
polyvalent ion. This should in general not be confused with
the s.c. salt bridging interaction sometimes invoked even in
weakly coupled monovalent salt solutions.

IV. CONCLUSION

The main goal of this research was to present a theoretical
description for the phenomenon of charge regulation as
affected by the presence of polyvalent ions. We formulated a
SC dressed ion theory, describing the electrostatic interactions
between macroions undergoing charge regulation processes,
in a mixture of monovalent-polyvalent salt solution. Using the
proper description of charge regulation, suitable for treating
it in the field-theoretic framework, the partition function is
derived in the form of a virial expansion valid for small
concentration of the polyvalent salt. The first term in such
expansion corresponds to the direct interaction between
titratable macroions in a monovalent salt solution, while
the first order correction stems from the interaction of the
polyvalent ion with each macroion. The asymmetry in the
ionic solution allowed us to decouple the system into the
monovalent salt component, addressed on a week coupling
level, while the polyvalent ion component was assumed to be
strongly coupled with macroions. In both cases, titration of
the macroions is treated on the Gaussian approximation level
involving an expansion of the exact charge regulation free
energy valid in general for highly charged macroions.

We have shown that the presence of polyvalent ion
brings about a strong attraction between two symmetrically
charged macroions. In the case when polyvalent ion acts
like a counterion, the attraction is big enough to overcome
repulsion between the macroions, while in the opposite
case, the repulsion between macroions turns into a small
attraction at large separations due to the asymmetric charge
fluctuations at macroions surface, induced by the presence
of the polyvalent salt. The polyvalent-ion mediated attraction
remains appreciable even at conditions, when macroions reach
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the point of zero charge. From the derived expressions for the
free energy of interaction, it is clear that the polyvalent
ion-mediated attractive contribution stems from the charge-
induced charge type of the interaction, since it is proportional
to the square of the polyvalent ion charge. Our results show
that the polyvalent ion-mediated attraction is significantly
stronger then the KS interaction, obtained for the same system
described in the WC regime, i.e., without any polyvalent salt.
We therefore derived a generalized form of the KS interaction,
with the range of validity extended to the regime, where their
original KS derivation fails.

By calculating the interaction between point-like charge
regulated macroions in the WC and SC approximations, based
within the field representation of the partition function, we
have opened a new way to analyze the interactions between
proteins in ionic solutions. Our approach brings together the
charge regulation theory as well as the general WC and
SC dichotomy of the field representation of the partition
function of Coulomb fluids. The results seem interesting and
we will endeavor to compare them with detailed Monte Carlo
simulations in the near future.
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APPENDIX: FLUCTUATING ELECTROSTATIC
POTENTIAL PROPAGATOR

The propagator G1(¢1,¢2), describing how the electro-
static potential propagates from one macroion to another in
the presence of a polyvalent ion g at ry, is given as

(AD)

Gi(p1,02) = / DIp(0)]5(p(r1) — @1)3(p(xs) — pp)e™ 2 S e EMDEDIE B fy p(e)p(wds

with p = gd(r — rg). The delta function entering the above expression can be written via a Fourier integral representation
as

§(p(r;) — ¢;) = /dkeik(w(m—%) - /dke—ikw#ikfdmi(r)w(r)’ (A2)

where p;(r) = 6(r —ry), i = 1,2. One notes that this is an ordinary and not a functional Fourier integral representation, as the
propagator is defined for two vertex points in the real space. Our strategy now will be to first evaluate the functional integral
over the fluctuating electrostatic potential field ¢(r) and then calculate the remaining integral over the auxiliary fields stemming
from the Fourier representation of the delta functions. Therefore it follows that
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Gilgrp) = / dkye9 / dkse 2 / Dlg(r)]

X exp [ - % / drdr’ o(r)up (e, ) p(r') + i / [1(r) + Bgeod(r — ro)le(r)d’r|

with the field #(r) denoting

(A3)

t(r) = kip1(r) + kopa(r).

The above integral is a general Gaussian functional integral for the fluctuating potential ¢(r) and can be evaluated explicitly and
exactly. The result is then an ordinary Gaussian integral over the variables k; and k,.

One has in fact

5(p(r1) = 91)8(p(r2) — @) = /dkle"k'(“’(")_“")/ dkzeikz(w(rz)—m)

after which one can derive

DH

(A4)

Gi(p1, o) = det u_l/z(r, r’) /dkle_ikl‘Pl / dkze—ikzwze—% J drdr’'[1(0)+Bgeps(r-r)u p g (r,v)[1(K)+Bgeqs (r'~1p)]

DH

+00 +00
= det u_l/z(r,l") / / dkldkze_ik“pl_ikz‘pz % e*%kf“DH(rlsrl)*%kguuﬂ(rz»rz)*k1’<2MDH(Y1J2)
—00 —00

Xe~ %quze%”DH(FOs r0)- 1 Bgeol2kiu p b (xo.T1)+2kou p 1 (X, )]

The fluctuating electrostatics potential propagator has
thus been reduced to simple integrals in the variable
k = (ki1, k).

The vacuum fluctuations term, det ugf/lz(r,r’), as
well as the polyvalent ion bare self-interaction term
e 2P0’ H (00 il be neglected since they do not depend
on the separation between the point-like macroions and thus
make no contribution to the interactions between them. If
the macroions had finite dimensions detubll/f(r,r’) would
describe the thermal Casimir (van der Waals) interactions
between them.

J

-1/2

Gi(p1,92) = detuy,;; (r,r’) exp [% (io: + Bgeoupr(ro,r;) up (v x;) (iv; + Bgequpu(ro,r;)) ]

The above expressions typically involve the Coulomb or the
DH self-interaction upgy(r,r), or indeed its inverse. This
quantity is not unambiguously defined because the field
representation does not describe the sizes of the charges
in a consistent description. However, one usually assumes that
the finite size can be approximately included as an ultraviolet
cutoff in the Fourier space, or indeed by assuming that one
has the Coulomb self-energy upy(r,r) ~ 1/4negpa, where a
is the radius of the charge; to be consistent one needs to take
ka — 0 in the DH expression, which gives its bare Coulomb
limit.
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Abstract

The main subject of this Thesis was the full examination of all varieties of electro-
static interaction, existing between proteins immersed in an ionic solution. Inspired
by the work of Kirkwood and Shumaker, our goal was to investigate the interaction
that they had proposed in a more general theoretic framework, obtaining the results
also valid in the regimes where the original derivation fails. The general idea was to
broaden the existing modern field-theoretic approach to the statistical mechanics of
Coulomb fluid, by including within this framework the concept of charge regulation
in the form of an additional field-depended general surface free energy. This line
of thought would be a significant contribution to the development of the theory of
electrostatic interactions between macromolecules, based on the generalization of
the most up-to-date formal approach that has heretofore still been restricted to a
narrow part of the parameter space corresponding to the constant charge on the
macromolecular surface. However, the charge of a macroion surface with dissocia-
ble molecular groups always depends strongly on the acid—base equilibrium, which
defines the fraction of acidic (basic) groups that are dissociated, and it was nec-
essary to incorporate this property consistently into a field-theoretic formulation
of this system and to see to what kind of consequences it may lead. Our work
leads to a complete reformulation of the theory of electrostatic interaction between
macromolecules that bear dissociable charge groups and allowes for a consistent in-
clusion of surface chemical parameters such as dissociation energy as well as solution
parameters such as pH into a general theory of electrostatic interactions between
macromolecules. The field-theoretic framework of the theory allows to consistently
generalize the ideas of Kirkwood and Shumaker, or indeed of any electrostatic in-
teraction that includes charge regulation, in such a way that one can use advanced
concepts and methods of the Coulomb fluid statistical mechanics in order to an-
alyze its salient features in various regions of the parameter space. In this work
we have analyzed four different model systems. The first two model systems relate
to counterion-mediated electrostatic interactions of planar charge regulated surfaces
treated in the weak electrostatic coupling regime and electrostatic interaction of
two point-like charge regulated macroions, again treated in the weak electrostatic
coupling regime. The other two model systems investigate how the presence of poly-
valent, strongly electrostatically coupled ions in the bathing solution influences the
interactions between charge regulated macroions, firstly described within the model
of charged spheres and then within the model of flat charged plates. All four model
systems also capture and explain in detail the phenomenon of electrostatic attrac-
tion between electroneutral macroions. In this way, we were able to cover a large
portion of the parameter space in the case of charge regulated macroions, paving the
way to new developments in the theory of electrostatic interactions not conceivable
within the original theoretical framework as pioneered by Kirkwood and Shumaker.

Keywords: electrostatics, charge regulation, weak coupling, strong coupling, dressed
ions, proteins

PACS: 78.30.cd, 82.35.Rs, 87.10.Ca, 87.15.km






Izvlecek

Glavna tema doktorske disertacije je celosten pregled vseh vrst elektrostati¢nih inter-
akcij med proteini v ionski raztopini. Cilj, motiviran z delom Kirkwooda in Shumak-
erja (KS), je opis elektrostati¢nih interakeij med proteini v bolj splosnem teoreti¢nem
okviru, s katerim smo prisli tudi do rezultatov, veljavnih v rezimu, ki ga originalna
KS teorija ne uspe opisati. Splosna ideja pristopa je formulacija problema v jeziku
teorije polja, ki bi razsiril obstojeci opis coulombskih tekocin z vkljucitvijo regulacije
naboja preko dodatnega povrSinskega ¢lena v prosti energiji. Standardne teorije
elektrostati¢nih interakcij so omejene na ozek del parametrskega prostora, ki ustreza
konstantnemu naboju na povrsini makromolekule, tako da omenjena razsiritev pred-
stavlja pomemben prispevek k razvoju teorije elektrostaticnih interakcij med makro-
molekulami. Se posebej zato, ker naboj na povrsinah makromolekul ni konstanten,
ampak je moc¢no odvisen od Kkislinsko-bazi¢nega ravnotezja disociirajo¢ih moleku-
larnih delcev na povrSinah makromolekul. V tezi tako predstavimo reformulacijo
teorije elektrostaticnih interakcij, ki zajema tudi koloide z nabitimi disociabilnimi
skupinami. V okviru teorije polja to napravimo tako, da v teorijo vklju¢imo kemi-
jske parametre, ki se nanasajo na disociabilne povrsine, ter parametre raztopine, kot
je denimo pH vrednost. Na ta nacin zac¢rtamo smer, v kateri lahko posplosimo ideje
Kirkwooda in Shumakerja oziroma opisemo kakrsnekoli elektrostati¢ne interakcije,
ki zajemajo regulacijo naboja. V disertaciji analiziramo S$tiri razli¢ne sisteme: dva
sistema opisujeta Sibko interakcijo tako za ravne plosce, regulacijsko nabite v raz-
topini protiionov, kot tudi tockastih makroionov regulacijskega naboja v raztopini
monovalentne soli. Druga dva sistema opisujeta vpliv polivalentnih ionov, ki induci-
rajo mocne ionske korelacije, na interakcije med makroioni s fluktuirajo¢im nabojem,
ki jih enkrat modeliramo kot tockaste ione, drugi¢ pa kot ravne plosce. Vsi §tirje
modeli opiSejo pojav elektrostati¢nega privlaka med elektronevtralnimi makroioni.
Na ta nac¢in uspemo pokriti veliko obmocje parametrskega prostora in utremo pot
razvoju novih teorij elektrostati¢nih interakcij med proteini.

Kljuc¢ne besede: elektrostatika, regulacija naboja, Sibka sklopitev, mo¢na sklop-
itev, teorija odetih ionov, proteini
PACS: 78.30.cd, 82.35.Rs, 87.10.Ca, 87.15.km
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Chapter 1

Introduction

1.1 Electrostatic interactions in colloidal matter

Electrostatic interaction is of fundamental importance in governing the behavior of
biological systems on molecular level [ 2]. Soft and biological materials are typi-
cally composed of macromolecules such as polymers, colloids, and proteins [3, [4] 5 6].
These macromolecules usually acquire charge when dipped into a polar solution such
as water [7]. This happens due to dissociation of chemical groups on their surface,
while releasing mobile ions into the solution. Another mechanism of charging in-
volves small charged molecules, such as salt ions that can physically or chemically
adsorb to a surface, thereby leading to an effective surface charge. In practice, one
typically encounters a mixture of these two mechanisms, so that the effective charge
of a surface is controlled by the distribution of acidic and basic surface groups, solu-
tion pH, and bulk concentration of charged solutes. In a salt solution, each charged
object (macromolecule, macroion) is surrounded by a cloud of neutralizing oppo-
sitely charged microscopic ions, referred to as counterions, as well as ions of the
same sign, referred to as coions. These particles form loosely bound ionic clouds
around macroions and in this way tend to screen their charges. The distribution
of charges in an ionic cloud is given by the competition between electrostatic inter-
actions, acting to bind them, and the entropy of ions in solution, which tends to
disperse them [8]. In order to understand the behavior of macromolecules, one then
needs to understand the behavior of ionic clouds they are surrounded with [9, [10].
A century long history of electrostatic interactions in colloidal matter starts
with Louis Georges Gouy and David Leonard Chapman, who were the first to seek
a tractable description for many-body Coulomb systems, while considering a prob-
lem of counterion distribution near a planar charged wall, known as the double layer
problem [11, [12]. Deriving and solving the Poisson—Boltzmann (PB) equation, they
found that counterion distribution profile decays algebraically as a function of the
separation from the wall with a characteristic, Gouy—Chapman length, which is
proportional to the surface charge density of the wall. Ten years later, Peter Debye
and Erich Hiickel contributed significantly to the understanding of ionic screening
in electrolyte solutions [13]. By linearizing the Poisson—Boltzmann equation, they
found that the screening leads to an exponential decay of the potential around a
point-like charge. This Debye-Hiickel (DH) screening is connected with the lin-
earization approximation valid for small potentials in the system, which is usually
the case when charges involved in are small enough (for example the charged mem-
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branes have the surface charge o ~ 1 ¢g/nm? in 1:1 salt solution, when DH screening
length in water at room temperature becomes x~! = 0.305 nm/+/ng [mM], where
the salt concentration ng is given in moles). With these two approaches one could
describe the repulsion between like-charge macromolecules in an ionic solution [14].
Two decades later, when the Poisson—Boltzmann electrostatic repulsion was com-
bined with the van der Waals attraction, it was possible to explain the stability of
colloidal systems and processes of coagulation through the theory put forward by
Boris Derjaguin, Lev Landau, Evert Verwey, and Theodoor Overbeek, also known
as the DLVO theory [15] [16]. Being of a mean-field type, this theory fails to describe
the strongly-correlated systems, such as a macroion in a polyvalent salt solution [17].

Strong correlations were first observed in a computer simulations by Lars Gul-
brand and coworkers, based on a suggestion by Dusan Bratko at that time working at
the University of Ljubljana, in the form of a strange attraction between like-charged
surfaces that may exist due to correlations between the charges in the vicinity of
the charged, bounding walls in the system [I8]. This observation represents one
of the major advances in colloid science in the past century and ranks among the
top scientific discoveries of that time. Soon after the like-charge attraction was
predicted theoretically using simulations, it has been observed also in experiments
by Johan Marra in 1986 [19], when studying the interaction between two planar
surfaces bearing charge of the same sign, immersed into an aqueous solution with
dispersed divalent ions originating in the dissociation of calcium chloride. Later on,
this phenomenon has been verified in various experiments, while a simple, intuitive
theoretical picture explaining it remained an unsolved problem.

A significant improvement of theoretical approaches to many-body electrostatics
came with Samuel Edwards and Andrew Lenard who were the first to implement
a field theoretical approach to the charged systems, deriving the grand canonical
partition function as a functional integral over a fluctuating potential [20]. Subse-
quently, in 1988, Rudolf Podgornik and Bostjan Zeks showed that the saddle-point
of the field-theoretic formulation corresponds to the PB equation [21]. With this
realization it became possible to go beyond the PB results, calculating the one-loop
(Gaussian) corrections to the mean-field solution [22]. Due to the perturbative na-
ture of the loop formalism, the attraction obtained in such a way helped only in
improving the PB theory [23], but not in actually describing the like-charge attrac-
tion. Continuing in the same framework, Andre Moreira and Roland Netz were the
ones who succeeded to unweil the conceptual framework standing behind this phe-
nomenon |24, 25]. They defined the strong coupling limit, SC, relevant for highly
correlated systems, in contrast to the weak coupling limit, WC, corresponding to
the mean field theories. Their work was then extended by Ali Naji [26] 27, 28] 29]
and later continued by Matej Kandu¢ and Rudolf Podgornik who, all together,
contributed in providing a complete and systematic view of Coulomb fluids, com-
posed of macromolecular surfaces with fized charge distribution [10} [30} 31} [32] 33].
They also managed to upgrade the WC-SC dichotomy, deriving the proper theo-
retic description for asymmetric ionic mixtures, known as the dressed counterion
theory 34} 135 36].

Nowadays, it is a well-known fact that two like-charged macromolecules will
repel or attract depending on the composition of the ionic cloud [37]. Although it
is counter-intuitive that there exists an attraction between like-charged objects, it
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1.2. Proteins, charge regulation and Kirkwood — Shumaker interaction

does actually happen if the cloud is composed of multivalent counterions, e.g. DNA
condensation observed in the presence of multivalent cations [38][39,40]. This is only
one manifestation of the complexity of the many-body Coulomb systems, stemming
from the long-ranged nature of the interaction potential, making it a challenging
problem of mesoscopic physics [1], 41].

Especially interesting players in a diverse world of colloidal electrostatics are
proteins. Proteins exhibit extraordinary behavior, whose complexity has made them
elusive and difficult-to-understand, especially for theoretical physicists chasing a
deep understanding of fundamental laws of the protein world [42 43]. Our main
motivation was then to find proper equations describing proteins’ dance, performed
for a wide range of melodies played by the electrolyte solution they are surrounded
with.

1.2 Proteins, charge regulation and Kirkwood — Shu-
maker interaction

Protein is a macromolecule
composed of amino-acid (AA)
subunits, bounded together with
peptide bonds [43] 45]. Such
polypeptide chain forms the
primary structure of a pro-
tein.  Due to the hydrogen
bonds between non-neighboring
amino acids it can be folded
into an alpha-helix or a beta-
sheet, representing the sec-
ondary protein structure [46]
47, [48].  The tertiary struc-
ture occurs as a result of fur-
ther folding and bonding of the
secondary structure. Interac-
tions between two or more ter-
tiary subunits lead to the qua-
ternary structure [49], which is
the most common stage of pro-
tein aggregation found in na- Figure 1.1: From primary to quaternary protein
ture (Fig. |1.1). Besides, this is structure. The example shown is hemoglobin, a
the most relevant stage for anal- protein in red blood cells, which transports oxygen
ysis, since the proteins express to body tissues |44].

their biological function when

they are in a compactified form [50, 5I]. Governed by electrostatic interactions,
proteins in a quaternary structure may also form protein complexes (Fig. , such
as proteasome, DNA /RNA polymerase, viral capsids, etc [52].

(c) Tertiary structure

(d) Quaternary structure Hemoglobin
(globular protein)

As biomolecules, proteins play an essential role in a vast number of processes
within living organisms, including DNA replication, catalyzing metabolic reactions,
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Figure 1.2: Examples of protein structures and complexes of different sizes as avail-
able from the PDB and EMDB [53].
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1.2. Proteins, charge regulation and Kirkwood — Shumaker interaction

cell signaling, immune responses, etc. Some have a structural function, like the
proteins in cytoskeleton or a mechanical function, like actin and myosin in mus-
cle fiber [54]. In order to obtain a fundamental understanding of the majority of
these processes, it is crucial to understand the electrostatic interactions that deter-
mine the complicated behavior of proteins. This is not an easy task, since the pro-
teins’ behavior cannot be captured with standard theories of colloidal electrostatics.
What makes them so unique and challeng-

ing from theoretic perspective is their com-

plex structure featuring many unique prop- Amino acid (1) Amino acid (2)
erties which may lead to exotic electro-
statics. Namely, protein is an amphoteric
molecule due to the amino acids it is com-
posed of. Having the same general structure,
each amino acid consists of the carboxylic
acid group -COOH which acts like a base,
a-amino group -NH, which behaves like an
acid, and also a variable side group (which
determines the AA species). Since the car-
boxylic and amino groups build a peptide Dipeptide
bond (Fig. , the charge on the protein
predominantly comes from a side chain, i.e.,
some of the side chains contain molecular
groups that can become either deprotonated
(donating a proton into the solution), mak-
ing them negatively charged, or conversely, protonated (accepting a proton from
the solution), making them positively charged. Amino acids with side chains that
can be deprotonated are aspartic and glutamic acid, tyrosine (Fig. [1.4)), while the
protonated ones are arginine, hystidine and lysine (Fig. [1.5)).

Figure 1.3: Amino acids making a
peptide bond [55].

Aspartic acid Glutamic acid Tyrosine

Figure 1.4: Amino acids which may bring a negative charge to a protein: by depro-
tonation of carboxylate on the side chain of aspartic and glutamic acid RCOOH—
RCOO~ + H' and by deprotonation of hydroxyl of the phenyl group of tyrosine
ROH— RO~ + H*.

To summarize, whenever a protein is in a polar aqueous solution, the following
processes of dissociation and association may proceed on its dissociable moieties
lying on protein’s surface:

e deprotonation of carboxylate on the side chain of aspartic and glutamic acid
RCOOH— RCOO~ + HT;

e deprotonation of hydroxyl of the phenyl group of tyrosine ROH— RO~ + H;
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Figure 1.5: Amino acids which may bring a positive charge to a protein: by proto-
nation of amine group of arginine and lysine and by protonation of secondary amine

of histidine RNH; — RNH, + H" and RNHy — RNH + H'.

e protonation of amine group of arginine and lysine RNH — RNH + H* and
RNH} — RNH, + HT;

e secondary amine group of histidine can also contribute a charge
RNH; — RNH + HT;

e terminal groups: deprotonation of carboxylate RCOOH— RCOO~ + H*
and protonation of a-amino RNH, + HT — RNH;

e cysteine can contribute to the charge of the protein, since it consists of thiol
functional end group that is a weak acid, but usually it is disregarded from
consideration due to the reactivity of the thiol group which makes disulfide
bonds.

The energy for dissociation of carboxyl group in water environment is roughly 14 kgT
making this reaction favorable [56]. Because of protonation and deprotonation
processes that charge up the susceptible amino acids, the dissociation equilibrium
mostly depends on the pH of solution. Each of these amino acids has its intrinsic
value of pH (denoted as pK) at which it becomes charged. The respective pKs for
the dissociation of the various amino acids are given at Table For a protein,

Asp Glu Tyr Arg His Lys Cys
pK 3.71 4.15 10.10 12.10 6.04 10.67 8.14

Table 1.1: pK values of amino acids’ functional groups (side chains) in dilute aqueous
solution, Ref. [57].

at the pH range in which it contains both a negative carboxylate and a positive
a-ammonium group, one can say that a molecule is a zwitterion. The pH value at
which the molecule has exactly zero net charge is called the isoelectric point (or the
point of zero charge (PZC), as it is going to be used later on in the Thesis). Their
mutual difference and sensitivity to solution condition can generate a wide range of
diverse properties of the complexes they form [58].

One nice example of how the protein charge can respond to changes in the local

electrostatic potential, coupled to the solution pH, can be seen in (Fig. [1.6)), where
it is shown how the surface charge of inner/outer virus shell (composed of proteins)

18



1.2. Proteins, charge regulation and Kirkwood — Shumaker interaction

0.1
0.05

-0.05
-0.1
-0.15
-0.2
-0.25

O e/nmz )

Figure 1.6: Surface charge density of inner (a) and outer (b) shell of virus capsid
as a function of solution pH and salt concentration. The isoelectric point is marked
with a black line. The virus under consideration is bacteriophage PP7 [57].

changes with solution pH and its salt concentration [57].

The response of the protein charge to the local electrostatic potential is a salient
property of dissociable charge groups of the protein surface, see above, that is usu-
ally referred to as charge requlation and was first introduced in an analytical model
by Barry Ninham and Adian Parsegian [59]. Charge regulation implies that the
effective charge on a macroion, e.g. protein surface, responds to the local solution
conditions, such as local pH, local electrostatic potential, salt concentration, dielec-
tric constant variation and most importantly the presence of other vicinal charged
groups [60]. Although charge regulation is an old concept introduced by Kaj Ulrik
Linderstrom-Lang a century ago, modern theories of electrostatic interaction be-
tween macroions immersed in Coulomb fluids [I0] mostly deal with constant surface
charge of a macroion, bypassing the complications introduced by charge regula-
tion [61], 62, [63]. For proteins this cannot work.

Since amino acids can be positively or negatively charged (or neutral), depending
on the local solution conditions, the charge of the protein surface is never fixed, but at
any finite temperature actually fluctuates. The existence of anomalously long-range
interactions between proteins in aqueous solutions, stemming from thermal charge
fluctuations of dissociable charge groups on their surface, was first examined by John
Kirkwood and John Shumaker more than half a century ago [64, [65]. They studied
two spherical protein molecules in an aqueous solution, supposing that one protein
has 1, groups of intrinsic charge e;, and the other protein 5 groups of intrinsic
charge e;. Defining the proton occupation number z, they wrote the charge of each
protein as:

qgl) = el(-l)+eoa:§1),
q,(f) = 6562)+60:Ek2). (1.1)

By allowing the charge to fluctuate, it was expected that fluctuation in charge should
lead to fluctuations in the electrostatic interaction, defined by:
) qz(l)q;(f)

V= )
12
i=1 k=1 EREk )

(1.2)
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Within the framework of statistical-mechanical perturbation theory they showed that
when proteins reach their isoelectric point, that is, when the net charge vanishes
(qy = (¢®) = 0, the following interaction energy remains:

(Mg (AgP*)y 1
22 R2kpT R6

Wa(R) = — (1.3)

The Kirkwood-Shumaker (KS) interaction was shown to scale with a lower inverse
power of separation between two proteins than the notoriously long-ranged van der
Waals (vdW) interaction [66]. Furthermore and contrary to vdW interactions, the
KS forces are not universal, but depend on whether and how the protein charge can
respond to the local electrostatic potential.

Experiments and simulations [60] [67, [68] [69] show that thermally generated
charge fluctuations may indeed produce an extra attractive contribution to the
interaction when proteins are close to their isoelectric point (typical situation in
physiological solution). The anomalously long-range nature of that interaction can
be responsible for self-assembly processes [70} [71]. Nowadays, fundamental laws of
physics standing behind these processes are incomplete and one of the main aims
of this doctoral research was to acquire a deeper theoretic understanding of these
biologically important issues.

1.3 Overview of the Thesis

The main goal of this Thesis is to present a theory of electrostatic interactions that
includes the charge regulation phenomenon in its general formalism, and, in such a
way, to capture and explain all the possible effects that may ensue from this com-
plicated thermal exchange of charges in biological matter.

In Chapter [2| we briefly present the theoretical background, starting with the
history of charge regulation interaction on one side, and field-theoretic description
developed for systems with fixed charges on the other. This will constitute an
introduction to what follows, which is a generalized field-theoretic description of
charge regulation which will be presented for four model systems in the next four
chapters.

In Chapter [3, we start from the simplest model system composed of two macro-
scopic planar parallel surfaces with charge dissociation sites immersed in counterion-
only ionic solution. A surface lattice gas model is employed and the corresponding
surface part of the free energy is derived, showing that it corresponds exactly to
the Ninham-Parsegian charge regulation theory. With this included in the field-
theoretic representation of the grand canonical partition function, evaluated in the
saddle-point approximation, we obtain analytically and exactly a solution also for
the Gaussian fluctuations around the mean-field. This solution leads to vdW-like KS
interaction, but it is fundamentally modified by the presence of dissociable charges
on the bounding surfaces as well as by the counterions dissolved in the space between
them.

In Chapter [4] we study the behavior of two macroions with dissociable charge
groups, regulated by local variables such as pH of a solution and electrostatic po-
tential, immersed in a monovalent salt solution, considering the cases where the net
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charge can either change the sign or remains of the same sign depending on these
local parameters. The charge regulation is in both cases described by the proper free
energy function for each of the macroions, while the coupling between the charges
is evaluated on the approximate DH level. The charge correlation functions and the
ensuing charge fluctuation forces are calculated analytically and numerically. Strong
attraction between like-charged macroions is found close to the point of zero charge,
specifically due to asymmetric, anticorrelated charge fluctuations of the macroion
charges. The general theory is then implemented for a system of two protein-like
macroions, generalizing the form and magnitude of the KS interaction.

In Chapter [5, we present a theory describing the influence of polyvalent ions on
the behavior of the titratable macroions. The model system consists of two spherical
macroions with dissociable sites on their surfaces immersed in a mixture of mono-
valent and polyvalent salt. A dressed ion theory is then formulated [10], set in the
field-theoretic framework, treating the monovalent salt in a weak coupling approxi-
mation, while the polyvalent ions are strongly coupled with macroions. Fluctuations
of macroions’ charge are regulated by local parameters (local electrostatic potential,
pH of the solution, salt concentration). The charge regulation is described in the
approximation of the point-like macroions. Our theory describes the attraction of
macroions reaching the PZC and gives the general expression for the KS interaction.

In Chapter [6] we present a theory describing the effect of polyvalent ions on the
interaction of charge regulated surfaces. The dressed-ion theory is again employed
and the generalized KS interaction in planar geometry is derived.

The results are summarized in Chapter [7| where we also discuss possible ways of
further developing the theory of charge regulation interactions.
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Chapter 2

Theoretical background

In this Chapter we briefly present a field theoretic framework developed for Coulomb
fluids, which is going to be used as a starting point in our research. Later on in
the Thesis, we generalize it to the wider parameter and model space, to be valid
for systems of our interest — those undergoing charge regulation processes. Charge
regulation is not a new concept and its history will be outlined at the end of this
Chapter.

2.1 Qualitative understanding of Coulomb fluids

Under the concept of Coulomb fluids one considers an ionic solution whose behavior
is governed by electrostatic interactions. In an ionic environment each charged object
(macromolecule, macroion) will be surrounded by a cloud of neutralizing particles
(counterions) and the particles of the same sign (coions), which tend to screen their
charge. The interaction of macromolecules strongly depends on the composition
of the ionic cloud they are surrounded with. From a theoretical viewpoint, such
a system represents a many-body problem, being challenging to handle because
of its enormous degree of complexity. In order to get a qualitative understanding
of Coulomb systems, certain complexities can be overcome by introducing various
models and approximations.

The most common theoretical approach starts from a “primitive model“ where
the molecular nature of the solution is neglected and treated as a continuous di-
electric medium, while the ions are treated as structureless point-like or hard-sphere
particles. In reality, the structure of the solvent is locally perturbed around particles,
bringing about additional short-ranged solvent-mediated interactions |72} 73, [74] [75].
In most cases, the specific effects of ions as well as image charges due to dielectric
inhomogeneities are neglected [73], [76]. Such models are a coarse-grained simpli-
fication of the real situation, but can nonetheless lead to a systematic and clear
understanding of electrostatic effects.

To get a better impression about the length scales governing the behavior of
Coulomb fluids, consider a flat plane of area S and surface charge —o, surrounded
from one side with N mobile, g-valent counterions of elementary charge e, (Fig. .
Since the system has to be electroneutral, the number of mobile counterions will be
determined by the following condition:

oS = Nqey. (2.1)
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Figure 2.1: Shematic representation of two limiting regimes for counterions in the
vicinity of a charged surface: (a) weak-coupling — counterions form a three di-
mensional diffuse layer; and (b) strong-coupling regime - counterions form a two
dimensional layer at the surface [76].

The interaction Hamiltonian in units of thermal energy kg7 for this system is:

BH =" cls_ 1 (2.2)
=) Tt % :

— T

1>)
where r; stands for the coordinate of i-th counterion and z; is its separation from
the surface. The Bjerrum length

Beg
Iy =

= 2.3
dmeey’ (23)

represents the distance at which two unit charges interact electrostatically with the
energy of kgT'. It is equal to g ~ 0.7 nm in water at room temperature. The other
characteristic length is the Gouy-Chapman length

€o

f (2.4)

- 2nglgo’
which gives the distance at which the counterion interacts electrostatically with the
surface of surface charge density o with the energy of kgT. It also measures the
thickness of the counterion layer at a charged surface, (z) ~ p.

For planar systems where no other length scales are present, a dimensionless
parameter can be introduced, which measures the ratio of the Bjerrum and Gouy-

Chapman lengths,

¢’lp
¢l (2.5)
L

This parameter is also known as the electrostatic coupling parameter and was first
introduced by Andre Moreira and Roland Netz [25]. It is the only parameter that

governs the physical behaviour of this system, and can also be expressed as

[1
Il

_ (e0q)’c
87T<5€0kBT)2 )

[1]

(2.6)

It scales with the cube of the counterion’s valence, implying that the valence is one
of the main factors that determines the behavior of the system.

One can also determine the lateral separation, a,, between two neighboring
counterions from the condition: g

2
= = 2.
mTa N ( 7)
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Using a electroneutrality condition, Eq. (2.1), one gets an important relation
ay/p~VE, (2.8)

which provides a deeper insight into the meaning of the electrostatic coupling pa-
rameter. Namely, if the lateral separation between counterions is much smaller than
their distance from the surface, then = < 1 and the system is in the weak-coupling
regime. In this case counterions have many neighbors and form a three dimen-
sional diffuse layer at the surface. Such a system can be described with a mean-field
approximation.

On the other hand, if the lateral separation is much larger than their distance
from the surface, the coupling parameter is large, = > 1, defining the strong-coupling
regime, where the counterions are surrounded by a hole of size a, from which other
counterions are depleted and form a quasi two-dimensional layer close to the sur-
face [29, [77].

2.2 Field-theoretic approach

The essence of modern theories of Coulomb fluids [10] [78, [79] is based on field-
theoretic approach, which starts from the functional integral representation of par-
tition function [21, [80], useful in studying charged colloidal and biological systems,
in which long-range electrostatic interactions play an important role. Here we first
derive the grand canonical partition function for a charged system and then we out-
line the domains of applicability that could be reached with their basic results.

Consider the system of N mobile point-like particles of charge e; in the electro-
static field of an external charge density distribution p.(7). For describing such an
ensemble of electrostatically interacting particles it is suitable to use field-theoretic
formalism to evaluate the partition function [81]. The configurational part of Hamil-
tonian of the system can be written as:

N
1
H= B Zu<riarj)€i€j + Z/eiu(r,ri)pe(r)d:gr, (2.9)
i#] i=1
where u(r,r;) is the Green’s function of the Coulomb interaction, which satisfies

the relation: 5
V2U(T‘,7‘i) = _ua (210)

€€p

1.e.
1

—_ 2.11
dmeeg|r — 7y (2.11)

u(r,r;) =

The operator inverse to the Green’s function is referred to as the Coulomb interaction
kernel [82], and is obviously given by

u (e, ) = eV (r — 7). (2.12)
The total charge density operator is given by:

plr) = eidlr =), (2.13)
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The canonical partition function of the system is conventionally given by the con-
figurational integral over all positions of the charged particles:

Qn :/drl...drNexp(—BH), (2.14)

where the integration over kinetic degrees of freedom, being trivial in this context,
is taken out of consideration. Then, Hamiltonian can be written as:

1= [ drdrimutrapw) - Nutrr) + [ d@rdvirutr, o).
(2.15)

Here we subtracted the self-interaction term. The canonical partition function takes
the form:

Qy = /d’rl...drNexp (— %B/d?’rd?’r’ﬁ( Yu(r, " )p(r") + BNu(r,r)

—p / Erd®r p(r)u(r, r')pe(r')) (2.16)

In order to proceed, the partition function given by Eq. can be further
transformed, mainly because the density operator p enters in a quadratic fashion.
In the next step it is suitable to introduce a unit operator as the decomposition of
the unit in the form:

1= o115~ [ Dot IDI e (s [ oot [ S et )t

i=1

(2.17)
where we used the integral representation of the delta function. This unit operator
can be introduced into the partition function at no cost. Now, the partition function
becomes:

Qn = [exp (Bu(0)

I
/drl...drN/D[ﬁ(r)]/D[gzﬁ(r exp(—zﬂ/ d3fr+zﬁz eid(r; >
exp (——B//dgrdgr’p 6//d3'rd3'r’p r’)ﬁe(r’)),

(2.18)

where u(0) = u(r,r). Let us now introduce p as a sum of charge density of counte-
rions and external charge density:

p(r) = p(r) + pe. (2.19)
After inserting p into the partition function, we get:

Qv = e (uO) o (= 30 [ [ @rarponutrao )

[0 [ty o (y@z @(n)) o (19 [ priotryr)
| Platriexs (— 3 [ [ erarawutr s ~is [ dgrﬁqb(r))-

(2.20)
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2.2. Field-theoretic approach

The part exp (=38 [ [ d®*rd®r pe(r)u(r, ") p.(r')) can be taken out of the integra-
tion over fields, as it does not enter the averaging, and can be shortly denoted as
eP“e | where the w,. corresponds to the electrostatic energy of external charge. If
we look at integral over p in Eq. , we can see that it represents a Gaussian
integral of the form

/ ( LT Ay 4 37 )dN (2m)™ <1JTA‘1J> (2.21)

exp (— =v' Av v)|d'v = exp | = , .
P2 VaetA  P\2

so it can be exactly solved. Furthermore by taking v = —i [ d*rp, we will have:

/ Dlp(r)] exp Gﬁ / / Prd®r' (—ip) (r)u(r, ') (—ip) (r') + B d3r(—iﬁ)¢(7“)) _

e N ]

With this included, the partition function becomes

Qn = )\’Neﬁwe/ )] exp zﬂ/pe l/dgn exp (26261 r;) >]N

xexp | — =p3 Erd®r' ¢(r)u (r, ) o(r') — 1ln (det Bu(r,7"))],
/] 2 )
(2.23)

(2.22)

where X' = exp (fu(0)). After the transition to the grand-canonical ensemble, the
partition function transforms according to:

Z= Z QN, (2.24)
where X is the fugacity (absolute activity) given by A = exp (Bu).
Z = exp (—% In <det Bu(r, r’)))
/ Dlo(r)] exp (— o / Erd ' o(r)u (v, ) o(r') + i / dgfrpe('r)gb(r)>
Z N' [/d?’ri exp (zﬂeigb(ri)ﬂN. (2.25)

Denoting the product A\ as A, and using the definition of the exponential function
e* =Y Nv_o2" /N, the grand-canonical partition function finally yields:

Z — exp <—%ln(detﬁu(r,r’)>)
< [ Dloress {— 39 [ @i o6 +i6 [ Eradror)
A / dr exp (zﬂeqb(r))). (2.26)
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Chapter 2. Theoretical background

or in a simplified form:

1

Z = [det Su(r,r') 2/7? | exp H(¢(r)), (2.27)

where H is the field-action or the field Hamiltonian, defined as:

H =35 [ @rotmyuraotr') - i [ @rp.(ryotr) - S [ e (i),
(2.28)

Here, e; are the charges of the mobile ions present in the system, and \; is the
fugacity of the i-th ion species. After introducing dimensionless quantities:

5
o T o H ]~ = M _
N=ZpN OF) = Beoad(r), (R = Soplr), @) = L )

TEE
(2.29)
one obtains a dimensionless field-action or the field Hamiltonian in the form:

A= [ @ra@a i)~ i [ da )= | #re (i60).

