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+ Raman spectra of doxorubicin tracked
between 100 K and 300 K.

« Temperature changes affect resonance
— not phase transformations.

« Theory and experiment agree remark-
ably well (> 90 % match).
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ABSTRACT

Doxorubicin (DOX) is a widely used chemotherapeutic agent whose spectroscopic behavior can provide insight
into its structural dynamics and interactions. Here, we investigate temperature-induced changes in the Raman
spectra of DOX between 100 and 300 K, combining experimental measurements with density functional theory
(DFT)-based simulations. Temperature-dependent Raman scattering experiments, performed under controlled
cryogenic and ambient conditions, revealed pronounced spectral intensity variations accompanied by changes
in the luminescence background. Detailed analysis and comparison with simulated resonance Raman spectra
showed that these changes originate primarily from temperature-dependent resonance effects. Using the
R2SCAN/def2-TZVP level of theory with D3 dispersion corrections, the most stable conformers of DOX,
DOX-HCl, and DOX-H* were identified, and their resonance Raman spectra were computed. Quantitative
comparison using the SARA algorithm yielded 91%-94% agreement between theory and experiment across all
temperatures. Increasing temperature is accompanied by a redistribution of relative Raman intensities, with
reduced contributions from bands assigned to motions involving hydrogen-bonds and enhanced contributions
from ring-dominated modes. This trend is discussed in the context of temperature-dependent resonance
conditions.

1. Introduction

Doxorubicin (DOX) (IUPAC: (1S,3S)-3-Glycoloyl-3,5,12-trihydroxy-
10-methoxy-6,11-dioxo-1,2,3,4,6,11-hexahydro-1-tetracenyl-3-amino-
2,3,6-trideoxy-a-L-lyxo-hexopyranoside), originally approved by the
Food and Drug Administration (FDA) in 1974 under the trade name
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Adriamycin, remains one of the most widely used anticancer agents,
particularly in the treatment of aggressive malignancies, either as
a monotherapy or as part of a treatment protocol, despite its well-
known cardiotoxicity [1,2]. As an anthracycline antibiotic, it comprises
a tetracyclic aglycone core and a daunosamine sugar moiety. The
transition from its parent molecule, red pigment daunorubicin isolated
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from Streptomyces peucetius, to DOX exemplifies how minor structural
modifications, such as the addition of a single hydroxyl group, can
significantly enhance therapeutic efficacy, alter tissue distribution,
and increase hydrophilicity, thereby affecting both pharmacokinetics
and pharmacodynamics. Doxorubicin is considered a gold standard
in oncology due to its broad-spectrum activity against solid tumors
and leukemias. Its all-encompassing mechanism of action, including
DNA intercalation, inhibition of topoisomerase II, and generation of
free radicals, underpins its potency [3-5]. Despite its dose-limiting car-
diotoxicity, it continues to serve as a basis in chemotherapy protocols
and is often employed as a reference compound in the development of
novel anticancer therapies [6,7].

Raman spectroscopy plays a vital role in modern pharmaceutical
analysis due to its ability to provide rapid, non-destructive, and highly
specific molecular information. It is widely used for the identifica-
tion and quantification of active pharmaceutical ingredients (APIs),
monitoring polymorphic forms, identifying structural phase transitions,
detecting impurities, and ensuring the homogeneity of formulations.
Raman spectroscopy is acknowledged by regulatory agencies such as
the U.S. FDA and the European Medicines Agency as part of the
Process Analytical Technology (PAT) [8]. For example, it is employed
in real-time monitoring of blending and granulation processes to ensure
batch-to-batch consistency and compliance with Good Manufacturing
Practice [9]. Regulatory guidelines such as the FDA’s PAT guidance and
International Council for Harmonization of Technical Requirements
for Pharmaceuticals in Human Use ICH Q8-Q10 encourage the use of
spectroscopic methods like Raman to enhance process understanding
and control. Moreover, Raman imaging has been applied for verifying
tablet content uniformity and coating thickness in accordance with
regulatory expectations for quality assurance. Its compatibility with
in-line and on-line systems, minimal sample preparation, and ability
to analyze samples through packaging further support its growing
adoption in validated pharmaceutical procedures.

The complex interaction between DOX and DNA has been studied
using Raman spectroscopy for over four decades, beginning with the pi-
oneering work of Manfait et al. [10,11]. Beyond elucidating DOX-DNA
binding, Raman spectroscopy has also been employed to investigate the
intracellular distribution of DOX and to monitor changes in cellular
spectroscopic signatures at specific time points, such as after 24 h of
exposure [12]. Furthermore, Raman spectroscopy has demonstrated
the ability to detect DOX and its metabolites at the subcellular level,
offering the evaluation of the drug’s mechanism of action and cellu-
lar responses in vitro [13]. The work of Farhane et al. [14] further
extended these studies by tracking the temporal evolution of cellular
responses, enabling the monitoring of drug activity during both early
and late stages of exposure. This highlighted the potential of Raman
microspectroscopy not only to follow drug uptake and subcellular
effects but also to provide insights into pharmacodynamics and intra-
cellular drug kinetics. In a recent study, Majzner et al. [4] employed
tip-enhanced Raman spectroscopy (TERS) to obtain highly localized
spectra of DOX-DNA complexes, enabling correlation between drug
identification and its precise location on a single DNA strand. TERS
revealed new vibrational bands not detectable in earlier SERS studies,
highlighting its sensitivity. The high spatial resolution of TERS makes
it a powerful tool for investigating site-specific molecular interactions,
offering great promise for the qualitative and quantitative assessment of
the therapeutic potential of DNA-targeting drugs. Complementing these
experimental approaches, Olszowska et al. [15] applied DFT, TD-DFT,
and molecular dynamics simulations to model the conformational be-
havior and spectroscopic properties (IR, UV-Vis, and resonance Raman)
of DOX in aqueous solution. Their results indicated that discrepancies
with experimental data primarily stemmed from limitations in solvent
modeling. This challenge was later addressed by Gémez et al. [16], who
employed a hybrid approach to more accurately capture solute-solvent
interactions. Moreover, Raman-based method was used to detect and
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identify erythrocyte-like cells formed during doxorubicin-induced dif-
ferentiation of leukemic precursors [17]. Using Raman spectroscopy,
stimulated Raman scattering microscopy, and a mitochondrial probe,
biochemical and metabolic changes such as hemoglobin accumulation,
lipid remodeling, and mitochondrial depolarization were tracked. This
approach offers a sensitive alternative to conventional staining or flow
cytometry for monitoring chemotherapy-induced differentiation.

Despite decades of Raman studies on DOX, the influence of temper-
ature on its resonant vibrational response remains unexplored, leaving
a gap in understanding how thermal conditions shape its spectroscopic
fingerprint. In this research, we employed temperature-dependent Ra-
man spectroscopy to investigate DOX. Temperature-dependent lumi-
nescence was observed, as well as resonant conditions varying with
temperature, both of which significantly influence the appearance of
the phonon spectrum of DOX. Moreover, theoretical calculations pro-
vided a framework to describe these temperature-induced changes in
the resonant behavior.

2. Materials and methods
2.1. Material

Doxorubicin hydrochloride (DOX, purity 97.9%) was purchased
from Sigma-Aldrich Chemie GmbH—Schnelldorf, Germany. The 5 mg
sample of DOX red powder were deposited on the Raman-grade CaF,
slides.

2.2. Experimental methods

Raman scattering measurements were performed on Horiba-Jobin
Yvon T64000 Raman systems in backscattering micro-Raman configu-
ration with 1800/1800/1800 grooves/mm gratings in the subtractive
regime. The external and second intermediate slits were set to 100 p
m, whereas lateral slits were adjusted to minimize noise. The 488 nm
line of a Coherent Ar*/Kr* gas laser was used as an excitation source,
focused on the sample through an Olympus 50x objective in a par-
allel polarization plane. Temperature-dependent measurements were
performed using a LINKAM THMS 600 heating/cooling stage with a
heating/cooling rate of 5 K/min and a subsequent 25-minute ther-
malization period. Before starting the cooling procedure, the chamber
was purged with argon gas, and a slow argon flow was maintained
throughout the experiment to reduce moisture and prevent ice for-
mation. The sample was cooled down to 100 K and gradually heated
up to 300 K, with spectral acquisition at 100 K, 150 K, 200 K, and
300 K. The corresponding excitation power at the sample site was
5.60 mW, with an acquisition time of 900 s for ambient temperature
measurements, and 1.25 mW with 600 s for the measurements at
lower temperatures. All Raman spectra were pre-processed, including
background elimination (polynomial fitting, 4th order), corrected by
the corresponding Bose factor, and averaged.

2.3. Computational methods

All calculations were conducted for isolated molecules using the
ORCA program package [18-21]. Three systems were examined: dox-
orubicin (DOX), protonated DOX-H*, and doxorubicin hydrochloride
(DOX-HCI), as the most stable conformers. To identify the global mini-
mum on the potential energy surface of these molecules, the Global Op-
timization Algorithm (GOAT) was employed alongside the xTB method
developed by Grimme and colleagues [22,23]. This semi-empirical
tight-binding model is designed to provide reasonable structures with
high computational efficiency. Given the numerous possible structures
leading to the global minimum, all conformations for each molecule
and their relative energies were collected.

For the most stable conformers, which have a relative energy of
less than 15 kJ/mol compared to the lowest conformer, geometry



E. Todorovi¢ et al.

300 K

DOX

100 K

.y P S sl
500 1000 1500
Q (cm™)

Rx” (arb.units)

200 400 600 800 1000 1200 1400 1600 1800
Raman shift Q (cm™)

Fig. 1. Temperature-dependent Raman spectra of DOX in the range of
100-300 K. The inset displays the raw spectra, where the contribution of the
luminescent tail is clearly visible. This luminescence background is indicated
by the gray dashed line.

optimization was carried out using density functional theory (DFT). The
optimal geometries were characterized as a minimum by calculations
of harmonic vibrational frequency. The R2SCAN functional, [24-26]
with D3 dispersion correction [27,28] was utilized with the triple-zeta
basis set def2-TZVP [29]. The improved resolution of identity (Split-
RI-J) algorithm [30-33] and the auxiliary basis set def2/J [34] were
employed for all calculations. Described level of theory is abbreviated
as R2SCAN/def2-TZVP.

The experimental laser wavelength of 488 nm (20,492 cm™!) closely
matches the excitation energy of the first electronic excited state of
DOX [35,36]. Consequently, it is expected that resonance effects play
a significant role in a signal intensity. Dynamic properties involving
excited states, such as resonant Raman (rR) spectra, were computed in
ORCA software using a path integral approach [37,38]. These computa-
tions require both ground- and excited-state Hessians. The ground-state
Hessian has been obtained for the non-resonant case, by calculation of
the derivatives of polarizability with respect to the normal coordinates
at the R2SCAN/def2-TZVP level. Different approximations were tested
for the excited-state Hessian. The Adiabatic Hessian After Step (AHAS)
method combined with Duschinsky rotation effects (DE) [37,39] pro-
vided very good agreement with experimental spectra. Although rR
spectra could be calculated only at 0 K, spectra at elevated temper-
atures were simulated by incorporating the effects of spectral line
broadening and a scaling factor for anharmonicity [40-42]. Excited
states properties were calculated using a time-dependent (TD) DFT
method with the R2SCAN functional, D3 corrections and the def2-TZVP
basis set. The Python-based SARA (Similarity Assessment of Raman
Arrays) [43] program was used to quantitatively compare theoretically
predicted and experimental spectra.

3. Results and discussion

Pure DOX powder, widely used in research, requires storage at sub-
zero temperatures to ensure chemical stability. Storage at —20 °C is
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adequate for medium-term use, while —70 °C is recommended for long-
term preservation, as it significantly reduces degradation processes
such as hydrolysis, oxidation, and moisture absorption [44]. Dividing
the material into aliquots and minimizing freeze-thaw cycles further
helps maintain its integrity.

Raman spectroscopy plays a crucial role in this study, offering a
non-destructive technique to investigate the vibrational properties of
DOX without any sample preparation, thereby avoiding artefacts and
preserving the intrinsic characteristics essential for practical applica-
tions. A key advantage of Raman spectroscopy is its capability for in situ
measurements at low temperatures, eliminating the need to warm the
sample to room temperature before analysis. Additionally, conducting
Raman experiments at low temperatures suppresses anharmonic effects,
which at higher temperatures can broaden Raman peaks. Cooling the
sample thus enables clearer resolution of individual Raman modes,
providing deeper insight into the vibrational structure of DOX.

Fig. 1 presents the temperature-dependent Raman spectra of DOX
measured between 100 and 300 K. Notably, the spectrum recorded
at 100 K differs significantly from the one obtained at 300 K. The
spectra collected at intermediate temperatures display a combination
of features observed at these two end temperatures, initially suggesting
the possibility of a crossover phase in which intermediate states exhibit
mixed-phase characteristics [45].

However, all vibrational modes observed at 100 K remain present at
300 K, exhibiting only gradual softening and peak broadening consis-
tent with expected anharmonic effects and thermal lattice expansion
in molecular crystals. No new bands emerge, and none of the ex-
isting bands disappear within the investigated temperature range. In
contrast to the modest frequency shifts, a pronounced redistribution
of Raman spectral weight is observed with increasing temperature.
Certain modes decrease in intensity, while others are enhanced in a
continuous and mode-selective manner. This intensity evolution is most
consistently explained by temperature-dependent modifications of the
resonance conditions rather than by a structural phase transition [46].
Importantly, the redistribution of Raman intensities closely follows the
progressive evolution of the luminescence background shown in Fig.
1. Since the luminescence originates from electronic excited states, its
temperature dependence reflects changes in resonance enhancement,
which directly modulate the observed phonon intensities [46].

To further investigate this hypothesis, numerical modeling was per-
formed. Given the very weak interactions between molecules, a single-
molecule approach was considered a reasonable and cost-effective ap-
proximation in this case. Due to the numerous nuclear degrees of
freedom, DOX can exist in several different conformations. To obtain
reliable spectra, we determined the most stable conformers. Those
conformers of DOX, DOX-HCI, and DOX-H" are illustrated in Fig. 2,
along with their relative Gibbs free energies compared to the lowest
conformer at both T = 0 K and T = 300 K, calculated using the
R2SCAN/def2-TZVP level of theory. The DOX molecule can be divided
into three functional domains: the anthraquinone rings (comprising
four condensed aromatic rings), the anchor (glycolaldehyde), and the
daunosamine region, which contains a sugar amino group. A visual
inspection of the structures in Fig. 2 indicates that the anthraquinone
rings remain nearly unchanged, while the anchor domain and the
daunosamine region exhibit some flexibility.

For pure DOX, the three lowest conformers are labeled d1, d2, and
d3. Compared to the d1 structure, the daunosamine region in d2 is
rotated relative to the rings, while in d3, the glycolaldehyde segment is
altered. The energy differences between the lowest conformer (d1) and
the next two (d2 and d3) exceed 11 kJ/mol. Therefore, it is expected
that isolated DOX predominantly exists in the d1 form under normal
temperature and pressure conditions.