(2.30)

leading to the partition function:

/D exp EK@) (2.31)

—_
—
—

Here the meaning of the electrostatic coupling parameter in the field theoretic frame-
work is clearly indicated, namely, = can be used as an expansion parameter in two
limiting regimes discussed next. One needs to note that the partition function has
to be written as a functional integral over all the fluctuating potential configurations.

2.2.1 Weak-coupling limit

For small values of the coupling parameter, = — 0, at sufficiently low surface charges,
low ion valencies, high permittivity constants, or high temperatures, charged systems
can be treated in the weak-coupling regime, which is formally equivalent to a saddle-
point approximation, also equivalent to a mean-field approximation. This leads to
the PB theory of electrostatic interactions in ionic solutions [14} [15] [16].

The saddle-point approximation consists in evaluating the configuration that cor-
responds to a minimum, or, in general, extremum, of the field-action functional. The
extremum of the functional is obtained from its variation or from its first functional
derivative

oH B
(7) [MF
The index MF stands for mean-field, since in general the mean-field approximation

on the level of field-action is obtained from a saddle-point. In order to remain
faithful to the historical path to the MF equation, as it has been introduced as

0. (2.32)
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2.2. Field-theoretic approach

the PB equation, we define the electrostatic potential as ¢ = —ig\r, so that the
saddle-point equation becomes:

! [pe(7) + ennir(7)], (2.33)

€€

Voup(r) =

where nyr(r) is the mean-field density of the mobile ions. In the case of a two-
component system, composed of monovalent salt (i = £1) of the same fugacity, one
gets
1 T
Vomr = —;[Pe — 2)e sinh (Bepnr)], (2.34)
0

which reduces to the well known DH equation in the limit of high monovalent
salt concentration when the potential becomes small. In this case the last term
in Eq. (2.30) can be linearized, after which one derives the well known DH result:

V2o = ——(pe — Koue). (2.35)
€€
In the case of monovalent salt and low surface charges (2 — 0) the PB/DH the-
ories are quantitatively correct even when compared with more sophisticated ap-
proaches [56]. Nevertheless, for finite values of = one can search for the corrections
to the mean field solution in terms of an expansion of the field action around the
mean-field solution. Thus, to the second (Gaussian) order

1 0*H
=ttt 5 | | oo

Gaussian fluctuations around the saddle-point represent the first correction to the
mean-field solution, and they are governed by the Hessian operator of the second
derivatives of the field action with respect to the fluctuating electrostatic potential.
In spite of the fact that the Hessian does not depend on the terms describing the
external charges in the field action, calculation of the free energy corresponding to
the Gaussian fluctuations is not an easy task, especially in the case of a non-uniform
distribution of mobile ions. It has been calculated exactly for a system composed of
two uniformly charged flat plates immersed in a counterions-only solution, where the
mean-field density of counterions depends on the transverse spatial coordinate [30].
It was shown that the correlations give an attractive contribution to the total free
energy as a function of the intersurface separation, but are not large enough to over-
come the mean-field repulsion of two symmetrically charged surfaces. In the systems
with dielectric discontinuities, those attractive contributions correspond to the ther-
mal component (zero Matsubara frequency) of the van der Waals attractions [31].

Sp(r)sp(rd>rdr’. (2.36)

MF

The limitations of the PB theory become practically important in highly charged
systems, where ion—ion correlations begin to influence the electrostatic properties of
the charged system [29, [77].

2.2.2 Strong-coupling limit

Even though the PB approach can be systematically improved with perturbative
corrections around the mean-field solution, such an approach must be renounced
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Chapter 2. Theoretical background

sooner or later, and recourse should be taken in the fundamentally different re-
formulation of the partition function evaluation, based on the concept of strong-
coupling [10} 29} [32] [76], (77, 83, [84].

The strong-coupling theory includes only the contributions of single particle in-
teractions between a single counterion and the surface charges on the bounding
surfaces, valid for large coupling parameter = — oo, when polyvalent counterions
are present in the bathing solution. In that case the partition function can be
expanded in terms of fugacity:

Z2=20 4220 1 0\, (2.37)

which is nothing but the virial expansion, where the zeroth-order term stands for
the bare electrostatic interaction of charged surfaces without counterions, while the
first-order term corresponds to the one-particle contribution:

2O = Z|,_y = exp (— W), (2.38)

with the energy of a bare macroion

1

Woo = §/pe(r)u('r,r’)pe(r’)drdr’. (2.39)

The one-particle contribution or indeed the first order virial term can be obtained

asS
zM = %zhzo = z0 / dr exp (—BWees (1) — BWoe(r)), (2.40)

with:
1
Wself(r) = 5(60Q)2U(’r, T)u (241)

corresponding to the counterion self energy and

Woe(r) = eoq/dr’u(r,r’)pe(r’) (2.42)

to the macroion—counterion interaction energy, respectively. Counterion—counterion
interaction are excluded from the strong-coupling consideration due to the one-
particle nature of the description.

2.2.3 Dressed counterions theory

The boundaries between these two theoretical approaches to charged systems are
given by the electrostatic coupling parameter [24] [83], which in its two opposite
limits leads to the PB mean-field description on one hand, and the strong-coupling
theory on the other hand (Fig. . In experiments it is not easy to prepare a
solution composed of counterions only.

In real systems, the entire solution composed of the macromolecule and the
polyvalent counterions is always accompanied by the presence of monovalent salt
ions. This brings an asymmetry to Coulomb fluids, whose constituents are differently
coupled: polyvalent counterions are strongly coupled, while the monovalent salt ions
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2.2. Field-theoretic approach

are weakly coupled. Even though there is no theory that could take into account
both cases, it is still possible to construct a theory that selectively uses different
descriptions for different components of the system. Such a combined approach
leads to the strong-coupling theory of dressed (screened) counterions [34]. It starts
with a field Hamiltonian:

Hlyl = 5 [drdremyu o) - 5 [ dres (< iacs(r)
—%L /d’r‘ exp (— zﬂeogo(r)) — % /dr exp (zﬂem&(’r)). (2.43)

When monovalent salt ions are in equilibrium with the bulk reservoir, their fugacities
are to the lowest order the same and equal to the bulk concentration A\ = A\_ =
ng. Then the sum of the terms corresponding to the monovalent ions gives the
cosine function, which in the limit of small potentials, relevant for the weak-coupling
regime, can be expanded to the second-order with respect to the potential:

_2no dr cos (Begp(r)) ~ %eeom2/drdr’<p(r)cpr’5(r — 7). (2.44)

Here, k = /8mlgnyg is the Debye screening parameter for monovalent salt ions. The
field Hamiltonian can be modified into the approximate form:

5
where the Coulomb’s interaction kernel is replaced by the screened Debye—Hiickel
kernel, defined as:

1 ,
Higl =5 [ drdr'o(ryugly (r.)o(r) e iBa0A(T), (2.45)

upy(r, ) o(r) = —eeo(V? — K2)5(r — 7') (2.46)

Since the polyvalent ions are strongly coupled to the external charge, one can pro-
ceed further by repeating the procedure from the previous section, expanding the
partition function in terms of the polyvalent ion’s fugacity to the first order:

Z = Zy+ \ZL. (2.47)

This approximate form of the partition function is then referred to as the dressed
counterion theory.

The most interesting outcome of the dressed counterion theory is a proper de-
scription of the polyvalent counterion-mediated attraction appearing between same-
charged flat plates, arising due to the strong screening of macroion’s charge [34] 35].
Moreover this theory successfully describes also the attraction between neutral di-
electrics induced by multivalent ions [36].

A significant step further was accomplished by Ali Naji and his coworkers |75} [85]
806, [87] who generalized the dressed ion theory by considering the effects of randomly
disordered charge distributions at the surfaces in the system with dielectric inho-
mogenity, including the salt image effects. Their results lead to the new phenomenon
in the Coulomb world, highlighting an anti-fragile behavior of multivalent counte-
rions that reduce the entropy of a disordered system, making randomly charged
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Figure 2.2: Phase diagram of the applicability of different approximations that fol-
low from the field-theoretic description of charged surfaces in a salt solution. For
small coupling parameter one is in the weak-coupling regime, described by the PB
equation. Depending on the amount of salt, one is either in the Gouy—Chapman
counterion-only system, or the Debye-Hiickel regime, corresponding to large salt
concentrations. Highly correlated systems can be described by the stron-coupling
theory for counterions, while for asymmetric salt mixtures, dressed counterions the-
ory becomes valid.

surfaces attract stronger than the corresponding ones with a uniform distribution of
charge. This represents another manifestation of the complicated and unpredictable
features of Coulomb fluids.

A more detailed insight of the application of the field theoretic approach to var-
ious electrostatic models can be found in the doctoral Thesis of Matej Kandu¢ [88].

Common to all these theoretic approaches (and the others up to date) is that
they are developed and tested in the case of the fized macroion’s charge, and as
such they fail to describe the systems of macroions whose charge can fluctuate and
in general responds to the solution conditions, i.e. is charge regulated.

2.3 Charge regulation phenomenology

As already mentioned in Chapter [I| charged objects undergoing the processes of
ion exchange with the environment can show exotic behavior due to fluctuations of
their charge. Once dipped into the polar solution, the charge of the macromolecule
is determined by the local environmental conditions, i.e. by charge regulation, which
implies that the effective charge on a macroion responds to the local solution con-
ditions, such as local pH, local electrostatic potential, salt concentration, dielectric
constant variation, and the presence of other vicinal charged groups [60].

The concept of charge regulation was first introduced by Linderstrém-Lang a
century ago [89]. Although the processes of ion dissociation and adsorption had
been well studied by chemists in the 19th century, he was the first to discuss the
boundary condition of the DH equation and its modification due to the degree of
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2.3. Charge regulation phenomenology

ion dissociation at macromolecule’s surfaces. His work was predominantly oriented
to the study of protein structure, where he gave a huge contribution, proving exper-
imentally how the hydrogen ion exchange rules protein folding [90] 91].

The proper theoretic description of charge regulation effects was first established
by Barry Ninham and Adrian Parsegian in the ’70s of the last century [59]. Their
aim was to improve the DLVO theory in order to describe the behavior of biological
cells, specifically their charged membranes. It was also observed that some enzymes
at cell surface act according to their microenvironment [92]. At that time it had been
known that the presence of ionizable groups on cell membranes modifies the local
electrostatic potential. So they were aware that the electrostatic theories based on
the constant surface potential or the constant surface charge boundary conditions are
not relevant for such biological systems. It was necessary to derive a self-consistent
theory where the surface charge depends on the local electrostatic potential.

Ninham and Parsegian started from the model that takes two flat plates with
ionizable groups at the surface, undergoing a chemical dissociation reaction:

AH < A~ + HT, (2.48)
whose dissociation constant is given trough the law of mass action as:

[H)s[A7] a

TN

= [H"]s (2.49)

1—a
Here, « is the degree of dissociation and [HT]g represents the concentration of hy-

drogen ions at the surface. The crucial step in their theory is posing the equilibrium
condition for hydrogen ions as:

[H*]s = [H]exp (—Beogds), (2.50)

where ¢g is the surface potential, so that the concentration of the hydrogen ions at
the surface is related to the concentration of the hydrogen ions in the bulk through
the Boltzmann equilibrium condition involving surface potential. Introducing the
notations pH = —log [H"] and pK = —logK, the degree of dissociation can be
obtained, combining the equations above, in the following form:

1
@7 T+ exp (—(pH — pK) In 10) exp (—Beops)

(2.51)

In this way the charge at the surface is obviously regulated by the surface elec-
trostatic potential. This was the charge regulation boundary condition for the PB
equation they solved for the flat plates immersed in a monovalent salt solution with
a small concentration of divelent cations.

Dennis Prieve and Eli Ruckenstein generalized the Nihnam—Parsegian model by
applying multiple ionic equilibria to the surfaces that contain acidic sites which can
be deprotonated and basic sites which can be protonated [93], [94]. For each acidic
and basic site the dissociation constant is defined and a complicated non-linear
boundary condition is formulated. They then numerically solved the PB equation
for an isolated surface and managed to reproduce behavior of the surface potential
upon pH variation, applying the theory to human erythrocytes.
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For two interacting double layer surfaces, the high non-linearity in boundary
condition makes the nonlinear PB equation far more complicated to solve, so their
estimated analytical solutions had been provided on the level of approximate bound-
ary conditions, i.e. constant surface charge and constant surface potential. It is
observed that at the isoelectric point, the net surface charge tended to vanish.

Later on in the '90s, Steven Carnie and Derek Chan came up with an idea how
to tame the highly non-linear charge regulated boundary condition to be accessible
for theoretical treatment [95] [96]. Namely, they suggested that the dissociation at
the surface can be modeled by a linear relation between surface charge and surface
potential in the following way:

g = K1 — KQQ/J (252)

The constants K; and K, are determined from the imposed assumption that the
surface charge as a function of surface potential ¢ can be expressed in terms of
surface charge being a function of the potential of an isolated surface, 1;s,:

o) = 0lu) + 2| () (2.53)
¥ Y=1iso

From this, it is clear that the constant K5 has dimensions of surface capacitance, de-
fined as Ky = —ai;—s;/’)w:wm. Such linearized boundary condition, together with the
linearized PB equation gave the set of self-consistent equations, which they solved
for the models of two spherical colloidal particles in a monovalent salt solution as
well as for two flat charged plates. It had been shown that the interaction energy
of the linearized charge regulation model lies always between the solutions provided
by the constant charge approximation model and the constant surface potential ap-
proximation model.

Several years later, the Carnie-Chan’s model, derived in the limit of small surface
potentials, was extended by Sven Behrens and Michal Borkovec to be valid for arbi-
trary surface potentials [97]. They considered two flat charged surfaces immersed in
an electrolyte solution, distinguishing two subsystems, each of which was described
by its own equation of state. The inner layer was characterized by chemical prop-
erties of the surface, and the diffuse part composed of mobile ions was governed
by DH equation. The equilibrium between these two subsystems is achieved by
imposing the condition that the charge distribution of inner layer is equal to the
charge density of the diffuse layer. They introduced a charge regulation parameter
p that relates the true interaction energy W9 with energies of two limiting cases
— constant charge model (cc), and constant potential (cp) model as:

Wred (L) — Wep)(L)
Wee)(L) — Wiep)(L)

p= (2.54)

The values of p are then between 0 for the constant potential and 1 for the con-
stant charge conditions. Geometrically, from the surface charge — surface potential
diagram, it is determined that for large surface distances L — oo one has

CD

P=enyer (2:59)
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where CP and C! are the capacitances of the diffuse and the inner layer respectively.
The behavior of real systems depends on the interplay between these two capaci-
tances. Domination of one capacitance determines the choice of the approximation
(cc)/(cp). By measuring the capacitance, one can determine the regulation parame-
ter and knowing the regulation parameter, one can get charge regulation interaction
energy by calculating the approximate energy of (cc) and (cp) models.

In the last decade many experiments were performed by Borkovec and his cowork-
ers using the atomic force microscope for studying the aggregation of colloidal par-
ticles |67, 68, 98, 99, 100, 101]. The most interesting scenario they found is that
the charge regulation phenomenon has the essential effect on electro-neutral sys-
tems, where the attraction may appear. They explained it in the framework of
the Chan—Borkovec formalism based on the regulation parameter p. The measured
force between such objects always satisfied the profile in between the constant charge
approximation and the constant potential approximation. They were also experi-
menting with the influence of the solution properties on the charge regulation effect,
and found that multivalent ions increase the attractive interaction between electro-
neutral objects [99, [102] 103} 104, 105, 106], a puzzle without a proper theoretical
explanation. Comparing their measurements with the PB theory they found that
the latter fails at small separations as well as at higher salt concentrations.

A lot of progress has been made in understanding the charge regulation phe-
nomena, but the tricky part concerning the interactions between charge regulated
objects stayed theoreticaly poorly understood and explained. Even the KS interac-
tion had been somehow forgotten. Just recently it experienced rebirth when Mikael
Lund and Bo Jonsson studied the protein—protein interactions using Monte Carlo
simulations [60], 69, 107]. In the framework of statistical mechanics they introduced
the protein capacitance, C, as ability of the protein charge, @), to fluctuate:

0Q

C=(Q%) —{Q)*= T (Beed) (2.56)

This quantity is useful, since it can be experimentally measured from the titration

curve. 8@
Chl) = ———. 2.57
(o) (2:57)

This means that the KS interaction is directly related to charge regulation, i.e. to
the dependence of the charge on the pH of the solution! This was an important
signal for me that allowed me to undertake a fundamental study of how the charge
regulation and interactions between charged macromolecules are related on various
levels of the statistical mechanics of Coulomb systems.

With the introduction of the capacitance, continuing in the framework of sta-
tistical mechanics energy perturbation expansion, Lund and Jonsson recovered a
fluctuation-driven interaction between two point charges as:

5(QA)(Qs) 1§

R 2R?
where the first term stands for the direct Coulomb interaction, while the following
term represents the interaction of the fluctuation type, already introduced by Kirk-
wood and Shumaker. Using the coarse-grained representation of proteins, where

BA = (Ca(@5)* + C(Qa)* + CaCp), (2.58)
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each amino acid is represented with a single bead, and allowing that each bead can
exchange a proton with the bathing solution, they developed a Monte Carlo simula-
tion sheme by defining the trial energy of a “charge regulation Monte Carlo move*
as:

AU = AU, = (pH — pK)j) In 10, (2.59)

where AU, is the change in the electrostatic energy, pK is the dissociation constant
of an isolated amino acid, (+) applies when protonating an amino acid, while (—)
applies when deprotonating an amino acid. Simulations proved first the existence of
a long ranged attraction when proteins reach their isoelectric point, and then also
the original KS conceptual framework.

Charge regulation has a long history of development, and has been invoked and
widely applied in the context of various colloidal systems: stability and intersur-
face forces due to the electrostatic double-layers [108] [109], dissociation of amino
acids and the corresponding electrostatic protein—protein interactions [60, [70} [110],
charge regulation of protein aggregates and viral shells [57], and of polyelectrolytes
and polyelectrolyte brushes [62] 111} 112} [113], as well as charge regulation of charged
lipid membranes [114) [115] [116]. However, in spite of this, modern theories of elec-
trostatic interaction between macroions immersed in Coulomb fluids [10] mostly deal
with constant surface charge of a macroion, bypassing the complications introduced
by charge regulation [61] (62, [96].

It is therefore our aim to construct a theory that will include the charge reg-
ulation phenomenon within the field-theoretic formalism and explain consequences
stemming out from it.
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Chapter 3

Counterion-mediated interactions of
planar charge regulated surfaces

For describing protein’s behavior governed by electrostatics, it is crucial to under-
stand a phenomenon of charge regulation. As it is mentioned in the Chapter [2| a
lot of work has been done in this field, but a general theory describing the inter-
actions of objects undergoing charge regulation processes at diverse circumstances
have still been lacking. In the last decade significant progress has been made in
developing an elegant field theoretic framework for describing the various properties
of Coulomb fluids, but they are limited to particles with a constant surface charge.
A constant charge is a very stringent approximation and it holds only in a very
restricted part of the parameter space, since in many biological systems, macroions
bear dissociable groups on their surface, so that their charge always depends strongly
on the acid-base equilibrium that defines the fraction of acidic (basic) groups that
are dissociated [71]. The challenge is to incorporate this property consistently into
a theoretical formulation. In order to do so, it is natural to start from analyzing
counter-ion mediated interaction in the simplest geometries, such as a planar plates
with dissociable surfaces.

In this Chapter we start with the simplest model that retains the salient features
of charge regulation, composed of two planar parallel macromolecular surfaces with
surface distributed charge dissociation sites, immersed in a Coulomb fluid composed
of counterions only. We base our analysis on a field-theoretic description of the
system’s partition function, whose Hamiltonian will be generalized to include a
surface term that describes properly the charge regulation and consequently the
local charge fluctuation at the macromolecular surfaces. The problem is set in the
weak-coupling regime. Going beyond the mean-field level, we address the Gaussian
fluctuations around this mean-field solution with its charge-regulation boundary
condition. That is the main task of interest here, since we expect that the exotic
electrostatics hides in loop corrections to the mean-field solution. We will be able
to calculate one-loop correction exactly and analytically by using the path-integral
approach for the harmonic oscillator with time-depended frequency. Finally, we
present numerical results and comment upon its relevance for the KS interaction.
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regulated surfaces

Figure 3.1: Schematic representation of two charged planar surfaces at a separa-
tion D with charge dissociation sites distributed uniformly along the surfaces and
with counterions between the surfaces. The counterions originate from the charge
dissociation of the dissociable groups (AC) through the reaction AC <» A~ + C*.

3.1 Model

We consider two flat parallel plates, located at z = +D/2 and immersed into an
aqueous solvent that carry dissociable charge groups of the type AC +» A~ + CT,
where the counterion C' is released into the aqueous solution (Fig. [3.1). We do
not specify the identity of the released counterion but assume it to the only mobile
species in the considered model. Furthermore, we assume a grand canonical ensemble
for the counterions, specified by a fixed value of the activity. The number of the
counterions in the solution is thus not fixed but depends on the dissociation state of
the surfaces. While in standard formulations of the counterion-only Coulomb fluids
with fixed boundary charge the grand-canonical formulation is just a step towards
the final canonical ensemble, corresponding to a fixed number of charges, in our case
this is not fixed and the grand canonical description is natural.

We need to note that in the Ninham-Parsegian model the released counterion
is a proton and the aqueous solution contains a salt mixture at a specified ionic
strength for both monovalent and divalent complements [59]. While this model can
be formalized in the same way as our simplified model, we first solve the simplified
case in order to derived the proper level of description as well as to investigate the
salient features of fluctuations in a case, where they can be treated exactly.

In order to describe the surface charge dissociation, we introduce a lattice gas
model with its own surface free energy contribution. This surface part of the free
energy stems from the charge dissociation equilibrium and describes the (free) energy
penalty for a finite surface charge density. We show furthermore that on the mean-
field level, our formulation yields ezactly the same result as the Ninham—Parsegian
charge regulation ansatz, which is not explicitly based on any surface free energy.
The equilibrium distribution of the counterions is then obtained from the saddle-
point equation, which corresponds to the minimum of the complete, that is the
volume and surface free energy terms. The dielectric constant in the region between
the walls is taken as €, while outside that region it is assumed to be in general
different and equal to €. Dielectric inhomogeneity (jump) is a common phenomenon
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in biological systems, since bio macro-molecules have a dielectric constant (~ 2 —5),
while the water, as the most common solvent, has a dielectric constant around 80.
The existence of dielectric inhomogeneity may lead to the image forces, which on
the weak coupling level considered here, do not play an important role [31].

3.2 Field-theoretic description of model

In order to describe this model system of interacting particles it is advantageous to
use the field-theoretic formalism to derive the partition function. The configurational
part of the Hamiltonian of an auxiliary system of N counterions, with a fixed surface
charge density oy on the bounding surfaces, can be written as

N
1
H= §Zu(’ri,’rj)eiej + Z%u(r,ri)aodzr, (31)
i#j i=1
where ¢ implies an integration over all the charged bounding surfaces and u(r,r;) is
the electrostatic interaction kernel, i.e. Green’s function of the Coulomb potential,
which satisfies the relation
ofr—mr;
Vu(r,r;) = —g. (3.2)
€€

The canonical configurational partition function of the system can then be repre-
sented by an integral over all positions of the counterions

QN = /drl...drNeXp (—BH) (33)

After applying the Hubbard—Stratonovich transformation, one can obtain the grand
canonical partition function as a functional integral over the fluctuating electrostatic
potential ¢(r)

2= [ Dletr)] exp (- Sler). (3.4

with the field-action of the form:
1 -
Sle)] = 58 [ dr [VoP + 3 [ dr e (iBep(r) +
- zﬂj{d%’ aop(r). (3.5)

Here, ) is the absolute activity and will be obtained self-consistently. The above
field-action is universal in terms of the non-linear volume interaction term, the sec-
ond term in the above equation corresponds exactly to the van’t-Hoff ideal osmotic
pressure of the counter ions. This is a well-known result [21], which on the weak
coupling mean-field level, using substitution ¢ — i¢yr, gives the PB equation with
fixed charged density boundary condition n - Vo = oo [10].

We now generalize this free energy ansatz so that it will contain also the surface
part, not necessarily linear in the surface fluctuating potential, by assuming that
the surface free energy in Eq. can be modified as

i jf oo (r)d2r — 74 Flo(r)d2r, (3.6)
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where f(p(r)) is a general non-linear function of the local potential. The exact
form of this surface free energy is not universal and depends on the model of the
surface-ion interaction [117, [118]. Here, we will delimit ourselves to a surface lattice
gas model, which was introduced in a different context by Fleck and Netz [119], and
derive the corresponding free energy, as well as show that the same model in fact
corresponds exactly to the Ninham—Parsegian charge regulation theory [59]. The
surface lattice gas model of dissociable charged groups gives [119] [120]

| 00 |

flp(r)) = ioop(r) — kT

where pg is the free energy of dissociation. In the argument of the logarithm function
one can recognize the partition function for a system with uncharged ground state
and a charged state with an effective energy Sus~+ifBep(r). It is possible to generalize
this model with other surface free energies [121, [122] that can capture other details
of the surface—ion interaction. Furthermore, in the limit of Sus — oo, the sites
are completely undissociated, the bounding surfaces are uncharged and there is no
contribution to the surface free energy. In the opposite limit, Sus — —oo, the
bounding surfaces are completely dissociated and we are back to the fixed surface
charge f(o(r)) = ioop(r).
The complete field action of the model at hand thus assumes the form

Sle(r) = 3 [ @'r [V + & [ d'r exp(isep(r)) +

o In (14 exp (Bus + ifegp(r))), (3.7)

i%d%aogo(r) - kBdeQTIZ—s, In (1 + exp (—Bus + ifegp(r))).

(3.8)

While the bulk part presents an exact field-theoretic representation of the counterion
partition function, the surface part pertains to a specific model of the interaction
between the mobile charges and the bounding surfaces.

3.3 Mean-field approximation

The functional integral Eq. (3.4) with the field-action functional S[p(7)] decom-
posed as

Slp(r)] = /V frlo(r) dr + 74 fs(p(r) d2r, (3.9)

and can not be evaluated exactly, since it is in general not Gaussian. One thus has
to take recourse to various approximations of which the mean-field approximation,
being equivalent to the saddle-point approximation, is the most straightforward one.
The mean-field potential ¢yp(r) of the field-action Eq. is defined as a solution
of the saddle-point equation corresponding to 6S[p(r)] = 0 at ¢(r) = i¢yr(r) where
omr(r) is thus a solution of

dfv(onr(r)) _ Ofv(dmr(r))
V[ OV dmr(r) } Opur (T) -0 (3.10)
and
—feey 2 () _ OISO () _ (), (3.11)

817, - ¢MF(T)
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3.4. Second-order (Gaussian) correction

where n is the normal vector to the bounding surface(s), and o(¢yp(r)) is the
effective surface charge at the bounding surface(s). In extenso the first equation is
exactly the standard PB equation for the counterion-only system
Vigur(r) = ——— exp (—fedur(r)), (3.12)
0

while the second saddle-point equation with f(¢(r)) from Eq. (3.7) reduces to the
boundary condition

_5660%2—2@ = _% [1 4 tanh (3 (—Bus + Beodur) )] -

(3.13)

Obviously, the above surface charge density can span the interval [—og, 0]. Assuming
that fus = —In10(pH — pK), with pK = —log K and K being the dissociation
equilibrium constant while pH = —log [H*] with [H*] the concentration of the
protons in the bath, the above boundary condition coincides exactly with the charge
regulation boundary condition of the Ninham-Parsegian site-dissociation model [59].
Should there be more then one type of dissociable groups the proper generalization
was introduced in Ref. [79]. For the planar geometry the mean-field solution of
Eq. depends only on the z coordinate and has the form

omr(z) = é In (cos? (az)), (3.14)

where « can be determined from the boundary condition Eq. (3.13) as
1
(1 +b)atan (aD/2) + batan® (aD/2) = —, (3.15)
0

with b being related to the dissociation free energy as Inb = fug. Here pu is the
Gouy—-Chapman length.

3.4 Second-order (Gaussian) correction

After solving the mean-field equations, one proceeds to analyze the fluctuations
around the mean-field potential by evaluating the partition function Eq. for
the field-action functional S[p(r) = dur(r) + dp(r)]. To the lowest Gaussian order
in the field fluctuations d¢(r) the field-action can be expanded

S[o(r)] = Slpmr(r) + 06(r)] = Swur[dnr] + S2[00(r)] (3.16)
where
+3 b Caolr)huwdordPr, (3.17)
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and obviously decomposes into a volume and a surface term just like the complete
field action. Above we introduced the Hessian of the volume part of the field-action
as

629

1

2 0¢(r)oo(r)
where Cg is the surface capacitance due to the nonlinear coupling of surface charge
and surface electrostatic potential

_ Pf(dur(r) do
Cs(r) = ;= .
O(Bedmr(r))?  O(Bedmr(r))
We will show later on that in the original theory of KS interactions, it is this surface
capacitance that quantifies the thermal charge fluctuations [60].

BN

cos? (az)

1

=_ [u‘l(r,r’) — S r—r)|; (3.18)

MF 2

(3.19)

The decomposition of the field action Eq. (3.17) induces a decomposition of the
partition function into a product of the saddle-point partition function and its first
order correction, so that finally

Z = exp <— %ln (det Bu(r,r'))) x exp (S[omr(r)])

« / DIs6(r)] exp (S:050(r)]) = Zur x 22, (3.20)

The last term is due to Gaussian fluctuation around the saddle point and thus
corresponds to the one-loop correction in the free energy. In order to proceed we
first introduce the appropriate field Green’s function

G(561(r). 66a(r) ) =

. 2o o (3 f iz

that describes the field, or better, the propagation of the fluctuations of the Gaussian
electrostatic potential. This will allow us to formally separate the bulk and the
surface terms in the calculation of the one-loop partition function. Since the kernel
u~Y(r,7’) is isotropic in the transverse directions p = (x, %), one can introduce the
Fourier—Bessel transform of the fluctuating potential as

56(r) = 60(p, =) = / " dQU(Q0)5d(Q, =), (3.22)

0

5¢(r)5¢(r')d3rd3r'> (3.21)

MF

where §¢(Q, z) depends only on the magnitude of the 2D transverse wave vector,
Q) = |Q|. With this notation, the complete Green’s function can be presented as the
product

G(561(r). 66a(r) ) = gGo (56(Q. 1), 56(Q, ). (3.23)
where Gg <5¢(Q, 21),00(Q, 22)> can be furthermore derived in the form

Ga (56(@, 1), 00(Q. ) =
Dl 2 [ (dég\’ 202
M(lel[;sqﬁ(@ z)] exp (— %ﬁeeo/Zl dz { <W)_(Q2 i W)(Sﬂg} )
(3.24)
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3.4. Second-order (Gaussian) correction

Obviously, this is nothing but the Feynman propagator of a harmonic oscillator
with time-depended frequency, where the z coordinate plays the role of time [123],
and the Wick’s rotation makes the action real instead of imaginary as in quantum
mechanics. The general method of solving this type of functional integrals was
described by Khandekar and Lawande [124] and was adapted to this particular case
as described in detail in Appendix [A]

The partition function, or specifically the part stemming from Gaussian fluctu-
ations, Eq. , around the mean-field can now be cast into the following form

(D) =1y | Dlsor(rson(r)
Go(0.661(r)) x exp (- % /5 PrCs, (ur)561%(r)) x G (561(r), 50a(r)

xoxp (- % /S PrCs, (6ur)562%(r) ) x G (6(r).0).
2 (3.25)

where Q~Q stands for the Green’s function Eq. but with o = 0, as there are
no counterions behind the two bounding surfaces. The exact form Eq. thus
still remains valid but evaluated explicitily for vanishing a. Of course in that case
the functional integral can be evaluated directly in a trivial fashion. In addition,
one needs to take the dielectric constant as ¢ for Go(0, 3¢ (r)) and Go(dg(r),0),
but as € for Go(d¢1(r), dp2(r)) in the definition Eq. (3.24).

One could see the above formula as describing fluctuations behind the surface at
z = z1, described by QQ(E’; 0,d¢1(r); 00), fluctuations behind the surface at z = 2y,
described by Gg(€'; dp(r),0); 00), fluctuations in the space between the two surfaces
for 21 < z < 29, described in their turn by Gg(€; 0¢1(7), d¢p2(r); D), and finally all of
them coupled through the surface capacitance and the surface potential fluctuations
at the two surfaces at z = z; and z = 25 corresponding to the two exponential terms.

After integration over the boundary electrostatic potential fluctuations the final
exact form of the partition function can be written as

2exp (—DQ)Q(a® + Q?)
@\ 2r(atan (aD/2) + Q)% — (atan (aD/2) — Q)2 exp (—2DQ))
1
\/Cslcsg +56,60 (Csl +CSQ)Q+ (6660)2N2+ (B6/60>2Q2+ (5660) (CS'1 +CSQ +256/€0Q>M;
(3.26)

Zy(D) =11

with the functions M and N defined as
Q(atan (aD/2) + Q)? + (o + a? tan? (aD/2))(a tan (aD/2) + Q))
(atan (aD/2) + Q)? — (atan (aD/2) — Q)% exp (—2DQ)
Q(atan (aD/2)—Q)*—(a*+a?tan? (aD/2))(atan (aD/2)—Q)) exp ((2DQ)
(atan (aD/2) + Q)?>—(atan (aD/2) — Q)% exp (—2DQ)
Loxp (~2DQ) Qo + Q)

[(@tan (aD/2) + Q) — (atan (aD/2) ~ Q) exp (~2DQ))| 3
(3.27)

M=

N? = M? —
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We have thereby derived the explicit and exact expressions of the partition func-
tion in the form of a mean-field term and the one-loop or Gaussian fluctuation
correction that has not been calculated before.

What remains now is the evaluation of the corresponding free energy and specifi-
cally the part of this free energy that depends on the separation between the bound-
ing surfaces, i.e. the interaction free energy.

3.5 Second-order correction — interaction free en-
ergy

Knowing the partition function for Gaussian fluctuations around the mean-field, one
can straightforwardly calculate the second-order or the one-loop correction to the
free energy as

FoD) 2D
where we subtracted the free energy corresponding to infinite separation, which con-
tains the bulk free energy as well as the surface self-energies. Assuming furthermore
that the surfaces have identical properties, i.e., Cs, = Cs, = Cg, we get the one-loop
correction as:

’“BT / QdQ In (1—%(@) exp(-2QD)),  (3.20)

(3.28)

AL Q)

where we defined the followmg quantities

Cs(atan (aD/2) + Q) + Beoe' Q(atan (aD/2) 4+ Q) N
Cs + BeoQ(€ + €)
+ﬁeo{e[Q(0z tan («D/2) + Q) + (a? 4+ o tan® (aD/2))]}
Cs + BeoQ(€ +¢€) ’

An(@) =

(3.30)

M@ = %
Cs(atan (aD/2)—Q)+Peo{€ Q(atan (aD/2)—Q)
— @ tan (aD/2)~ Q) — (o> +a? tan? (aD/2))]}
B = Cs(atan(aD/2)+Q)+Be{e' Q(atan (D /2)+Q)
+ €[Q(atan (aD/2)+Q)+(a*+a*tan® (aD/2))]}.
(3.31)

The second-order correction free energy Eq. consists of two integrals.
The first one corresponds to part of the self-energy of the two bounding surfaces
that depends on the inter surface separation, while the second integral represents a
generalization of the zero-frequency (classical) van der Waals-Lifshitz term [80]. In
fact, it can be easily seen that in the limit of no mobile ions between the surfaces,
corresponding to a = 0, it reduces exactly to the zero-frequency van der Waals term
with

A%L(Q) = (E - E)Q (3.32)
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3.5. Second-order correction — interaction free energy

while the first term vanishes. With mobile ions present, the second order correction
is however very different from this limit. In the limit of fixed surface charge (Cs, =
Cs, = 0) and no dielectric discontinuity (¢’ = €), the integral reduces to the known
result [31]:

Fo(D)  kgT [ - - 1 2Q + 2Q% + &% + 12
o= e (G ()
kgT [ ~ ~ 1+ a2 2 -
—i—E/O QdQ In <1— <2Q+2Q2+d2+1) exp(—2DQ)>,

(3.33)

leading to the attractive pressure that scales as In D x D~ in a system composed of
mobile counterions and fixed surface charge. At the end we also consider a formal
limit of the free energy corresponding to no dielectric discontinuity € = ¢, as well as
no mobile ions a« — 0, but nevertheless assuming a non-vanishing surface capacitance
C. While this limit is not meaningful in our model, we will nevertheless use it to
show how the KS result [64] 65], which is based on a linear response formalism and
considers no coupling between the mean-field solution and the corresponding values
of the capacitances, is obtained from our conceptual framework.