In the case of DOX-HCI, the lowest conformers, labeled n1 and n2,
differ only in the position of a chlorine atom. Furthermore, both con-
formers maintain the same structural features as the d1 conformer. The
third DOX-HCI conformer has an energy that is 4.9 kJ/mol higher at
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Fig. 2. The most stable conformers of DOX, DOX-HCl and DOX-H" together with a relative Gibbs free energy compared to the lowest conformer at T = 0 K and

T =300 K.

T =300 K than nl and features a rotated daunosamine group in relation
to the rings. The most stable protonated DOX-H™ structure (p1) has the
daunosamine group rotated compared to the most stable conformers
of DOX and DOX-HCI. However, the subsequent p2 conformer, which
corresponds to the d1 and nl structures, is only 1.9 kJ/mol higher in
energy than pl at T = 300 K.

When calculating rR spectra the first step is choice of the laser
energy to irradiate the sample. It was set to experimental value of
20,492 cm~!, which correspond to 488 nm incident wavelength. Ex-
perimental result for the first electronic transition of the DOX molecule
is approximately at 480 nm [35,36]. The computations reveal that
transition to the first excited states have a charge transfer character,
involving = molecular orbitals localized on the anthraquinone moi-
ety [47-49]. Our results for the vertical excited energy at the optimized
ground-state geometry were 20,820 cm~! (480 nm) for DOX d1, 20,826
(480 nm) for DOX-HCI n1 and 20,738 (482 nm) for DOX-H* p2 species.
Those were in excellent accordance with the experimental results, sug-
gesting that chosen R2SCAN functional and def2-TZVP basis set yield
reliable results for electronic properties of considered system. Thus,
calculated vertical excited energy matched the experimental incident
wavelength, and no shift was needed.

The stick bands in calculated spectra have been convoluted with
a Voigt line shape, with the full width at half maximum (FWHM) set
to 10 em~! . The intensities have been normalized. The homogeneous
linewidth was set to 50 cm~!, while the inhomogeneous broadening
parameter was varied between 125 cm~! and 500 cm~!. A scaling
factor between 0.95 and 0.97 was applied to harmonic vibrational
frequencies to account for systematic overestimation inherent to the
harmonic approximation in DFT calculations. Such scaling factors are
well established in vibrational spectroscopy and typically fall within
this range for hybrid and meta-GGA functionals [50]. Inhomogeneous
broadening was increased at higher temperatures (from 250 cm~! at
100-200 K to 350 cm™! at 300 K) to reflect enhanced thermal disorder.
These empirical adjustments are well established in the simulation
of temperature-dependent Raman spectra and are grounded in the
physical effects such as enhanced structural disorder, changes in po-
larizability, and modified hydrogen bonding [51,52]. In our system,
the experimentally observed peak broadening at higher temperatures
is entirely consistent with these established physical mechanisms, and
introducing temperature-dependent line-widths into the simulations
reflects these real processes [53]. The theoretically simulated resonance
Raman spectra for the most stable conformers of DOX-HCI (nl) were
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Table 1
Assignment of vibrational modes of DOX-HCI at T = 100 K. v and § belong to the stretching and bending vibration.
Non-resonant Raman Resonant Raman Experimental
Freq. (cm™1) Assignment Peak pos. Intensity Peak pos. Intensity
338 vNH,, §0-H---O, vO-H---O 340 0.128 348 0.107
434 60-H---0, vO-H:--O, 6CH, 440 0.206 441 0.293
449 60-H---O 450 0.315
462 60-H---0, 6CH, 458 0.122 467 0.397
492 6CH,, 60-H---O, vO-H---O 491 0.069 488 0.051
818 6NH;, 6CH,, vCH,, 6C-H 816 0.080 821 0.077
850 6CH, 844 0.075 849 0.055
882 8CH,, 6CH;, 6NH;, 6C-H, 60-H §0O-H---O 873 0.059 880 0.094
935 vN-H---Cl, 6C-H 921 0.150
970 vNH;, 60-H---O, 6CH, 970 0.061 992 0.302
1066 vO-H---0, 60-H---0O, 6CH,, 6C-H 1071 0.149 1068 0.128
1073 vNH;, 6CH,, 6C-H, 60-H 1084 0.136
1163 vNH;, 6CH,, 60-H, 6C-H 1157 0.211 1154 0.124
1188 6CH,, 6C-H 1179 0.174 1188 0.114
1201 8CH, 1202 0.708 1212 1.000
1219 6CH,, 60-H---O, 6C-H 1220 0.653 1238 0.564
1249 vC-H, 6C-H 1241 0.209 1248 0.595
1272 vO-H---0, 60-H:--0, 6CH,, 6C-H 1267 0.283 1269 0.287
1286 0.208 1293 0.287
1300 6CH,, 6NH; 1300 0.405 1299 0.320
1304 6CH,, vO-H---O, 60-H---O, 6NH,, 6C-H 1308 0.531 1304 0.314
1313 6CH,, 60-H---0, 6C-H 1316 0.534 1309 0.316
1324 6C-H 1333 0.226 1325 0.305
1340 60-H---0, 6C-H 1345 0.338 1338 0.395
1361 86CH,, vC-C (aro), 60-H---O, 6C-H 1355 0.271 1369 0.102
1405 6CH,, 6CH;, 6C-H 1405 0.637 1406 0.342
1422 6CH,, 6CH;, 60-H---O 1423 0.894 1432 0.633
1435 S8CH; 1436 1.000 1442 0.698
1464 0.417 1452 0.671
1569 80-H---0, ring 1574 0.337 1578 0.319
1574 80-H---0O, ring 1584 0.301 1590 0.243
1599 80-H.--0, ring 1596 0.615 1608 0.070
1669 vC=0, 6CH,, 60-H 1628 0.178 1646 0.158
DOX-HCI
T T T T T T T T T T T T T T
— DOX-HCI n1 s¢=0.96 iw=250 cm™" —DOX-HCI n1 s¢=0.96 iw=250 cm™"
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Fig. 3. Calculated spectra for the most stable conformers of DOX-HCI (n1) compared to the experimental spectra at T = 100 K, 150 K, 200 K, and 300 K.
sc = scaling factor, iw = inhomogeneous broadening parameter.
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compared to the experimental spectra of doxorubicin at temperatures
of 100 K, 150 K, 200 K, and 300 K, as presented in Fig. 3. The non-
resonant Raman (Figure S1) and rR spectra for other conformers of
DOX-HCl, as well as for DOX and DOX-H* (Figure S2), can be found
in the Supplementary Information (SI).

Since resonance conditions exist in the experimental data, the rR
predictions demonstrated a better correlation with the experimental
resonant spectra than the non-resonant predictions in all cases. Gen-
erally, anharmonic effects are expected to be more pronounced at
higher temperatures. However, within this temperature range, a scaling
factor of 0.96 provided the best alignment between the theoretical
and experimental spectra. Additionally, the inhomogeneous broadening
parameter (iw) was set to a higher value at elevated temperature. A
value of 250 cm~! was applied for 100 K, 150 K, and 200 K, while a
value of 350 cm™! was used for 300 K.

The SARA correlation score, which reflects the overall match be-
tween theoretical and experimental spectra, is presented for each tem-
perature in Fig. 3. The calculated scores ranged from 91% to 94%,
indicating a very good agreement between the theoretical and experi-
mental spectra across all temperatures. It is important to note that the
software is designed to penalize mismatches in vibrational frequency
more significantly than those in peak intensity.