The KS limit could be obtained more directly if instead of a counterion-only
case dealt with here, one considers a monovalent salt as indeed was considered by
Kirkwood and Shumaker in their derivation of the long range interaction between
protein molecules with dissociable surface groups [64, [65]. Nevertheless, for o — 0
our general result reduces to

C 2
AL(Q) = <m> ; (3.34)

which in its turn, to the lowest order in the surface capacitance leads to the disjoining
pressure

As it depends quadratically on the surface capacitance, this interaction presents
the contribution of monopolar fluctuations in the surface charge to the free energy.
This can be easily confirmed by evaluating the free energy of two fluctuating charge
distributions in the Gaussian approximation explicitly. Let us now show that inter-
action pressure Eq. corresponds exactly to the KS interaction between two
planar surfaces.

In fact, the disjoining pressure Eq. starts to become more familiar when
we realize that a Hamaker-type summation [66] for two thin planar surface sheets
with a pair interaction of the KS scaling V(R) ~ R™2, gives the interaction pressure
as [64]

F(R) 2 =
P=—s"="35 : 2R dR V(R) ~ D™". (3.36)
The two forms of the disjoining pressure, Eqs. and , are thus identical,
meaning that the KS interaction is nothing but a monopolar fluctuation interac-
tion. This is clear from the fact that the separation dependence of the fluctuation
interaction free energy between two surfaces is slower in the case of standard vdW
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interaction that stems from dipolar fluctuations between either two semi-infinite
media or two thin layers, scaling respectively as [66]

F(R)  A(D)  24(D)a?

S = “igrpz And/or 7 D5

The KS fluctuation forces thus originate in monopolar fluctuations and follow
a different scaling than in the case of dipolar fluctuations, either between point
particles, R~2, or between fluctuating surface layers, D~!. They arise directly from
surface capacitance that is non-zero only for the surface free energy that is non-
linear, i.e. at least quadratic, with respect to the local electrostatic potential.

(3.37)

3.6 Numerical results

It is convenient to introduce dimensionless quantities by using the Gouy—Chapman
length scale p and 02/2eey as the disjoining pressure scale. Hence, the length
scale (r, D), the free energy (F), the disjoining pressure (p) and the surface ca-
pacitance (C) can all be rescaled into dimensionless variables # = /u, D = D/,

F=F/ (%) ud, p=p/ (2‘2‘30), and C = uC respectively. We also introduce the
dielectric mismatch A = (e — €') /(e + €/). With these definitions, the mean-field free
energy becomes

foéD) = a?D +2In(1+a?), (3.38)

where & = pa is the solution of the boundary condition
(1 + b)atan (aD/2) + batan® (aD/2) = 1. (3.39)
The rescaled surface capacitance in terms of & is then equal to

1+ tan? (aD/2)
[1+ b+ btan? (aD/2)]?’

651752 = 25660[) (340)

which goes to zero for large values of b, lim,__, ., C~31752 — 0 as well as for vanishing
b, lim,_,(Cs,,s, — 0. We also invoke a coupling parameter =, analogous to the one

introduced by Netz and Moreira [24], given as
6800

- 87 (ecokpT)?’

[1]

(3.41)

for monovalent counterions. For a counterion-only system with fixed surface charge,
the magnitude of the coupling parameter defines a weak- and a strong-coupling
regime [10]. In our case, the existence of the surface free energy introduces also other
length scales that preclude a direct introduction of a unique electrostatic coupling
parameter and it is thus in general not possible to establish the presence of the weak
and the strong-coupling limits strictu senso as exact limits of the partition function.

While the weak-coupling limit can therefore not be derived as an exact limit, the
saddle-point can be defined for any field-action. As explained in detail in Ref. [10]
we thus use the saddle-point solution as the prozy for the weak coupling limit and
evaluate the contribution of the fluctuations around the saddle-point to the free
energy.
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In[po]

Figure 3.2: (a) Rescaled mean-field disjoining pressure plotted as a function of
rescaled surfaces separation for different values of parameter b. The curve o = oy
corresponds to b = 0. (b) Rescaled mean-field pressure from (a ) plotted in a log-log
plot. The two dotted lines represent the scalings D~ and D=2 introduced solely to
guide the eye. Obviously the scaling D' for mean-field pressure sets in for small
and D=2 for large values of the dimensionless separation.

The surface interaction part of the Gaussian fluctuating free energy from Eq. (3.29)),
in a dimensionless form is then given as:

S*D - /Qd@ ln x<g)2> (3.42)

P =2(1+ A)b(1 + tan® (%))(& tan (%) - Q)

with

)= @)~ (1+A)(@+ atan? (UD))]

Q = 2(1+ A)b(1 + tan? (%))(d tan (%) +Q)

—(1+ b+ btan® (%))?[m@(a tan (22

2
l\')@z

+(1+ b + btan® (%))2[2()(& tan (O‘T) + Q) + (1+ A) (@2 + a* tan? (%))].
(3.43)

We first investigate the surface separation dependence of the interaction free
energy and the disjoining pressure between the surfaces pertaining to that depen-
dence. The mean-field rescaled pressure is shown in (Fig. [3.2) (a), as a function of
the surface dissociation energy Inb = Sug in a lin-lin and log-log plots. Clearly, the
higher the energy penalty for charge dissociation at the surface, b, the lower is the
interaction pressure between the two surfaces, until for large enough energy penalty
the interaction remains close to zero for all intersurface separations. The scaling of
the mean-field disjoining pressure with the separation is shown in (Fig. 3.2) (b). For
constant surface charge o = 0y, i.e., corresponding formally to b = 0, the asymp-
totic forms of the mean-field interaction pressure are limp_,o po(D) ~ D2 and
limp_,0 po(D) ~ D71, see Ref. [41]. This is in fact also what we observe in the case
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Figure 3.3: (a) Rescaled fluctuation disjoining pressure as a function of rescaled
surface separation is plotted for different values of parameter b with a fixed di-
electric jump A = 0.95, and coupling parameter = = 1. (b) Rescaled fluctuation
disjoining pressure from (a) plotted in a log-log plot to show the effective scaling
of the disjoining pressure with the intersurface separation. The scaling exponent is
typically comparable with the case of the counterion-only Coulomb fluid between
two surfaces with fixed charges, which is —3, but its exact value depends on b.

of charge regulation, with the proviso that the regime of validity of the two limits
depends additionally on the value of b; the smaller its value the more extended the
region of D! scaling.

Because the surface capacitance depends on the mean-field solution, the fluctu-
ation correction to the free energy and the corresponding disjoining pressure also
depend on the surface dissociation energy, as can be discerned from (Fig. (a).
This is very different from the standard vdW interactions that do not depend on the
mean-field solution, at least in the standard DLVO formulation [66]. The scaling of
the fluctuation part of the interaction pressure, (Fig. (b), shows a robust value
of the scaling exponent close to —3, close to its value for the case of a counterion-
only Coulomb fluid between two surfaces with fixed charges, where the fluctuation
disjoining pressure scales exactly as ~ In D x D73 see Ref. [10] for details. The
exact value of the scaling exponent in the charge-regulated case, however, depends
on the value of the surface interaction parameter b. Since the dielectric mismatch
in this case is not zero, the monopolar and vdW dipolar fluctuation interactions,
stemming from the surface capacitance and the dielectric mismatch respectively, are
always mixed together and can not be disentangled in the separation dependence of
the fluctuation pressure.

Adding the mean-field and the fluctuation contribution together, (Fig. ,
we note that for large values of the surface dissociation energy, the fluctuation
contribution becomes dominant, a simple consequence of the fact that the mean-field
vanishes while the fluctuation part remains finite. While in general the fluctuation
part is always subdominant to the mean-field solution, in this case the matters are a
bit more complicated as the charge regulation can wipe out the mean-field entirely
but not the fluctuation part. The fluctuation disjoining pressure for a vanishing
mean-field again depends crucially on the presence of the dielectric mismatch at
the bounding surfaces and does not necessarily coincide with the standard vdW
interaction. In fact, for the case of complete dielectric homogeneity, A = 0 see
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Figure 3.4: Rescaled total disjoining pressure as a function of the rescaled surface
separation plotted for different values of the parameter b, fixed dielectric jump
A = 0.95 and for the following values of the coupling parameter: (a) = = 0.5; (b)

—_
- =]
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Figure 3.5: (a) Rescaled fluctuation disjoining pressure as a function of rescaled
surface separation is plotted for different values of the parameter b but without
any dielectric jump, A = 0, and = = 1. (b) The scaling exponent 7 for the
effective scaling of the disjoining pressure with the intersurface separation is defined
as Po ~ D7. For small separations it approaches —1 asymptotically, whereas for
large separations it tends to a value close but not equal to —3.

(Fig. , the interaction pressure scaling exponent is in general smaller then for
A # 0. Asymptotically for small separations in fact it approaches one, just as for
the KS interaction. For larger separations it tends to a larger value but does not
approach —3 as the fluctuations it corresponds to, being due to the presence of
counter ions between the surfaces, are never purely dipolar.

Finally, in order to get an idea about the strength of the attractive interaction
we compare the fluctuation disjoining pressure py with the pure vdW pressure given
as puaw = —H(A)/12xD? [66], where H(A) is a Hamaker coefficient, which for
illustration purposes we chose to be 4.3 zJ [125]. We choose a large dielectric inho-
mogeneity (A = 0.95), and a separation between the surfaces of 1 nm (D = 1 nm),
bearing maximal surface charge oy = 0.5 eg/nm?. With the given set of parameters,
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we calculate the fluctuation disjoining pressure p,—g corresponding to a maximal
charge at the surfaces, and the fluctuating disjoining pressure py—ig9, correspond-
ing to the case of electroneutral surfaces. One finds that for this specific choice of
parameters the fluctuating pressure is comparable to the vdW disjoining pressure:
Poaw = —1.1 bar while py—1990 = —1.3 bar and p,—¢ = —0.8 bar.

3.7 Conclusions

In this Chapter, we derived a theory describing electrostatic interactions between
macromolecular surfaces bearing dissociable charge groups immersed in an aqueous
solution of dissociated counterions. Introducing a surface free energy corresponding
to a simple model of charge regulation, and formulating it in a field-theoretic lan-
guage, we derived the mean-field solution related to the Ninham-Parsegian charge
regulation theory and also obtained an exact solution for the second-order fluctua-
tions around the mean-field. The fluctuation contribution to the total free energy
is related to vdW interactions but is fundamentally modified by the presence of
dissociable charges on the bounding surfaces as well as the counterions dissolved in
the space between them.

While for the model discussed, containing an additional surface term usually not
present in Coulomb fluids with fixed charges on interacting surfaces, a weak-coupling
approximation can not be consistently defined, we proceed from the observation that
the saddle-point and the fluctuations around the saddle-point can be defined for any
field action [10]. The range of validity of this approximation should eventually be
ascertained once compared with detailed simulations of the same microscopic model.

What our methodology also clearly identifies, is the monopolar nature of the fluc-
tuation interactions between charge-regulated surfaces that singles them out from
the dipolar fluctuation interactions as is the case for vdW fluctuation interactions.
This sets the two types of interactions fundamentally apart as the range and scaling
characteristics of the two are vastly different. It also emerges quite straightforwardly
that the two types of fluctuation interactions are not additive but are fundamentally
intertwined and can only be decoupled in extreme limiting cases of either no dielec-
tric discontinuity or in the case of no surface capacitance. More specific predictions
regarding the role of monopolar fluctuation interactions between dissociable charge
groups corresponding to deprotonated and protonated molecular groups, as is the
case for proteins, will be forthcoming once the model considered is generalized to
include the intervening salt solution at a set value of the solution pH, which is going
to be a subject of the Chapter

Suffice it to say at this point that in an appropriate limit our theory is related to
the KS interactions known to be relevant in the protein context. More importantly
though, it allows to consistently generalize the theory of KS interactions, or indeed
any electrostatic interaction that presumes charge regulation, in such a way that
one can use advanced concepts and methods of the Coulomb fluid theory to solve
it approximately. In this way, we pave the way to new developments in the theory
of KS and related interactions that would not be conceivable within their original
theoretical framework [64], 65].
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Chapter 4

Titrating macroions in monovalent
salt solution

In Chapter |3| we set a proper theoretical framework for describing charge-regulation
interactions, where we solved a problem of counterion-mediated interactions between
charge-regulated surfaces. In biological systems, it is more common situation to have
proteins in a solution where the salt ions are ubiquitous components (as in a physio-
logical solution, where the concentration of monovalent salt is approximately 0.1 M).
So now we proceed with studying a system, more related to the one also found in
nature. Again, we start from the simplest model, that takes two spherical macroions
with dissociable groups immersed in monovalent salt solution, corresponding more
closely to the original KS model.

The aim of this Chapter is to present an improved theory of fluctuation inter-
action for two small and distant spherical macroions subject to charge regulation.
The problem will be formulated in the way that allows for decoupling of the charge
regulation part and the interaction part, of which the former can be treated exactly
while the latter can be described on the DH level. This allows us to derive a closed
form expression for the total interaction and compare it with various approximate
forms, including the original KS expression. Furthermore, we will be able to go be-
yond the KS result and derive realistic pH and ionic strength dependent interactions
between protein macroions with known amino acid composition.

4.1 Model

We consider a model system composed of two charged spherical macroions in a 1:1
salt solution (Fig . The charge of the macroions is not constant, but is described
by a dissociation surface free energy density cost corresponding to the Parsegian-
Ninham charge regulation model, as discussed in Chapter [3] of the general lattice
gas form

. o .
fole(r)) = iogp(r) — akBTe—s In (1 + bexp (zﬂem@(’l“))), (4.1)
where « quantifies the number of dissociation sites and Inb = —In 10(pH — pK) =

Bus, where pK is the dissociation constant and pg is the free energy of charge
dissociation. Here ¢(r) is the local fluctuating potential that needs to be integrated
over to get the final partition function. The mean-field PB approximation is obtained
by identifying ¢(r) — i¢ = i¢pp [126]. The total dissociation free energy for a
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Figure 4.1: Shematic representation of the model: two charge-regulated ions im-
mersed in 1:1 salt solution.

spherical macroion of a radius ag, sufficiently small so that one can assume that
the electrostatic potential is uniform over its surface, ¢(|r| = ag) = ¢, and can be
written in the form

) = § hlelr)dr —
— iNegp — akgT N In (1 + bexp (ifegyp)), (4.2)

where N is the number of absorption sites satisfying [ dSoq = Neg, and o > 1
is a coefficient of asymmetry, determining the width of the interval spanned by the
particle’s effective charge e(¢) as a function of the mean-field potential on its surface

¢ = ¢(ap):

e(é = dlac)) = ‘92_(;’) _
eolN [(% — 1) — %tanh ( — %(lnb — Beo(p))} ) (4.3)

The effective charge of the macroion can thus fluctuate in the interval —Ney, <
e < (¢ —=1)Neg, a > 1. When a = 2 the charge interval is by definition sym-
metric [—Neg, Neg|. All of the expressions for the charge regulation referred to
above are just variants of the surface lattice gas free energies [126] with a variable
number of dissociation sites that describe the dissociation of the charge moieties
on the surface of the macroions. In addition, we have taken the limit of small
macroions, ag — 0, implying that the surface potential on the macroions is a con-
stant, f() = §,_,, fole(r))d*r.

While the approximation of treating the macroion as a point-like particle is a
convenient analytical device to make the calculations tractable, it obviously entails
some additional limitations to their validity. The most severe one is the disregard of
non-spherically symmetric charge fluctuations, or equivalently of fluctuating higher
order multipoles. A macroion of finite extension, with an angular distribution of
surface dissociable sites, will typically show fluctuating monopoles, dipoles etc. that
depend on the local electrostatic potential. The point-particle simplification re-
taining only the monopolar fluctuations can be argued to be the most important
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4.1. Model

contribution in the large separation limit, while the higher order multipoles are sub-
dominant. In addition, higher order multipoles - starting with the dipole - would
invariably couple the charge fluctuation interaction with the standard van der Waals
interaction.

In addition, the point macroion approximation disregards the electrostatic in-
teraction between dissociable groups, as they are represented by a single point-like
charge regulated moiety. A finite size of the macroion with angular dependence of
the dissociation site distribution would bring in also the electrostatic interactions
between the sites on the same macroion, which could furthermore lead to potentially
important new facets in the interaction between two macroions. While this line of
reasoning can certainly be pursued, and will be in the future, it is important to have
the “baseline’ point-macroion results first in order to assess the importance of other
contributions.

Assuming that the fluctuating electrostatic potential of one macroion is ¢;(a) =
1 and of the other one is ¢9(a) = @9, located at 7, and 7y, respectively, the
partition function of the system can be derived in the field-theoretic form, see Ap-

pendix
Z= / / dgy exp (=3 (1)) Gl 02) exp (=B (2))deps, (4.4)

where the partition function has already been normalized by dividing with the bulk
system partition function [127], obtained for f(¢) = 0. G(¢1, 2) is the propagator
of the field, defined with the values of the potential ¢; and ¢, at the location of the
first and the second particle respectively, derived in Appendix [B:

cener=va(5(2) (S o) ()
(4.5)

where the matrix of Green’s functions for the bulk composed of a 1:1 electrolyte in
the DH approximation is given as:

G(ry,r1) G(ry,79) (exp (—ka)/4meega)  (exp (—kR)/4meegR)

G(r1,72) G(ra,7s) (exp (—kR)/4meeoR)  (exp (—ka)/4meega)
(4.6)
Here we assumed that the two macroions can not come closer than a = 2a¢. The DH
screening is given as k = /8mlpgc, where c is the salt concentration. Variations on
the above form are possible that would contain the factor exp (—x(R — a))/R(1+ka)
for the separation dependence of G(7,r). We will comment on the detailed choice
of the form for the DH interaction later.

The charge regulation energy term exp (—Sf(¢)) can now be expanded as a
binomial [128]:

exp (—Bf(¢)) = exp(—iBNeyp)[l + bexp (iBegp)]*™ =

az ( aN >b“ exp (—iiNeop) exp (ifeong).  (4.7)

n
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The integral (4.4) then becomes:

alN aN
1 .
Z = Z)// dp1dps En E Ay exXp (—ifeg(N — n)p1) X

(Y (0 o) (2 Yot
(4.8)

aN

where a, (o) = ( )b” for any a.

n

Introducing the dimensionless variables R = R/IB, @ = a/IB and & = klB,
one can rewrite the partition function for two equal macroions with both charges
allowed to vary in the interval [—Neg, Neg| in the form:

2N 2N

Z= Z Zan(Q)an/@) exp ( — BFnn(n,n, é)), (4.9)

where we introduced Fy ny(n,n/, R) as:

~ —Ra o RR
Fyn(n,n',R) = %{ —[(N —n)> 4+ (N —n')}] +2 7 (N—n)(N—n’)}.

(4.10)

Clearly, we have incorporated exactly the charge regulation free energy for each
of the macroions, while the electrostatic coupling between the two macroions is
included approximately via the DH propagator. The configuration of this particular
example is symmetric, as the two macroions are identical and are descibed by the
same charge regulation free energy. The asymmetric configuration, corresponding
to unequal charge regulation free energies for the two macroions, is addressed next.

In order to describe two equal macroions with a regulated charge in the interval
—Neg < e < 0 we take as a model expression Eq. @ with a =1, i.e.,,

fle) =iMegp — akpT N In (1 + bexp (iBegp)), (4.11)

where M = N and with the partition function

2= Z an(1)ap (1) exp ( — BFnn(n,n, fz)). (4.12)

Furthermore, charge regulation in the interval 0 < e < Ney is described by

f(¢) = —kgTN1n (1 + bexp (ifegyp)), (4.13)

corresponding to the protonation of neutral state (M = 0), with the partition func-
tion for two equal macroions obtained in the form:

Z= Z Z an(1)ay (1) exp ( — Fooln,n’, é)) (4.14)

n=0 n'=0
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4.2. Symmetric-asymmetric charges on proteins

Finally, for an asymmetric case, where the two macroioins are different, one with
charge in the allowed interval [0, Neg] and the other one spanning the interval
[—Ney, 0], the partition function is obviously obtained in the form

:iz_an D)y 1)exp< Fno(n,n' R)) (4.15)

These results for the partition function derived above can be written succinctly in
a single formula as:

Z= Z Zan(a)an/(a) exp ( — BFNm(n,n, R)), (4.16)

n n

where one can distinguish three different cases:

e M = N, a =2 - full symmetric system (the macroions are identical, both with
charge spanning the symmetric interval [—Neg, Neg));

e M = N, a > 2 - semi-symmetric system (the macroions are identical, both
with charge spanning the asymmetric interval [—Neg, «Neg));

e N #0, M =0, « =1 - asymmetric system (one particle is positive, with
charge fluctuating [0, Neg|, the other negative with charge spanning the inter-
val [—Neg, 0]).

The partition function Eq. (4.16]) can be evaluated exactly only numerically, as we
will do as well, in addition to providing two explicit analytical approximations.

4.2 Symmetric-asymmetric charges on proteins

We proceed to calculate the average value of the charge of the macroions (e;2),
charge cross correlation (ejes) and auto-correlation function (e; — (e;))? for all three
systems. The thermodynamic averages can be written as

(...)= %Zan(a)an/(a) ...exp ( — BFNm(n,n, R)) (4.17)

n,n’

In this way, we can write e.g. the dimensionless average charge of the particle,

(€1) = (e1)/ep as:
(€1) = ((n — M)). (4.18)

In a similar way, other averages are calculated exactly from the full partition function
and are plotted as functions of R and pH — pK, for different values of the number
of absorption sites N and salt concentration ¢, keeping fixed the diameter of the
macroions a, see (Figs. [1.2] and [4.6)).

In a fully symmetric system (Fig. (solid lines), the average charge is allowed
to vary in a symmetric interval, reaching the point of zero charge (PZC) for pH = pK.
Away from PZC, the average charge changes almost linearly until it reaches satura-
tion and stays constant for any value of pH — pK (Fig. [£.2(a)). The charge auto-
correlation function is positive with the maximum centered at the PZC, being larger
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Figure 4.2: Symmetric system: (a) The average charge of macroions; (b) Auto-
correlation function. All averages are obtained by exact evaluation of the partition
function. Solid lines correspond to a fully-symmetric system (o = 2), while dashed
lines represent the semi-symmetric case which takes asymmetry coefficient to be
a = 3. Fach color corresponds to a choice of parameters (number of adsorption
sites N and salt concentration ¢) as described in panel (a). The dimensionless
diameter of the macroions is @ = 1 and separation between them R = 1.5.

<ep>

Figure 4.3: Charge cross-correlation function for fully-symmetric system (solid lines)
and semi-symmetric system (dashed lines): (a) pH-dependence at R = 1.5; (b) R-
dependence at pH — pK = 0. All averages are obtained by exact evaluation of
the partition function. Fach color corresponds to a choice of parameters (number
of adsorption sites N and salt concentration c¢) as described in Fig. |4.2| (a). The
dimensionless diameter of the macroions is taken as a = 1.

for larger number of adsorption sites and salt concentration (Fig.4.2(b)). The charge
cross correlation function, being negative close to the PZC, indicates that even in
the fully symmetric system the macroion charges prefer to fluctuate asymmetrically:
charge fluctuation on one macroion being accompanied with a fluctuation of the op-
posite sign on the other macroion (Fig. [4.3)(a). This is a robust property of the
system, fully discernable also in the 1-dimensional exact solutions [128]. Considering
the charge cross correlation function as a function of distance between macroions,
plotted for fixed pH = pK (Fig. [4.3)(b), one can observe that at the PZC, fluctua-

o6
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Figure 4.4: The interaction force for fully-symmetric system (solid lines) and semi-
symmetric system (dashed lines), plotted as: (a) pH-dependence at R = 1.5; (b)
R-dependence at pH — pK = 0. All averages are obtained by exact evaluation of
the partition function. Each color corresponds to a choice of parameters (number
of adsorption sites N and salt concentration c¢) as described in panel (b). The
dimensionless diameter of the macroions is taken as a = 1.

tion asymmetry effect decreases as separation increases, and it is the strongest for
larger number of adsorption sites and smaller values of salt concentration.
Finally, the interaction force is calculated as

F(R) =~ [~ n Z(R),

and it is shown in (Figs. and [4.7). Two identical macroions repel for most
values of the parameters, but show a net attraction in the vicinity of the PZC. This
attraction is of purely fluctuational origin, stemming from the asymmetric charge
cross-correlation. At the same value of dimensionless separation, the strength of this
fluctuation attraction is larger in systems with a larger number of adsorption sites
and smaller salt concentration.

Concerning the semi-symmetric system of macroions with both charges spanning
the same asymmetric interval (Figs. - (dashed lines), one discernes similar
behavior of all averages as in the fully symmetric system. However here, the PZC is
no longer determined by pH = pK, but is shifted, meaning that the concentration
of the positive ions close to the macroion surfaces is different from the concentration
of protons in the bulk. The auto-correlation function as a function pH — pK is not
centered anymore on the PZC, but the asymmetric fluctuations do again appear at
the PZC, (Fig. 4.3), where one can observe net attraction between the macroions,
(Fig. [4.4) (dashed lines).

The behavior of the completely asymmetric system is shown in (Figs. [1.7).
Here, away from PZC, the first macroion is positive, the second neutral, or the
first can be neutral, while the second can be negatively charged, depending on
the value of pH — pK. In the region —3 < pH — pK < 3 both macroions carry
nonzero charge of opposite sign, and at pH = pK, the system is electroneutral as
a whole, i.e. the sum of average charges is equal to zero, Fig [4.5(a). The charge
cross correlation function is always negative (Fig. |4.6))(a) and one can observe only
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Figure 4.5: Asymmetric system: (a) The average charge of one particle (solid lines)
and the other (dashed lines); (b) the interaction force at pH = pK. All averages are
obtained using the exact evaluation of full partition function. Each color corresponds
to a choice of parameters (number of adsorption sites N and salt concentration c)
as described in (a). The dimensionless diameter of the macroions is @ = 1 and the
separation between them R=125.

attraction (Fig. 4.5))(b). The number of adsorption sites has the biggest influence
on the intensity of interaction.

The fluctuation effect shows an interesting twist in this system: the interaction
force as a function of separation shows attraction also when one of the macroions is
charged and the other one reaching its point of zero charge, see (Fig. |4.7))(a). The
origin of that attraction comes from the mean charge-induced charge interaction,
see (Fig. [4.7)(b), where one can observe non-zero product (&;)?((¢; — (¢;))?) of
non-zero charge (€;) and autocorelation function of zero charge (¢;). As it is the
case in the symmetric system, here also for the same separation the attraction is
significantly stronger in a solution with larger number of adsorption sites and smaller
salt concentration.

4.3 Discussion

In the previous section we showed results obtained numerically using the exact eval-
uation of the full partition function [129]. The aim of this section is to seek an
analytical approximation that will provide a better intuition about the behavior
of the attractive interaction arising between identical macroions with fluctuating
charge, so that it can be compared with the original KS result for the attractive
components as well as the DH result for the repulsive component, respectively. In
order to do so, we will evaluate the partition function, Eq. , introducing two
different approximations, the saddle-point approximation and the “Gaussian® ap-
proximation, comparing the ensuing approximative results with the exact ones. The
approximations refer to the evaluation of the partition function Eq. and not
to the evaluation of the field Green’s function, G(p1, o), which is always assumed
to be of the DH form. All the approximations detailed below thus refer to the
evaluation of the charge regulation part of the partition function.
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Figure 4.6: Asymmetric system — charge cross-correlation function (a) pH-

dependence at R = 1.5; (b) R-dependence at pH —pK = 0 . All averages are
obtained using the exact evaluation of full partition function. Each color corresponds
to a choice of parameters (number of adsorption sites N and salt concentration c)
as described in Fig. (a). The dimensionless diameter of the macroions is a = 1.
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Figure 4.7: Asymmetric system: (a) the interaction force plotted at pH — pK = 3;
(b) (€1)%{(€2 — (€2))?) (solid lines) and (€5)%((é; — (¢1))?) (dashed lines). All aver-
ages are obtained using the exact evaluation of full partition function. Each color
corresponds to a choice of parameters (number of adsorption sites N and salt con-
centration c¢) as described in (a). The dimensionless diameter of the macroions is
a=1.
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Chapter 4. Titrating macroions in monovalent salt solution

4.3.1 Saddle-point approximation

The saddle-point approximation consists of finding the dominant contribution to the
partition function, corresponding to the minimum of the field action, which is then
expanded around the minimum to the second-order in deviation. The saddle-point
approximation is usually referred to also as the mean-field approximation, but we
need to distinguish the mean-field in the treatment of the charge regulation free
energy with the PB mean-field, which refers to the interaction part. The procedure
is detailed in Appendix [C| where we derive expressions for the saddle-point free en-
ergy, as well as the fluctuation induced free energy from the second-order correction
Eq. . With respect to that decomposition, one can distinguish the saddle-point
interaction force, Fp, and the fluctuation component of the interaction force, Fy,
with magnitudes given by:

Fy, = ! ;;{Ra exp (2ka — &R)
e (R@-B)ai] [0 - few <i( - 1)) oi] o
[1—(%)2exp(—2f<¢ >]
and:
= D a2 exp ( — 2R(R — @
By = —HfR v p< i a)> _ . (4.20)
B h(01)ha(03) — & exp (= 28(R— )
Here hy(¢7) and ho(¢3) are defined by:
M(@) = 14— exp (a) exp (6} (b + )
ha(¢5) = 14— exp (Ra) exp (=03) (b + )2, (4.21)

with ¢ and ¢} the solutions of the saddle-point equations, Egs. and ,
given in the Appendix [Cl Since they are obtained numerically, this method does not
give us a transparent analytical solution for the free energy and interaction force.

The sum of the saddle-point interaction force, Fy, and the fluctuation force, Fy,
for symmetric, semi-symmetric and asymmetric systems are plotted as functions of
separation R and compared with results obtained with exact evaluation of the full
partition function, (Fig. [4.8). One can notice that there is a good agreement be-
tween both results obtained using these different methods. The saddle-point method
decouples the total force into a saddle-point part and a fluctuation part, one being
repulsive and the other attractive, respectively, except for the asymmetric system,
where there is no repulsion whatsoever and where the agrement is not so good as
in the previous two cases, (Fig. 4.8)(c). They can be differentiated based on the
separation scaling of the 1nteract10n free energy. In the first case it decays exponen-
tially with R, while in the second it decays exponentially with 2R. The repulsive
force decreases as the system is approaching the PZC, where it is identically equal
to zero. In this regime the fluctuation component to the interaction force becomes
the dominant one.
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Figure 4.8: Total interaction force, obtained using the saddle-point approximation
to evaluate the full partition function, (dashed lines) compared with numerical re-
sults, obtained using the exact evaluation of the full partition function, (solid lines).
(a) fully symmetric system (o = 2); (b) semi-symmetric system with o = 3; (c)
asymmetric system. FEach color corresponds to a different choice of parameters (salt
concentration ¢ and pH — pK) as indicated. The dimensionless diameter of the
macroions is @ = 1 and number of adsorption sites N = 7.
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4.3.2 Gaussian approximation

In this case the analytical evaluation of the partition function Eq. , is based
on a Gaussian approximation for the binomial coefficient, and it is presented in
Appendix D]

The partition function in this case also decouples into two separate contributions,
of which one decays exponentially with R, and the other one decays exponentially
with 2R. We will again refer to them as the “mean® and the “fluctuation” part of
the interaction force, using the same notation as for the saddle-point approximation.
One should note here that on this approximation level there is no real decoupling
into the mean and fluctuation part. We differentiate them purely based on their
scaling with separation.

The mean interaction force, Fy, can be obtained as:

- 1+&R - H — pK)In 10}
By = 255 o (20 - &R) (pH = pR)In 107 .
[1 + 24 exp (Ra) + § exp (— k(R — d))]
(4.22)
and the fluctuation force, Fy, as:
. 1+ &R a’ exp ( —2i&(R — d)) 23)
2 — — = - i ~ . .
RS (14 28 oxp (7d))? — 2 exp ( — 9R(R — a))

Again both F, and F are obtained in the same way and the separation into “mean®
and “fluctuation part is arbitrary. Nevertheless, the separation scaling of the two
is the same as for the mean-field and fluctuation contribution in the case of the
saddle-point approximation, making the nomenclature reasonable.

The general form of mean interaction force is given in Eq. , valid for all three
systems considered: fully symmetric, semi-symmetric and asymmetric. Because of
its complexity, we display here only Fy for the fully symmetric system, Eq. (4.22).
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Figure 4.9: Analytical results for the total force, obtained using approximative evalu-
ation of full partition function, (dashed lines) are compared with numerical results,
obtained using exact evaluation of full partition function, (solid lines). (a) fully
symmetric system (a = 2); (b) semi-symmetric system with a = 3; (¢) asymmetric
system. Each color suits to the corresponding choice of parameters (salt concentra-
tion ¢, and pH — pK) as it is shown at figures. The dimensionless diameter of the
macroions is @ = 1 and number of adsorption sites N = 7.

On the other side, the fluctuation force, Eq. , has the same, universal form
for all three types of systems. One can compare these results, Eqs. (4.22]), (4.23),
with those obtained using the saddle-point approximation, Eqgs. (14.20)).

Clearly, the fluctuation force in the Gaussian approximation corresponds exactly
to the fluctuating force in the saddle-point approximation, if the saddle-point is
taken at the PZC, pH = pK, and the mean-potentials are ¢7 = ¢5 = 0. However,
in general the two approximations do not coincide and thus we can not claim that
F, is purely fluctuational in origin.

The mean and the fluctuation part to the interaction force are plotted as func-
tions of dimensionless separation R in (Fig. . The total interaction force ob-
tained in this way is compared with the one obtained using the exact evaluation of
the partition function. For the fully symmetric system, the Gaussian approximation
fits perfectly the exact results (Fig. 4.9)(a). A good agreement is found in a semi-
symmetric system (Fig. [4.9))(b), while the analytical results do not work quite well
in the region away from PZC in the asymmetric system (Fig. [4.9)(c).

In the fully symmetric system, the mean part of the interaction force is repulsive,
decreasing on approach to the PZC, while in the asymmetric system, it is actually
attractive as the macroions are on the average oppositely charged. On the other
hand, the fluctuation component to the interaction force is attractive no matter
what the symmetry of the system and the pH of solution, while it does depend on
the salt concentration. Interestingly enough, on the Gaussian approximation level
for the binomial coefficient the pH-dependence of the auto-correlation function again
drops out completely, which is contrary to the full numerical evaluation of the charge
auto-correlation function.

4.3.3 Comparison with Debye — Hiickel and Kirkwood — Shu-
maker forms

We now set our results against the mean-field DH theory of interactions between
point-like macroions, and against the KS theory of charge fluctuation forces. Ob-
viously, without charge regulation the charge of both interacting macroions is fixed
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4.4. Protein-like macroions

and the DH form of the interaction should be recovered. Setting o = 0 and M = N
in Eq. (4.16)), one indeed gets the DH interaction force between two well separated
like-charged macroions in a salt solution:

i AR

P N2SXR AR (4.24)

R

Charge regulation, besides inducing attraction at the PZC, also introduces signif-
icant modifications in the mean-field interaction force, Eq. (4.22)), leading to its
vanishing at the PZC. In the limit of large separations, the charge-regulated inter-
action force Eq. (4.22)), in fact scales as:

[(pH — pK) In 10]?
(1+2Lexp (/%&))2’

. 1
Fy~ =a°
°T R

exp (2ka — RR) (4.25)
clearly showing a strong dependence on the solution pH.

As for the fluctuation component of the interaction force for two spherical point-
like macroions, we can cast its form in the Gaussian approximation, going to a limit

of large separation, Eq. (4.23), as

a2 exp (—2&(R — @))

P
TR 1+ 28 exp (Ra))?

(4.26)

The charge auto-correlation function for the two macroions, (Aé?) = ((é; — (€1))?),
is calculated analytically using the same Gaussian approximation and the following
form is obtained:

a®exp (2ka)

(Ael)(Ae) ~ (1+ 2% exp (7a))?

(4.27)

With this result the fluctuation component of the interaction force assumes the
asymptotic form:
- Fexp (—2RR
By~ —FOP (C2RR)
R2

This actually coincides exactly with the original Kirkwood Shumaker result [64] [65]
if we take into account the fact that they take the DH Green’s function for two point
charges with a finite size-scaling factor exp (£a)/(1 + a), so that we would have to
multiply Eq. by exp (—2/a)(1+a)?. Again we note that on this approximation
level the pH-dependence of the auto-correlation function drops out completely, but
is retained in the full numerical evaluation of the charge auto-correlation function.

(A& (AED). (4.28)

4.4 Protein-like macroions

The general theory formulated above can be straightforwardly applied to the inter-
action of protein-like macroions at large separations. In a protein, the amino acids
Asp, Glu, Tyr and Cys can be negatively charged, while Arg, Lys and His can carry
a positive charge, all depending on the solution conditions. The respective pKs for
the dissociation of the various amino acids are given at the Table [L.1]
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Figure 4.10: Generalized system: (a) The average charge of macroions; (b) charge
auto-correlation function. All results are obtained by using the exact numerical
evaluation of the full partition function. Solid lines correspond to a system of two
proteins, each of which consists of 2 Asp, 2 Glu, 2 Lys, 2 His, while dashed lines
represent the system which has additional 2 Tyr and 2 Arg. Blue color corresponds
to the value of salt concentration ¢ = 10 mM, while the red color corresponds to the
¢ = 70 mM. The dimensionless diameter of the macorions is @ = 1 and separation
between them R = 1.5.

In order to describe a protein macroion composed of these amino acids, one
should write down the charge regulation free energy in the form:

folp) = ZZ N, Meqp — k:TZ N;M;1In (14 b; exp (iBegp)) —

J J

—kT ) " NieMyIn (1 + by exp (iBeop)), (4.29)
k

where j stands for negative AAs j = {Asp, Glu, Tyr, Cys}, while k stands for posi-
tive ones k = {Arg, His, Lys}. N;, Ny are the numbers of absorption sites on each
positive and negative AAs and since each of these AAs has one adsorption site it
will be set to 1. M;, M}, count how many times each of AAs occurs in the protein,
and b;, by, stand for b, = exp (—(pH — pK,,) In 10), where pkK, for each AA is given
in Table For point-like macroions the spatial distribution of AAs on the surface
of the protein is irrelevant and the above approximation is thus admissible.

The partition function for the system of two point-like proteins immersed in
monovalent salt solution and containing seven types of dissociable AAs, negatively
charged {Asp, Glu, Tyr, Cys} and positively charged {Arg, His, Lys}, can be written
as:

MMy M4 a
N N R A
v ; T ;
61_1[77 % i (M — i) i) (M — i) P

(4.30)

where ¢ runs through {Asp, Glu, Tyr,Cys} and {Arg, His, Lys}, with:
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Figure 4.11: Generalized system: charge cross correlation function - (a) pH depen-
dence; (b) R-dependence. All results are obtained by using the exact numerical
evaluation of the full partition function. Solid lines correspond to a system of two
proteins, each of which consists of 2 Asp, 2 Glu, 2 Lys, 2 His, while dashed lines
represent the system which has additional 2 Tyr and 2 Arg. Blue color corresponds
to the value of salt concentration ¢ = 10 mM, while the red color corresponds to the
¢ =70 mM. The functions bearing R-dependence are plotted at isoelectric point of
two systems: pH = 5.15 and pH = 8 respectively, while the function bearing pH-
dependence are plotted at fixed separation R = 1.5. The dimensionless diameter of
the macroions is a = 1.

(4.31)

where the unprimed /primed notations referred to the two protein macroions. M}
counts how many times each of these seven amino-acids occurs in a protein, while
M™ is restricted on counting only negative amino acids. b, refer to the chemical
energy of dissociation: b, = exp (—(pH — pK,)In10), where the intrinsic pK, for
the seven dissociable amino-acids are given in the Table

Since the evaluation of Eq. , is computationally time consuming, we con-
sider only the behavior of two model systems, one (system I) composed of protein-like
macro-ions consisting of 2 Asp, 2 Glu, 2 Lys, 2 His, and the other (system II) hav-
ing 4 AAs more - 2 Tyr and 2 Arg. The results are shown in (Figs. - .
The protein charge, as a function of pH, spans a symmetric interval with constant
plateaus in the pH regions, that correspond to charging up an additional AA. The
cross-correlation function in general follows the pattern of plateaus of the average
charge, being positive everywhere except at the PZC, where asymmetric charge dis-
tribution appears. The auto-correlation function and the charge cross-correlation
show opposite signs, with one being positive and the other negative, respectively.

Analyzing the behavior of the interaction force, one can see that two identical
proteins mutually repel and that the strength of the interaction depends on pH in
the solution, following closely the behavior of the charge cross-correlation function.
The repulsion is smaller in a solution of higher salt concentration, since the salt
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Figure 4.12: Generalized system: interaction force - (a) pH-dependence; (b) R-
dependence. All results are obtained by using the exact numerical evaluation of
the full partition function. Solid lines correspond to a system of two proteins, each
of which consists of 2 Asp, 2 Glu, 2 Lys, 2 His, while dashed lines represent the
system which has additional 2 Tyr and 2 Arg. Blue color corresponds to the value
of salt concentration ¢ = 10 mM, while the red color corresponds to the ¢ = 70 mM.
The functions bearing R-dependence are plotted at isoelectric point of two systems:
pH = 5.15 and pH = 8 respectively, while the function bearing pH-dependence are
plotted at fixed separation R = 1.5. The dimensionless diameter of the macroions
isa=1.

screens the protein charge and reduces the interaction. The repulsion disappears
at the PZC, where the attraction sets in, increasing with salt concentration at a
fixed dimensionless separation between the proteins. The attractive interaction is
negligible for proteins composed of a larger number of amino-acids, which is not in
correspondence with our previous results, where the attraction is larger for a larger
number of adsorption sites. This can be explained by analyzing the average charge
of the protein, (Fig. |4.10)) (a), where one can observe a plateau of zero charge for
the system II, which is not the case in system I, so it can be concluded that the
strength of the fluctuation interaction depends on the rate of change of the charge
of the macroion with pH, which of course depends on the type of the protein.

This can be derived also formally by following Lund and Jénsson [60]. The
fluctuation part of the interaction force, Eq. (4.28)), is approximately proportional
to the charge variance, which in its turn follows from the macroion capacitance C,
as

as is clear also from Eq. . The strength of the fluctuation interaction therefore
depends on the rate of change of the mean charge of the macroion with pH, i.e. its
capacitance. This can be clearly discerned from (Fig. |4.10))(b), where we observe
that the system II has zero capacitance at its PZC, while system I has a non-zero
capacitance at its PZC.
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4.5 Conclusions

We presented a theory describing electrostatic interaction between two spherical
macroions, with non-constant, fluctuating charge, surrounded by a monovalent ba-
thing salt solution. The macroion charge fluctuations are described with the Parse-
gian—Ninham model of charge regulation, which effectively corresponds to the lat-
tice gas surface dissociation free energy. Our theory is based on two approximations:
one assumes the macroions as point-like, in the sense that the electrostatic poten-
tial on the surface of the macro-ion is uniform, whereas the other one treats the
intervening salt solution on the DH level, assuming the electrostatic potential to be
small, such that the PB equation can be linearized. Choosing the proper charge
regulation energy, we analyzed the behavior of three different systems that differ in
the symmetry of charge distribution. These are: a symmetric system composed of
two identical macroions with a symmetric as well as asymmetric charge regulation
intervals, corresponding to the fully symmetric and semi-symmetric cases, and an
asymmetric system, composed of oppositely charged macroions, allowing the case of
having one charged and one uncharged particle.

We have shown that in charge-regulated systems, asymmetrical charge fluctua-
tions appear near the PZC, engendering strong attractive interactions of a general
Kirkwood—Schumaker type, but with different functional dependencies as argued in
their original derivation. The fluctuational nature of the KS interaction is consistent
also with the fact that it arrises even between a charged and a charge-neutral object,
in the vicinity of the pH where the charged macroion becomes neutral itself. This is
the case studied also in the context of the PB theory within the constant charge reg-
ulation model, in fact corresponding to a linearized form of the full charge-regulation
theory [68, 98]. In this limit too, the effects of charge regulation are crucial and lead
to attraction. However, in the context of our approximations, the attractive interac-
tion between a charged and a neutral surface stemms from the coupling between the
net charge of one, and charge fluctuations of the other surface. Off-hand one would
tend to see the attraction in the constant charge regulation model as being grounded
in the mean-field level but caution should be exercized here. In our case too the
Green’s function pertains to the DH mean-field level, and the attraction actually
comes from the surface charge regulation. Constant charge regulation model must
obviously capture some of the same physics.

The bathing solution with its pH and ionic strength therefore plays an important
role in charge regulated systems, and the interactions to which they are subject. In
all cases studied, the fluctuation attraction is larger for smaller salt concentration
in solution at the same dimensionless separation, as well as the repulsion, which is
actually reduced at a fixed separation by increasing the salt concentration, consistent
with the electrolyte screening effect. Furthermore, a stronger attraction is found in
systems composed of identical macroions having a larger number of adsorption sites,
giving rise to larger charge fluctuations.

The theory, developed for toy models, was then applied to the case of protein-like
macroions, with different dissociation constant for different chargeable amino acids.
For protein electrostatic interactions their strength depends on the rate of change
of the charge of the macroion with respect to the solution pH, i.e. the molecular
capacitance of the macroion, which is protein specific and connected with the capac-
itance of the protein charge distribution. Apart from this, salt concentration reduces
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the attraction between protein-like macroions, as is noted also in simulations and
experiments in the case of e.g. lysozyme in monovalent salt solutions [69]. In fact,
understanding the details of the protein—protein interaction is our main motivation
for developing further our theoretical approach, specifically the relation between
the KS interaction, the patchiness effects and vdW interactions between proteins in
electrolyte solutions.
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Chapter 5

Titrating macroions in polyvalent
salt solution

We now change the perspective and consider a case where the bathing solution con-
tains not only a weakly coupled monovalent salt but also polyvalent ions that are
strongly coupled to the charged macroions, mediating the interaction between them.
A possible realization would correspond to a mixture of multivalent ions in a bathing
solution of monovalent ions, a situation rather typical in the context of semiflexible
biopolymers, where multivalent ions are believed to play a key role in their condensa-
tion [34] [35]. With the presence of polyvalent ions in the system, the weak-coupling
paradigm in general breaks down and the existence of KS interactions becomes du-
bious [10]. However, there exists the dressed ion theory based on an asymmetric
treatment of the different components of the bathing electrolyte solution that allows
to analyze the effect of charge reguation of macroions also in the presence of poly-
valent mediating ions in the bathing solution [29, 34] 35 [77]. It is based on the fact
that one can use the weak coupling DH approach in order to describe the monovalent
salt ions, while a strong-coupling approach is preferable for the polyvalent ion part.
This combined weak/strong-coupling approach [34] [35] effectively leads to dressed
interactions between polyvalent ions and thus also affects the interactions mediated
by polyvalent counterions between two like charge-regulated macroions. The ensu-
ing effective interactions between macroions would then correspond to a generalized
KS interaction, mediated by strongly coupled salt ions and not by weakly coupled
monovalent salt. This generalized KS interaction would consequently also cease to
be fluctuational in nature, i.e. of the type proposed in the original work of Kirk-
wood and Shumaker [64], [65], but would show a different behavior stemming from
the polyvalent ion mediated interactions coupled to the charge regulation response
of the dissociation equilibrium at the macroion surfaces.

Our approach is composed of disjoined parts brought together to describe this
new type of generalized KS interaction, and a short guided tour through the concep-
tual and calculational flowchart is thus in order. The dissociable surfaces of the two
identical macroions are described with a charge-regulation surface free energy that
allows the effective charge to vary between a positive and negative maximal value.
We then contract the macroion to a point particle merely as a calculational device,
since we can then disregard the angular distribution of the dissociable groups along
the surface, remaining solely with the monopolar charge as the only characteristics
of the macroion. The bathing solution for the macroions, assuming to be an ionic
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mixture of monovalent salt and polyvalent ions, is then treated within the dressed
ion theory, i.e. the monovalent salt is described within the weak-coupling and the
polyvalent ions within the strong-coupling paradigm, an approximate approach that
has already proved valuable in different contexts [34], 35]. We then further approxi-
mate the non-linear surface charge regulation free energy with a Gaussian expansion
proved to be a good description on the weak-coupling level (Chapter |4)). Finally,
we introduce another (admittedly optional) saddle-point approximation to evaluate
the partition function in an analytic form, though exact numerical quadratures are
easily available. We finally study the obtained expressions for the effective gener-
alized KS interaction between the macroions in the various parts of the parameter
space and comment on the results.

The dressed ion theory, as a variant of the strong-coupling theory [10], does
not hold the same status as the original strong-coupling theory, valid exactly for a
counterion-only system in the limit of large coupling constant [56, [83], [130]. In fact
the regime of validity of this approach can be only checked against explicit-ion Monte
Carlo simulations, showing that the dressed ion theory can indeed give quantitatively
accurate results in a wide range of realistic parameter values [34], 35 136].

5.1 General formalism

5.1.1 Model

The system under consideration consists of two equal titratable macroions immersed
in a bathing solution, itself composed of a mixture of monovalent salt ions as well
as polyvalent ions of valency ¢, see (Fig. . Two macroions, representing two
titratable proteins, are located at r; and 7y so that their separation is equal to
|r1—rs| = R. The macroions are assumed to be identical with a radius of a/2 and can
have either sign. Furthermore, the macroions are charge-regulated with adsorption
sites which can exchange a proton from the environment, and are described with
the lattice gas free energy, see below, with a site number coefficient of o = 2. This
implies that there are twice as many proton adsorption/dissociation sites as there
are negative fixed charges. This allows the total charge of the macroion to span
negative as well as positive values, a basic tenet of our charge regulation model.

The macroion charge is thus not fixed, but responds to the local solution condi-
tions. We also assume that the macroions are “small* in the specific sense that the
angular variation of the local electrostatic potential along their surface is negligible.
This implies that we only deal with effective monopolar fluctuations, disregarding
the subdominant higher multipolar fluctuations that would correspond to a gen-
eralization of the full vdW interaction potential [I31]. The higher multipolar KS
interactions remain as a possible future topic of our investigation.

5.1.2 Charge regulation

For charge-regulated titratable macroions we have already introduced several models
in Chapter 4] based on a charge dissociation free energy that generalizes the law of
mass action charge-regulation approach of Ninham and Parsegian [59]. In these
models the charge regulation is described by a surface free energy fs(r) = fs(o(7))
that depends on the surface electrostatic potential ¢(r). For each macroion the
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o o

Figure 5.1: Shematic representation of the model: two charge regulated macroions,
representing two proteins with titratable surface groups, immersed in a mixture
of monovalent /polyvalent salt solution. The microscopic model (left) shows the
different types of ions and the surface dissociation equilibrium on the surface of
the macroion. The coarse-grained dressed ion model (right) shows the effective
DH potential (light coloured corona) of the macroioin as well as the polyvalent
solution ions. In a cylindrical coordinate system with the z-axis connecting the two
macroions, having its origin in the middle between the macroions, the macroions are
located at 1 = (0,0, —R/2), and 5, = (0,0, R/2), respectively.

total charge regulation free energy F[¢(r)] would thus be a functional of the surface
potential amount to

Flor)] = § fs(o(e)r, 5.1)

where S is the surface area of the macroion. At this point we simplify matters by
furthermore assuming that the macroions are spherical and of vanishing radius, i.e.
they are point particles. Of course this approximation will only work for sufficiently
large separations between them and small separation regime would need to be ana-
lyzed separately. It will soon become clear why this type of approximation simplifies
the calculation substantially.

Assuming then that the macroion is located at () and has a vanishing radius
a — 0, the integral of the dissociation free energy over the surface of the macroion,
Eq. , simply gives a total dissociation energy of the point-like macroion as a
function of the local potential at the point » = ry. The point-like approximation
for the macroion therefore disregards the angular variation of the local electrostatic
potential along the surface of the macroions and can describe only monopolar charge
regulation, while higher multipoles are ignored.

In the next step one needs to assume a model for fg(¢p(r)). We already invoked
several models Eq related to the original Ninham-Parsegian model [59]. Fo-
cusing on a simple two-parameter model we introduce the following ansatz for a
charge regulated point-like macroion

Fo(ro) = lim ¢ f(otr))ér —
—Neod(ro) — aNkgTIn (1 +bexp (—5eo¢(ro))), (5.2)
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where ¢(7() is now the local electrostatic potential at the position of the ion, while N
and « are two parameters characterizing the dissociation process. The site number
coefficient a quantifies the number of dissociation sites, and Inb = Sug, incorporates
the free energy of charge dissociation ug.

In the case of protonation of the titratable surface charge, it furthermore fol-
lows that Inb = (pH — pK) In 10, where pK is the dissociation constant and pH =
—log [H] is the proton concentration in the bulk, differing from the local value of
pH at the dissociation site. It is straightforward to see that the free energy Eq.
is composed of the electrostatic energy of N fixed negatively charged sites with the
total charge —Nep and a/NV lattice gas sites, that can be filled with adsorbing protons
from the solution; in fact 14 e* is nothing but the lattice gas partition function for
single occupation sites, with zero energy for the empty site and u for the filled site,
while In (1 + e#) is just the corresponding grand canonical surface pressure.

The form of the charge regulation free energy then allows us to derive the effec-
tive charge of the charge-regulated macroion as a function of the local electrostatic
potential in the form

_0F(9)
c(9)=—5 5 (5.3)
where F'(¢) is the dissociation free energy Eq. yielding
e(d) = eONK% - 1) —%tanh (—1(nb— Beos))| . (5.4)

The effective charge of the macroion then varies in the interval —Ney < e(¢) <
(aw — 1)Neg. Choosing the site number coefficient to be a = 2, one thus remains
with a symmetric charge regulated macroion whose effective charge varies within
the interval —Ney < e(¢) < +Neg. This is the generic charge regulation model that
we will consider as a simple description of the protein charge regulation in what
follows.

5.1.3 Field-theory — general formalism

We proceed by writing the partition function through the Hubbard-Stratonovich
transform for the Coulomb potential as explained in detail in Chapter [2] This leads
to a field theory, where the classical partition function is represented as a functional
integral over the fluctuating electrostatic potential. Two explicit exact limiting
results are then obtainable from this representation in the case of a counterion-only
system [L10]: the saddle-point of this field theory in fact corresponds to the mean-field
PB approximation, while the Gaussian fluctuation correction together with the PB
theory constitutes the weak-coupling theory; the first order virial expansion of the
partition function then constitutes the strong-coupling theory, unrelated to the PB
approximation. The latter can be further generalized in the case of a mixed system
by treating the monovalent salt on the weak-coupling level while the polyvalent ions
are described on the strong-coupling level, i.e. their contribution to the partition
function is written as a second-order virial expansion theory. This approximation
was dubbed the “dressed ion theory“ [34] 35].

Assuming that the fluctuating electrostatic potential of the macroions is ¢(r =
r1) = 1 and of the other one is ¢(r = r3) = 9, located at r; and 7, respectively,
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the partition function of the system within the dressed ion theory can be derived in
the field-theoretic form as:

2= [ [ dorexp (= BP0 )Glorpexp (= BF02))dn, (59

where F(up) is charge regulation free energy, Eq. (b.2)), evaluated at imaginary
values of the fluctuating electrostatic potential, and the field propagator or the
Green function, giving the probability of field configurations with ¢(r = r1) = ¢
and ¢(r = 1ry) = 9, is given by

Glr.vz) = [ Dlotr)exp (= BHIE)S(e(r) — p0)3(e(ra) = 2)  (56)
with the bulk field action:
~BHI¢] = ~BHld) + ) drexp (iBgee(r)), (5.7)

where . is the fugacity of the polyvalent ions with valency ¢ and Hy[y] is the DH
interaction kernel

~BHld) = e [ drdrp(ruply ()

1
= 5 /[(Vg@(r))2 + k2 (r)]dr. (5.8)
Here we have assumed that the monovalent salt is weakly coupled to the rest of the
charges and can be treated on the DH level. The inverse square of Debye length was
introduced as k? = dmtlgny,, with £p the Bjerrum length and ny, = 2ng + qco, where
ng is the bulk concentration of the monovalent salt and ¢ is the bulk concentration
of the multivalent ions, assumed to originate in dissociation of a ¢:1 salt. The above
interaction kernel implies a screened effective DH interaction potential
1 exp(—klr—17']) 1

= = U ! 2.9
upu(r, ') Aree lr — /| Aree pu(r, ') (5.9)

between the polyvalent ions and the macroions. On this level the polyvalent ions
are thus treated explicitly, but their interactions with the macroions are described
with a dressed electrolyte-mediated effective DH potential.

The strong asymmetry in the system, implied by the presence of polyvalent
mobile ions, together with their small concentration leads straightforwardly to the
expansion for their contribution to the partition function that yields to the lowest
order [34] [35] 36]

exp (= BHle)) = exp (= 38 [ drdr'smyupn(r e [+
)\C/Vdro exp (iﬁqegp(r@) + ], (5.10)

furthermore implying that the propagator G(¢1, ¢2) can be decomposed into

G(9017 902) = GO(%’ 902) + )‘c/ dT0G1(901> P23 7"0)- (5-11)
1%
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The propagator G (1, p2;70), describes the field propagation from macroion at r;
to macro-ion at 7, mediated by the presence of the polyvalent ion ¢ at ro integrated
over the fluctuating potential at the positions of both macroions. Formally this can
be expressed as

Gulipnpximo) = [ Dlo(rlae(r) — ) exp = BHilpiro])3(elrs) — ea),
(5.12)

where the effective field action Hi[p; 7] can be decomposed into the DH part due
to the weakly coupled monovalent salt ions and the part that originates in screened
electrostatic interactions mediated by the polyvalent ion of valency ¢ located at 7,
ie.

5t fgiro] = 5Hale] 8 [ plro)e(r)ar (513)
The last term describes the interaction with the polyvalent ion with density
p(ro) = qo(r — ro). (5.14)

This formal expression for the propagator Gi(p1,@2;70) is thus identical to the
partition function of two macroions at positions 7 » with set values of the fluctuating
potential ¢, interacting via the DH interaction with an additional point particle
of charge qey at ¢ at the positions of the two point-like macroions. The functional
integral in Eq. simply indicates the summation over all fluctuating potentials
that satisfy these constraints.

With these definitions the full dressed ion partition function can then be cast
into the form

z - //dgolexp<—/6F(S01)> [Go(wm@)

+ )\C/ droG1 (1, p2; 7‘0)] exp ( - 5F(<P2)>d902
v
— Z 4 A\Z, (5.15)

with obvious definitions. Z, and Z; thus give the zero order and the first order
polyvalent ion virial expansion terms in the partition function. Z, has been already
analyzed in the Chapter[d] and Z; will be evaluated below. The above decomposition
of the full partition function Z = Z(R) is the essence of the dressed ion theory
and the corresponding free energy will describe the interactions between the two
macroions as a function of their separation and model parameters.

5.1.4 Dressed ion theory and charge regulation

The first order virial expanded Green function Gi(p1,9;79) can be reduced to
Gaussian functional integrals (Appendix , and can be derived in an explicit form

exp (%éi(To)G_lij<T1, TQ)(ij (T0)>
\/det Gij (T'l, 7“2)

Gl((pla 902;7°0) = (5-16)

where we introduced
®i(ro) = 11 + geoupn (To, 73), (5.17)
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and

a ! upg(ry, T
Gij(’f'l,’l“g) = k‘BT DH( ! 2) s (518)

upp(ry,T2) a™t

for i,7 = 1,2. From the above expressions it is clear that the macroions interact
with themselves as well as with the polyvalent ion whose position within the system
will be finally integrated over. The diagonal terms describe the self-interaction] of
the macroions of diameter a, while the interaction between the macroions as well as
between the macroions and the polyvalent ion are given by the DH screened inter-
action potential. In a cylindrical coordinate system with the z-axis connecting the
two macroions, having its origin in the middle between the macroions, themselves
separated by R, the position of the polyvalent ion with respect to both macroions
can be written as [ro—71| = \/p2 + (R/2 + 20)2, and |ro—rs| = \/p2 + (R/2 — 2)?,
respectively.

Going back to the definition of the partition function Z;, Eq. (5.15)), one can
finally write

Z1 =X /Vd'ro /dgpl exp ( — BF(gpl)) [Gl(gpl, L,OQ)] exp ( — BF(gOQ))dgpg. (5.19)

In order to proceed with explicit evaluation of this expression, we first expand the
charge regulation free energy of the macroions with a = 2, as

exp ( — 5F(gp)> = exp (—iBNegp)(1 4 bexp (iBegp))*N =

X /2N
Z< )eXp(—’iﬂNeogp)bnexp(iﬁeongo). (5.20)

n=0 n
Note that this choice of parameter o implies that the effective macroion charge can
be regulated in the symmetric interval —Ney < e(¢) < +Ney.

While the expansion Eq. could in principle be used for a direct numerical
evaluation of the partition function, we have already shown in Section [4.3.2, that an
additional approximation, simplifying the calculation extensively, yields an accurate
result that compares well with the exact summation [132]. This further step relies
on the Gaussian approximation for the binomial coefficient

2N 22N —n)?
~ P et (5.21)
n V '/TN

valid strictly in the limit of N > 1, i.e. in the limit of a large number of adsorption
sites. Introducing the auxiliary fields 1 = N — n and o = N — n/, summation in
Eq. (5.20) can be replaced with an integral, so that the partition function becomes

In Chapter 4] we used screened interaction for macroion’s self interaction, exp (—xa)/a, while
here we find Coulomb interaction as a more suitable choice. The results do not crucially depend on
the choice of self interaction, especially in the approximation which takes macroions as point-like
particles.
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Zl = )\c /d’f'o /d(pld(pQ /d.xldl'g
\%

exp (8(612;7"1,?"2) +1010 (pH — pK)(z1 + 22) — % — m_N%>
\/det Gij(’r‘l,’l"2>

1 _
X exp [— E%G 11‘;‘(7'17 r2)p; + 1Beopi(—x; + qyi):| .

(5.22)

Here the effective interaction matrix G;;(rq,7r2) has been already defined in Eq.
(5.18), while G™1;;(7r1, r5) is its matrix inverse. We also introduced two additional
auxiliary fields with no other role but to make the notation more compact,

a? 1. exp (—kR) _
N e {a“DH@Ml) - TUDH<ro,r2>] (5.23)
and
a? exp (—KR) 1.
Yo = - %_2267%}% [ I UDH<I'0;I'1) — auDH(ro,rQ)] , (5,24)

The effective self-energy of the polyvalent ion, s(¢?; 71, 72), mediated by both macroions,
is proportional to the square of the polyvalent ion charge and is given by

1 2 lBCL
2T 1= (a/R)?exp (—2kR)

s(@*r1,m2) =

. . a . .
X <u2DH(r0, r1) + uQDH('rO, ro) — 2}—% exp (—kR)upy(ro, 71)upy(To, 1°2)>.
(5.25)

After integrating out the z;-auxiliary fields and the fluctuating potentials of the two
macroions, 1, @9, one obtains the final result in the form

B . ox ¢/gN(pH—pK)In10 [apg(ro, r1)+a(T0, 72)]
2= 200 [ an p( 2+ Nl ja)1 + (a/R) oxp (—w ) )

1%
1 . _ - .

exp (5(12523 [Onu%H(Tm r1) + 022U2DH(7‘0, 72)—2C12UpH(T0, T1)UpH (T0, "“2)] > .

(5.26)

where Z; is the partition function of a system of two isolated charge-regulated

macroions on the weak-coupling approximation level, already derived within the
context of the weakly coupled macroions in monovalent salt solution Eqs. (4.22)

and (4.23) and given by

N[(pH—pK) In 10]?
exp [ a a/R)e—~E ]
z 2+N(lp/a)[1+(a/R)e~F] ‘ (5.27)

2
4+ 2y 2—2[1 — & exp (—2kR)]
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Above we also introduced the generalized self and mutual capacitances as

B 2
o TN '
CH - 022 - lB 2172 exp (—2kR)’
2+ 3] - “RE
exp (/—;@R)
— R/lp
G2 = [lg+;}2 _ exp(=2xR)’ (5.28)
a N R2/l2B

While they do not have the standard form of the capacitances, since they both
contain also contributions from mutual interactions, in the limit of large separa-
tions between the macroions they do reduce to the expected values. The difference
in the definition of capacitances is a consequence of the fact that the dressed ion
theory is not Gaussian as far as the fluctuating potential is concerned, in contrast
to the weak-coupling case analyzed before Eq. , but is a non-linear strong-
coupling theory. Capacitance is a weak coupling concept, pertaining to Gaussian
fluctuations and thus does not have a direct equivalent in the strong-coupling theory.

We now write down the free energy difference between the state where the two
macroions are at a finite spacing R and the state corresponding to two isolated
macroions with R — oco. This SC free energy difference, Eq (5.15)), finally assumes
the form:

z . .
ﬂ./r =—1In (ZQ) - )\031 = ]:0 + Cofl. (529)
0

In the grand canonical ensemble, the fugacity . is identical to polyvalent ion con-
centration in the bulk ¢y, and

Fo=—1In(2y), (5.30)
where Z; is defined in Eq. (5.27), and extensively analyzed in Chapter [4] For the

sake of completeness we nevertheless write it down in an explicit form
. N|[(pH — pK)In 10)?
* 7 24 N(lg/a)[l + (a/R) exp (—kR)]

b by e N2[1—a2e (—2kR)]
2 2 " (2a)? Rz P

(5.31)

On the other hand, F; yields the final result as

S gN(pH—pK)In10[upg(ro, r1)+upm(ro, r2)]
& _/Vd 0[ p( 2+ N(ig/a)[1 + (a/R) exp (—KkR)] )

1
exp (5(]2 |:011U/2DH(TO7 T1)+022U2DH (TOa r2>_2012UDH(TO, TI)UDH("“O, T'Q)]) _ 1:| )
(5.32)

with explicitly subtracted free energy value of two isolated macroions with R — oo.
The structure of this complicated expression is as follows: the first exponent cor-
responds to the screened DH interactions of the g-valent polyvalent ion with both
macroions whose charge is determined by the bulk pH of the solution and is pro-
portional to pH — pK, while the second exponent corresponds to the electrostatic

77



Chapter 5. Titrating macroions in polyvalent salt solution

self-interaction of the polyvalent ion in the presence of both macroions. Finally the
product of the two expressions needs to be integrated over all the possible positions
of the polyvalent ion. The constants C7; and Css, Eq , can be interpreted as
generalized self-capacitances and mutual capacitance C}, of the macroions, originat-
ing in the interaction between the three charged particles. At the end, we subtracted
the non-interacting part of two isolated macroions proportional simply to the volume
of the system V.

In addition, we note that both Fy(R) as well as F;(R) contain parts which
are due to polyion mediated interaction between the macroions, proportional to
gN(pH — pK), as well as polyion self-interaction mediated by the macroions and
proportional to ¢. The division into a “mean interaction“ and “fluctuations” is thus
not possible due to the fact that our theory is not of a mean-field type that would
allow for fluctuations around the mean-field configuration.

In the case of absent charge regulation, where the system consists of two macro-
ions with fixed charge Nej, immersed in the same bathing solution with a strongly
coupled oppositely charged polyvalent ion, one can repeat the above analysis and
obtain the free energy in the form

]:—0 + Co./_:'l =
1 e —kR
N2ZB (a + - L) <R )) —Co /d’ro {GXP (CIN [UDH<T0,7'1) + uDH('rO; 7“2)]) - 1}
1%

(5.33)

This is very instructive, since obviously without charge regulation the self-interaction
contributions proportional to ¢* is absent, and the interaction energy reduces to the
macroion-macroion repulsion proportional to the charge squared, (Nep)?, and a
contribution stemming from the interaction of macro-ions with the polyvalent ion,
proportional to the product of both charges, ¢(Neg). The above equations represent
the final result of the dressed ion theory for the interaction between two identical
point-like charge regulated macroions in the presence of small concentrations of a
polyvalent salt and they have to be evaluated numerically. In general they have
to be evaluated numerically, but we will derive a simple analytical approximation
below. While it is nice to have an explicit analytical form for the interaction, the
final volume integration is simple enough and leads directly to numerical results.

5.1.5 Approximate macroion interaction free energy

The volume integration in Eq. has to be done numerically. However, one
can obtain an approximate form of this integral by evaluating it at the saddle-point
level, amounting to Gaussian fluctuations around the most probably position of the
polyvalent ion.

The partition function Eq (5.32)) can then be approximated as

Fi = /dro exp (— S('ro)> ~ P < B S(a)) (5.34)

v \/det <82S(r = a)/(@r@r))
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the most probable position of the polyvalent ion corresponds to the equilibrium
configuration of zero “force” defined by

VS(a) = 0. (5.35)

One could refer to VS(a) also as the generalized force on the polyvalent ion at
the dressed ion theory level. Generalized because it is not of standard electrostatic
nature but contains terms due to the charge regulation of both macroions amounting
to self-interaction of the ions, i.e. terms proportional to ¢2. The solution of this
condition is trivial, amounting to @ = 0, in the case when when the macroions and
the polyvalent ion bear charges of opposite sign, i.e. ¢(pH—pK) > 0. If they are of
the same sign, the minimum configuration does not exist. In the former case

4qN(pH — pK)In10 I exp (—1ikR)
2+ N(lg/a)[l + (a/R)exp (—kR)] R
[(lg/a) + (2/N)] (exp (—KR)/R?) — Ip(exp (—2xR)/R®)
(4/N?) + (4/N)(lp/a) + (I/a)*[1 — (a/R)*exp (—%?)] |
5.36

S(ro=a)

+ 44715

The Gaussian correction to the saddle-point solution is calculated in Appendix
and is given symbolically by

9?S(r = a)

— L ~ — 1
In F1(R) ~ S(rg = a) + 5 Indet Erem

(5.37)

The corresponding force F'(R) between macroions can then be derived via F'(R) =
%]}1 (R) with F;(R) written above, and contains two terms, stemming from the sad-
dle point configuration S(ry = a) and from the Gaussian fluctuations in the position
of the polyvalent ion around the saddle-point, when it exists. We present here only
the force stemming from the saddle point configuration, which contains a term linear
in ¢ and corresponding to the interaction between charged macroion and the polyva-
lent ion, and the one quadratic in ¢ corresponding to electrostatic self-interaction of
the polyvalent ion in the presence of the macroions. It is straightforward to derive
also the asymptotic forms of this interaction. The former has the asymptotic form

4gN(pH — pK)In 10 rexp (—kR/2)

FO) o~ — +...(5.38
P 2+ N(lg/a)[1 + (a/R)exp (—kR)] R/2lg (5.38)
and the latter as
kexp (—kR)

F(2) ~ —2(]2(01 + 02)

sp

(R/lsP 39
where the capacitances have been defined in Eq. . The scaling of the force
between the macroions on the level of the strong-coupling dressed ion theory is
thus easily discernible. For the above expression to remain valid ¢(pH — pK) > 0
condition has to be fulfilled. Nevertheless, the approximation introduced does not
work well, as it could be seen in (Fig. , and we will proceed with numerical
evaluation of the full formula Eq. ((5.32).
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F

Figure 5.2: Comparison of the exact interaction force contribution F(R) (calculated
from Eq. (5.32)) (blue/red lines) with the saddle-point interactionforce (Eqs.
and (black lines). (a) ¢ = 3; (b) ¢ = 4. Solid lines correspond ny = 150 mM,
dashed nyg = 300 mM, while dotted stand for ng = 500 mM. Macroions diameter is
a = 1 nm, number of adsorption sites N =7 and ¢y =1 mM and pH — pK = 3.

5.2 Results and disccussion

The effective interaction free energy between the charge-regulated macroions is ob-
tained directly from Eq. (b.27) after performing the numerical integration over

volume in Eq. (5.32). We calculate the total interaction free energy, SF(R), as a
function of the separation between the macroions as

BF(R) = Fo(R) + coFi(R), (5.40)
We study the separation dependence of the force:

F(R) = —d};)éR) - Codj;l—g% = Fy(R) + Fi(R),

(5.41)

for different values of the parameters, differentiating in particular the case of PZC
(pH — pK = 0) corresponding to macroions that are on the average uncharged. In
spite of this, the self-energy of the polyvalent ion in this case still contains the non-
vanishing electrostatic self-interaction of the polyvalent ion mediated by both charge
regulated macroions.

We first analyze the term Fl(R) from Eq. , which corresponds to the in-
teraction free energy mediated by the polyvalent g-ion only, as seen in (Fig. [5.3(a),
this interaction free energy leads to an attractive contribution to the force at PZC,
stemming solely from the self-interaction of the polyvalent ion, mediated by the
charge regulation of the macroions, whose magnitude depends quadratically on q.
The screening effect of the monovalent salt is clearly discernible. In summary, the
polyvalent self-interaction at PZC yields an attractive interaction that gets stronger
and more long-ranged on increase of the valency ¢ of the polyvalent ion and on
decrease of the monovalent salt concentration ng. We should note that this PZC
polyvalent ion-mediated attraction in the strong-coupling dressed ion approach is
much stronger then the residual weak-coupling (KS) attraction between charge regu-
lated macroions in a monovalent salt solution (black lines) (Fig. |5.3))(a). We should
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Figure 5.3: Interaction force contribution F](R), calculated from Eq. , origi-
nating in the presence of polyvalent ions, for (a) pH — pK = 0; (b) pH — pK =3
and (c) pH — pK = —3. Blue lines ¢ = 3, red lines ¢ = 4, black lines ¢ = 0 (standing
for the attraction coming from Eq. ) Solid lines correspond ng = 150 mM,
dashed ny = 300 mM, while dotted stand for ny = 500 mM in (b) and (c), while in
(a) monovalent salt concentration is chosen as ng = 100 mM solid lines and ny = 150
mM dashed lines. Macroions diameter ¢ = 1 nm, number of adsorption sites N =7
and ¢y = 1 mM.
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Y g=0 ny=150 mM
\ q=3 n()=150 mM
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AN q =3 ng=300 mM
S
e 0 —
_ob
_ a4l

Figure 5.4: The total interaction force for pH — pK = 3 (solid lines) and pH — pK =
—3 (dashed lines), at fixed values of parameters as shown in legend. Macroions’
diameter is a = 1 nm, with the number of adsorption sites N = 7 and salt concen-
tration ¢y = 1 mM.

stress out that these conclusions do not work for divalent ions. This is not a thing to
worry about, since the strong-coupling theory is ion specific and it does not always
work for divalent ions.