It is worth bearing in mind that all simulations were performed
on isolated molecules, whereas the experimental spectra correspond
to solid-state DOX-HCI. In molecular crystals, Raman active modes,
particularly those associated with hydrogen bonding networks and low-
frequency collective vibrations, are strongly modulated by intermolecu-
lar interactions and crystal packing effects, none of which are captured
in single molecule simulations. Solid state Raman studies have demon-
strated that collective lattice vibrations and hydrogen bond dependent
modes show substantial shifts and intensity variations arising from
intermolecular forces, highlighting the limitations of isolated-molecule
models in reproducing quantitative spectral intensities [54]. Addition-
ally, temperature-dependent Raman analyses reveal that increasing
temperature induces structural fluctuations, changes in polarizability,
and local disorder, which collectively lead to band broadening and
reduced intensities, effects that are fully consistent with the experi-
mental trends observed for DOX-HCI [55]. These temperature-induced
modifications of the solid-state structure further amplify deviations
from theoretical spectra, particularly in spectral regions where vi-
brational modes are sensitive to hydrogen bonding. Thus, although
isolated-molecule DFT remains a valuable tool for mode assignment,
the observed intensity reductions and band broadenings can be at-
tributed to well documented solid-state and temperature-dependent
phenomena, providing a coherent explanation for the differences be-
tween calculated and experimental spectra. However, the high SARA
correlation scores (91-94%) across all temperatures suggest that the
isolated-molecule model captures the essential vibrational behavior
and the dominant resonance enhancement patterns. Similar isolated-
molecule DFT approaches have been successfully employed to interpret
solid-state Raman spectra of pharmaceutical compounds [15,56-58].
The remaining discrepancies observed in the 1200 cm~! region may
therefore reflect temperature-dependent packing effects not captured
in the present molecular model. The SARA scores for various combi-
nations of parameters can be found in Table S1 in the Supplementary
Information (SI).

The most pronounced temperature-dependent changes appear as a
redistribution of relative Raman intensities. Bands that are assigned
(based on the non-resonant calculations) to motions involving hydrogen-
bonds show reduced relative intensity with increasing temperature,
whereas several ring-dominated modes increase in relative intensity.
We interpret these trends as consistent with temperature-dependent
changes in resonance enhancement and linewidth broadening, and we
note that Raman intensity changes do not provide a direct quantitative
measure of hydrogen-bond strength or vibrational delocalization [59].
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The method described for calculating rR spectra does not provide a
straightforward assignment of the peaks; however, this can be achieved
using non-resonant Raman results. Specifically, experimental spectra
taken at lower temperatures, where resonance effects are minimized,
were effectively predicted using a non-resonant approach. This predic-
tion is supported by a SARA correlation score of 82%, as illustrated in
Figure S1 in the SI. These findings help in assigning the key vibrational
modes and provide a reference for comparing them with resonant
spectra at elevated temperatures.

Table 1 shows the assignment of vibrational modes for the lowest-
energy isomer of DOX-HCl. A comparison of theoretically predicted
and experimentally measured peak positions and intensities at 100
K is included in the same table. These results provide insights into
the resonance effects influencing specific vibrational modes. Notably,
a decrease in intensity is evident at around 450 cm~!, as well as at
1250 cm™! and 1490 cm~!, with increasing temperature. Conversely,

intensity increases are observed at 1450 cm~! and 1610 cm™!.

4. Conclusion

In conclusion, this study integrates experimental and theoretical
investigations to unravel the temperature-dependent vibrational prop-
erties of DOX. The structures of the most stable conformers of DOX,
DOX-HCl, and DOX-H* were determined, and their resonance Ra-
man spectra were simulated using the R2SCAN functional with the
def2-TZVP basis set, achieving excellent agreement with experimen-
tal data. Analysis of the temperature-dependent spectra revealed that
while initial observations suggested a possible crossover phase, the
spectral changes are predominantly driven by temperature-dependent
resonance effects rather than structural phase transitions. Specifically,
increasing temperature is accompanied by reduced relative intensi-
ties of bands assigned to motions involving hydrogen-bonds and en-
hanced relative intensities of ring-dominated modes, together with
peak broadening. These observations are consistent with temperature-
dependent resonance conditions and changes in local environment.
Additionally, reductions in certain band intensities are attributed to
increased structural disorder, resulting in peak broadening. Numerical
modeling, justified by the weak intermolecular interactions in these
systems, supports these interpretations. Overall, the theoretical ap-
proaches employed provide reliable predictions of Raman spectra and
offer valuable insights into the complex vibrational behavior of DOX
under varying thermal conditions.
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This study explores the photocatalytic performance of TiO5 thin films incorporating copper nanoparticles (Cu
NPs) under simulated solar irradiation. Cu NPs were integrated in-situ into the TiOy matrix during film growth by
atomic layer deposition (ALD). Structural analysis using X-ray diffraction, X-ray photoelectron spectroscopy, and
Raman spectroscopy confirmed the preservation of the anatase TiOy phase within the TiO2-Cu composites, with
increasing Cu content leading to a proportional increase in metallic Cu presence. Scanning and transmission

electron microscopy revealed that Cu NP size and distribution are tunable by adjusting the number of Cu-ALD
cycles. UV-vis measurements showed enhanced visible light absorption by the TiO,-Cu composite films,
attributed to the localized surface plasmon resonance of Cu NPs. Samples with higher photocatalytic activity also
showed increased photoconductivity, suggesting that direct electron transfer from the Cu NPs to TiO signifi-
cantly boosts the photocatalytic efficiency under simulated sunlight irradiation.

1. Introduction

Due to its exceptional combination of low toxicity, robust chemical
and photostability, environmental benignity, earth abundance and
economic viability, titanium dioxide (TiOy) stands out as a highly
promising photocatalytic material [1]. Its favorable bang edge positions,
specifically its conduction band (CB) and valence band (VB), facilitate
efficient charge separation and transfer of photogenerated electrons and
holes, driving both chemical reduction and oxidation reactions. Conse-
quently, TiO, exhibits high photocatalytic activity [1,2]. This property
supports its diverse applications, including water and air purification [3,
4], photocatalytic water splitting for hydrogen generation [5], CO5
reduction [6], and self-cleaning surfaces [7]. While TiOy exhibits
promising photocatalytic properties, its widespread commercial appli-
cation in solar-driven photocatalytic applications is constrained by two

major obstacles. First, its wide band gap (of about 3.2 eV) restricts light
absorption to the UV region, which constitutes only about 5 % of the
total solar spectrum [2,5]. Second, rapid recombination of photo-
generated charge carriers, a common issue in semiconductors, reduces
the lifetime of excited electrons and holes [1,5].

To enhance the photocatalytic activity of TiO,, diverse structural and
chemical modifications have been explored, including transition metal
and nonmetal doping, dye photosensitization, and heterojunction for-
mation with suitable low bandgap semiconductors [1,2,5]. Over the past
fifteen years, the fabrication of TiOz-metal nanocomposites has emerged
as a promising strategy, involving the deposition or incorporation of
metallic nanoparticles (NPs) onto or within the TiO9 matrix [8,9]. These
structures offer significant benefits for photocatalytic applications.
Firstly, the electrical contact between TiO, and metal NPs forms a
Schottky junction at the TiOy-metal interface. The resulting built-in
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electric field facilitates the separation of photogenerated electron-hole
pairs that form in the vicinity of the TiOs-metal interface, thereby
mitigating the charge carrier recombination [9,10].

Furthermore, incorporating metal NPs into TiO» can significantly
modify its optical properties. Incident electromagnetic (EM) radiation
with wavelengths exceeding the NPs dimensions induces localized sur-
face plasmon resonance (LSPR), a collective oscillation of free electrons
within the metal NPs. This LSPR amplifies the near-surface light in-
tensity and enhances TiOs5s optical absorption at resonant frequencies,
where the NP5 intrinsic plasmonic frequency matches that of the inci-
dent light. Consequently, LSPR can increase the production of photo-
generated charge carriers. Additionally, when the overlap occurs
between LSP spectral resonances and the optical absorption of TiO,, the
intensified EM radiation generates more electron-hole pairs. Moreover,
plasmon decay can produce so-called “hot electrons” wherein energy
transfer from the plasmons to metal CB electrons allows their injection
into the TiOy CB, provided their energy exceeds the Schottky barrier [8,
10]. Thus, LSPR enhances the TiO5 photocatalytic activity by increasing
the charge carrier generation. By selecting appropriate metal NPs (type,
size, shape) and surrounding media, the LSPR frequency can be tuned to
extend TiOg’s charge carrier generation into the visible or even
near-infrared regions [8-10].

Gold (Au) and silver (Ag) NPs are widely used plasmonic enhancers
for TiO, photocatalysis due to their strong LSPR excitations in the near
UV and visible range, coupled with high chemical stability [8,9].
However, their high cost and limited availability hinder large-scale
production. Consequently, research has shifted towards more abun-
dant alternatives, including Al [11,12], Ni [13], Cu [14,15], or Bi [16].
Copper, with its high electrical conductivity, low cost, environmental
compatibility, and biocompatibility, is an excellent alternative to noble
metals [17]. Similar to Au and Ag, Cu nanostructures exhibit plasmonic
behavior and strong LSPR in the visible region [18]. Indeed, TiO»-Cu
composites have demonstrated significant enhancements in TiOy’s
photocatalytic performance across various applications. For example,
surface decoration of TiO2 NPs or porous structures with Cu nano-
particles improves CO; reduction [17,19,20], photocatalytic
water-splitting for hydrogen production [21-25] and pollutant degra-
dation [26-29] under simulated solar or visible radiation. Likewise, Cu
NP deposition on TiO3 nanorods, nanotubes or nanosheets has shown
substantial benefits in photocatalytic hydrogen evolution [30-32] or
pollutant photodegradation [33-35].

In most of those studies, metal NPs are deposited directly onto TiO,
surface [36,37]. However, ambient exposure (humidity, air, aqueous
solvents) leads to Cu NP oxidation, diminishing their plasmonic and
catalytic properties [38,39]. Furthermore, surface-attached NPs are
susceptible to corrosion, reshaping and detachment during photo-
catalysis [40]. Ensuring chemical stability of Cu nanostructures is
crucial but can be a major challenge in photocatalytic applications.
Strategies to protect Cu include coating of TiO»-Cu composites with a
carbon or polymer layer [41,42] or by encapsulating Cu nanostructures
within TiO; shells [43,44]. Alternatively, incorporating Cu NPs into the
TiO, matrix offers protection from ambient conditions and enhances the
electrical contact between Cu and TiO,. Wet-chemical methods, such as
combined sol-gel and photodeposition [14] or solvothermal synthesis
[45], facilitate Cu NP embedded within porous TiO; systems like aero-
gels or micro/nanoparticle clusters. These TiO,-Cu composites showed
excellent photochemical properties when illuminated with visible light.

Embedding metallic NPs partially or completely within the TiO,
matrix increases their contact area, enhancing charge transfer between
the NPs and TiOg, thereby boosting the photocatalytic activity [40]. For
example, TiO electrodes with embedded Au NPs exhibited significantly
better water splitting performance under visible light compared to TiO2
films with surface-deposited Au NPs [46]. Similarly, TiO2 nanocolumn
arrays filled with Ag NPs showed higher methylene blue degradation
efficiency than Ag-coated TiO structures [47].

In most photocatalytic studies, active materials in the form of micro/
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nanoparticles or powders are generally used, as these materials possess
high porosity and specific surface area. However, in practical applica-
tions, the photocatalyst must be reusable and easily removable from the
environment in which the photocatalytic process takes place, which can
be a major difficulty with nanoparticles or powders in liquids or aqueous
solutions. On the other hand, photocatalytic thin films or coatings on
solid substrates can be a viable alternative to powdered materials as they
can be easily removed from dispersions or solutions and are reusable
over a longer period of time. In addition, polycrystalline thin films can
have a nano-grained structure with high surface roughness and high
specific surface area, which can be very favorable for photocatalytic
processes [48].

Directly incorporating metallic nanostructures into the TiOy matrix
during growth poses challenges, as metal atoms often exhibit high
diffusivity in oxide matrices and are susceptible to oxidation during the
process. Consequently, reports on direct TiO2-metal thin film composite
deposition are scarce. For example, pulsed laser deposition yielded Au-
incorporated TiO5 films with excellent solar-driven photocatalytic ac-
tivity without post-annealing, but required high deposition tempera-
tures (300 — 700 °C) [49]. Similarly, magnetron sputtering produced Cu
NP-containing TiO» films demonstrated enhanced methyl orange pho-
todegradation activity under UV light, albeit with poor crystallinity
[50].

The present study utilizes atomic layer deposition (ALD) to synthe-
size polycrystalline TiO2-Cu composite thin films, by directly incorpo-
rating Cu NPs into the TiOy matrix during growth without post-
treatment. ALD has attracted considerable attention for thin semi-
conductor film growth for its precise nanometer-scale thickness control
and conformality on both flat and porous substrates. Previous work
demonstrates ALDS efficacy in structural and chemical modification of
photocatalytic metal oxide semiconductors, enabling grain size control
in polycrystalline TiO, [51], tuning the optical, structural, and electrical
properties of TiO; thin films by the selection of the appropriate sub-
strate, film thickness and deposition temperature [52], efficient copper
doping of ZnO thin films [53], or covering titania nanotubes with thin
and conformal TiO coatings [54].

ALD-grown TiO2-Cu composite films were characterized for surface
morphology, elemental composition, crystalline and electronic struc-
ture, conductivity, and optical absorption using X-ray diffraction (XRD),
X-ray photoelectron spectroscopy (XPS), scanning electron microscopy
(SEM), energy dispersive X-ray spectroscopy (EDS), transmission elec-
tron microscopy (TEM), UV-vis spectroscopy, and photoconductivity
measurements. The photocatalytic performance was assessed by moni-
toring the degradation of methylene blue (MB) in an aqueous solution
under simulated sunlight irradiation.

2. Materials and methods
2.1. ALD synthesis

ALD syntheses were carried out in a Beneq TFS 200 system at a
deposition temperature of 250 °C on Si(100), quartz(100) or amorphous
glass substrates. High-purity nitrogen (purity 6.0) was used as both
carrier and purging gas. Prior to the deposition, the substrates were
ultrasonically cleaned in acetone, Milli-q water and isopropanol and
dried with Ny gas. Pure TiO, samples were grown with 1500 ALD cycles,
where titanium tetrachloride (TiCls, 99.9 %, Sigma-Aldrich) and
deionized water (HoO) were used as titanium- and oxygen-containing
precursors, respectively. In one ALD cycle, TiCl4 was pulsed in the
deposition chamber for 250 ms, followed by a 3 s purging step with Ny, a
180 ms pulse of H2O and the final 1 s purging step with Nj.

For the growth of TiO2-Cu composites with varying copper content,
copper(Il) acetate (Cu(OAc),) was added to the TiO, growth process.
The depositions consisted of 15 ALD supercycles, with alternate pulses of
TiCly, Cu(OAc); and H,O. The first step in the supercyle consisted of 100
TiCly/H20 ALD cycles, as described above. In the second step, x ALD
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cycles of Cu(OAc), and water were employed, where one cycle consisted
of a 1 s pulse of Cu(OAc), followed by 5 s purge with Ny, 1 s pulse of
Ho0 and a 5 s purge with Ns. For the composite films marked with
Ti02-Cu25, Ti02-Cu75, and TiO2—Cu200, the value of x was 25, 75, and
200, respectively. During the deposition, Cu(OAc), was heated at 190 °C
in a hot source to provide sufficient vapor pressure and carried into the
reaction chamber with Nj. The thickness of all ALD-grown films was
within the range of 75 - 90 nm, as established from SEM cross-sectional
measurements.