We have not specified yet the sign of the ¢ polyvalent ion. In fact the prod-
uct ¢(pH — pK) can have either sign. In (Fig. [5.3) we thus study how the sign
of polyvalent ions modifies the polyvalent ion-mediated contribution to the total
interaction free energy. For both cases, ¢(pH — pK) positive, (Fig. [5.3)(b), and
for q(pH — pK) negative, (Fig. |5.3)(c), the interaction free energy corresponds to
attractive polyvalent ion-mediated forces but of vastly different magnitude, being
much larger in the former case then in the latter. In both cases the attraction is
again larger in the weak screening regime (smaller ng, large ¢).

The total interaction free energy between the two titratable macroions, F(R) =
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Figure 5.5: Total interaction force between macroions with small pH — pK val-
ues at low salt concentration compared with the total interaction free energy in
concentrated salt solutions between macroions with large pH — pK. Dotted lines
correspond to ¢ being a counter ion, dashed ¢ is coion, while solid lines stand for
g = 0. Macroions’ diameter is ¢ = 1 nm, number of adsorption sites N = 7 and
co = 1 mM.

Fy(R) + F1(R), is presented in (Figs. and . Obviously, the interaction
force is attractive when ¢(pH — pK) > 0, due to the strongly coupled polyvalent ion
mediated interaction, and is in general screened by the monovalent salt. Interestingly
enough, in this case even the interaction at small separations remains attractive
and the bare macroion repulsion is not observed. The reason for this is not the
polyion mediated electrostatic attraction but its size: in fact for small separation the
polyvalent counterion cannot enter the space between the macroions and thus exerts
an additional effective osmotically generated attraction between them in general akin
to the depletion effect, already noticed in a similar context for net-neutral surfaces
at small separations [36]. In the opposite case, when ¢(pH — pK) < 0, the repulsion
in general prevails, except at large separations where one can detect a small residual
attraction, possibly as a consequence of an asymmetrical charge fluctuation due to
charge regulation. At smaller separations the bare repulsion between macroions
is reduced partly due to the charge regulation effects and partly due to depletion
effects. In (Fig. [5.5) one can additionally notice how the two cases, one with
small pH — pK, immersed in a solution of low salt concentration, and the other
one with large pH — pK, but immersed in concentrated salt solution, have quite
similar behavior, indicating that the valency of the polyion and the screening of the
monovalent salt somehow act in parallel.

In (Fig. the total interaction energy is now compared for the two cases with
and without charge regulation, Eq. and Eq. , respectively. The charge
non-regulated case corresponds to fixed values of the macroion charge equal to Ney.
Here, one can notice the important effect of charge regulation through the polyvalent
mediated interaction, ruled by the pH value, which determines the overall strength
of the charge regulation interaction that can then appear as either smaller or larger
than the one corresponding non-regulated interaction energy. This non-monotonic
effect of charge regulation hinges on the two terms in the dressed ion free energy
that respond differently to titration of the macroion charges.
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Figure 5.6: (a) The comparison of the interaction force F; for non-regulated case
(calculated from Eq. and presented with: ¢ = 4 black lines and gray lines
standing for ¢ = 3) with regulated interaction force (calculated from Eq. for
pH — pK = 3 and presented with blue lines for ¢ = 3 and red lines for ¢ = 4).
Solid lines correspond ng = 150 mM, dashed ny = 300 mM, while dotted stand for
no = 500 mM. (b) The comparison of the total interaction force for non-regulated
case (black lines) with total regulated interaction force at pH — pK = —2, —4
(dotted lines) and pH — pK = 2, 4 (dashed lines), at fixed values of parameters as
shown in legend. Macroions have diameter a = 1 nm, with the number of adsorption
sites is N = 7 and salt concentration ¢; = 1 mM.

The dressed ion theory obviously predicts an attractive interaction between
charge regulated macroions, which can sometimes dominate the overall interaction.
This is different from the weak-coupling case (Chapters |3| and , where the fluctu-
ation attraction, or the KS interaction, is subdominant to the DH repulsion, except
close to the PZC, where it indeed becomes dominant. In the strong-coupling dressed
ion theory the attraction can clearly become dominant either with or without the
charge regulation, though it can be stronger in the latter case and remains important
for any value of pH. The salt effect acts mostly to quench the correlation polyvalent
ion-mediated attraction and diminish its spatial range.

The attraction between two identical charge regulated macroions, seen in the
dressed ion theory, has a different origin from the weak-coupling KS interactions,
where they are due to thermal monopolar charge fluctuations around the mean-field
solution, enabled by the dissociation equilibrium of the surface of the macroion.
In the dressed ion theory, the polyvalent ion-mediated attraction could be seen
as being due to the electrostatic bridging interaction involving the polyvalent ion.
This should in general not be confused with the so-called salt bridging interaction
sometimes invoked even in weakly coupled monovalent salt solutions.

The mesoscale model of charge regulation introduced depends only on the dif-
ference pH — pK as a free parameter and the value of pK should be taken from
other considerations. The physical dimensions of the interaction force can be ob-
tained by multiplying the dimensionless force with kgT/lg. Since kgT is 4.114
pN nm and /g is 0.7 nm this then leads to the physical force of the order ~ 1 pN
at nanometer-ranged separations. The interaction force of that order of magnitude
is found quite recently in the experiments with charge-regulated silica particles in
dilute aqueous electrolyte solutions containing multivalent counterions, using direct
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force measurements as described in Ref. [I33]. Moreover, the similar experiments
based on direct force measurement, confirmed that multivalent coions do not play
an important role on charge regulation and the interaction of two symmetrically
charged sulfate/amidine latex particles can be well described with standard PB the-
ory [106]. Residual attraction at distant separation, our theory proposed, is not
observed in mentioned experiments.

5.3 Conclusions

The main goal of this research was to present a theoretical description for the phe-
nomenon of charge regulation as affected by the presence of polyvalent ions. We
formulated a strong-coupling dressed ion theory, describing the electrostatic inter-
actions between macroions undergoing charge regulation processes, in a mixture of
monovalent-polyvalent salt solution. Using the proper description of charge regula-
tion, suitable for treating it in the field theoretical framework, the partition function
is derived in the form of a virial expansion valid for small concentration of the poly-
valent salt. The first term in such expansion corresponds to the direct interaction
between titratable macroions in a monovalent salt solution, while the first order cor-
rection, stems from the interaction of the polyvalent ion with each macroion. The
asymmetry in the ionic solution allowed us to decouple the system into the mono-
valent salt component, addressed on a week-coupling level, while the polyvalent ion
component was assumed to be strongly coupled with macroions. In both cases,
titration of the macroions is treated on the Gaussian approximation level involving
an expansion of the exact charge regulation free energy valid in general for highly
charged macroions

We have shown that the presence of polyvalent ion brings about a strong attrac-
tion between two symmetrically charged macroions. In the case when polyvalent ion
acts like a counterion, the attraction is large enough to overcome repulsion between
the macroions, while in the opposite case, the repulsion between macroions turns
into a small attraction at large separations due to the asymmetric charge fluctu-
ations at macroions surface, induced by the presence of the polyvalent salt. The
polyvalent-ion mediated attraction remains appreciable even at conditions, when
macroions reach the point of zero charge. From the derived expressions for the free
energy of interaction, it is clear that the polyvalent ion-mediated attractive contri-
bution stems from the charge — induced charge type of the interaction, since it is
proportional to the square of the polyvalent ion charge. Our results show that the
polyvalent ion-mediated attraction is significantly stronger than the KS interaction,
obtained for the same system described in the weak-coupling regime, i.e. without
any polyvalent salt. We therefore derived a generalized form of the KS interaction,
with the range of validity extended to the regime, where their original KS derivation
fails.

By calculating the interaction between point-like charge regulated macroions
in the weak-coupling and strong-coupling approximations, based within the field
representation of the partition function, we have opened a new way to analyze the
interactions between proteins in ionic solutions. Our approach brings together the
charge regulation theory as well as the general weak-coupling and strong-coupling
dichotomy of the field representation of the partition function of Coulomb fluids.
The results seem interesting and we will endeavor to compare them with detailed
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Monte Carlo simulations in the near future.
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Chapter 6

Salt-mediated interactions of planar
charge regulated surfaces

In Chapter |5| we derived the dressed ion theory for charge regulated point-like parti-
cles immersed in a mixture of salt ions [134]. Here, we continue with the analysis of
the influence of polyvalent ions on charge regulation in order to complete our analyt-
ical journey through the charge regulation phenomena. To do so, we will first define
another tractable system set in a planar geometry in order to complete the analysis
of the system we had started from: the double layer problem with titration sites
immersed in a salt mixture. Bathing ions will be treated in conceptually the same
way as we in Chapter [0} we take the monovalent salt as weakly coupled with the
surfaces while the polyvalent ions are strongly coupled. Within this model we then
proceed to derive the dressed ion theory for charge regulated planar bounding sur-
faces. Contrary to the point-like macroion case, here we investigate the case where
the titration sites span an infinite surface and thus analyze the thermodynamic limit
of finite surface densities of all the quantities analysed. The obtained results will
be relevant for systems where the separation between charged macromolecules is
much smaller than their size. The non-vanishing size of the titrating macroion will
introduce additional formal difficulties and one of the goals of this Chapter is to
find a way to overcome them and arrive at the understanding of how the spatial
distribution of charge fluctuations at the surfaces affects their mutual interaction in
the presence of polyvalent ions.

As we have seen in Chapter [ the double layer problem has never stopped to be
an interesting calculational device for theoretical physicists. The hundred years long
history of different attempts to understand it includes also the successful description
of diverse biological phenomena on one side, but also testifies to the challenging
nature of some problems that needed decades to be solved on the other. This is
certainly the case with the attraction of similarly-charged surfaces in the presence
of polyvalent ions. We saw that its proper theoretical description was given in 2010.
by Matej Kandu¢ and coworkers [34], and this Chapter will provide an extension of
their work, broadening it to include also the charge regulation phenomenon in its
formalism.

Since the problem of charge regulated surfaces affected by salt has not been
studied before in a field-theoretic manner, we start from a uniform distribution of
titrating sites spread over the planar parallel plates, immersed in a monovalent salt
solution, and then extend the theory to the case where the mixture of monovalent
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-D2 0 D/2 z

Figure 6.1: Schematic representation of two charged planar surfaces at a separa-
tion D with charge dissociation sites distributed uniformly along the surfaces with
dissociable groups (AC) undergoing the reaction AC <» A~ + C*. In between the
surfaces there is a mixture of monovalent/polyvalent salt.

and polyvalent salt is present. As a final outcome we will obtain a generalized KS
interaction for planar geometry and it will be possible to compare it with the ever
present vdW interaction. The chosen model will allow us also to understand how
the charge regulation affects the like-charge attraction.

6.1 General formalism

6.1.1 Model

The system of interest consists of two flat plates, bearing the surface charge which
can fluctuate due to the absorption/dissociation of ions at the surface. The number
of adsorption sites is equal on both surfaces and it is uniformly distributed accross
the surfaces. The system is immersed in a water described with dielectric constant e.
Both a monovalent 1:1 and polyvalent salt ¢:1 ions are dissolved in between. Behind
the surfaces there is a medium of dielectric constant €, where one cannot find any
ions (Fig. [6.1). The plates are separated by a distance D.

6.1.2 Charge regulation

To describe a charge regulation at the surface, we again start from the surface lattice
gas model, corresponding to the Ninham—Parsegian charge regulation theory [59]
where the surface free energy assumes the form:

o]

Fle(r)) = iop(r) —akpT T2 in (1 +exp (Bus +ifeop(r))).  (61)

We kept the same notation for the parameters: ¢ is maximal density of negative
surface charge, uniformly distributed over surface, ¢ stands for the electrostatic
potential, the asymmetry coefficient is @ = 2 | chemical dissociation energy is g =
—(pH — pK)In10 and b = exp (Bus). The total charge at the surface is consequently
able to fluctuate in the interval —oS < e < ¢S. The total free energy Eq. is
then obtained from the integral over the surface:

Flo(r)] = ]f fs(o(r)dr, (6.2)
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so that F[p(r)] is a functional of the surface potential. It enters the partition
function as exp (—SF[¢(r)]), so that it becomes equal:

exp (— BF[p(r)]) =
exp (—iﬁ d’poy(p, zl/z)+a/d2pe% In (1 + bexp (ifeap(p, 21/2)))>-
(6.3)

For the purpose of further analysis, it is going to be suitable to switch to the
discrete representation in the following way:

exp (= [ Potsterlp)) = Tpesp (= falor(p)) (64

so that one can use the same trick as already used in Chapters [4] and

ac

exp ( - 5fs(¢1(ﬂ))) => ( O: )b” exp (—ifeodep) exp (ifegnep),

n=0

(6.5)

where & = 0/ey. The binomial coefficient will be treated on the level of the Gaussian
approximation, as explained before:

(°7) = e (- 12, (6.6)

n TOO 2000

We now introduce the notation ¥ = g — 2n, and switch from the summation to
integration, obtaining:

exp (= Afs(¢1(p)) =
/di exp <— %j—; - %:E[zgé(p) +In b]) exp (— il — %a&]gﬁ(p)) exp (% In ba&).
(6.7)

Going back to the full surface free energy, one can write it as a functional integral
over the new variable Z(p):

Hpexp ( - 5fs(901(/3))) =
tp [Dletollen (~ 5 [0 =3 [pn(oliptr) + )
P 2 ag 2
1 1
X exp (— i/de[& — éea&]gb(r) exp (5 In ba&). (6.8)
For further developments, it is going to be suitable to deal with the above eval-

uation in the Fourier-Bessel representation. The Fourier-Bessel transform of the
functions g = {z, ¢} can be written explicitly as:

9p.2) = 5= [ QQI@P9(Q.2) (6.9
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Therefore, the surface free energy term can be transformed as:
pexp (— Bfs(er(p))) —
1 1
Mg [ Dlr@leww (- 50 [ @iQQ) ~ S [ d@e(Q)3(@)

<o (—i [ Qaael@)[52(Q) + 6 -~ 5001 2] ) exp (b ),
(6.10)

where the following identities have been used [135]

/0 " pdpo(pQ)Io(pQ) = 50@-Q),
and - 5 Q)
/ pdpJo(pQ) = (7
0

6.1.3 Dressed ion theory

To describe such system, we again start from partition function written as a func-
tional integral over the local fluctuational potential:

2= [ Dlewexp (- 5Flem)) e ( ~ aHlo(r)] ) exp (- BFle(r)]). (6.11)

with the field Hamiltonian Eq. (5.10):

Hlgl = 5 [ drdroru(r.0)s()

M drexp(—iﬁeogo(r))—)\—_ drexp(iﬁeow(r))—% dr exp (—ifBqeqp(r)).
(6.12)

Taking the monovalent salt as weakly coupled to the rest of the charges, one can
decompose the bulk field Hamiltonian as:

~BHIp| = ~BHalg +h | dr exp (iBgep(r)), (6.13)

where the monovalent salt is treated on the DH level so that the interaction kernel
is given as the screened effective DH interaction potential:

~BHle) = deeo [ drarolr)ugly(r.)e(r)
_ e, / (Vo (r))? + K22(r))dr (6.14)

Here we again introduced the inverse square of Debye length as x? = 4rlgny, and
ny, = 2ng + qco, where ng is the bulk concentration of the monovalent salt and ¢y is
the bulk concentration of the multivalent ions, assumed to originate in dissociation
of a ¢:1 salt.
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6.2. Planar surfaces in presence of monovalent salt

We now invoke the dressed ion approximation for the rest of the system. As-
suming that the fugacity of polyvalent salt is small enough, one is then allowed to
use the following expansion:

— [ Dletresp (= pEsletr)) e (= 5 [ drdrp(ryuglyr.)er)

X {1 + A /dro exp (— zﬂqeogo('ro)> +.. } exp (— B Fs, [gp(r)])
(6.15)

Thus we obtained a decomposition of the partition function into the part correspond-
ing to the monovalent salt system and the part due to the one particle polyvalent
ion contribution:

Z =20+ A2 (6.16)

We proceed by calculating the partition function 2 first.

6.2 Planar surfaces in presence of monovalent salt

6.2.1 Derivation of partition function

When the bathing solution is composed of only the monovalent salt, the partition
function for a weakly coupled system is then given as:

/ Dlo(r)] exp (~ 55, [o(r)

< exp (- § [ drar'etmyug (et exp (- 5 o(r)])
(6.17)

Due to the symmetry of the system it is going to be more suitable to deal with
the problem in the Fourier-Bessel space. So we again write the Fourier—Bessel
representation of the potential ¢:

Plp.2) = 5= [ QIQI(@RR(Q.2). (6.15)

where @) stands for 2D transverse wave vector, ) = |Q| and then the partition
function becomes:

/ DIp(Q. )] exp (~ 5, [go(@ zn])

X exp b’eeo /QdQ/ 7 +p2902(Q,Z)D exp <— 5FSQ[<P(Q722)])7
(6.19)

where p = \/@Q? 4+ k2. From the above equation one can easily identify the field
propagator:

Gp (@(szl), QO(Q,Z2)) =

P(Q2) L, 7= [ (de(@2)\
@(Q’B[W(Qa z)] exp (— §5€€O/ZZle { <T) +(Q% + 52)902] )a
(6.20)
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where the complete Green’s function can be represented as the product over the

ave veetor: g(gpl(r), gpg(r)) =116, (@(Q, z1), (Q, Z2)>. (6.21)

The propagator Gg (6¢(Q, 21),00(Q, zz)) can be now identified as the Feynman
propagator of a harmonic oscillator with constant frequency, where the z coordinate
plays the role of time [123], and the Wick’s rotation makes the action real instead
of imaginary as in quantum mechanics. This type of integral is straightforward to
solve [124], obtaining:

gp(@(Qazl)aSO(Qy@)) = #}ngm
1 Tr pcoth(pD)  —p/sinh (pD) 0(Q, z1)
P <_ §ﬁ€€0[ ] [ —p/sinh (pD)  pcoth (pD) ] [ 0(Q, 22) })
(6.22)

Now we can proceed with the calculation of the partition function, which takes
the form:

= Tlp //d%(Q)d%(Q)

exp (= Fs(1(Q21)) ) Gy (#(Q 20). Q. 22) ) exp = F(ipa(@'2))).
(6.23)

Invoking next the result obtained for the surface part of the partition function,
Eq. (6.10]), we remain with:

exp (— fs(p1(Q, Zl))) exp < fs(p2(Q', 22)) / Dlz1(Q z2(Q)]
exp (- 5= [QEQIAQ) + 53(Q) ) exp (- /@d@[%(@) @)l - 30])

exp (— : / 4Q5(Q) [11(Q)(nb + ipy) + (@) + iga]) ).
(6.24)

Integrating the partition function Eq. (6.23)) over the z—variable, one is left with
the integral over all possible values of the surface potentials ¢; and s:

_ Beep Beeo[ 21(@) ]
Z =1lg // dp1(Q)dip2(Q 27 sinh (pD) P (_T{ ©02(Q) ]

{p coth (pD) + (oG (Beo)?)/(4feco) —p/ sinh (pD) ] { ©1(Q) D
—p/ sinh (pD) peoth (pD) + (a5 (Beo)?)/ (4Beco)

x exp (1Be0d(Q)r(Q) + 2(Q)] [i b as — (5 — %a&)]).
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6.2. Planar surfaces in presence of monovalent salt

Eventually the partition function assumes the final form:

Z = exp (— [@ Inb— (6 — g&)] ? kcoth (D) + agn +~/%/ sinh (/%f))>
2 k2 + 2wadk coth (RD) + (aom)?

o | 1
2\ (27) sinh (5D) || (5 coth (FD) + and)? — (5/ sinh (5D))2’

(6.26)
where we introduced dimensionless quantities D = D /lp, k = klp and & = G1%, and

Z(D)

(6.27)

After subtraction of the bulk free energy In Z(D — o0), one obtains the inter-
action free energy F (D)oo = F(D)o1 + F(D)o2 as the sum of two contributions:

? ki coth (kD) + adm + &/ sinh (kD)
i2 + 2rack coth (D) + (aom)?
(6.28)

a7} L QL
BFor/S = {T Inb— (&5 — 50)}

and

~ _\ 2
Qo — P

BFo2/S = %/Qd@ In [1 — ( ) exp (—2pD) | . (6.29)

aoTm +p

The first term gives the interaction between two equally-charged plates with
fluctuating charge, while the second one leads to the attraction, which becomes
dominant at the point of zero charge where the first term vanishes.

6.2.2 Comparison with van der Waals and Kirkwood — Shu-
maker interactions

The above results are obtained by neglecting the (dielectric) region behind the sur-
faces where in principle the electrostatic field can propagate. Allowing the field to
propagate behind the surfaces, the dielectric jump at the boundary comes into play
and the partition function for such a system becomes

z = Mo [ [ da(@Qdea(@0, (4@ 2).0) e (= fo(e1(Q. 1)

% Gy(9(Q.21) 0@ 22) ) exp = Fs(a(@ ) ) Gy (0,9(@, 22)).
(6.30)

where the Green’s functions describing the propagation of the field in the semi-
infinite region behind the surfaces are obtained from the general propagator Eq. ((6.22)):

Go (@(@ 21), 0) = exp <— %55/6062@%) and Gq (QO(Q, %), 0) = exp (— %56/6062@%),
(6.31)
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Figure 6.2: The interaction pressure, obtained form the derivative of the free energy,
at PZC. (a) pressure calculated according to Eq. (solid lines) is compared
with the KS pressure calculated from Eq. (6.29) (dashed lines). (b) KS pressure is
compared with the vdW interaction Eq. (6.34) (black line).

where we assumed that there is no salt behind the surfaces, so that p = ) and
D — oo. The free energy for such a system then yields the expression:

BF(D)/S = [O‘ﬁ nb— (5 — %)} : ’%f;th (’?"'D} +adr + R/sinh ~(f%f?)
R? + 2madk coth (RD) + (aom)?

4 2

. 2
aom 4+ €Q /e — p
aT +€Q/e+p

% / QdQn | 1 - exp (=2pD) |. (6.32)

The first interaction term, corresponding to repulsion stayed unchanged but the at-
tractive term is strongly modified. It can be said that the attraction in the previous
case, Eq. , corresponds to the KS fluctuation interaction, while here we have
the case of intertwined KS and vdW interaction acting in parallel.

In the case of no charge regulation o = 0, the attraction reduces to the van der
Waals interaction:
. 12
€Q —ep

¢ exp (—2pD) |, 6.33
Ot e p (—2pD) (6.33)

BFyaw/S = %/Qd@ In|1-

which is solvent dependent [136]. Taking the limit of no salt between the plates, one
can get the zero order van der Waals— Lifshitz interaction in the famous form [21]:

6/

BFom/S = % / OdO n (1 - {Zelrexp(—zcjgb)) (6.34)

The results are shown in (Fig. |6.2]). The comparison of two attractive contributions,
Eq. and Eq. (6.32)), is shown in (Fig. [6.2) (a). One observes that the pure KS
attraction is slightly bigger than the one calculated for the system with a dielectric
jump. In other words, in the system with charge regulation the contribution of
image forces reduces the attraction! Also, the non-additivity of the two type of
forces becomes obvious, while the sensitivity to parameters change is quite small.
What is not expected is that both types of attraction are smaller than the standard

vdW attraction, Eq. (6.34).
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6.3. Planar surfaces in presence of polyvalent salt

6.3 Planar surfaces in presence of polyvalent salt

6.3.1 Derivation of partition function

The presence of polyvalent ions in the bathing solution decouples the total partition
function into the weak-coupling one Zj, and the one particle contribution Z;, as we
showed in Eq. (6.15), where we obtained Z; in the following form:

= [dro [ Dlotrexp (= B o)) exp (- Fsliolr)

< o (-2 / drdrtg(r)uglr,¥)otr') 5 [ drptrio)io(r)).
(6.35)

The integration drq should be performed over all the available polyvalent ion posi-
tions in the slab between the surfaces. The point charge geq is given as a integral
over the density p(r; ) = geod(r — 1), or indeed by writing it in cylindric coordi-
nates p(r) = qe()@é (¢ — ©0)d(z — 20). In the Fourier—Bessel representation the
partition function becomes:

2 = 2 fdupy [dzollo [ DIpl@.2)exp (- 675 (4(Q. 1)
exp (%ﬁeeo / dz{ [%] i +p2<P2(Qa 2)}

~ ifeo [ deaQamdt: = 0)6lQ.) ) exp (- BF(el@.2).

X

(6.36)
The field propagator in this case has a more complicated form, given by:
1 b dp(Q, 2)72 2 2
gp(SO(Q,Zl)ﬂO(Q,Zz)) = 55660 /_Dgzo{[T] +pp (Q;Z)}
D/2
~ ibgeo [ ded(@p)d(z ~ 0)0(Q.2)

—D/2

(6.37)

and is analogous to the 1D forced harmonic oscillator with constant frequency and
with imaginary 'time’, with an explicit solution in the form [124]:

G, (2@, 1), 9(Q. ) =

Zsinh (pD) siif?im [(9(Qs21)” + 9(@Qs 22)°) cosh (PD) = 20(Q 21)2(Q: )

2 D2
_i% /_D/2 dzsinh (p[z + D/2])BqeoJo(Qpo)d(z — 20)

D/2
_i% /D/2 dzsinh (p[D/2 — z])Bgeq Jo(Qpo)d(z — zo)
n (BaeoJo(Qpo)) /D/2

Beegp sinh pD

D/Qz/dusmh plu+D/2])sinh (p[D/2—2])d(z—20)d(u—2p).

(6.38)
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where 2y = —D/2, zo = D/2, are the positions of the first and second plate, respec-
tively, while zy is the position of the polyvalent ion. For ¢(Q, z1) and ¢(Q, z3) we
will now use the notation ¢; and ¢,. Then:

Go(£(Q.21), (@, 2)) = 5= sfjﬁgm (6% + ¢2) cosh (pD) — 2¢010)
_ZﬂqeoJO(on) sinh (p[D/2+ 20]) ZﬂqeOJO(Q,OO) sinh (p[D/2 — z])
sinh (pD) 72 sinh (pD) 71
. (Bacou(Qp)?sinh (D2 + =) sinh (p[D/2 — )
Seegpsinh (pD) '
(6.39)

Going back to the partition function and introducing the surface parts, one can
derive the following expression:

Zl = 27T/dp0p0/dZOHQ

X exp ([ﬁqeoJO(Q,Oo)]z sinh (p[D/2 + %)) sinh (p[D/2 — Zo]))
Beegp sinh pD

X

[ aet@ dp(@ e (- 5 [Zg H
{ﬁeeop coth (pD)+ (e fBeg)? /4 —Beegp/ sinh (pD) } {@(Q, 21) })
—Beegp/ sinh (pD)  Beegp coth (pD)+adc(Beg)?/4 1 Lp(Q, 22)
X exp ([ 0(Q,21) }T[ —ifqeoJo(Qpo) sinh (p[D/2 + z))/ sinh (pD)
P(Q, 22) —ifqeoJo(Qpo) sinh (p[D/2 + z))/ sinh (pD)
+ifepd(Q)[Inb ac /4 — (6 — (a/2)0)] D
+1fegd (Q)[Inb ac /4 — (6 — (a/2)5)]

After the integration over the surface potential we obtain:

Z) = 27T/dpopo/dzo Zy

X exp {q[% Inb— (6—%&)]

(6.40)

cosh (KZp) [om&—l—/% coth (%)] csch(#D) sinh (%)
2 + aréicoth (kD) + (amd)? ]
o [~ ~ 9 _~ amocsch(pD) —cosh (2pZ ) [p+amo coth (ﬁf))])
<oxp [ QUL @) Psch (D) e

X exp <q2 / QO Io(Qpo)esch(pD) M ED) ;COSh (22550))

(6.41)

Total free energy is then decomposed into:

z
BF =—InZ,— /\cg;, (6.42)
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so that one can identify the one particle contribution to the free energy as:

D/2 a6
BF1 = —27rco/d,50,50/ dz {exp <q [I(pH—pK) In10—(6— —5)}

—-D/2

. cosh (F2y) [cwra + K coth (R 2)] CSCh(I{D) sinh (& g))

2 + aréicoth (kD) + (amg)?

amocsch(pD) —cosh (2pZ)[p+amo coth (13[?)])
P? + araépcoth (pD) + (adT)?
cosh (pD) — cosh (2pZ) 1]) B 1]

wexp (i [ QUL @) [ese 7D) - -

xexp(q2 [@aQin (@ Pesch(D)

(6.43)

Above we subtracted the bulk term as well as the polyvalent ion self-energy term
Wierr which is given by:

QPO)}
; . (6.44)

Wiy = [ GGy (@)l

Written in the () representation, it is not entirely obvious that this corresponds
exactly to the ion self-energy, so an explicit proof is given in Appendix [G.

The two terms in the final expression, Eq. , can then be differentiated,
leading to one term that corresponds to the linear coupling between the charge of
the polyvalent ion and the surface charge and the other term being proportional to
the square of the charge of the polyvalent ion. The first term thus corresponds to
the direct electrostatic interaction, while the second one stands for the interaction
of the type charge-induced charge electrostatic interaction.

At the point of zero charge (pH = pK, o = 2), the first term vanishes and one
is left with the fluctuating charge interaction due to the charge regulation in the
presence of a strongly coupled polyvalent ion. Since the fluctuations of the surface
charge at PZC are inhomogeneous along the plate, the integral in the exponent
depends on the position vector py which runs over the whole plate.

6.3.2 Comparison with fixed charge results

The problem of polyvalent ion mediated interaction between the flat plates with
fixed charge was solved by Matej Kandu¢ and coworkers [34]. We are first going to
check whether our theory reduces to that limit.

If one considers only the term stemming from ths ion-surface interaction and
take the limit o = 0, corresponding to no charge regulation in the system, then one
is left with:

D/2 <D (— kD
BF, = —Scy /D/Zdéo exp (— qo cosh (/@zo)l{[f —péxpﬁ(_/,jl)))]) (6.45)

which reduces exactly to the known result if neglecting the term exp (—xD) in the
denominator. This difference has its origin in the different models studied. Namely,
contrary to our model, the one with the fixed charge was developed for the system
where the salt is allowed to penetrate into the region behind the surfaces, but in
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Figure 6.3: The interaction pressure at PZC, stemming from the presence of the
polyvalent ions, with (a) ¢¢ = 1 mM and (b) ¢g = 10 mM. The values of other

parameters are given in the inset. Black lines stand for the vdW interaction.
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Figure 6.4: The interaction pressure p;, calculated from Eq. plotted for (a)
pH — pK =4 and (b) pH — pK = —4. The values of other parameters are given in
inset.

our model there are no salt ions behind the surface, neither does the field penetrate
into the region behind the surfaces. The difference is due solely in order to reduce
the complexity of the problem.

6.3.3 Results and discussion

After the numerical evaluation of Eq. 1) the interaction pressure, p = —%,

is plotted as a function of the plate separation, (Figs. .

First we analyze one particle contribution to the interaction pressure, originating
in the presence of polyvalent ions. At the PZC (Fig. , the attractive contri-
bution arrises due to the fluctuations of surface charge enhanced by the strongly
coupled polyvalent ion in the intervening solution. As we have seen from the for-
mula Eq. , this is the charge-induced charge type of electrostatic interaction.
As expected, this attraction increases for larger ion valencies and smaller screen-
ing. It can be either smaller or larger than the vdW interaction, depending on the
concentration of the polyvalent ions.

When the system is not in the vicinity of the PZC, two scenarios are possible:
one, where the surface and polyvalent ions are oppositely charged, (Fig. [6.4) (a),
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Figure 6.5: The total interaction pressure py + pi, plotted for (a) ¢ = 3 and ¢ = 4.

The values of other parameters are given in the inset. ¢ is counterion with respect
to macroions’ charge.
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Figure 6.6: Total interaction pressure py + p1, plotted for (a) ¢ = 3; (b) ¢ = 4. The

values of other parameters are given in the inset. ¢ is counterion with respect to
macroions’ charge.

and the other, where they bear the charge of the same sign, (Fig. 6.4) (b). In
both cases the interaction is attractive, but with obvious differences in the overall
behavior. Namely, when ¢ is a counterion with respect to macroions’ charge, the
strong attraction arises in the regime of high valency and small screening, which
has its maximum at small surface separations and is then fast reduced as the plates
become more distant. Here, polyvalent ions successfully screen the plate charge and
tend to bring them closer. The monovalent salt also plays a significant role, since its
concentration can drastically affect this kind of behavior: for larger concentration of
monovalent salt, all the charges can be completely screened, so that the attraction
is neutralized. On the other hand, if ¢ is a coion with respect to macroions’ charge,
a small attraction arises, but it is not so sensitive to changes of the parameters such
as pH of the solution, monovalent salt concentration, or ion valency.

How this affects a total interaction can be seen from (Figs. [6.5H6.8). Polyvalent
ions always reduce the mutual repulsion of two equally-charged plates. Except at the
point of zero charge, where the repulsion vanishes and attractive fluctuation forces
become dominant, the overall repulsion can be overcome in the case of strongly
coupled polyvalent ions with oppositely charged surfaces. While this is not always
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Figure 6.7: The total interaction pressure py + pi, plotted for (a) ¢ = 3 and ¢ = 4.

The values of other parameters are given in the inset. ¢ is coion with respect to
macroions’ charge.
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Figure 6.8: The total interaction pressure py + pi, plotted for (a) ¢ = 3 and ¢ = 4.

The values of other parameters are given in the inset. ¢ is coion with respect to
macroions’ charge.

the case, it is the usual state of affaires for smaller monovalent salt screening, larger
polyvalent ion valencies and of course, larger concentration of polyvalent ions, see
(Fig. . Interestingly enough, the repulsion can be more easily overcome if the
surfaces bear larger charge density, (Fig. , which is due to the stronger coupling
with polyvalent salt and dominant correlation effects.

In the other case, when the polyvalent ions bear charge of the same sign as the
surfaces, the mutual repulsion is slightly reduced, irrespective of the ion valency or
the surface charge, (Figs. and . It thus appears that in the presence of poly-
valent coions, the interaction can be described sufficiently well by the weak-coupling
theory. This phenomenon was experimentally discovered recently in the labara-
tory of Michal Borkovec [106]. Nevertheless, for bigger concentrations of polyvalent
salt ions, the derived theory predicts also that repulsion at large separations can
be turned into a small attraction as a consequence of charge regulation, when the
asymmetric charge fluctuations can result with the attraction in the regime when
the surfaces are far apart.

The appearance of the pure attraction between same-charge surfaces is ob-
served in the experiments with atomic force microscope when measuring the direct
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force between negatively charged interfaces in the presence of cationic multivalent
oligoamines [137]. The attraction is proved with charge-reversal effect, since the
highly charged counterions attract strongly to the surface leading to the occurrence
of the attraction. A better experimental insight into charge regulation phenomenon
is given by the same research group [103, 133, [I38] measuring the force between
planar silica substrate having the possibility to adsorb an ion from solution and
reduce its charge. They find that charge regulation effect has the important role at
short surfaces’ separations, i.e. 1 nm distances if immersed in a monovalent salt so-
lution, while the presence of multivalent counterions increases this range 2-3 times.
Beyond this range their results agree with standard PB theory even for the mul-
tivalent electrolytes, which contradicts to the many theoretical and computational
studies [10, [18]. All this requires a more detailed investigations to address the range
of validity of theories standing for multivalent ions.

The mentioned experiments provide a strong guarantee for the reasonableness
of a qualitative outcome that our theories predict [139]. For validity distinction it
is necessary to employ Monte Carlo simulations. As far as the comparison of our
theoretical results with the case of proteins is concerning, nowadays experimental
techniques allow only indirect protein-protein interaction measurements through
determination of the second virial coefficient in dilute solution conditions, which
can only tell us about if the attraction or repulsion prevails. But even on that level,
the charge regulation phenomena in a form of attraction between proteins at PZC
is experimentally observed when studying therapeutical monoclonal antibodies at
different solution conditions, using both dynamic and static light scattering [140),
141].

6.4 Conclusions

The aim of this Chapter is to draw final conclusions from the study of the dressed
ion strong-coupling theory, describing the electrostatic interactions between charge
regulated planar surfaces. The dressed ion theory is generally based on the decom-
position of the system’s partition function into the strong-coupling part due to the
presence of polyvalent ions and the weak-coupling part due to the monovalent salt
ions. This decomposition eventually leads to two additive terms in the free energy,
one based on the weakly-coupled partition function and the other one based on the
strong-coupling one particle partition function. Both terms take equally into ac-
count the exact form of the surface free energy which describes the surface charge
regulation.

The weak-coupling partition function describes the repulsion between two equally-
charged surfaces. It exhibits a pronounced pH-dependence, so that it vanishes at
the PZC. Moreover, it also gives an attractive contribution which then becomes
dominant at the PZC, and representing an intertwined vdW-KS interaction. One
can decouple these two parts by first taking the limit of vanishing dielectric jump
in the system, when the KS interaction remains intact, or equivalently by taking
the no charge regulation limit in the system, when it is the vdW interaction turn to
become dominant.

The one particle dressed ion contribution to the partition function was calcu-
lated to describe the effect of polyvalent ions on the charge-regulated systems. That
was the tricky part of the problem, since the polyvalent ions induce intensive charge
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surfaces

fluctuations at the surfaces that are not homogeneously distributed over the plates,
which then brings fourth additional formal difficulties into the mathematical de-
velopments. Nevertheless, the problem can be solved in the Fourier-Bessel space
employing a Feynman path integral in the form of a forced harmonic oscillator and
all the following relations are then basically exact.

The results showed that two electroneutral surfaces at the PZC can attract in
monovalent salt solutions as well as when polyvalent ions are in addition present
in the bathing medium. In the first case, the attraction stems from the monopolar
charge fluctuations induced by charge regulation, while in the second case, the at-
traction follows as a result of the charge-induced charge type of interaction, again, as
a consequence of the surface charge regulation. Increasing the valency of the poly-
valent salt ions, or increasing their concentration, leads to the attraction becoming
more pronounced.

The theory derived in this section describes in particular the attraction of two
equally-charged surfaces undergoing the charge regulation processes in the presence
of polyvalent ions. We obtained pH-dependent properties of such interaction and
we showed how it behaves as a function of different parameters. The underlying
weak-coupling repulsion can be overcome by the polyvalent ion mediated attraction
only when the surfaces and polyvalent ions bear charges of opposite sign, i.e. when
the polyion is also the counterion. In the opposite case, the polyvalent ions do not
have a significant influence on the strength of electrostatic interaction which then
remains mostly repulsive. Only in the regime where their concentration is large
enough, does the attraction appears at large plate separations, where the repulsion
disappears and the asymmetric charge fluctuations become the dominant feature
of the interaction. This is an additional interesting twist of the strong-coupling
behavior of the unpredictable charge regulation phenomenon.

To conclude, we have made an important contribution and uncovered an impor-
tant new regime of the double layer theory, by going beyond the standard description
with the charge regulation model and at the same time also broadened its range of
validity to polyvalent salt solutions. In this Chapter we completed our analysis
of strongly coupled charge regulated objects in the dressed ion theory as well as
proposed a new formulation to the charge regulation theory in general.
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Chapter 7

Concluding remarks

In conclusion, it is important to indicate that this work represents an extension of
a century-long history of the theory of electrostatic interactions in the colloid mi-
lieu. Coulomb fluids composed of macromolecules in an ionic solution represent a
quintessential many-body problem, and are as such challenging to analyze, espe-
cially due to the long-range nature of the electrostatic interactions. This made a
strong imprint on the development of this scientific area, since usually the theoret-
ical approaches proposed had to be limited to the narrow parameter space, where
the relevant approximations retain their validity, thus making the overall progress
in the knowledge difficult and stepwise. Introducing the tools from a field-theoretic
description of Coulomb fluids, significant formal progress was made possible and the
era of the modern theoretical description of Coulomb fluids was ushered in. Never-
theless, even such modern theories are necessarily restricted to the parameter space
corresponding to fixed colloidal or macromolecular charges. As is well recognized,
this assumption is usually not realistic, especially in the world of proteins with
dissociable protonable—deprotonable amino acids, where pronounced charge regula-
tion effects enabling fluctuating surface charges are the general rule. This Thesis is
devoted entirely to the generalized theory of colloidal electrostatic interactions, de-
scribing the effects brought upon by relaxing the fixed macroion charge restraint and
leading to charge regulated macroions. Of course, it can only be based on additional
approximations but we believe that it nevertheless describes the salient fundamental
features of the behavior of charge-regulated macroions in colloidal ionic solutions.
This general endeavour was partitioned into the analysis of four model systems, cho-
sen to represent some fundamental general features of the charge regulated systems.

The first advance was achieved by introducing the free energy that corresponds
exactly to the Ninham—Parsegian chemical equilibrium description of charge regu-
lation, and by formulating the field-theoretic description of charge regulation in the
case of two planar charge regulated bounding surfaces, immersed in a counterion-
only solution. It is exactly this reformulation of the charge regulation problem
that opened up the way to new developments such as going beyond the mean field
Ninham-Parsegian solution, and to calculate exactly and analytically the contri-
bution of Gaussian fluctuations and the inhomogeneous distribution of counterions
between the bounding surfaces. The one-loop Gaussian correction to the mean-field
solution brought forth an attractive contribution stemming from the intertwined
monopolar KS fluctuation interaction and the dipolar vdW fluctuation interaction,
which can in fact be decoupled for certain limiting cases. A similar situation was
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identified also when the interaction between the bounding surfaces was mediated
not only by counterions but also by the addition of monovalent salt ions. In this
case the salt ions were treated on the DH level, while the contribution of charge reg-
ulation of the bounding surfaces was calculated exactly. This in general shows that
the solution of the full statistical-mechanical problem can be achieved with different
levels of approximation for the bulk part and for the surface charge regulated part.

In the case of two small spherical charge-regulated macroions in a monovalent
salt solution, based on the approximation of point-like macroions, we based our
theoretical approach on treating the salt on a weak-coupling level, while the surface
charge regulated part was included exactly. The ensuing electrostatic interaction
showed pronounced pH-dependent behavior, with attraction dominant at the PZC.
Since this system is related to the original KS model, the obtained attraction in
this limit corresponds to the original KS result. Moreover, we also showed that this
attraction stemms from an asymmetric charge fluctuations which appears strictly
at the PZC. The charge regulation part of the free energy did not take into account
the details of the distribution of dissociable sites along the macroion surface but
assumed an uniform distribution of sites, each of which has an equal probability
to be neutralized. This theoretical approach was then generalized to the system
of protein-like macroions, characterized with an assumed amino acid composition,
where each of the dissociable amino acids is defined by its neutralization point pK.
In this way, more realistically describing the real system, the resulting theory was
able to describe an additional phenomenon concerning the attraction at the PZC,
viz. the attraction does not appear always exactly at the PZC, pending on the
details of the protein composition. The attraction is in fact proportional to the
protein capacitance, i.e., the rate of change of its charge with the local electrostatic
potential in the vicinity of the PZC, which in its turn depends on the details of the
amino-acid composition. All these are also well known and experimentally confirmed
facts.

A special theoretical challenge was to broaden the charge regulation theory to be
valid also in the strong electrostatic coupling regime. In that case, the original KS
result is inapplicable, and no other approximate results were available. The prob-
lem was formulated and solved for two model systems, one based on the point-like
macroions in a mixture of monovalent and polyvalent salt solution and the other
based on two charge regulated flat plates immersed in the same type of an asym-
metric ionic solution. The dressed ion theory was taken as the point of departure
and reformulated for the charge regulated component of the solution, by decou-
pling the salt components into a weak-coupling part (monovalent salt ions) and the
strong-coupling part (polyvalent salt ions). In both cases the macroion charge or the
bounding surface charge is regulated with the local solution conditions, allowing the
local charge to fluctuate. The effects of the polyvalent ions are conceptually related
in both model systems: the first order correction to the mean-field weak-coupling
solution gives rise to an attractive force, where two types of attraction can be in
general distinguished: one describes the attraction as stemming from the coupling
of the polyvalent ions with the charged surfaces and the other stemming from the
charge-induced charge type of interaction, relevant in the vicinity of the PZC. They
have significantly different behavior depending on whether the polyvalent ions enter
as a counterions or as a coions. In the first case, strong attraction appears, which
may overcome repulsion between same-charged objects, while in the latter case, the
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attractive contribution is not strong enough to modify the dominant repulsion. Only
at larger separations, a small attraction may arise, due to the asymmetric surface
charge fluctuations. The attraction at the PZC is larger for higher ion valency and
smaller salt screening. A generalized KS attraction, however, different from the
original formulation, is therefore obtained also for strongly coupled systems in these
two geometries.

In this Thesis we presented a theoretic framework for the description of charge
regulated systems in an ionic solution, and was strongly motivated by the challenges
of the protein-protein electrostatic interactions. Though the advances achieved are
non-negligible, there remains a lot of room for improvement and generalizations.
First, the validity of the theoretical approaches presented should be checked by the
Monte Carlo simulations, which is already planned in the near future. Furthermore,
the macroions were described either within the simplest possible model as point-like
macroions, neglecting the spatial distribution of adsorption sites, or within the flat
infinitely extended surface model, with uniform distribution of dissociation sites.
Both these models can be generalized and ammended. Especially interesting would
be to see how the patchy charge distributions affect the charge regulation interac-
tion. It would be also possible to go deeper into the numerics and implement the
results to the interactions between concrete proteins. Concerning further theoretical
development, the inclusion of multipolar moments as well as polarization effects is
particularly called for. This will allow for a deeper and more complete understanding
of the protein-protein interactions.
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Appendix A

Exact evaluation of Feynman path
integral

The path integral in Eq. (3.24]) can be written in the form [124]:

gp<5¢<Q721),5¢(Q,zg)) =

\/%exp<—§/_ddz/o d,uR(z,z,u))

€€ , ,
< exp (= PO 56(Q, ) 1(22) — 60(@. 20) 1 (20)] ).
(A.1)
where f(z) is a solution of the equation of motion given by:
.. 2@2
s _
/ ”[Q + cos? (az)]f 0 (4.2)
where f = f(z; ). The Green’ s function equation is:
L) — @+ — Qe = —de =), (A3)
dz2 oo T H cos? (az) # 1K= ’ '

with Q(—d, 2'|u) = Q(d, 2'|p) = 0. The resolvent R(z, 2’'|1) obeys the equation:

2 2

TR )~ 1@+ s [ Ree ) -
oz =) [QQ i cosioézozz)} ’ (4.4)

with R(—d, 2'|pn) = R(d, 2’'|n) = 0. We can see that the resolvent satisfies R(z, 2'|u) =
- [Q2 4+ 2 ]Q(z, 2'|u). The Green’s function Q(z, 2’|u) has the form:

cos? (az’)

9z mh( w)[Ap), 2 <2

Q(z,#'|u) =
g { g2 wh(z, m) [ A(p), 2> 2

(A.5)
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where g(z, ) and h(z, p) are two linearly independent solutions of Eq. (A.2) satis-
fying the conditions:

9(—d; ) = h(d; i) = 0, (A.6)

and

Ap) = 9(=d, p)h(=d, p) = —g(d, p)h(d, ). (A7)

The integration of the resolvent operator yields:

/ ZR(z,zm)dz - -/ (@ + —2 ), 2|y -

cos? (az)
1 “r 202
- — —_— h dz.
[ A(u)] /d [Q 3 (az)]g(z,u) (2, p)dz
(A.8)
Consider now the equation satisfied by function g:
é—u[@”i}g:() (A.9)
cos? (az) ’ '
and differentiating it with respect to u, we have:
202 20/
—Q*+ ——|g=3 24— A.10
[Q +0082(04,2)]9 gu—ku[Q +cos2(0zz)} a ( )

Inserting this into the resolvent integral and integrating by parts, one can get:

/_C; Rz, zlp)dz = [— ﬁ} [Qu(—d, pwh(—d, 1) — h(d, u)g,(d, H)} _

_g,u(dv :u) . gll(_da :U’)
g(d7 M) g(_dv :u) ’

(A11)
from which it follows that;
[l Lo = n (L] -n (FEHEED)
A2
As g(d,0)/9(=d,0) = 2d = D, we have: o
esxp (- %/01 d,u/_idzR(z,zm)) _ [Dgé(_dfl’l;)f. (A.13)

Now, the solution of the equation of motion is given as a linear combination of the
solutions ¢g and h as:

f(z,1) = 6¢2M + 5¢1M (A.14)

g(d,l) h(_ 71)’
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so the exponent in the propagator Eq. (A.1)) becomes:

oxp (= P50 [56(Q 22 (22) — 06(@, 2)f ()] ) =

esp (- o @i -

\_/

~200(Qup0(Q ~) ) (@~ =] ).
(A.15)
Finally the propagator can be written as:
G,(06(Q. =d),39(Q. d)) =
Dg(—d, 1) 6660 9 g(d, 1)
29rg(d, 1) eXp( [5¢ (@, d)—)_
~206(Q, d)36(Q, ~d) (( HAD 0 -ahe D)),
(A.16)

Solutions g(z,1) and h(z,1), which satisfy equation Eq. (A.2) when p = 1 and
boundary conditions Eq. (A.6]), are given by:

o(2) = sinh (Q[d + 2])[@? cot (ad) + o tan (az)]
a(@Q? +a?)
a@ cosh (Q[d + z])[1 + cot (ad) tan (avz)]
a(Q?+ a?) ’

sinh (Q[—d + 2])[@Q? cot (ad) — a? tan (az)]
a(@?+a?)

aQ cosh (Q[—d + z])[—1 + cot (ad) tan (az)]
a(Q?+ a?) '

+

(A.17)

After inserting these solutions back into the equation Eq. (A.16)), one obtains the
final result in the explicit form:

o (30(Q.—5).56(@. 5)) =
\/7 5660 {[5*@. - +s0(@. ] 02000~ sol@. 5)4)).

where zo = D/2, zy = —D/2 while A, B and C are defined by
A = Q(a®+ Q?) cot® (aD/2)
B = 2aQcosh (DQ)cot (aD/2) + [ + Q* cot® (aD/2)] sinh (DQ)
C = Qcosh(DQ)[2a% + (a® + Q?) cot® (aD/2)] +
+ 2afa® + Q* + Q? cos (aD)] csc (D) sinh (DQ). (A.19)
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Appendix B

Derivation of field propagator
G(p1, p2)

The field propagator at points r; and 7, is defined by:

o(T2)=¢p2
Glp1,p2) = /(T . Dlp(r)]o(p(r1) — ¢1)d(p(r2) — ¢2)
X exp ( — %/drdr'cp(’l“)G_l(T,’r)go(’r')), (B.1)

where G~!(r, r’) is the usual Debye-Hiickel kernel of the form [10]:
G H(r,7") = —&o [Ve(r)V —e(r)r*] 6(r — 7'), (B.2)

where k is the inverse Debye length. Using the delta function in integral represen-
tation:

d(p(r1) —¢1) =

S exp (iblotril = 1) = [ Shexp (= ko +ik [ drps(rye(r).
(B.3)
where p;(r) = 0(r — r1), one can rewrite the propagator as:
Gloros) = [ dexp (=iton) [ i exp(~ik'es) [ Dlo(r)
exp(— %/d’rdr/cp(r)G_l('r,r)cp(r’)+i/t(r)<,0(r)d3r>,
(B.4)

where t(r) stands for t(r) = kpi(r) + k'pa(r). After integration over the field, one
obtains:

G(p1,p2) = m/dkexp (—ik%) /dk’exp (—il{:’ch)

X exp (—% / d'rdr’t(r)G(r,r’)t(r’))
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1 +00
e e o (r 1) / / dk:dk;’exp —zkgpl — ik 4,02>

X exp <— %/{: G(rq, 'rl)) exp (— 5]{'2@(7"2, r2)> exp (— kK G (rq, rg)).

(B.5)
If one introduces a 2D vector (k k'), this integral can be rewritten as:
Tk
= dkdk' -
oo = g e (07 ) ()
2
( 1( k )T( G(ry,7m1) G(ri,79) )( k ))
Xexp| — = .
2 k’/ G('f‘l,’l"g) G('I”Q,T’Q) kfl
(B.6)

Since this is a Gaussian integral, it can be evaluated explicitly:

ot =en(=5( 7 ) (T G ) (7))

(B.7)
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Appendix C

Saddle-point approximation

The partition function Eq. (4.16]) can be evaluated using the saddle-point method,
consisting of minimization of the field action 0A/J¢ = 0, where the action can be
written in the form:

A(¢1, 92) = f1(o1) + 991, d2) + f2(d2), (C.1)
with g the logarithm of the Green’s function, given by:

o= 30 G o) ()2

The saddle-point equations are obtained as:

N aN bexp (—¢1) N 1471'6260 _ 1 o expg—d)
1+ bexp(—¢1) Begk exp (—2a)/a? —exp (—2R)/R?  a
4 1 —R
s 7T€2€0 _ o exp (~ ) _o. (C.3)
Begk exp (—2a)/a? — exp (—2R)/R2 R
M — aN bexp (—¢p2) N 2471'6260 1 o exp E—a)
1+ bexp (—¢1/2) Begk exp (—2a)/a? — exp (—2R)/R?  a
4dmeeq 1 e R
- ——— = 0. C.4
“Ben B o R (©4)

Solutions of these equations are denoted as ¢7 and ¢3. If one sets M =0, a = 1,
one deals with an asymmetric system, for M = N, a = 2, one deals with a fully
symmetric system, while the choice M = N, a > 2 defines a symmetric system with
an asymmetric interval of fluctuating charge, i.e. a semi-symmetric system.

The action can be expanded around the saddle-point solution up to the second
order in deviation from ¢7 and ¢3, yielding:

O*A(¢r, ¢2) P A1, ¢2)

1 02A(¢1, ¢o) 1
L2 oA, %) 5% + 56160 + = 663,
2 091 ¢1.03 o 01002 o103 P00 2 093 ¢1.63 "
(C.5)
where f1/2(¢; /2) are given as:
fi/2(01)2) = =M1, — aNIn(1+bexp (—¢7 ). (C.6)
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If we denote second derivatives in the equation above as A1, A1o and Asy respec-
tively, we will have:

o o) dre b (o)
Ay = osz[1 Yoexp (—¢D)]2  Bedr exp (—2a)/a% — exp (—QR)/Rz
R R b (0)/e
Agy = aNb(1 +bexp (—¢5))?  Befr exp (—2a)/a2 — exp (—2R)/R?
P exp(—R)/R (C.7)

Begr exp (=2a)/a* — exp (=2R)/R?’

so that the saddle-point and the fluctuation free energy are equal to:

BFo = —[f1(#]) + 9(1, ¢3) + fa(b3)], (C.8)
and
det AO
pFy=—In qot A (C.9)

where Aj is a matrix, related to the partition function of the unperturbed system,
with the elements:

A0 — 0*Ao(¢1, ¢2) __Ameq exp (—a)/a
H o1 Begk exp (—2a)/a? — exp (—2R)/R?
A0 _ ?Ao(¢1,¢2) _ Ameeg exp (—a)/a
- b3 Bedr exp (—2a)/a? — exp (—2R)/ R2
o PA(¢1,¢2)  Amee exp (—R)/R
Al = D100, o Be3k exp (—2a)/a2 — exp (_2}?)/}?2' (C.10)

Finally, the saddle-point interaction force and the force due to the fluctuations
around the saddle-point are given as:

. Areeg 1+ R .
P = 57;—%2) ; i exp (2d — R)
(01— a/Rexp(a —~R>¢;><¢z - c:z/Rexp (G- Ro) oy

(1= @/R?exp (2R - )

B — _145}”% ELQeXp~(—2~(}~%—d)) - (C12)

RS ha(91)ha(03) — (@2/R)? exp (~2(R — @)
where:

e

M) = 1+ 5o exp (@) exp (o] (b + exp (6)
e

ha(s) = 1+ gon e @exp (<03 (b +exp (03)7. (C13)
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(Gaussian approximation

The partition function Eq. (4.16)) can be evaluated analytically, if one takes a
Gaussian approximation for the binomial coefficient:

alN aN AN — on)?
( n >:jTN/2eXp<_%)' (D.1)

After substitution x = aN —2n and 2’ = M — 2n/, summation can be transformed
into the integral, when one assumes N > 1, so that the partition function becomes:

/ dx / d’ eXp — BF(z,a' R))

X exp (2[x+$][pH pK]lnlO) exp( !

2aN

[z + x’2]> : (D.2)
where

Flz,',R) = (‘“‘;g—l_;@{[x FN@2 =)+ [+ M2 - a)]2}

X RB) LN — o)l + M2 — a)]).
(D.3)

This is a general Gaussian-type integral and can be calculated analytically, but since
the solution is too cumbersome, it is not displayed here. The interaction force then
follows as a sum of the mean contribution to the force and the fluctuation force as:

Fy = a®exp (2ka — iR) L JEP”R [(pH = pk) In 10 2
R (1 +2a/N exp (7d) + a/ R exp ( — &R - a)))

+(04 — 2)a* exp (%d - FﬂR) 1+ &R ( 2a(N + M)(pH — pK)In 10

a?N(1+aexp(ka)/aN)? R2 <1 n (a/R) exp (—#(R—a)) )2
(1+ (4 exp (%) /aN) )2

4aM(aN —1)(pH— pK>1n1o[exp( (R - ))/(1+(4a/aN)eXp(/ia))}

K
+
(a/R)? exp( 2i&(R— a)>
(14+4aexp (ka)/aN)?
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(a8 |14 [(a/ R)? exp (~2R(R — @))/(1 + daexp (7a) faN )]
(a/R)2exp (—2&(1%—&)) i
(1+4a exp (Ra)/aN)?2

2

(a—2)(1 + o Z)(4N/[1 + (daexp (ka)/aN)])(a/R) exp (—#(R — a)))

(@/R)2 exp (4@(}%&))
1—

(14+4aexp (ka)/aN)?
S a2exp(—2ﬁ(é—a))
R* (14 (4/a)(a/N)exp (ka))? — (a2/R)2 exp ( — 2R(R - a))

(D.4)

We note that the nomenclature “mean” and “fluctuation” do not have the same
meaning in the context of the Gaussian approximation as they do in the saddle-
point approximation. In fact in the former the interaction free energy can not be
consistently separated into a mean and fluctuation types. We use this separation
based on the dimensionless separation scaling.
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Derivation of field propagator
G1(p1, p2)

The propagator G(p1,¢2), describing how the electrostatic potential propagates
from one macroion to another in the presence of a polyvalent ion ¢ at rg, is given
as::

prea) = [ Dlatrlatetm) - p)3(e(ra) - )
exp( 2/drd’r o(r) G (r, +Zﬂ/ (E.1)

with p = gd(r—mrp). The delta function entering the above expression can be written
via a Fourier integral representation as:

0(p(r:) — i) =

/dk exp (zk(gp(m) - g01)> :/dk exp ( — ik, + ik:/drp&r)go(r)),(E.Q)
where p;(r) = 6(r — ry), @ = 1,2. One notes that this is an ordinary and not
a functional Fourier integral representation, as the propagator is defined for two
vertex points in the real space. Our strategy now will be to first evaluate the
functional integral over the fluctuating electrostatic potential field p(r) and then

calculate the remaining integral over the auxiliary fields stemming from the Fourier
representation of the delta functions. Therefore it follows that

Gl(%,%) :/dkeXp(_’“ﬁ%)/dkleXP(_ikQ%)/D[W("")]
exp (= 5 [ drar'ele)Gi el 41 [ [tr) + Bacad(r = ro)lp(r)dr),
(E.3)
with the field ¢(r) denoting

t(’l") = k1p1<’r‘) + k2,02('r>.

The above integral is a general Gaussian functional integral for the fluctuating po-
tential p(r) and can be evaluated explicitly and exactly. The result is then an
ordinary Gaussian integral over the variables k; and ks.
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One has in fact
0(p(r1) — 1)o(p(r2) — @2) =
/dk:l exp (z'k;l(go(rl) - 901)> /dk’g exp (ikg(gp(rg) - cpg)), (E.4)

after which one can derive

1 . .
G1(p1,p2) = m/dkl exp(—zklgol)/dk;g exp (—ikapo)
exp (— %/drr’[t(r) + Bged(r — 19)|Go(r, ") [t(r") + Bged (r' — ro)]>

+o0
det G 'r' 'r' / / dkldkg eXp ikl(pl — ’lkg(pQ)

X exp ( — EI{J%Go(Tl, ’f’l) — §k2G0(’I’2, 7“2) — kleGo(T’l, ’r‘g))

1 1
X exp ( — §ﬁ2q2€gGo<7‘o, To) — 55(]60[2]4]100(7’0, 7'1) + 2]{72G0(’l"0, 7‘2)]) . (E5)

The fluctuating electrostatics potential propagator has thus been reduced to
simple integrals in the variable k = (k1, k»).

The vacuum fluctuations term, det uD/ (r,7"), as well as the polyvalent ion
bare self-interaction term exp (—3 BQQ e2upw(ro, o)), will be neglected since they
do not depend on the separation between the point-like macroions and thus make
no contribution to the interactions between them. If the macroions had finite di-
mensions det UDZQ(T',’I’/ ) would describe the thermal Casimir (vdW) interactions
between them.

If one introduces a 2D wave-vector k, together with the Einstein summation

convention, this integral can be rewritten simply as

(01, 02) //d?k exp (— f(k)), (E.6)

where we introduced the function f(k) as

f(k) = kjliv; + Baeoupn (ro, m3)|+5kjupn (rs, m1)ki. (E.7)
Since this is a Gaussian integral, it can be evaluated explicitly as
Gi(p1,p2) = det UDl/Q("" ')

exp ( [ip; + Baeoupn (ro, 7:)] upy (1i,75) [iv; + Baeoupw (ro, 7;)] )
(E.8)

The above expressions typically involve the Coulomb or the DH self-interaction
upg (7, r), or indeed its inverse. This quantity is not unambiguously defined because
the field representation does not describe the sizes of the charges in a consistent
description. However, one usually assumes that the finite size can be approximately
included as an ultraviolet cutoff in the Fourier space, or indeed by assuming that
one has the Coulomb self-energy upg(r,r) ~ 1/4weecqa, where a is the radius of the
charge; to be consistent one needs to take ka — 0 in the DH expression, which
gives its bare Coulomb limit.
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Saddle-point and Gaussian
fluctuations of volume integral F

We now approximate the free energy F; by its saddle point and Gaussian fluctuations
around the saddle point. This leads to the well known expression

) exp ( - 5(“))
F = /Vd'ro exp ( — 5(7‘0)> = /det(228(r = a)/oror)’

where the most probable position of the polyvalent ion rq = a corresponds to the
equilibrium configuration of zero “force* defined by

VS(a) = 0. (F.2)
It than follows straightforwardly that the determinant of the Hessian is
?’S(r=a) 0*S(r=a)d*S(r =a)*S(r = a)
oror Ox? Oy? 022 ’
where at the saddle point

(F.1)

det

(F.3)

S(a) = 4gN (pH — pK)In 10 Ip exp (—3kR)

e = 2+ Nlgexp(—ka)/a[l + a/Rexp (—k(R — a))] R

—I—lq2l ((ZB/a) exp (—ka) +2/N)8exp (—kR)/R? — 8lg exp (—2kR)/ R?
745

N2 + % Lip L exp (—ka) + % exp (—2ka)[l — %_22 exp (—2k(R — a))] |
(F.4)

while the Hessian gives
’S(r=a) 0*’S(r=a)
0x? N Oy?
_ _1pexp(=3KR) exp( HR)
gN(pH —pK)In10 Ip ( —16—3 8
2+ Nip@Era[] 4 4 oxp (— (R—a))]
Ip exp (—ka) exp (—kR) kexp (—KkR)
(—B pna) 4 2) (—paon(Cal) _ g (ol

Lo :
2q B 4l lB a2
7 + v Zexp (—ka) + % exp (—2ka)[l — % exp (—2k(R — a))]
ex 2k R) kexp (—2kR)
Lo 64152220 | 397 wexp (2uR) |

21 B &+ A oxp (—ka) + la—z exp (—2ka)[l — % exp (—2k(R — a))]
(F.5)
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Appendix F. Saddle-point and Gaussian fluctuations of volume integral

‘F

PS(r—a)  ANH = pK)In10 Iy (327G 4 16,0 antl o g2 Canit)
92 2 4+ Nip=2Eri[) 4 2 oxp (—k(R — a))]
1 (lBexp( I{a)_"_ ) (1926Xp —KkR) +128/{exp( nR)+32/§ exp( ) 64l exp ( ZHR)
1 959
—|—2q s 4 4l 12 a? '
vz + w2 exp (—ka) + B exp (—2ka)[l — % exp (—2k(R — a))]
(F.6)
This finally leads to the expression
- 0%S(r =
~InFy(R) ~S(ry=a)+ iIn det2Sr=a). (F.7)

oror
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Appendix G

Self energy of polyvalent ion

In Eq. (6.43)), it is stated that the following form

Wself ZQQ/QdQ[ (QPO)] : (G.l)

corresponds exactly to the polyvalent ion self-energy Ws.r = ¢*/k. To prove that,
we start from the expression for DH interaction energy of two flat plates in a 1:1
salt solution. In () representation it is:

exp (= V@) exp (- ry/7+2)

[ aiq@n) = @)
If one sets z = 0 one get identity:
J _

which is going to be used further on in derivation. To continue, we use the identity
from Ref. [142]:

JB(z) = = / " Jo(22sin (Q))dQ. (G4)
T Jo
With this two equalities, Eqs. (G.3) and (G.4), one can write:
[Jo Q/? .
/Q N Q2+/£2
Zstm (@) 1 [T exp(=2kpsin(Q)) _
(G.5)

Let’s take now the derivative over k:

or _ _1/” 0P (Q) exp (—2kpsin (Q)) _
0

1 /Tr dQ exp (—2kpsin (Q)).

Ok T 2psin (Q) 1)
(G.6)
Introducing a function
1 ™
() =~ [ dQexp(~cos(Q)) (@)
0
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Appendix G. Self energy of polyvalent ion

so that it becomes:
— ~ Iy(2Kp). G.8
I 0(2p) ( )

Since this expression corresponds to the self-energy of an isolated ion, with the
bounding walls removed to infinity, it should not depend on its position and we can
simply take p — 0, so that one obtains:

Fo 0= / Iy(2kp)dk ~ kK, (G.9)
0

which is then the final expression for the self-energy of the ion.

One should note here that this convoluted route to the subtraction of the self-
energy in Eq. is basically due to the introduction of the Fourier—Bessel trans-
form that assumes a delta function distribution for the ion charge in the z—direction.
In the infinite space, on the other hand, it is clear that the Fourier transform would
lead to exactly the same expression in the limit of a finite but small size of the ion.
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RazsSirjeni povzetek

H.1 Uvod

Elektrostati¢ne interakcije igrajo pomembno vlogo pri procesih v bioloskih sistemih
na molekularnem nivoju ter doloc¢ajo obnasanje mehke snovi. Tako biologki sis-
temi kot mehka snov so tipi¢no sestavljeni iz makromolekul kot so polimeri, koloidi,
proteini, itd. Te makromolekule obi¢ajno pridobijo naboj, ko se nahajajo v polarni
raztopini, kot je denimo voda. Do tega pride zahvaljujo¢ disociaciji kemijskih skupin
na povrSinah makromolekul, ki spros¢ajo mobilne ione v raztopino. Druga moznost
za pridobitev naboja je adsorpcija majhnih nabitih molekul ali ionov soli, ki se fiz-
i¢no ali kemijsko vezejo na povrsino makromolekul in jim s tem prinesejo efektivni
povrsinski naboj. V raztopini soli je posamezna makromolekula obdana z oblakom
nevtralizirajo¢ih, nasprotno nabitih ionov, ki jih imenujemo protiioni, ter tudi z
ioni enakega predznaka — kotoni. Za razumevanje obnaSanja makromolekul je tako
potrebno razumeti predvsem obnasanje ionskih oblakov s katerim so obkrozene.

Teoreticni opis taksnih vecdelénih Coulombskih sistemov se je pricel v prejsn-
jem stoletju, ko sta Louis Georges Gouy in David Leonard Chapman definirala
problem dvojne plasti, ki se nanaSa na porazdelitev protiionov blizu nabite ravne
povrsine [11) 12]. Z nadaljevanjem Petra Debyea in Ericha Hiickla [13] je prislo
do razvoja znane DLVO teorije (Boris Derjaguin, Lev Landau, Evert Verwey, and
Theodoor Overbeek) [15] 16], ki je uspesno opisala stabilnost koloidov s kombinacijo
Poisson-Boltzmannovega elektrostaticnega odboja in van der Waalsovega privlaka.
Temelje¢ na uporabi teorije povprecénega polja, ki zanemari ionske korelacije, pa
teorije dvajsetega stoletja vseeno niso zmogle opisati mo¢no koreliranih sistemov,
kot je denimo makroion v raztopini polivalentne soli.

Simulacije in eksperimenti so pokazali, da lahko prisotnost polivalentnih proti-
ionov privede do privlaka med enako nabitimi povr§inami [18, [19]. Slaven primer
tega je denimo kondenzacija DNK [38] 39, 40]. Kot nenehen teoreti¢ni izziv so ti
pojavi morali poc¢akati na razvoj modernih teorij coulombskih tekocin, ki temelje
na izpeljavi statisticne vsote kot tudi funkcionalnega integrala fluktuirajocega elek-
trostati¢nega polja [20]. Rudolf Podgornik in Bostjan Zeks sta pokazala, da pristop
razvoja teorije polja v sedelni tocki ustreza Poisson-Boltzmannovi enacbi [21]. To je
utrlo pot k posplositvi teorij, ki obravnavajo ve¢ pojavov iz elektrostatike koloidov
in hkrati podajo ustrezen teoreti¢ni opis eksoti¢nega privlaka med enako nabitimi
delci. Teorije polja so pokazale, da v primeru velikih nabojev prevladujejo enodeléni
prispevki, ki so poglavitni ¢len opisa v limiti mocne sklopitve [24], 29, [77, 83, 84],
medtem ko po drugi strani v limiti sibke interakcije prevlada teorija poprecnega
polja. Ali Naji, Matej Kandu¢ in Rudolf Podgornik sta razvila ustrezen teoreti¢ni
opis te dihotomije, ki je hkrati pokril tudi asimetri¢ne ionske raztopine s teorijo ode-
tih ionov [10], in na ta nacin prispevala k fundamentalnemu razumevanju coulomb-
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skih tekocin.

Kljub temu koraku so moderne teorije ostale omejene na ozek del parametrskega
prostora, kjer se naboj na povrsini makromolekul obravnava kot stalen. Na ta nacin
te teorije ne morejo opisati sistemov s fluktuirajoc¢im nabojem, kot so na primer
proteini. Proteini namre¢ izkazujejo nenavadno obnaSanje, ki se ga ne da zaobjeti
v znanih teoreti¢nih opisih. Iskanje ustrezne teorije, ki bi opisala ta zapleteni ples
proteinov, je bila zato moja glavna motivacija pri nastanku pric¢ujoce disertacije.

H.1.1 Proteini, regulacija naboja in interakcija Kirkwood-
Shumakerja

Proteini so makromolekule, sestavljene iz aminokislin, ki svojo biolosko funkcijo
(kot so replikacija DNK; kataliza metabolnih reakcij, celi¢no signaliziranje, imunski
odziv, ipd.) najpogosteje opravljajo v kompaktni kvartarni strukturi. V tej struk-
turi, vodeni z elektrostaticnimi interakcijami, lahko tvorijo proteinske komplekse,
kot so proteasom, DNK/RNK polimeraze, virusne kapside, ... Za razumevanje vseh
teh pojavov je najbolj pomembno razumeti elektrostatiko, ki dolo¢a zapleteno ob-
nasanje proteinov. To, kar proteine uvrscéa v posebno skupino eksoti¢nih delcev,
katerih obnaSanja se ne da opisati s standardnimi teorijami coulombskih tekocin, je
njihova kompleksna struktura, ki vodi do spremenljivega naboja na njihovih povrsi-
nah. Proteini so namre¢ amfotericne molekule zahvaljujo¢ aminokislinam iz ka-
terih so sestavljeni. Vsaka aminokislina vsebuje poleg spremenljive stranske verige
(ki dolo¢a vrsto aminokisline) tudi karboksilno skupino —COOH, ki se obnasa kot
kislina (lahko donira proton raztopini), ter amino skupino —NHa, ki se obnasa kot
baza (lahko sprejme proton iz raztopine). Ko se protein nahaja v raztopini, naboj
na njegovi povrsini fluktuira zavoljo sledec¢ih procesov:

e deprotonizacija karboksilne skupine na stranski verigi asparaginske in glu-
taminske kisline, RCOOH — RCOO~ + HT;

e deprotonizacija hidroksilne skupine v fenilni skupini tirozina,

ROH — RO~ + HT;

e protonizacija amino skupine arginina in lizina, RNH — RNH + H* in
RNH} — RNH, + H™;

e sekundarna amino skupina histidina lahko prav tako prispeva naboj,
RNH; — RNH + H*;

e koncne skupine: deprotonacija karboksilne skupine,
RCOOH — RCOO™ + H™, in protonacija a-amino skupine,
RNH, + HT — RNHJ;

e tudi cistein lahko prispeva k naboju proteina, saj je njegova stranska veriga
tiol sibka kislina, vendar ga obi¢ajno ne upostevamo, ker stranska veriga tvori
disulfidne vezi.

Zaradi protonizacije in deprotonizacije je naboj proteina odvisen predvsem od pH
vrednosti raztopine in je lahko pozitiven ali negativen. Vrednost pH pri kateri je
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protein elektronevtralen se imenuje izoelektricna tocka. Sprememba pogojev v raz-
topini tako privede do spremembe naboja na proteinu; ta pojav se imenuje reg-
ulacija naboja. Kljub temu, da je Linderstrom-Lang uvedel ta koncept Ze pred
stotimi leti [89], moderne teorije ne upostevajo regulacije naboja v svoji formulaciji
in tako izvzemajo proteine iz svojega okvira obravnave. Na ta nacin eksoti¢ni elek-
trostati¢ni pojavi, kot je privlak med elektronevtralnima proteinoma, ostanejo brez
ustrezne razlage.

Pred petdesetimi leti sta Kirkwood in Shumaker prva prisla do tega pojava v
okviru klasi¢ne teorije statisti¢ne mehanike na nivoju preprostega perturbacijskega
razvoja [64], [65]. Brez upoStevanja regulacije naboja sta preucevala dva sferi¢na
proteina s predpostavko, da ima en protein 4 skupin intrinzi¢nega naboja e;, drugi
pa 1, skupin intrinzi¢nega naboja e;. Tako je naboj na vsakem proteinu enak:

qgl) = egl)—i-eoxgl),
i = o+l 0

in sicer lahko fluktuira ter interagira elektrostaticno kot

vy V2 '(1)q’(€2)
vyl 2
i=1 k=1 Ll

Perturbacijski razvoj da nenicelni prispevek v tocki ni¢elnega naboja proteinov
((gW) = (¢®) = 0) v obliki:

(AgW* ) (AgP*)y 1
2e2R2k 5T %ﬁ‘ (3)

WI(R) = —

Tako imenovana Kirkwood-Shumakerjeva (KS) interakcija ima druga¢no obnasanje
od van der Waalsove interakcije, ki je tipi¢na za elektronevtralna telesa. Kirkwood—
Shumakerjeva interakcija ni univerzalna in obstaja samo v sistemih s fluktuirajo¢im
nabojem, skalira pa z nizjo obratno potenco razdalje, tako da je daljsega dosega od
van der Waalsove interakcije.