2.2. Material characterization

The crystal structure of the samples was characterized by grazing
incidence X-ray diffraction (GIXRD) technique with a PANalytical X Pert
Pro diffractometer, using the Cu K, line of 0.154 nm as the incident X-ray
radiation. During the measurements, the angle of incidence was main-
tained at 1°.

The photoemission spectra were recorded with a SPECS XPS spec-
trometer, equipped with a monochromatized X-ray source of energy
1486.74 eV (Al K, line) and a hemispherical Phoibos MCD 100 electron
energy analyzer. For spectra around the Cu 2p core levels, the pass en-
ergy was set to 50 eV, while for the measurements around Ti 2p and O 1s
core levels it was set to 10 eV. In addition, the Auger Cu LMM and
valence band spectra were measured with the pass energy of 25 eV. The
spectra were calibrated by setting the C 1s peak to a binding energy (BE)
of 284.5 eV. Cu 2p, Ti 2p and O 1s experimental curves were fitted with
the product of Gaussian and Lorentzian functions after Shirley back-
ground subtraction, using the commercial UNIFIT software.

The surface morphology was analyzed using a JEOL JSM-7800F field
emission SEM instrument. The micrographs were recorded by collecting
the secondary electrons at a working distance of 3 mm and back-
scattered electrons at a working distance of 4 mm, with the electron
beam acceleration voltage of 10 kV. Cross-sectional SEM images were
recorded by detecting backscattered electrons applying the same ac-
celeration voltage. Energy dispersive X-ray spectrometer (EDS) (X-Max
80, Oxford Instruments, UK), integrated in the SEM, was used to obtain
elemental maps.

The analysis of the cross-sectioned TiO»-Cu films was performed
using a conventional transmission electron microscope (TEM; JEM
2100, Jeol Ltd.) and a scanning transmission electron microscope
(STEM; Talos, Thermo Fisher Scientific) for elemental mapping, both
operated at 200 kV. A thin, electron-transparent lamella was prepared
using a focused ion beam (FIB-SEM; Helios NanoLab 600i dual beam
system, Thermo Fisher Scientific). For this purpose, a slice was cut from
the middle of the film and thinned to reveal the cross-sectional
composition within the layer.

Raman spectra were recorded under ambient conditions in a back-
scattering configuration using a Jobin Yvon T64000 spectrometer. An
Ar*/Kr* ion laser, operating at a wavelength of 514.5 nm, was used as
excitation source. The optical absorption was measured on the films
deposited on quartz substrates, using the Perkin Elmer Lambda 950 UV-
Vis-NIR spectrophotometer equipped with a 150 mm integrating sphere.
The relative percentage of absorbed light was determined from the
transmittance and reflectance dataasA =1 — T — R.

Photoconductivity was measured on pure TiOy and TiO»-Cu com-
posite films deposited on glass substrates, cut to dimensions of 8 mm x
15 mm. Electrical contacts were made with silver paint on the opposite
sides of the samples. During the measurements, a constant voltage of 10
V was maintained with Keithley 2401 Source Measure Unit, while the
photocurrent (measured using the same instrument with the current
range of 1 pA - 5 A) was excited with a solar simulating lamp (OSRAM
Vitalux lamp, 300 W).

2.3. Photocatalytic activity measurements

The photocatalytic activity of the ALD-grown thin films was

Surfaces and Interfaces 73 (2025) 107570

determined by monitoring the temporal decomposition of methylene
blue (MB) in an aqueous solution under simulated sunlight irradiation at
room temperature. Rectangular samples (1 cm x 3 cm) were immersed
in an open beaker filled with 15 mL of 1.35 x 10~> M aqueous MB so-
lution. First, the photocatalyst and MB solution were kept under con-
stant stirring in ambient conditions for 1 h in the dark, until the
adsorption—desorption equilibrium on the photocatalyst surface was
achieved. Second, the beaker containing the sample and the MB solution
was irradiated with an OSRAM Vitalux lamp (300 W) under continuous
stirring. The optical absorption of the MB solution was measured in
intervals of 60 min with a UV-vis spectrophotometer (Thermo Scientific,
Evolution 201). The change in concentration of MB was calculated from
the relative intensity change of the characteristic MB absorption line at
664 nm. Additional measurements of photocatalytic activity were per-
formed by observing the decomposition of caffeine over time in an
aqueous solution (with a molar concentration of 1.29 x 107° M). All
other experimental conditions were the same as in the case of MB, while
the change in caffeine concentration was calculated from the intensity
change of the characteristic caffeine absorption line at 272 nm.

3. Results and discussion
3.1. Structure and chemical composition

The crystallinity of ALD-grown TiO films depends strongly on the
process temperature [51,55]. As the crystalline state also influences the
photocatalytic activity, we analyzed our samples by XRD (Fig. 1). The
pure TiO sample exhibits a typical anatase structure with characteristic
reflections from the (101), (004), (200), (211) and (204) crystallo-
graphic planes (JCPDS 88-1175 card). In the TiO-Cu25 sample (lowest
Cu content), strong anatase TiOy peaks are preserved, with a small
(111)-Cu reflection appearing at 260=43.3° (JCPDS 003-1018). A sub-
strate peak at 56.1° (marked with an asterisk) is also observed. The
TiO5-Cu75 sample shows increased (111)-Cu intensity and a new
(200)-Cu diffraction peak at 50.5°, indicating higher metallic Cu content
than in the TiO2-Cu25 sample. Compared to pure TiO;, TiOp-Cu25
maintains similar anatase TiO, peak intensities, suggesting a
well-preserved TiO; crystal structure. However, TiO-Cu75 shows
slightly reduced TiO, peak intensities, indicating potential crystallinity
loss or lower anatase TiOy proportion. The TiO2-Cu200 sample displays
further increased Cu peak intensities and decreased TiOy peaks. An
additional peak at 28.7° (marked with a circle) is observed, likely
attributable to Cu(OAc), vaporization residues, as it only appears with
Cu prolonged precursor pulsing.
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Fig. 1. XRD patterns of a pure TiO, and TiO,-Cu composite films with varied
Cu content.
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XRD analysis indicates a progressive substitution of the TiO5 phase
by the metallic Cu with increasing Cu content in the TiO2-Cu composite
films. Notably, no copper oxide diffraction lines are seen. Furthermore,
the TiOg-related peaks in the TiO,-Cu samples remain unshifted
compared to pure TiO,, suggesting Cu atoms are present solely in
metallic form, not as substitutional defects in the TiO, matrix.

XPS measurements were conducted to determine the Cu chemical
state (Fig. 2a). All TiO-Cu composite films exhibit similar Cu 2p
photoemission spectra with sharp, well-resolved peaks at binding en-
ergies of 933.2 eV (Cu 2p3,2) and 953.2 eV (Cu 2p;,2), consistent with
metallic copper [56,57]. Again, no satellite lines characteristic for cupric
oxide (CuO) are observed [56,57]. The Cu 2ps,2 experimental spectra
for all TiO3-Cu composite films can be fitted with the symmetric
Gaussian-Lorentzian curves with the similar full width at half maximum
(FWHM) of (2.34+0.1) eV (see Fig. S1 in the Supporting material). As
seen from Fig. 2a, the Cu 2p3,2 and Cu 2p; /5 peak intensities increase
with the number of Cu(OAc); ALD cycles, indicating enhanced metallic
Cu content.