Teorija Kirkwooda in Shumakerja je bila kasneje potrjena z eksperimenti in
simulacijami, vendar je bilo fundamentalno razumevanje teh pojavov Se vedno po-
manjkljivo. Glavni cilj moje disertacije je predstaviti posplosen teoreti¢ni okvir, v
katerem je mozno opisati pojave, ki nastopijo kot posledica regulacije naboja, in
na ta nacin teoreticno zajema vso zapleteno koreografijo, ki nam jo predstavljajo
proteini plesoci po glasbi ionske raztopine v bioloski snovi.

H.2 Interakcije povrsin reguliranega naboja v pris-
otnosti protiionov

Razumevanje pojava regulacije naboja je kljucnega pomena za opis obnasanja pro-
teinov. Kljub temu, da je ta tema podrocje raziskovanja Ze eno stoletje [59] 67, 68|,
89, 93] [94], 95], 96, 97, 98], 99, [100], ostaja izziv njena vkljucitev v splosen teoreticni
okvir zajemajo¢ interakcijo med proteini pri razli¢nih pogojih. Zato v delu za¢nem z
najbolj preprostim modelom, ki ohranja najpomembnejse lasnosti regulacije naboja,
in sicer s Studijo interakcij posredovanih preko protiionov, ki se nahajajo med dvema
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ravnima vzporednima povrSinama z enakomerno porazdelitvijo adsorbirajoc¢ih tock.
Enovalentni protiioni se nahajajo v vodi in so posledica disociacije na povrsini plosc.
Voda je opisana z dielektri¢no konstanto €, medtem ko je prostor za plos¢ama opisan
z dielektricno konstanto €', tako da sistem vsebuje dielektri¢ni skok, ki je tipicen
za bioloske sisteme, kjer imamo obi¢ajno makromolekule z dielektriéno konstanto
¢ ~ 2—5in vodo z € = 80 pri sobni temperaturi. Obstoj dielektri¢ne nehomogenosti
lahko privede do sil med ionskimi slikami [31]. Problem bomo obravnavali v sistemu
z dielektricnim skokom, pa tudi v primeru, ko sta dielektri¢ni konstanti enaki, tako
da bomo dobili dolo¢en obc¢utek o vseh vrstah interakcij, ki lahko vplivajo na ob-
nasanje sistema. Ideja je formulirati ustrezen teoretic¢en okvir, ki uporablja orodja
iz teorije polja in s tem dovoljuje posploSitev na bolj komplicirane sisteme.

S formulacijo ustrezne statisticne vsote kot funkcionalnega integrala elektro-
stati¢nega potenciala smo dobili znano obliko, izpeljano za coulombske tekocine |21,
31], s prepoznavnim volumskim ¢lenom ter povrSinskim ¢lenom, ki potrebuje us-
trezno posplositev, da bi lahko opisal disociacijo na povrsini plos¢. Do tega smo
dospeli s predpostavko, da namesto linearne sklopitve povrsinskega naboja z elek-
trostati¢nim potencialom mora biti le-ta nelinearna funkcija potenciala, oziroma ima
obliko sledecega nastavka za povrsinski del:

i § owelr)dr — § fp)Er. (1)

kjer je f(p(r)) splosna nelinearna funkcija lokalnega potenciala. To¢na oblika
povrsinske energije ni univerzalna, ampak je odvisna od uporabljenega modela za
interakcijo med povrsino in ioni [117, [I118]. Tukaj obravnavamo ’lattice-gas’ model,
ki sta ga v razli¢nih kontekstih uvedla Fleck in Netz [119]. Nasa povrsinska energija
dobi naslednjo obliko:

|00|

Fp(r) = ioop(r) — ks 22 tn (14 exp (s + ifeop(r))),  (5)

€o

kjer je ug energija disociacije. V argumentu logaritma je mo¢ prepoznati vsoto za
sistem nenabitega osnovnega stanja ter nabitega stanja z efektivno energijo Sug +
iBep(r). V limiti Sug — oo so adsorpcijske tocke povsem nedisociirane, povrsini
sta nenabiti in ni prispevkov k povrsinski energiji. V nasprotni limiti Sug — —o0
sta povrsini popolnoma disociirani in sistem se nahaja v rezimu fiksnega naboja
fle(r)) = ioop(r).

Vsota celotnega sistema je obravnavana v limiti Sibke sklopitve, kjer smo na
nivoju poprec¢nega polja dobili Poisson-Boltzmannovo enac¢bo z robnim pogojem,
ki to¢no ustreza Ninham-Parsegianovemu modelu regulacije naboja [59]. Limita
poprecnega polja da ravnovesno porazdelitev protiionov, ki ustreza minimumu celotne
volumske in povrsinske vsote. Pri odmiku iz povpre¢nega polja smo izracunali prvi
popravek v obliki Gaussovih fluktuacij in to je bil glavni izziv, saj smo pric¢akovali, da
bo eksoticna elektrostatika skrita v popravkih na ve¢ zankah. Zaradi neenakomerne
porazdelitve protiionov v povpreénem polju, je bil to tudi zahteven matematic¢ni
izziv. To je uspelo izracunati tako, da smo pridobljene popotne integrale obrav-
navali analogno Feynmanovemu propagatorju polja za harmonski oscilator s ¢asovno
odvisno frekvenco, in tako uspeli dobiti analiti¢ni in eksaktni prvi popravek k rezul-
tatom povprecnega polja.

Izkaze se, da energija povprec¢nega polja privede do odboja med enako nabitimi
povrSinami. Vendar je ta odboj odvisen od kemijske energije disociacije, tako
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da lahko gre proti ni¢ v primeru popolnoma adsorbiranih protiionov, ko povrsini
postaneta elektronevtralni. V tem primeru privlak, ki se dobi kot prvi popravek,
postane dominanten, tako da je celokupna interakcija privla¢na. V primeru sistema
s fiksnim nabojem je prvi popravek vedno subdominanten v primerjavi z rezultati v
povprecnem polju. Na tem primeru vidimo, da ima regulacija naboja nezanemarljiv
vpliv na odboj v povpreénem polju ter vpliva na privlak v prvem popravku. Poleg
tega je izpeljana oblika fluktuacijskega privlaka splosen opis termalno-fluktuacijskih
prispevkov, kjer sta van der Waalsov privlak in Kirkwood-Shumakerjeva interakcija
neposredno vpeljana kot sklopljena prispevka, ki se lahko razklopita samo v primeru
dolocene limite. Van der Waalsov privlak se tako dobi v limiti ni¢te koncentracije
protiionov, medtem ko se Kirkwood-Shumakerjeva interakcija dobi v limiti ni¢tega
dielektri¢nega skoka.

Izpeljana teorija omogoca predvsem posploSen okvir, v katerem je moc¢ obrav-
navati Sirok spekter lastnosti coulombskih tekoc¢in. Ena izmed novosti, ki je posled-
ica nelinearne povrsinske energije, je nenicelna kapacitivnost. Dosedanje moderne
teorije coulombskih elektrolitov so obravnavale sisteme, kjer je kapacitivnost makro-
molekule enaka ni¢, kar je posledica priblizka fiksnega naboja. V naSem primeru je
povrsinska kapacitivnost odvisna od resitve v povpreénem polju ter vpliva na rezul-
tate fluktuacijskega privlaka. Zaradi tega so dobljeni rezultati predvsem razli¢ni
od standarnega DLVO opisa, kjer van der Waalsov privlak nikoli ni bil odvisen od
resitve v priblizku povpre¢nega polja [66].

Eksponent skaliranja fluktuacijskega tlaka kot funkcije razdalje med povrsinami
ima priblizno vrednost okrog —3 v rezimu, ki ustreza povrsini s fiksnim nabojem
v raztopini protiionov; tam fluktuacijski tlak skalira to¢no po zakonu ~ log D X
D73 [10]. To¢na vrednost eksponenta skaliranja v primeru regulacije naboja zavisi
od povrsinsko-interakcijskega parametra b. V prisotnosti dielektricnega skoka sta
monopolni Kirkwood—Shumakerjev prispevek in dipolni van der Waalsov prispevek
sklopljena skupaj v fluktuacijskem tlaku. Ce je sistem dielektriéno homogen, A # 0,
lahko dolo¢imo asimptotsko obliko skaliranja Kirkwood—Shumakerjevega prispevka.
V limiti majhnih razdalj gre ta eksponent proti —1, kot se pricakuje od Kirkwood-
Shumakerjeve interakcije. Za vecje razdalje gre eksponent proti vecjim vrednostim,
vendar ne pride do —3, kot se zgodi v primeru sistema s fiksnim nabojem.

Da dobimo obcutek o modi privlacnega prispevka, primerjamo izpeljan fluk-
tuacijski tlak s standardnim van der Waalsovim interakcijskim tlakom, p,qw =
—H(A)/127D? [66], kjer je H(A) Hamakerjev koeficient, za katerega vzamemo
vrednost 4.3 zJ [125]. V primeru velike dielektri¢ne nehomogenosti (A = 0.95),
razdalje med plog¢ami D = 1 nm ter povrsinskega naboja gostote oy = 0.5 ey/nm?,

dobimo naslednje vrednosti za tlake: van der Waals p,qiy = —1.1 bar, fluktuacijski
tlak v primeru elektronevtralnih povrsin py—100 = —1.3 bar ter fluktuacijski privlak
v primeru maksimalne nabitosti povrSin p,—g = —0.8 bar. Kot je razvidno, so za

izbrani nabor parametrov tlaki primerljivi z van der Waalsovo interakcijo.

Za zakljucek je potrebno omeniti, da nasa metodologija jasno pokaZze monopolno
naravo interakcije, ki nastane kot posledica regulacije naboja, in jo jasno razlikuje
od van der Waalsove dipolne fluktuacijske interakcije. Izpeljana oblika fluktuacijske
interakcije pokaze tudi, da te dve interakciji nista aditivni, ampak sta fundamen-
talno spojeni skupaj, tako da se lahko razklopita samo v ekstremnih limitah, ki
sta bodisi primer nicelnega dielektri¢nega skoka, bodisi primer ni¢elne povrsinske
kapacitivnosti. Bolj specificne napovedi, ki se nanasajo na disociabilne molekulske

127



skupine pri proteinih, so mozne pri studijiu modelov, ki vkljuc¢ujejo vpliv interventne
soli v sistemih z regulacijo naboja. To bo tema naslednjih poglavij.

H.3 Interakcije tockastih makroionov reguliranega
naboja v prisotnosti monovalentne soli

Sistem vzporednih ravnih povrsin v raztopini protiionov je sluzil kot dober model
za postavitev ustreznega teoreti¢nega okvira za Studiranje pojava regulacije naboja.
Zdaj se bomo osredotocili na vpliv soli na ta pojav in tako zajeli tudi pogoje, ki
so bolj podobni bioloskim, kjer imamo ponavadi raztopine s tipi¢no koncentracijo
monovalentne soli od 0.1 M in ve¢, kot je primer za fizioloske raztopine.

Obravnali smo model dveh titracijskih sferi¢nih makroionov v raztopini monova-
lentne soli. Naboj na povrsini ni konstanten, ampak je opisan z preprosto energijo
disociacije, ki ustreza Nihnam—Parsegianovemu modelu, ki smo ga uvedli v prejsn-
jem poglavju, in sicer:

o)) = ioop(r) — ks T2 In (1 + bexp (ifieop(r))), (6)
kjer o doloca stevilo disociabilnih mest, kemijska energija disociacije p je vpeljana
kot Inb = —(pH — pK)In10 = Pug, kjer je pK disociacijska konstanta. Tu je
©(r) lokalni fluktuacijski potencial, ki ga je potrebno integrirati iz enacbe, da bi
dobili kon¢no povrsinsko vsoto. Poisson—Boltzmannov (PB) priblizek povpre¢nega
polja se dobi tako, da prepoznamo ¢(r) — i¢ = i¢pp [126]. Celotna prosta
energija disociacije sfericnega makroiona s polmerom aq je dovolj majhna, da lahko
predpostavimo enakomeren elektrostatiéni potencial na povrsini, p(|r| = ag) = ¢,
tako da lahko zapiSemo

o) = § hle)ér —
— iNegp — akgT N 1In (1 + bexp (ifegyp)), (7)

kjer je N stevilo adsorpcijskih mest, ki zadosti enacbo [dSoy = Neg, a > 1 je
koeficient asimetrije, ki doloca Sirino intervala v katerem fluktuira efektivni naboj
delca e(¢) kot funkcija elektrostati¢nega potenciala povpreénega polja na njegovi

povrsini, ¢ = ¢(ap):

(0= ota)) = 2
= &N ((% 1) - %tanh ( - %[mb - 5eo¢])) . (8)

Efektivni naboj makroiona tako fluktuira v intervalu —Ney < e < (a—1)Ney, a > 1.
V primeru o = 2 je interval v katerem naboj fluktuira simetri¢en [—Negy, Neg]. Po-
dani izrazi za regulacijo naboja so ekvivalentni ’lattice-gas’ modelu z variabilnim
stevilom disociacijskih mest. Ti izrazi bodo uporabljeni v izpeljavi celotne statis-
ti¢ne vsote. Poudariti je treba, da ta oblika preproste povrsinske energije temelji
na priblizku majhnih makroionov, tako da povrsinski potencial ni funkcija kotnih

spremenljivk, ampak velja f(¢) = $._,, fo(o(r))d*r.
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Ko fiksiramo fluktuacijski potencial na enem makroionu kot ¢1(a) = ¢; ter na
drugem kot ¢s(a) = s, oba makroiona pa se nahajata v tockah z vektorjema 7,
in 75, lahko izpeljemo propagator polja v Debye-Hiicklovi limiti, ki opiSe dinamiko
elektrostaticnega polja med enim in drugim makroionom. 7 upoS$tevanjem povrsin-
skih prispevkov na eksaktni ravni lahko izpeljemo statisti¢no vsoto kot funkcional
vseh moznih vrednosti fluktuacijskega potenciala na makroionih ¢; in 5.

Tako smo izpeljali teorijo, ki temelji na dveh priblizkih: prvi¢, makroione obrav-
navamo kot tockaste (porazdelitev elektrostati¢nega potenciala na povr$ini je uni-
formna), in drugi¢, obdajajo¢a raztopina je obravnavana na Debye-Hiicklovem nivoju
(potencial v raztopini soli je dovolj majhen, da lahko Poisson—Boltzmannovo ena¢bo
lineariziramo. UpoStevajo¢ razli¢ne vrednosti parametra asimetrije o smo obrav-
navali tri primere: simetri¢ni sistem, sestavljen iz dveh identi¢nih makroionov z
nabojem, ki fluktuira v simetri¢nem intervalu; semi-simetri¢en sistem, pri katerem
naboj fluktuira v asimetricnem intervalu; ter asimetri¢ni sistem, sestavljen iz dveh
nasprotno nabitih makroionov.

Izkaze se, da regulacija naboja privede do privlaka med makroioni tako v simetri-
¢nem kot v semi-simetri¢nem sistemu, in sicer za vrednost pH raztopine, kjer makroiona
dosezeta tocko nicelnega naboja. Teorija je pokazala, da je ta privlak posledica
asimetri¢ne fluktuacije naboja v rezimu nevtralizacije naboja. Privlak je opazen
tudi v asimetricnem sistemu v primeru, ko je en makroion nabit, nabitost drugega
pa izgine. Pokazali smo tudi, da je privlak posledica sklopitve fluktuacije naboja na
enem ter celotnega naboja na drugem makroionu. Rezultati so dobljeni numeri¢no
z izracunom izpeljane particijske vsote. Z Gaussovim priblizkom za binomski koe-
ficient pri opisu disociacije na povrsini makroionov dobimo analiti¢no interakcijsko
prosto energijo kot vsoto dveh prispevkov. Prvi opisuje odboj med enako nabitimi
makroioni in je odvisen od pH raztopine, tako da izgine v tocki ni¢elnega naboja.
Takrat postane dominanten drugi ¢len, ki podaja fluktuacijski privliak. Izkaze se, da
ta privla¢ni ¢len v priblizni analiti¢ni obliki to¢no ustreza originalnemu Kirkwood—
Shumakerjemu rezultatu.

Parametri obdajajoce raztopine, kot sta pH ter koncentracija soli, tako igrajo
pomembno vlogo v sistemih z reguliranim nabojem in pri interakcijah delujocih
v teh sistemih. V vseh obravnavanih primerih je fluktuacijski privlak manjsi v
raztopinah z ve¢jo koncentracijo monovalentne soli, zmanjsan pa je tudi odboj med
enako nabitimi makroioni. To je skladno z u¢inkom sencenja. Vecji privlak je opazen
v sistemih z ve¢jim Stevilom adsorpcijskih mest, kar povzro¢a mocnejse fluktuacije
naboja.

Teorijo, izpeljano na tem modelu smo na to uporabili na sistemu makroionov,
ki so bolj podobni proteinom. To smo naredili tako, da smo v povrsinski energiji
disociacije upostevali disociacijske konstante za nabite aminokisline, ki prinesejo
naboj proteinu: 7Z analizo dveh simetri¢nih sistemov, razli¢nih v izbiri aminokislin,

ASP  GLU TYR ARG HIS LYS CYS
pK 3.71 4.15 10.10 12,10  6.04  10.67 8.14

Table H.1: Vrednosti pK aminokislinskih funkcionalnih skupin v razredceni raz-
topini [57].

smo prisli do rezultata, ki nam pove, da privlak v tocki ni¢elnega naboja ni odvisen
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zgolj od Stevila adesorpcijskih mest, ampak tudi od kapacitete makroiona. Kakor
sta pokazala Mikael Lund in Bo Jénsson [60], se kapaciteta makroiona lahko zapise

kot
a2 _oeo) 1 09e(9)
<(€ - <6>) > ~C= a(ﬁQoQb) - _m 8pH : (9)

Ce je sprememba predznaka naboja kot funkcija pH raztopine dovolj pocasna, da
se ustvari plato konstantnega naboja, to ustreza nicelni kapacitivnosti, ki ima za
posledico, da privlak v tocki ni¢elnega naboja izgine. Pojav, da je kapaciteta speci-
ficna za vsak protein ter da je privlak premo sorazmeren kapaciteti, je bil tako
eksperimentalno opazen kot tudi potrjen s simulacijami [69]. Zdaj smo dobili tudi
ustrezni pionirski teoreti¢ni opis, na katerem lahko gradimo nadaljnje raziskovanje
interakcij med proteini.

H.4 Interakcije tockastih makroionov reguliranega
naboja v prisotnosti polivalentne soli

Sedaj se bomo osredoto¢ili na problem interakcij, ki jih posredujejo polivalentni ioni.
Eksperimenti so pokazali, da prisotnost polivalentnih protiionov privede do dodat-
nega privlaka, tako med enako nabitimi makromolekuli kot med makromolekulami
reguliranega naboja v toc¢ki ni¢elnega naboja [133]. Kljub temu, da imajo v bi-
oloskih sistemih multivalentni ioni pomembno vlogo (denimo pri kondenzaciji semi-
fleksibilnh biopolimerov [34] 35]), predstavlja ta problem poseben izziv, saj pred
tem ni obstajal noben teoreti¢en opis, ki bi napovedal obnaSanje sistema reguliranih
nabojev v prisotnosti polivalentnih ionov.

Ob prisotnosti polivalentnih ionov v sistemu se Sibka sklopitev zlomi, obstoj
Kirkwood—Shumakerjeve interakcije pa postane dvomljiv. Vendar obstaja teorija,
t.i. teorija odetih ionov [34,135], ki temelji na asimetri¢ni obravnavi razli¢nih kompo-
nent sistema, ki jo bomo tu posplosili, tako da bo zajela tudi sisteme s spremenljivim
nabojem. Bistvo teorije oblec¢enih ionov je uporaba Debye Hiickel pristopa sibke sklo-
pitve za opis monovalentne soli, medtem ko se za multivalentno sol uporabi pristop
mocne sklopitve. Na ta nac¢in dobimo odeto efektivno interakcijo med polivalentnimi
loni.

Za model smo izbrali dva majhna sferi¢cna makroiona v raztopini monovalentne
soli ter polivalentne soli nizke koncentracije. Fluktuacija naboja na povrsini makro-
ionov je opisana z enako povrsinsko prosto energijo kot v prejSnjem primeru, en. ,
ki je veljavna v priblizku tockastih makroionov. Analogno teoriji oblecenih ionov
smo izpeljali ustrezno teorijo veljavno za pojave regulacije naboja. Prvi ¢len v tem
virialnem razvoju ustreza direktni interakciji med titracijskima makroionoma v raz-
topini monovalentne soli, medtem ko je prvi popravek k temu prispevek polivalentnih
ionov.

Izpeljana teorija pokaze, da prisotnost polivalentnih ionov privede do privla¢nega
prispevka v celotni prosti energiji. V primeru, ko so makroion in polivalenti ioni
nasprotno nabiti, je ta privlak dovolj velik, da premaga odboj med enako nabitimi
makroioni. To se zgodi, ker so nasprotno nabiti delci moc¢no sklopljeni, tako da se
znak taksnega sklopitvenega kompleksa spremeni. Ta fenomen je eksperimentalno
opazen v primeru silikonskih delcev z reguliranim nabojem [133]. V nasprotnem
primeru, ko so makroion in polivalentni ioni enako nabiti, ta privlacni prispevek
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ni dovolj moc¢an, da bi premagal odboj. Dominanten postane zgolj na velikih raz-
daljah, ko odboj oslabi ter postanejo asimetricne fluktuacije naboja na povrsini
makroionov opazne. Eksperimenti so pokazali, da interakcije med delci reguliranega
naboja, posredovane z multivalentnimi koioni, nimajo velikega vpliva na DLVO
rezultate [L06]. Najbolj pomemben rezultat nase teorije je opis interakcije v tocki
nicelnega naboja. Takrat odboj kot rezultat Sibke sklopitve izgine, prvi popravek
postane dominanten in prinese mocan privlak med elektronevtralnimi makroioni.
Izpeljana oblika proste energije nam pove, da je ta privlak posledica interakcije med
ioni in induciranimi ioni. Tudi iz dobljenih rezultatov vidimo, da je ta vrsta in-
terakcije precej mocnejsa od rezultata Sibke sklopitve za Kirkwood—Shumakerjevo
interakcijo. Na ta nacin smo dobili splosno obliko za opis Kirkwood-Shumakerjeve
interakcije, posploseno tako, da je veljavna tudi v rezimu mocne sklopitve, ter tako
utemeljili pot za bolj podrobno raziskavo elektrostati¢nih interakcij med proteini.

H.5 Interakcije povrsin reguliranega naboja v pris-
otnosti polivalentne soli

Za razliko od modela tockastih nabojev, je v tem poglavju tema nasega razisko-
vanja interakcija med povrsinami, kjer titracijska mesta zavzemajo neskoncéno plosco,
tako da v termodinamski limiti dobimo konc¢no porazdelitveno gostoto naboja na
povrsini. TakSsen model bo pomemben za sisteme, pri katerih je razdalja med
nabitimi makroioni manjsa od njihove velikosti. Konc¢na velikost titracijskega makro-
iona bo privedla do dodatnih formalnih matemati¢nih tezav, tako da bo nas cilj najti
nacine, kako jih premagati ter priti do razumevanja, kako prostorska porazdelitev
fluktuirajoCega naboja vpliva na skupno interakcijo taksnih povrsin v prisotnosti
polivalentih ionov.

Problem interakcij dvojnih plasti, posredovanih z multivalentnimi ioni, je bil
dolgo casa izziv za teoretike, ustrezen teoreti¢ni opis pa sta prva podala Matej
Kandu¢ in Rudolf Podgornik, leta 2010 za sistem s fiksnim nabojem, tako formuli-
rajoC teorijo oblecenih ionov. Tukaj bomo razsirili njuno teorijo tako, da bomo v
nas okvir vkljucili pojav regulacije naboja. Ker v literaturi ne obstaja teoreti¢ni
model za problem interakcije regulacijsko-nabitih delcev v prisotnosti multivalen-
tih ionov, smo zaceli s preprostim modelom, ki privzame enakomerno porazdelitev
adsorpcijskih mest na povrsinah ter predpostavi, da ni interakcije med sosednjimi
titracijsko nabitimi delci na povrsini. PloSce so potopljene v raztopini monovalentnih
in polivalentnih ionov. Cilj je dobiti posploseno obliko za Kirkwood—Shumakerjevo
interakcijo, ki jo lahko primerjamo z van der Waalsovo interakcijo.

Nasa izpeljava teorije temelji na dekompoziciji particijske vsote na nivoju viri-
alnega razvoja, analognega teoriji oblecenih ionov. En del privede do opisa proste
energije med titracijskimi povrSinami v prisotnosti monovalentne soli na nivoju Sibke
sklopitve, medtem ko drugi ¢len ustreza prvemu popravku, ki je prispevek poliva-
lentnih ionov, obravnavanih na nivoju mocne sklopitve. Oba ¢lena upostevasta
tocno formo povrsinske proste energije, ki ustreza regulaciji naboja, podobno kot
v en. . Prvi prispevek smo definirali v obliki popotnega integrala v Fourier—
Besselovem prostoru ter dobili obliko podobno Feynmanovemu vzbujanemu har-
monskemu oscilatorju. To je bil zapleten del racuna zaradi nehomegenih fluktuacij
naboja na povrsinah, ki so prinesle dodatne matemati¢ne tezave. Uporabljajoc
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metode iz teorije polja [124] smo dobili to¢no analiti¢no obliko proste energije.

Vsota 8ibke sklopitve (ki opisuje sistem brez polivalentnih ionov v raztopini)
se lo¢i na dva c¢lena: prvi opisuje odboj med enako nabitimi povrSinami in je
odvisen od pH raztopine, medtem ko drugi opisuje privlak, ki postane dominan-
ten v tocki ni¢elnega naboja. Ta privlak predstavlja prepleteno van der Waalsovo in
Kirkwood—Shumakerjevo interakcijo. Interakciji se lahko loc¢ita v limiti dielektri¢no
homogenega sistema, ko dobimo Kirkwood—Shumakerjevo interakcijo, ali pa v limiti
fiksnega naboja, ko ostane van der Waalsova interakcija. Intenziteti obeh interakcij
sta primerljivi.

Statisti¢na vsota pri mo¢ni sklopitvi (ki opisuje prispevek polivalentnih ionov)
nam je dala privla¢en prispevek k prosti energiji. V odvisnosti od predznaka naboja
na povrsinah je celotna interakcija lahko odbojna, ¢e se polivalentni ioni obnasajo kot
koioni, ali pa privlac¢na, ¢e se polivalentni ioni obnasajo kot protiioni. V primeru
koionov se lahko opazi privlak samo na velikih razdaljah, ko odboj oslabi zaradi
sencenja ter asimetri¢ne fluktuacije naboja imajo vecji vpliv. V primeru protiionov
je privlak mocnejsi za vecje vrednosti naboja na povrsinah, pri vecji koncentraciji
polivalentne soli ter manjsemu sencenju.

Kadar povrsini dosezeta tocko nic¢elnega naboja pride do privlaka. Rezultati so
pokazali, da je ta privlak precej moc¢nejsi od privlaka v monovalentni soli. Razlog
za to je, da v monovalentni soli privlak izhaja iz monopolarnih fluktuacij naboja.
Tu polivalentni ioni prinesejo dodaten privlak, ki je posledica interakcije med ioni
in induciranimi ioni, kjer polivalentni ioni moc¢neje inducirajo fluktuacije naboja na
povrsinah. Te fluktuacije so nehomogeno razporejene na povrsinah, zaradi Cesar
dobimo zapleteno obliko te interakcije.

Z izpeljano teorijo smo pokrili Siroko obmocje parametri¢nega prostora ter prispe-
vali k bolj podrobnemu razumevanju problema dvojnih plasti, in s tem presegli
standardni opis, ki temelji na priblizku fiksnega naboja na povrsinah. Nasa teorija
omogoca tudi razumevanje problema interakcije med proteini v moc¢no koreliranih
sistemih, ki so pogosti v bioloskih pogojih.

H.6 Zakljucek

Za zakljuc¢ek moramo izpostaviti, da nasSe delo predstavlja razsiritev stoletja dolge
zgodovine teorij elektrostaticnih interakcij v fiziki koloidov. Coulombske tekocine,
sestavljene iz makromolekul v ionski raztopini, predstavljajo pomemben vecdel¢ni
problem, zahteven za analizo zaradi dolgega dosega elektrostati¢nih interakcij. To
je pustilo moc¢an pecat pri razvoju znanstvenega podrocja, saj so teorije morale
biti omejene na majhen del parametrskega prostora, da bi relevantni priblizki ob-
drzali svojo veljavnost, s tem pa je bil celoten postopek pridobivanja novih spoz-
nanj pocasen in postopen. Z uvedbo orodij iz teorije polja smo naredili pomem-
ben korak pri modernem razumevanju coulombskih tekocin. Kljub temu so tudi
te moderne teorije ostale omejene na prostor parametrov, ki ustreza konstantnemu
naboju na makromolekulah. Ta priblizek je seveda dale¢ od resni¢nosti, Se posebej v
svetu proteinov z disociabilnimi protoniranimi—-deprotoniranimi aminokislinami. V
taksnih sistemih pridejo do izraza ucinki regulacije naboja s fluktuirajo¢im povrsin-
skim nabojem kot glavnim vodilom. Pri¢ujoca disertacija je namenjena posplogitvi
modernih teorij coulombskih elektrolitov z namenom razumevanja pojavov, ki nas-
tanejo kot posledica regulacije naboja. Motivirani z izzivi iz fizike proteinov je v
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disertaciji predstavljen teoreti¢ni okvir, v katerem smo obravnali Stiri probleme, ki
se nanasajo na regulacijo naboja makromolekul v ionski raztopini. Seveda so neka-
teri priblizki Se vedno prisotni, vendar predstavljene teorije zajemajo vse osnovne
pojave, ki so prisotne med proteini ali pa katerimi drugimi objekti s spremenljivim
nabojem.

Kljub temu, da je napredek razumevanja eletrostaticnih interakcij med proteini
nezanemarljiv, je ostalo dovolj prostora za izboljSave in posplositve. Kot prvo, vel-
javnost predstavljenih teoreti¢nih rezultatov je potrebno preveriti z ra¢unalniskimi
simulacijami, kar je nacrtovano v bliznji prihodnosti. Poleg tega so obravnavani
makroioni opisani bodisi v limiti tockastih nabojev, zanemarjujo¢ prostorsko po-
razdelitev adsorpcijskih mest, bodisi z neskon¢nimi ravnimi povrsinami enakomerne
porazdelitve adsorpcijskih mest, kjer so interakcije med njimi zanemarjene. Oba
modela sta lahko Se izboljsana in posplosena. Posebej zanimivo bi bilo videti, kako
krpaste porazdelitve naboja vplivajo na regulacijo naboja. Lahko bi se $lo globlje
v numeriko, kjer bi morali implementirati dobljene rezultate na primeru konkret-
nih proteinov. Kar se ti¢e nadaljnjega teoreticnega razvoja, bi bil naslednji korak
v nasem opisu vklju¢itev multipolnih momentov ter polarizacijskih uc¢inkov, kar bi
prispevalo k boljSemu razumevanju osnovnih elektrostati¢nih interakcij med proteini.
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— da je elektronska oblika dela identi¢na s tiskano obliko in
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DNA-based dendrimers: From a single molecule
to the dense solution description
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We present a joint theoretical-experimental study of a novel class of
macromolecules, the so-called DNA-based dendrimers. They have recently
been synthesized from the enzymatic ligation of Y-shaped DNA unit, a
three-armed structure consisting of double-stranded DNA (ds-DNA), formed
via hybridization of three single-stranded DNA chains (ss-DNA), each of
which has partially complementary sequences to the other two [1]. In or-
der to describe such dendrimers of various generations we have employed
two independent models: a bead-spring model and the oxDNA model. In
the bead-spring model, base-pairs of a single DL-DNA molecule are mod-
eled by charged monomers, whose interactions are chosen to mimic the
equilibrium properties of DNA correctly. On the other hand, the oxDNA
model allows us to take a closer look into the DNA structure, treating DNA
as a string of rigid nucleotides which interact through potentials that de-
pend on the position and orientation of the nucleotides. We have performed
Molecular Dynamics Simulations and we have also employed dynamic/static
light scattering in order to determine equillibrium properties and confor-
mational characteristics of all-DNA dendrimers as well as the behavior of
their solutions. We have investigated their behavior in ionic solution, pay-
ing particular attention on their salt-responsiveness. Our computational
and experimental results reveal that the DL-DNA are rigid objects with
low internal monomer concentration, regular voids in their interior, with
high persentage of absorbed counterions, and that show high resistance to
stimuli-responsiveness [2]. These properties shape the behaviour of their
solutions. Namely, both experimental as well as computational results show
anomalous structure factor of dense DL-DNA solutions, as it had been pre-
dicted theoreticaly in Ref [3]. In this way we have found the object which
was a missing puzzle in understanding the full phase diagram of star poly-
mer solutions.

[1] Y. Li, Y. Tseng, and D. Luo, Nat. Mater. 3, 38, (2004).

[2] C. Jochum, N. Adzi¢, E. Stiakakis, T. L. Derrien, D. Luo, G. Kahl, and C. N. Likos, Nanoscale,
11, 1604 (2019).
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SCALING EXPONENT OF COMPACT POLYMER
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Abstract: We studied compact conformations of a ring polymer adsorbed on the
non homogeneous (e. g. porous) substrates. Substrates are represented by the generalization
of modified rectangular (MR) lattice — a hierarchically constructed family of fractal lattices
embedded in 2d space and parameterized with an integer p >1. Analyzing the exact set of
recursive relations for arbitrary value of p, we established an asymptotic form of a number
of conformations. As a correction to the leading exponential factor we obtained the
stretched exponential factor with the exponent ¢ = 1/2 on each member of the fractal
family. Although it is believed that the critical exponent o on fractal lattices is determined
not only by the fractal dimension of the underlying lattice but also by other lattice parame-
ters, here we found that o had the same value on different fractals with the same fractal

dimension (d; = 2).

Keywords: non-homogeneous media, fractal, polymer, scaling functions, critical

exponents.

1. INTRODUCTION

Polymer is a large molecule made up of
covalently bonded units called monomers. As solid
material, a synthetic polymer can exists in various
forms: from ordinary thermoplastics used in
everyday life to some highly advanced polymer
matrix composites used in marine and aerospace
applications. Nature also prefers polymers since all
living beings are comprised of polymers such as
structural or functional proteins whose performance
is directed and controlled by other well known
polymers: DNA and RNA.

The conformational properties of a single
polymer are best learned when the polymer is immer-
sed in a solvent. Then, due to the thermal agitation,
polymer continuously changes its shape and acquires
different conformations. Depending on the quality of
the solvent and /or temperature, there are three
qualitatively different regimes. In good solvent (or
high temperature), the regime polymer is in an
extended state. Lowering the solvent quality or tem-
perature, at the so called ® - condition, a polymer
undergoes collapse transition from expanded to com-

" Corresponding author: dusamar@netscape.net

pact state. In the bad solvent regime (or low tempera-
ture) when polymer is in compact state, it occupies
compact, globular conformations in order to minimize
contacts with the solvent. Statistics of linear polymer
conformations in all three regimes are well described
by a suitable kind of random walks defined on a latti-
ce [1]. In good solvent regime, when conformations
are of the random coil type, self-avoiding random
walks are applicable, a concept originally introduced
in polymer physics by Montroll [2]. Self avoiding
random walks (SAWSs) are random walks that never
visit some lattice site more than once, i.e. they do not
intersect themselves, a property that mimics the self-
excluded volume in real polymers. Compact confor-
mations are best represented by Hamiltonian walks
(HWs) which are SAWs that visit each lattice site and
therefore maximally occupy the lattice. The compact
state of a polymer is a principal state in the biological
world due to the fact that the functional proteins
under normal conditions fold into the unique compact
conformation, or to the fact that chromatin in
eukaryotic cells is compactly packed into the nucleus.

In this article we study conformations of a
ring polymer that are compact and fractal in charac-
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ter, which is directly applicable to chromatin organi-
zation in the nucleus as stated in [3—6].These kinds
of conformations are generated by the Hamiltonian
closed walks (cycles) on fractal lattices, where each
walk can be viewed as space-filling fractal curve.
Utilizing self-similarity of fractal lattices, through
the exact set of recurrence equations, we determine
how the number of HWs (Z ) grows with the num-
ber of lattice sites (/N ) when N — oo (asymptotic
law).

2. MODIFIED RECTANGULAR LATTICE
AND ITS GENERALIZATION

Modified rectangular (MR) lattice and its gene-
ralization (GMR) are fractal lattices embedded in 2d
space [7,8]. Each fractal of GMR family is paramete-
rized with an integer p, 2< p <. Thecase p =2

corresponds to MR lattice. Construction of fractals is

iterative, step by step, as illustrated in Figure 1 and
Figure 2. For an arbitrary p, the first four steps of
construction are: 1* step — graph of four points in the
form of the unit square is constructed; 2md step
— p unit squares are connected in the form of rectan-
gle; 3™ step — p rectangles, as the one obtained in
the previous step, are connected in the form of a
P X p square; 4" step — p squares from the previo-
us step are connected in the form of a rectangle. Frac-

tal is obtained after infinitely many steps in which we
alternatively generate rectangular and square shapes.