Since metallic Cu (oxidation state Cu®) and cuprous oxide CuyO
(oxidation state Cu™) have similar Cu 2p photoemission lines, both in
terms of energy position and shape, Auger Cu LMM spectra are some-
times used to distinguish between metallic Cu and Cuy0 [57]. However,
as seen from Fig. S2 in the Supporting material, the overlap between the
Ti 2s photoemission line and the Cu LMM Auger peak makes such an
analysis difficult in the case of our TiO,-Cu composites. For the samples
with the lower Cu content (TiO2-Cu25 and TiO,-Cu75), the Ti 2s peak
shows a clear broadening towards the higher BE side, but the peak at
about 568 eV, which is characteristic of metallic Cu [57], is only clearly
visible for the sample with the highest Cu content (TiO2-Cu200). On the
other hand, the presence of CupyO should be accompanied by the
appearance of a peak at about 570 eV [57], which is clearly absent in our
TiO2-Cu composite films. Hence, our XPS measurements presented in
Fig. 2 and Figs. S1 and S2 are in good agreement with the XRD analysis
from Fig. 1, indicating the presence of Cu in the metallic form, but the
absence of features related to copper oxides.

In addition, the Ti 2p photoemission spectra of the TiO,-Cu com-
posite films show a great similarity with the spectrum measured on pure
TiO4 (Fig. S3). All Ti 2p spectra consist of a symmetric doublet peak with
a separation between the Ti 2p3/» and Ti 2p; /2 components of about 5.7
eV, which is characteristic of TiO5 [51,55]. In addition, the FWHM of the
Ti 2p3/2 component has a value of (1.10+0.05) in all samples, indicating
that no additional Ti-related bonds are formed in the TiO,-Cu samples.
The O 1s photoemission peaks also show no major difference between
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pure TiO, and TiOs-Cu films and reveal only a slight increase in
O-related defects in the Cu-impregnated samples (see Fig. S4 in the
Supporting Material). XPS survey spectra and relative elemental
composition of ALD-grown samples (calculated from XPS survey
spectra) are presented in Fig. S5 and Table S1, respectively.

Valence band (VB) XPS spectra provide further information about
the chemical composition of our ALD-grown films (Fig. 2b). The pure
TiO4 sample exhibits anatase type of TiOo, with characteristic peaks A
and B at BEs around 7.0 eV and 4.5 eV, respectively. Peak A corresponds
to the Ti 3d/O 2p o-bonding states, and the less intense peak B to O 2p
n-anti-bonding states [58,59]. The TiO3-Cu25 VB spectrum closely re-
sembles pure TiO,, with a small shoulder peak C at around 2.5 eV. The
intensity of this new peak increases in the TiO-Cu75 spectrum. The
energy position of peak C aligns with the most intense metallic Cu VB
peak, which originates from Cu 3d orbitals [60]. While TiO, VB peaks A
and B dominate the TiO2-Cu25 and TiO2-Cu75 spectra, peak C (metallic
Cu) is most prominent in the VB spectrum of the TiO2-Cu200 film. This is
in excellent agreement with the XRD results, indicating high metallic Cu
content and TiOj loss in TiO-Cu200.

XRD and XPS confirm the polycrystalline nature of the ALD-grown
TiO2-Cu composites, consisting of anatase TiO, and metallic Cu pha-
ses. SEM and TEM were employed to investigate the surface morphology
and bulk structure of the TiOs-Cu films (Fig. 3). The pure TiO5 film
exhibited a flat surface with ~100 nm plate-shaped crystallites,
consistent with previous studies under similar ALD conditions [51,55].
However, Cu incorporation significantly altered the surface
morphology. The surface of the TiO,-Cu25 sample became rougher with
the apperance of small grains, which increased in size and surface
concentration in TiO,-Cu75 (top row of Fig. 3). Tilted SEM images by
10° (insets in Fig.3) further confirm the roughness increase with the Cu
content.

Backscattered electrons (BSE) SEM images (see Fig. S6 in the Sup-
porting material) show bright spots on TiO2-Cu samples, but not on pure
TiOs. Given the BSE signal dependance on the atomic number, these
spots, indicative of elements with higher atomic numbers, were attrib-
uted to metallic Cu structures, corroborated by XPS and XRD. EDS maps
(see Fig. S7 in the Supporting material) confirm Cu presence in the grain-
like structures in the composite films.

High-magnification SEM images (bottom row of Fig. 3) show that the
TiOg crystallite sizes in TiO2-Cu25 and TiO2-Cu75 were similar to pure
TiO,. Furthermore, in addition to the larger grains, smaller nanometer-
sized grains were also embedded in these films. TiO-Cu75 showed a
higher, more uniform grain distribution compared to the sporadic

C
—_ |
110°L a) \ Cu 2;13/2 | 2T b) |\ .
.E |
| - '
. | T
810’ Cu2p 7 ',.‘E ' 1
~ &= - | Cu meta
& 1/2 ' IS M,W T‘\ — N
= 610°) \ f {2 Lo
Z L 1 E PN |
g 410° \"“w / \ | \\ 5 |
= i | f Moz-(:uzoo' g | Ti02-Cu200+
IENVANY L\ o
i02-Cu75 .
210°F Aeisg gl M w4 g Ti02-Cu25
W/ ‘ i 102-Cu25 Z | TiO2
0 C 1 1 1 | 1 1 1 1
960 940 920 10 5 0 -5
Binding Energy (eV) Binding Energy (eV)

Fig. 2. (a) Cu 2p core-level photoemission spectra of TiO, films with incorporated Cu. (b) Valence band photoemission spectra of pure TiO, and TiO,-Cu composite
films. For the reference Cu metal spectrum a metallic copper foil was measured after cleaning by in-situ Ar* ion bombardment.
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TiO,-Cu200

Fig. 3. SEM micrographs (secondary electrons) of pure TiO, and TiO,-Cu composite film surfaces at two different magnifications. Insets: 10° tilted images, 10 mm

working distance, 10 kV acceleration voltage.

distribution in the TiO3-Cu25 sample. For TiO,-Cu200, Cu structure
sizes increased, while the size of TiO, crystallites decreased, consistent
with our XRD and XPS findings of high metallic Cu content and deteri-
orated TiO; crystallinity.

Cross-sectional backscattered electron SEM measurements (Fig. 4)
revealed the bulk composition of the ALD-grown films. Pure TiO»
exhibited a homogeneous structure throughout its thickness (Fig. 4a).
However, the TiO2-Cu samples contained metallic Cu particles with their
size and quantity increasing with the Cu content (Fig. 4b-d). TiO2-Cu25
shows a single Cu NP (~ tens of nanometers) embedded in the film
(Fig. 4b), while TiO2-Cu75 shows multiple NPs embedded in the TiOy
matrix (Fig. 4c). The images confirm that surface protrusions in Fig. 3
originate from embedded Cu particles in the TiO2 matrix. As can be seen
from Figs. 4 and S6, CuNPs in the TiO-Cu75 sample are larger and are
spatially closer together than in the TiO3-Cu25 film. In addition, the
BSE-SEM images in Fig. S6 show that the Cu NPs in the TiO2-Cu25 and
TiO2-Cu75 films are uniformly distributed, while the TiO2-Cu200 sam-
ple exhibits a rather uneven distribution of Cu NPs, with a wide range of
sizes from 50 nm to 300 nm or more. The size distribution of the Cu
particles (determined from the BSE-SEM images) is shown in Fig. S8 in
the Supporting material. The TiO2-Cu25 film has Cu NPs with a size of
up to 80 nm and an average size of about 50 nm, while the Cu NPs in the
TiO,-Cu75 sample can reach a size of up to 150 nm and have an average
size of 78.5 nm. On the other hand, most of the Cu particles in the TiO»-
Cu200 sample have a size of around 50 — 80 nm, but the film also
contains some large Cu particles with a diameter of 300 nm or more.