The structure obtained in the /" step of the construc-
tion is called the /" order generator, and is denoted
by G, . For a given p generator G, (p) comprises

N,=4-p"" lattice cites, and each fractal lattice

obtained when [/ —> o0 has fractal dimension

d, =2, independently of p .

p:2 - .o - . .. .. .o .
=1 =2 =3 =4 [=5
Figure 1. Iterative construction of MR fractal lattice: the first five steps
p=3 : ]
. o : 3 153 :
.- : ] 11 |
=1 =2 =3 =4 ]

Figure 2. The first five steps of the iterative construction of GMR fractal lattice with p =3

3. RECURSIVE ENUMERATION OF
WALKS AND ASYMPTOTICS

In order to enumerate all Hamiltonian cycles
on G,,,(p), in Figure 3 we schematically represent
all cycles on the coarse grained G,,,(p) — generator
of order / +1(square or rectangle) that consists of p

generators of order / (rectangles or squares) whose
internal structure is not shown. It turns out that for
any p there is only one coarse grained cycle. This

cycle on G,,,(p) consists of p steps (parts), each
one through one of the G,(p). Steps are denoted

by B if they consist of one brunch that enters and lea-
ves G,(p) through vertices of G,(p) belonging to
different G, (p) . Actually, step B represents all

Hamiltonian walks that enter and leave generator
through mentioned vertices, and whose number on

G,(p) is denoted by B,. Similarly, steps are denoted
by D if they consist of two brunches, each of them
entering and leaving G,(p) through vertices of
G,(p) belonging to the same G, (p) . Step D

represents all walks of that type whose number on
G,(p) is denoted by D,. We can see in Figure 3 that
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there are two B steps and p —2 steps D, so that the
overall number of Hamiltonian cycles on G, (p)
can be expressed as :
Z,, =B'D . (1)

I+1

Figure 3. Schematic representation of all Hamiltonian

cycles on G, (p) . Grey rectangles represent G,(p).

1 2 ««oP-1 P
A D,D\"‘X)B
1 2 «+«P-1 P
B AlFAl::-[TAlFA

Due to the self-similarity of fractal lattices the
numbers of walks of B and D types can be obtai-
ned recursively, but in order to achieve this, the
other two types of walks, denoted by 4 and E , are
needed. Schematic representation of walks of type
A, B and E are given in Figure 4, and that of walk
D is given in Figure 5. Recurrence equations are:

A,,,=B D", )
B,,=4, 3)
D,,= pD/"'E, +(p-1)B; D}/, 4)
E, =D}. (5)

This system of non-linear difference equations
should be supplemented with the initial conditions —
the numbers of walks on the unit square:

A =B =D =E =1,

1 2 ...p1 P
|§ :DE :D

\

Figure 4. Graphic representation of A, B and E type of walks together with schematic derivation
of the corresponding recurrence relations

1 2 ... Pp- P
2 JRJJe(- - - (B [D]
D .
p-1
oy IEIEC - De(E
1. 2 wen Pi1. P
p JD[[B]---[B])E

1 2

p-1 P
B(|B{---|D!|| D 1

Figure 5. Schematic representation of D type of walks and illustration of obtaining recurrence relation

The numerical iteration shows that variables
A4,, B,, D, and E, grow very fast with each iteration

[, so that we rescale them dividing 4,, B, and E, by
D, , and obtain new, rescaled variables defined as:
x,=A4,/D,, y,=B,/D, and z, = E, /D, . Recur-

rence equations for rescaled variables, that follow
from equations (2), (3) and (5) are:

_ Vi
(p-Dy; +pz,

(6)

X

p

X
Vi = > (7
(p=Dy/ +pz,
1
= , ®
L (p-Dy +pz,
while equation (4) turns to
D, :sz[(p_l)yzz +pz,]. ©)

By numerical iteration we obtain that
x;,y; = 0 for large /, while z, = const whose

value depends on the parity of /. With these facts,
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combining equations (6) and (7) for />>1 it
follows that y, = const y;”, , meaning that
(:11/?’6172

foreven/

/ ~

(10)

C,A,"", forodd I.

From equation (9) for />>1 we have

D, ~constD,”  so  that  variable D

1
asymptotically grows as D, ~ const @,” , where

o, can be obtained numerically as
Inw, =lim,_m1n# for each value of p . In
rescaled  variables relation (1) becomes

Z,, =y12D,p , from which, together with the
asymptotic given by (10), asymptotic for D, and
relation the number of lattice cites
N=4-p"", it is derived that the number of

for

Hamiltonian cycles on GMR lattices for arbitrary
p asymptotically behaves as

for even/
for odd |/,

const o™ u N
Z, ~ ¢’ (11)

const ™ ,uoN’o ,

P
where the connectivity constant @ = w4 and
constant x4 in the stretched exponential factor
depend on p, but ux also depends on the parity of
[ for given p.

"l
)

We obtained that while

He = (4,
u, = A,. Exponent o in the stretched exponential
factor is equal to 1/2 for all p. Values of @, 4,
and A, as functions of p are given in Table 1 for
2< p <10, and graphical presentations of @, 1,

and x, are given in Figures 6 and 7.

Tablel. Values of parameters @, A, and A, appearing in scaling form (10) for 2 < p <10

b 2 3 4 5 6 7 8 9 10
@ | 1.1687 | 1.1474 | 1.1293 | 1.1151 11039 | 1.0948 | 1.0872 | 1.0809 | 1.0755
A | 04621 | 05537 | 06141 | 06574 | 06903 | 07164 | 0.7377 | 0.7555 | 0.7706
A, | 01660 | 0.1154 | 008999 | 0.07430 | 0.06352 | 0.05561 | 0.04953 | 0.04469 | 0.04075
&
116 1
<&
1147 0.9
<&
1129, 0.8
l“ <
> 1142 2 0.7
<
£ 1001 06
1,06 0.5
1,047 0.5
- 03 T T T T T T T T T Tr T
1.02 0 200 400 600 800 1000
0 50 100 150 200 250 300 P
s00ooe ["mu odd"l
p ++++++ ["U e'.;en]

Figure 6. Connectivity constant @ as a function of p.

4. DISCUSSION OF THE RESULTS

In this paper we established an asymptotic
form given by the equation (11) for the number of
Hamiltonian cycles on GMR fractal lattices. As a cor-
rection to the leading exponential factor we obtained
the stretched exponential factor with o =1/2 on the
whole fractal family. It is well known that the bases

Figure 7. Constant A for even and odd
values of | as a function of p.

o and u in the scaling form (11) depend on lattice

details, but it is expected that o on homogeneous
lattices depends only on lattice dimension due to its
origin in surface correction [10,11]. Contrary to
homogeneous lattices, as pointed out in [12—14], o
on fractal lattices should be of non-universal charac-
ter, meaning that it should depend not only on the
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fractal dimension but on other lattice parameters too.
Here we found the same value of ¢ on the whole
family of similar, but slightly different lattices, with
the same fractal dimension. Although lattice depen-
dent on fractals, we see that o is less sensitive on lat-
tice details than @ and . Furthermore, it follows

from Figure 7 that the connectivity constant @
slightly decreases with p, although for all p lattices
have the same coordination number (three). Due to
the high anisotropy of horizontal and vertical directi-
ons for each p, by varying p we obtained two bran-

ches for the base u in the stretched exponential fac-

tor (for even and odd values of /) as depicted in Figu-
re 7. In the end, we can say that this is an instructive
example of a study of how topological properties of
lattices influence scaling parameters of Hamiltonian
walks.
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EKCITIOHEHT CKAJIMPAIA KOMITAKTHHUX ITOJIMMEPHUX
KOH®OPMAIIMJA V HEXOMOI'EHUM CPEJIJMHAMA

Caxerak: [IpoyyaBany cMO KOMITaKTHE KOH(GOpMAIHje MPCTEHACTHX IOJUMEpPa aJcop-
OOoBaHMX Ha HEXOMOreHe (HIp. nopo3He) cymncrpare. CyncTpaT Cy NpeAcTaB/beHN I'eHepain3a-
nujom Monudukosane npaBoyraone (MII) perreTke — XHjepapXujcKu KOHCTPYHCAHOM (haMILITH-
joM (pakTamTHUX PELIeTKH CMjelITeHHX y IBOAMMEH3UMOHAIHU MPOCTOP U MapaMeTPUCAHHX ca
nujeauM OpojeM p, p > 1. AHaJIHM30M er3aKTHOT CUCTEMa PEKYPEHTHUX pellaliija 3a IPOU3BOJBHY
BPHjEHOCT P, YCHOCTaBHJIM CMO aCHMMITOTCKH OOJIMK (pyHKIHMje CKanupama yKyImHOr Opoja
koHpopmarmja. Kao kopekimjy Ha Bojehin eKCrioHeHIHjamHH (GakTop JOOHIN CMO NMPOIIUPEHU
€KCIIOHEHLUjalTHU (PaKTOp ca eKCIIOHEHTOM G = 1/2 Ha cBakoM (ppakraiy pasmarpaHe pamuiu-
je. Mako ce cMatpa /ila KpUTHYHU €KCIIOHEHT G Ha (pakTaIHUM pelleTkaMa He oapelyje camo
(pakTanHa AUMEH3HUja pelleTKe Beh U BeHU OCTalIM IapaMeTpH, OBJje CMO JOOWIU Jla G UMa
UCTY BPHjEIHOCT HA Pa3IMYUTUM (PpaKTaTHUM perieTkama ucte ¢ppakranne numensuje (d = 2).

KibyuHe pujeum: HexoMoreHe cpeiuHe, (QpakTai, MmoiuMmep, QyHKIHjEe CKalIupama,

KPUTUYHU €KCIIOHCHTH.
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Field theoretic description of charge-regulation interaction
Nata3a Adzi¢!, Rudolf Podgornik?

U Department of Theoretical Physics, Jozef Stefan Institute, Ljubljana, Slovenia, natasa.adzic @ijs.si
2Department of Theoretical Physics, JoZef Stefan Institute, and Department of Physics, Faculty of Mathematics and
Physics, University of Ljubljana, 1000 Ljubljana, Slovenia , rudolf.podgornik @ fmf.uni-lj.si

In order to find the exact form of the electrostatic interaction between two proteins with dissociable charge groups
in aqueous solution, we have studied a model system composed of two macroscopic surfaces with charge dissociation
sites immersed in a counterion-only ionic solution[1]. We introduced a surface free energy corresponding to a simple
model of charge regulation. Charge regulation is an old concept refering to the case, where the effective charge
on a macroion, e.g. protein surface, responds to the local solution conditions, such as local pH, local electrostatic
potential, salt concentration, dielectric constant variation and the presence of other charged groups. While in nanoscale
interactions one often assumes constancy of surface macroion charge [2],in fact the charge state of the dissociable
groups on the macroion surface always depends strongly on the acid-base equilibrium that defines the fraction of
acidic (basic) groups that are dissociated and requires to be consistently included in any theoretical formulation . Due
to it , we derived a theory, starting from the field-theoretic representation of the grand canonical partition function.
It is evaluated within the mean field approximation giving the Poisson-Boltzmann theory with the Ninham-Parsegian
boundary condition [3]. Gaussian fluctuations around the mean-field are then analyzed in the lowest order correction
that we calculate analytically and exactly, using the path integral representation for the partition function of a harmonic
oscillator with time-dependent frequency. Our general result gives attractive, long-ranged, fluctuation interaction
which depends on the pH of the solution. The obtained attraction can overcome mean filed repulsion when the
surfaces reach their point of zero charge (PZC). Taking the proper limits, our result reduces to the zero-frequency
van der Waals term, but also gives the correct Kirkwood-Shumaker result [4]-[5], which opens up the possibility to
investigate the Kirkwood-Shumaker interaction in more general contexts where their original derivation fails.

Figure 1: Graphical representation of the model: two charged planar surfaces with charge dissociation sites distributed
uniformly along the surfaces and with counterions between the surfaces. The counterions originate from the charge
dissociation of the dissociable groups (AC) through the reaction AC «<» A~ +C*+.

This work was supported by program P1-0055 of the Research Agency of the Republic of Slovenia.
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Phenomenology Of Charge-Regulation
Interaction In The Protein World

Natasa AdZi¢* and Rudolf Podgornik®

“Jozef Stefan Institute, Ljubljana, Slovenia
b Jozef Stefan Institute, Ljubljana, Slovenia, Faculty of Mathematics and Physics, University of
Ljubljana, Slovenia

Abstract. In the world of proteins one can find exotic electrostatic phenomena such as long-
ranged attraction between two electro-neutral proteins in an aqueous solution, stemming from
thermal charge fluctuations of dissociable charge groups on their surface, known as the Kirkwood-
Schumaker (KS) interaction [1]. We present here an extension of KS theory, formulating it in a field-
theoretical framework. Our model takes two small spherical macro-ions with dissociable charge
groups, which are immersed in a monovalent salt solution. Fluctuating charge on a macro-ion’s
surface is regulated by local variables such as pH, salt concentration and local electrostatic potential.
Charge regulation is described with the proper free energy function [2] for each of the macro-ions,
while the coupling between the charges is evaluated at the approximate Debye-Hiickel level. Strong
attraction between like-charged particles is found close to the point of zero charge, specifically due
to asymmetric and anticorrelated charge fluctuations of the macroion charges. The general theory is
then implemented for a system of two protein-like macro-ions with known amino acid composition,
generalizing the form and magnitude of the Kirkwood-Schumaker interaction. Results show that
the strength of protein electrostatic interactions depends on the rate of change of the charge of the
macro-ion with respect to the solution pH, i.e. the molecular capacitance of the macro-ion, which is
protein specific [3, 4].

FIGURE 1. Two charge-regulated macro-ions, immersed in a solution composed of monovalent salt
ions that can be exchanged with the surface sites.
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Titratable Macroions in Multivalent Electrolyte Solutions

Natasa Adzi¢?, Rudolf Podgornik® ®
“Jozef Stefan Institute, Ljubljana, Slovenia
bFaculty of Mathematics and Physics, University of Ljubljana, Slovenia
Email: natasa.adzic@ijs.si

In the world of proteins one can find exotic electrostatic phenomena such as long-ranged
attraction between two electro-neutral protein particles in an aqueous solution, stemming
from thermal charge fluctuations of dissociable charge groups on their surface. It was first
observed by Kirkwood and Schumaker, half a century ago, who described it in the
framework of statistical mechanical perturbation theory and showed that this interaction
scales different from standard van der Waals interaction. Recently we have formulated a
theory of fluctuation interaction between macroions subject to charge regulation and showed
how the Kirkwood-Schumaker (KS) interaction follows directly from charge regulation,
thereby generalizing the KS perturbation approach. Nevertheless, it has been a challenge to
broaden a theory to be valid in the regimes where the original KS results fails, which is the
case in strongly coupled electrolyte solutions. The experiments showed that the presence of
multivalent ions can even enlarge this type of attraction between electro-neutral proteins.

Here we present a theoretical description of the effect of polyvalent ions on the interaction
between titratable macro-ions. The model system consists of two point-like macro-ions with
dissociable sites, immersed in an asymmetric ionic mixture of monovalent and polyvalent
salts. We formulate a dressed ion strong coupling theory, based on the decomposition of the
asymmetric ionic mixture into a weakly electrostatically coupled monovalent salt, and into
polyvalent ions that are strongly electrostatically coupled to the titratable macro-ions. The
charge of the macroions is not considered as fixed, but is allowed to respond to local bathing
solution parameters (electrostatic potential, pH of the solution, salt concentration) through a
simple charge regulation model. The approach presented, yielding an effective polyvalent-ion
mediated interaction between charge-regulated macro-ions at various solution conditions, and
describes the strong coupling equivalent of the Kirkwood-Schumaker interaction.
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Structure and stimuli-responsiveness of all DNA dendrimers

Natasa Adzic
Faculty of Physics, University of Vienna

Coauthor(s) : Clemens Jochum [2], Emmanuel Stiakakis [3], Gerhard Kahl [2], and Christos N. Likos [1]

Abstract

We have studied a novel class of macromolecules, the so-called DNA- based dendrimers. They have recently been
synthesized from the enzymatic ligation of Y-shaped DNA, a three-armed structure consisting of double-stranded
DNA (ds-DNA) [1]. This Y-DNA unit is formed via hybridization of three single-stranded DNA chains (ss-DNA), each of
which has partially complementary sequences to the other two. MD simulations have been performed and
dynamic/static light scattering has been employed to determine equillibrium properties and conformational
characteristics of all DNA dendrimers [2]. Additionally, we have investigated their behavior in ionic solution, paying
particular attention to their salt-responsiveness. Our computational and experimental results reveal that DL-DNAs are
rigid objects with low internal monomer concentration, regular voids in their interior, and with a high percentage of
absorbed counterions. Furthermore, these macromolecules show little stimuli responsiveness. Namely, both
experimental as well as computational results show that varying the salt concentration only minimally affects the
molecule's conformation and does not cause any backfolding of dendritic arms. With these features, DL-DNA
molecules are promising candidates for the experimental realization of novel forms of self-assembly, such as cluster
crystals in the bulk [3].
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2] C. Jochum, N. Adzi¢, E. Stiakakis, T. L. Derrien, D. Luo, G. Kahl, and C. N. Likos, submitted to Nanoscale, (2018).
3] B. Mladek, M. Neumann, G. Kahl, and C. Likos, Phys. Rev. Lett. 96, 045701, (2006).
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Multi-scale modeling of DNA-dendrimers in electrolyte solutions
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1. Faculty of Physics, University of Vienna, 2. Institute for Theoretical Physics, Vienna University of Technology

We have studied a novel class of macromolecules, the so-called DNA-based dendrimers. They have
recently been synthesized from the enzymatic ligation of Y-shaped DNA building blocks. In order to
describe such dendrimers of various generations we have performed MD simulations employing two
independent models: a bead-spring model and the oxDNA model. The former one models each base-pair
of double-stranded DNA as a single charged monomer and the interactions and interaction parameters in
the model have been carefully chosen to mimic the structural properties of a single DNA chain. The
system was immersed in water, which was modeled as a uniform dielectric and counterions were
introduced in the system to preserve electroneutrality. Furthermore, we added salt, treating it explicitly, in
order to investigate its influence on conformational characteristics of a single dendrimer molecule. On the
other hand, the oxDNA model allowed us to take a closer look into the DNA structure, treating DNA as a
string of rigid nucleotides which interact through potentials that depend on the position and orientation
of the nucleotides. Equilibrium properties of a single dendrimer-like DNA molecule from the first to the
sixth generations obtained from these two models have been investigated and the obtained simulation
results have also been compared to the experiments. We have found an excellent agreement between the
theoretical and experimental results, which has encouraged us to use the introduced models for
theoretical analysis of novel self-assembled structures, such as cluster crystals in the bulk. The study of
these charged dendrimer-systems is an important field of research in the area of soft matter due to their
potential role in various interdisciplinary applications, ranging from molecular cages and carriers for drug
and gene delivery in a living organism to the development of dendrimer-based ultra-thin films in the area
of nanotechnology.
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DNA-Based Dendrimers: Novel Macromolecules

With Peculiar Characteristics

Natasa Adzié?, Clemens Jochum®, Emmanuel Stiakakis®, Gerhard Kahl®

and Christos Likos?

“Faculty of Physics, University of Vienna, Austria
b Institute for Theoretical Physics, TU Wien, Vienna, Austria
“Institute of Complex Systems 3, Forschungszentrum Jiilich, Germany

Abstract. We present a joint theoretical-experimental study of a novel class of macromolecules,
the so-called dendrimer-like DNAs (DL-DNAs). They have recently been synthesized from the
enzymatic ligation of Y-shaped DNA unit, a three-armed structure consisting of double-stranded
DNA (ds- DNA), formed via hybridization of three single-stranded DNA chains (ss-DNA), each of
which has partially complementary sequences to the other two [1]. To describe such dendrimers of
various generations we have employed a bead-spring model, in which base-pairs of a single DL-
DNA molecule are modeled by charged monomers, whose interactions are chosen to mimic the
equilibrium properties of DNA correctly. We have performed Molecular Dynamics Simulations
and we have also employed dynamic/static light scattering in order to determine equillibrium
properties and conformational characteristics of all-DNA dendrimers as well as the behavior of
their solutions. We have investigated their behavior in ionic solution, paying particular attention
on their salt-responsiveness. Our computational and experimental results reveal that the DL-DNAs
are rigid objects with low internal monomer concentration, regular voids in their interior, with high
persentage of absorbed counterions, and that show high resistance to stimuli-responsiveness [2].
These properties shape the behaviour of their solutions. Namely, both experimental as well as
computational results show anomalous structure factor of dense DL-DNA solutions, as it had been
predicted theoreticaly in Ref [3]. In this way we have found the object which was a missing puzzle
in understanding the full phase diagram of star polymer solutions.

FIGURE 1. 6th generation of the dendrimer composed of Y-shaped DNA building blocks.

REFERENCES

Li, Y., Tseng, Y. and Luo, D., Nat. Mater. 3, 38-42 (2004).

Jochum, C., Adzi¢, N., Stiakakis, E., Derrien, T.L., Luo, D., Kahl, G., and Likos, C.N., Nanoscale 11,
1604-1617 (2019).

Watzlawek, M., Lowen, H., and Likos, C.N., J. Phys.: Condens. Matter 10, 8189-8205 (1998).



Protein Electrostatics Berlin 2016

Tuesday, 19 July to Thursday, 21 July 2016

home

Supporters

Introduction

important dates and info

Financial support

Committees

housing

program

conference dinner

venue

Conference fee

Letter of invitation

Group photo

Poster Prize winners

Registration

contact

Martin Culka (The University of Bayreuth, Germany) 1st prize

Natasa Adzi¢ (Jozef Stefan Institute, Slovenia) 1st prize

Alexander Schlaich (Free University of Berlin, Germany) 1st prize

y B AReS
Lane

coe

e

ErNST-REUTER-GESELLSCHAFT
der Freunde, Firderer & Ehemaligen N
DER FREIEN UNIVERSITAT BERLIN E.V.

-
4

" /,
%
supported by

Proudly powered by WordPress

abstract sample

Poster Presentations

Photos

Q


https://proteinelectrostatics.org/past-editions-archive/berlin-2016/index.html
https://proteinelectrostatics.org/past-editions-archive/berlin-2016/index.html_p=362.html#
https://proteinelectrostatics.org/past-editions-archive/berlin-2016/index.html_p=37.html
https://proteinelectrostatics.org/past-editions-archive/berlin-2016/index.html_p=151.html
https://proteinelectrostatics.org/past-editions-archive/berlin-2016/index.html_p=50.html
https://proteinelectrostatics.org/past-editions-archive/berlin-2016/index.html_p=40.html
https://proteinelectrostatics.org/past-editions-archive/berlin-2016/index.html_p=43.html
https://proteinelectrostatics.org/past-editions-archive/berlin-2016/index.html_p=178.html
https://proteinelectrostatics.org/past-editions-archive/berlin-2016/index.html_p=170.html
https://proteinelectrostatics.org/past-editions-archive/berlin-2016/index.html_p=162.html
https://proteinelectrostatics.org/past-editions-archive/berlin-2016/index.html_p=168.html
https://proteinelectrostatics.org/past-editions-archive/berlin-2016/index.html_p=196.html
https://proteinelectrostatics.org/past-editions-archive/berlin-2016/index.html_p=136.html
https://proteinelectrostatics.org/past-editions-archive/berlin-2016/index.html_p=221.html
https://proteinelectrostatics.org/past-editions-archive/berlin-2016/index.html_p=46.html
https://proteinelectrostatics.org/past-editions-archive/berlin-2016/index.html_p=321.html
https://proteinelectrostatics.org/past-editions-archive/berlin-2016/index.html_p=362.html
https://proteinelectrostatics.org/past-editions-archive/berlin-2016/index.html
https://proteinelectrostatics.org/past-editions-archive/berlin-2016/wp-content/uploads/2016/07/group_picture.png
https://proteinelectrostatics.org/past-editions-archive/berlin-2016/wp-content/uploads/2016/07/poster_winners.png

7% iniversitat  Medi
iR edienportal
5 wilen g

Sie sind hier: » Medienportal » Presse ) Aktuelle Pressemeldungen )» Detailansicht

Nanocages in the lab and in the computer: how DNA-based

dendrimers transport nanoparticles
18. Oktober 2018

Bild: 1 von 3

DNA-based dendrimer of the fifth generation immersed in a counterion solution. Regular voids in the interior of
this novel macromolecule can be employed as nano-carriers (© Natasa AdZid).

How to create nanocages, i.e., robust and stable objects with regular voids and tunable
properties? Short segments of DNA molecules are perfect candidates for the controllable design
of novel complex structures. Physicists from the University of Vienna, the Technical University of
Vienna, the Foschungszentrum Julich in Germany and Cornell University in the U.S.A,,
investigated methodologies to synthesize DNA-based dendrimers in the lab and to predict their
behavior using detailed computer simulations. Their results are published in the high-impact
journal Nanoscale.

Nanocages are highly interesting molecular constructs, from the point of view of both fundamental
science and possible applications. The cavities of these nanometer-sized objects can be employed as
carriers of smaller molecules, which is of critical importance in medicine for drug or gene delivery in
living organisms. This idea brought together researchers from various interdisciplinary fields who have
been investigating dendrimers as promising candidates for creating such nano-carriers. Their tree-like
architecture and step-wise growth with repeating self-similar units results in dendrimers containing
cavities, hollow objects with controllable design. Nevertheless, decades of research have showed that
vast number of different dendrimer types experience back-folding of outer branches with growing
dendrimer generations, giving rise to a higher density of constituents in the molecule's interior. The
effect of back-folding is enhanced upon addition of salt in the solution, whereby flexible dendrimers
undergo significant shrinking, becoming compact objects with no hollow spaces in their interior.

The team of collaborators consisted of Natasa Adzi¢ and Christos Likos (University of Vienna), Clemens
Jochum and Gerhard Kahl (TU Vienna), Emmanuel Stiakakis (JUlich) as well as Thomas Derrien and Dan
Luo (Cornell). The researchers found a way to create dendrimers rigid enough to prevent back-folding of
outer arms even in the case of high branching generations, preserving regular voids in their interior.
Moreover, their novel macromolecules are characterized by remarkable resistance to added salt: they
showed that the morphology and conformational characteristics of these systems stay unaffected even
upon of addition of salt even at high concentration. The nanocages they created, in the lab and studied
computationally are DNA-based dendrimers, or so-called, dendrimer-like DNAs (DL-DNA). The building
block they are composed of is a Y-shaped double-stranded DNA unit, a three-armed structure consisting
of double-stranded DNA (ds-DNA), formed via hybridization of three single-stranded DNA chains (ss-
DNA), each of which has partially complementary sequences to the other two. Each arm is made up of
13 base pairs and a single-stranded sticky end with four nucleobases which acts as a glue. While a
single Y-DNA corresponds to the first dendrimer generation, the attachment of further Y-DNA elements
yields DL-DNA of higher generations. The resulting dendrimer is a charged and hollow-containing
macromolecular assembly with tree-like architecture. Due to the rigidity of dsDNA, the branches of DL-
DNA are stiff so that the whole molecule is rigid. Since DNA is charged, the electrostatic repulsion
enhances the rigidity of the molecule.

DL-DNA molecules have been assembled in the laboratory by the Julich and Cornell partners with
remarkable control and sub-nanometer precision through programmable sticky-end cohesions. Their
step-wise growth is highly controllable, unidirectional and non-reversible. This property is of high
importance, as it has been shown that DNA-based dendrimers have been envisioned to play a promising
role in developing nanoscale-barcodes, DNA-based vaccine technologies, as well as a structural probes
involving multiplexed molecular sensing processes. Sizes, shapes as well as additional conformational
details invisible to the experimentalists, such as the size of voids and the degree of branches back-
folding, have been analyzed by computer simulations in Vienna. To describe the complex structure of
DNA units, the group used a simple monomer-resolved model with interactions carefully chosen to
mimic the equilibrium properties of DNA in physiological solution. The excellent agreement obtained
between experiments and simulations for the dendrimer characteristics validates the theoretical models
employed and paves the way for further investigation of the nanocages’ properties and their applications
as functional and smart nanocarriers and as building blocks for engineering biocompatible artificial
materials.

The research is supported by the Austrian Science Fund (FWF) under Grant number | 2866-N36 and by
the Deutsche Forschungsgemeinschaft (DFG) under Grant number STI 664/3-1.

Original publication in "Nanoscale":

Clemens Jochum, Natasa Adzi¢, Emmanuel Stiakakis, Thomas L. Derrien, Dan Luo, Gerhard Kahl, and
Christos N. Likos: Structure and stimuli-responsiveness of all-DNA dendrimers: theory and experiment,
Nanoscale (2018).

https://pubs.rsc.org/en/content/articlelanding/2018/nr/c8nr05814h/unauth
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Robuste Nanokafige aus DNA

Nanokafige sind winzige Strukturen, in denen man etwa
Medikamente zu ihrem Wirkort bringen kdnnte. Forscher haben nun
Nanokafige aus kurzen DNA-Abschnitten hergestellt, die sich im
Gegensatz zu anderen dhnlichen Strukturen als sehr robust
erwiesen.

Als vielversprechende Kandidaten fiir die Herstellung von Nanokafigen
gelten sogenannte Dendrimere. Das sind chemische Verbindungen, die
sich wie ein Baum verasteln. Mit ihrer baumartigen Struktur und einem
schrittweisen Wachstum mit sich wiederholenden, selbstahnlichen
Einheiten kdnnen diese Molekiile die gewlinschten Hohlraume bilden.

In den vergangenen Jahren wurden bereits
zahlreiche verschiedene Dendrimer-Arten

"Structure and stimuli- hergestellt, viele davon hatten aber entscheidende

responsiveness of all-DNA
dendrimers: theory and

experiment "

Nachteile. So falteten sich bei zunehmendem
Wachstum die duReren Aste der einzelnen Bausteine

(pubs.rsc.org/en/content/articlelanding/Z0T8iek/d3ee S&tarta eaan),dass der Hohlraum im

Nanoscale, 2018

Inneren kleiner wurde bzw. ganz verschwand.

Speziell in salzigen Losungen verstarkte sich dieser
Effekt, was etwa ihren Einsatz als Medikamenten-Transporter im Blut
erschweren bzw. unmaoglich machen wirde, erklart Christos Likos vom
Fachbereich Computergestitzte Physik der Universitat Wien.

Hohe Steifigkeit

Likos und seine Kollegin Natasa Adzic haben gemeinsam mit
Wissenschaftlern der Technischen Universitat (TU) Wien, des
Forschungszentrumes Jiilich (Deutschland) und der Cornell University
(USA) einen Weg gefunden, starre Dendrimere zu erzeugen, deren Aste
sich auch bei starker Verzweigung nicht zurlickfalten. Selbst in
Losungen mit hoher Salzkonzentration blieben die Nanokafige stabil.

DNA-basiertes Dendrimer, eingetaucht in efne Gegen'ionenlésung -

Aufgebaut sind diese Dendrimere aus dreiarmigen doppelstrangigen
DNA-Abschnitten, die einem Ypsilon ahneln. Jeder Arm besteht aus 13
Basenpaaren und hat an seinem Ende einen DNA-Einzelstrang mit vier
Basen. Dieser Einzelstrang wirkt als Klebeende, iber den sich die
einzelnen Y-Bausteine miteinander verbinden. Die relativ starren
doppelstrangigen DNA-Elemente verleihen dem gesamten Molekil eine
hohe Steifigkeit.

Wahrend die Partner in Deutschland und USA die neuen Dendrimere im
Labor in hohem MaRe kontrollierbar schrittweise wachsen lassen
konnen, haben die Wiener Forscher die Molekile in
Computersimulationen analysiert. Zwischen Experiment und Simulation
gab es dabei nach Angaben der Wissenschaftler eine ausgezeichnete
Ubereinstimmung, was die verwendeten theoretischen Modelle
bestatigte.

Neben der Anwendung als Medikamenten-Transporter kdnnten solche
DNA-Dendrimere auch als biokompatible kiinstliche Materialien
eingesetzt werden. Likos nannte etwa eine kiinstliche Haut oder
Beschichtungen als mogliche Anwendungen, da DNA-basierte
Materialien ohne Probleme im Korper verwendet werden kdnnten.

science.ORF.at/APA

Mehr zum Thema

+ Forscher entwickeln Nano-Krebstherapie
« \Was die Eierschale so besonders macht
¢ Forscher entwickeln schwebende Nano-Uhr

18.10.2018 Mail an die Redaktion ausdrucken Seitenanfang A

Kontakt Datenschutz Impressum/Offenlegung

ORF


https://der.orf.at/kontakt
https://orf.at/stories/datenschutz/
http://orf.at/stories/impressum/

Search O, Quick links

Wi\e/ﬁrSItat » Computational and Soft Matter Physics

News/Highlights Publications | Master’s Projects | Faculty

You are here: » University of Vienna ) Faculty of Physics » Computational and Soft Matter Physics » News/Highlights » Details News

- - @ Contact
New State of Matter: Crystalline and Flowing at the -' el

Same Time 1090 Wien

T1:+43-1-4277-73201

09.12.2021

More than 20 years ago, researchers predicted that with sufficiently
high density certain particles of matter would form a new state of
matter that features the properties of both crystalline solids and
flowing liquids. Scientists from Forschungszentrum Jilich, the
University of Siegen, and the University of Vienna have now succeeded
in creating this state in a laboratory. Their experimental concept opens
up the possibility for further development and could pave the way for
further discoveries in the world of complex states of matter.

Cluster crystals consist of a core of organic
polymers surrounded by DNA molecules
(right). Pressed together (left), they exhibit
Through their research efforts, the team was able to finally disprove an intuitive properties of crystals and liquids at the same

assumption that in order for two particles of matter to merge and form larger units time. (© Natasa Adzic, University of Vienna)
(i.e. aggregates or clusters), they must be attracted to each other. As early as the turn

of the century, a team of soft matter physicists headed by Christos Likos of the

University of Vienna predicted on the basis of theoretical considerations that this does

not necessarily have to be the case. They suggested that purely repulsive particles

could also form clusters, provided they are fully overlapping and that their repulsion

fulfils certain mathematical criteria.

Since then, further theoretical and computational work has demonstrated that if
compressed under external pressure, such clusters develop crystalline order in a way
similar to conventional materials such as copper and aluminium. Put simply, a
crystalline order signifies a periodic lattice structure in which all particles have fixed
positions. In contrast to metals, however, the particles that form cluster crystals are
highly mobile and continuously jump from one lattice site to the next. This gives these
solids properties that are similar to liquids. Each particle will at some point be found at
each lattice site.

Particles with pompom-like structure

It proved difficult to produce particles that had the necessary characteristics for the
detection of cluster crystals. However, Emmanuel Stiakakis from Forschungszentrum
Julich and his colleagues have now succeeded in achieving this aim in close
collaboration with theoreticians from Vienna and polymer chemists from Siegen. The
researchers were able to produce hybrid particles with a pompom-like structure. The
core of these particles is comprised of organic polymers to which DNA molecules are
attached and which stick out in all directions like the threads of a pompom. This
structure enables the molecules to be pushed far inside each other and thus to be
sufficiently compressed. At the same time, the combination of an electrostatic
repulsion of naturally charged DNA components and a weak interaction of polymers at
the centre of the constructs ensures the necessary overall interaction.

"DNA is particularly well suited for our intentions, as it can be assembled relatively
easily in the desired shape and size due to the Watson—Crick base pairing
mechanism. In combination with polymer cores, the shape and repulsion of the hybrid
particles can be fine-tuned and different variations can be produced relatively quickly,
explains Stiakakis, who conducts research at Forschungszentrum Jilich’s Institute of
Biological Information Processing. The physicist with a PhD in the field of physical
chemistry has long been using these helix molecules to investigate aspects of self-
assembling soft matter.

"After extensive efforts and by applying numerous experimental methods, including
biochemical synthesis and characterization as well as X-ray scattering and light
scattering, we have now been able to bring a more than 20-year search for cluster
crystals to a successful conclusion,” says a delighted Likos. The theoretical physicist
at the University of Vienna's Faculty of Physics now anticipates the discovery of
further complex states of matter, which will be formed by the new macromolecular
aggregates.

Original publication:

E. Stiakakis et al,; Self assembling cluster crystals from DNA based dendritic
nanostructures; Nat. comm. 9 December 2021

DOI: 10.1038/s41467-021-27412-3

Wissenschaftlicher Kontakt

Univ.-Prof. Dipl.-Ing. Dr. Christos N. Likos

Fakultat fur Physik

Universitat Wien

1090 - Wien, Kolingasse 14-16
+43-1-4277-732 30
christos.likos@univie.ac.at

RUckfragehinweis

Mag. Alexandra Frey

Presseblro und stv. Pressesprecherin
Universitat Wien

1070 - Wien, Universitatsring 1
+43-1-4277-175 33
+43-664-60277-175 33
alexandra.frey@univie.ac.at

> see press report (English)

> see press report (Deutsch)

4 Back

Important links

Faculty of Physics ) E-CAM ) Colldense P NANOTRANS >
ViCoM 2 CMS )

Most searched-for services ...

Studying at the University of Vienna p u:find Course / Staff search ) Webmail > Intranet for employees )
u:space D> Library 2 Moodle (e-learning) P Faculties & centres )
Contact & services from Ato Z D

University of Vienna | Universitatsring 11010 Vienna | T +43-1-4277-0 Sitemap | Imprint | Accessibility | Privacy Policy | Printable version


http://www.facebook.com/univienna
http://twitter.com/univienna
http://www.youtube.com/univienna
http://www.instagram.com/univienna
http://physik.univie.ac.at/
http://www.e-cam2020.eu/
http://www.colldense.eu/
http://www.etn-nanotrans.eu/
http://www.sfb-vicom.at/
https://www.cms.tuwien.ac.at/
http://studieren.univie.ac.at/en/
http://ufind.univie.ac.at/en/search.html
http://zid.univie.ac.at/en/webmail/
http://intra.univie.ac.at/
http://uspace.univie.ac.at/en
http://bibliothek.univie.ac.at/english/
http://moodle.univie.ac.at/
http://www.univie.ac.at/en/about-us/governance-structure/faculties-centres/
http://www.univie.ac.at/en/about-us/further-information/contact-services-a-z/
https://www.univie.ac.at/en/
https://comp-phys.univie.ac.at/