TEM cross-sectional images (Fig. 5) provide additional insights into
the bulk composition of TiO2-Cu25. Fig. 5a shows two embedded Cu
particles. A high-resolution TEM image (Fig. 5b) taken from the left
particle in Fig. 5a, along with STEM HAADF and EDS maps (Fig. S9),
confirms presence of copper within the TiO. matrix, as the Ti and O
signals are attenuated in the region where copper is located. The film
primarily consists of randomly orientated TiO5 anatase grains, some of
which are elongated, especially in Cu-free regions. In Cu-rich areas, TiO»

grains are smaller and more uniform, with some terminating at Cu in-
clusions and others growing from or around them. The high-resolution
image (Fig. 5b) reveals smaller TiO2 grains growing alongside copper,
with corresponding lattice spacings: specifically, the (100) plane of
anatase TiO2 and the (110) plane of metallic Cu. The Cu inclusion is
polycrystalline, composed of randomly oriented but smaller Cu crystals.
Thus, SEM and TEM confirm the presence of Cu nanoparticles in the
composite films, with particle size increasing as the Cu content
increases.

3.2. Raman analysis and optical absorption

Raman measurements (Fig. 6) complement our XPS, XRD and mi-
croscopy analysis. Pure TiO4 exhibits the characteristic anatase Eg mode
at141.6 cm ™! [61]. Further peaks at higher energies correspond to other
anatase phonon modes and overtone modes from the substrate. With Cu
incorporation, the anatase structure persists (consistent with XRD,
Fig. 1), but the Eg mode broadens (inset in Fig. 6), indicating reduced
quasiparticle lifetime due to grain boundary scattering [61]. A discon-
tinuity in the Eg modes energy between TiO,-Cu25 and TiO,-Cu75
suggests larger sized and larger amounts of Cu NPs in the latter, inducing
greater strain and structural distortion of TiO3 in the vicinity of the Cu
NPs, as confirmed by TEM.

UV-vis absorption spectra (Fig. 7) show that CuNPs incorporation
into the TiOy matrices significantly alters the optical properties of the
films. The pure TiO; absorbs negligibly in the visible range with an
absorption edge at ~360 nm, in good agreement with the literature
[51]. In contrast, the TiO2-Cu25 sample shows strong visible and UV
absorption, featuring a sharp peak at around 400 nm. Based on our SEM
and TEM analysis, we attributed this peak to the LSPR effect in the Cu
NPs embedded into the TiO3 film. Namely, the intensity and the position
of the LSPR peaks of metallic NPs strongly depend on the size, shape and
spacing of the metal nanoparticles as well as on the concentration of
conduction electrons in the metal and the intrinsic dielectric properties

Fig. 4. Cross-sectional backscattered electron SEM micrographs: (a) pure TiO, film, (b) TiO,-Cu25, (c) TiO2-Cu75. (d) TiO,-Cu200.
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Fig. 5. a) Low-magnification cross-sectional TEM image of two Cu NPs embedded in TiO». b) High-magnification TEM image of the left Cu particle in (a) with plane

spacing labelled for anatase TiO5(100) and Cu(110).
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Fig. 6. Raman spectra of pure TiOz and TiO,-Cu composite films. The inset
shows the energy position (blue) and linewidth (red) of the anatase Eg mode
with respect to the Cu content. Due to the clarity of the spectra, the designations
for the TiO,-Cu samples were shortened to Cu25 (TiO,-Cu25), Cu75 (TiOo-
Cu75) and Cu200 (TiO,-Cu200).
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Fig. 7. UV-vis absorption spectra of pure TiO5 and TiO»-Cu composite films.

of the NPs and the surrounding medium [62]. Indeed, it has been shown
that Cu NPs can exhibit an LSPR peak in a wide range of wavelengths,
from the UV [63] to the visible region [14,34,64].

As can be seen in Fig. 7, the LSPR peak in the TiO2-Cu75 sample is
broadened and shifted to longer wavelengths (it is centered at around
470 nm) compared to the TiO5-Cu25 film. The broadening of the LSPR
peak can be attributed to the large dispersion of sizes and shapes of Cu
particles in the TiO,-Cu75 sample, as was observed in previous studies
on Cu NPs dispersed in mesoporous TiO5 [14] or composites consisting
of TiO, nanostructures and Au nanodiscs or NPs [65,66]. On the other
hand, the red shift of the LSPR peak is probably related to the occurrence
of Cu NPs with larger size in the TiO2-Cu75 film, as we found in SEM
analysis [14,64]. Namely, one of the mechanisms behind this effect is
related to the relaxation time of the free electrons in the Cu NPs, which
increases with increasing particle size, leading to an increase in the LSPR
wavelength [18]. In addition, both the TiO2-Cu25 and TiO2-Cu75 sam-
ples show a broad absorption at around 700 nm, which can be ascribed
to the inter-particle coupling between the Cu NPs [49,67]. This peak is
more pronounced in the TiO,-Cu75 film than in the TiO2-Cu25 sample
due to the smaller gaps between the NPs in TiO2-Cu75, as observed from
our SEM measurements. The LSPR peaks in our TiO2-Cu composites are
in the range of 400-500 nm, which agrees well with the results obtained
for Cu NPs with a size of a few tens of nanometers prepared by an
electrochemical method on glass substrates [68] or deposited on TiOy
nanorods by a solvothermal technique [34]. In addition, similar wave-
lengths for LSP resonances were found for Ag NPs, with the sizes of
~30-100 nm embedded in TiO; layer [69]. On the other hand, the LSPR
effects are not clearly observed in the sample with the highest Cu con-
tent, which is probably due to an abrupt increase in Cu size beyond a few
hundred nanometers and possibly impurities present in this film.

The TiO, optical band gaps for our ALD-grown samples were deter-
mined using the Tauc plot method [70]. The results are shown in
Fig. S10 in the Supporting material. Pure TiO5 has an optical band gap
(Eg) of 3.31 eV, which is close in value with the previous studies on TiO2
anatase thin films [51,52,70]. The film with the lowest Cu content
(TiO2-Cu25) shows a similar band gap value as the pristine sample.
However, the band gap decreases significantly for the TiO,-Cu75 (E,
=3.19 eV) and Ti02-Cu200 (E; =3.05 eV) samples, which is most likely
due to the overlap of the absorption of TiO5 and the LSPR peaks of Cu.

Our SEM and TEM measurements show that metallic Cu is present in
the ALD-grown composite films in the form of NPs that are well
dispersed in the TiO matrix. The source of copper in our syntheses was
Cu(OAc), which was heated at 190 °C under vacuum conditions, and the
evaporation products were transferred into the deposition chamber
(heated to 250 °C) with Ny carrier gas. The formation of metallic Cu in
ALD deposition using Cu(OAc)2 and H0 as precursors seems somewhat
counterintuitive, as in most cases reducing co-reactants are needed in
addition to the source of metal atoms to deposit pure metals. The pre-
vious studies show that the thermal characteristics of Cu(OAc), can be
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quite complex. At annealing temperatures above 150 °C under oxygen-
free conditions, the Cu®" ions in Cu(OAc), are reduced to lower oxida-
tion states and the various cluster molecules in the gas phase can be
formed [71]. When Cu(OAc), is heated to below 200 °C, copper(I) ac-
etate (CuOAc) gas was found to be the main product of Cu(OAc),
evaporation, which was used for the ALD synthesis of CuyO thin films
[72]. However, in the same study, it was found that the metallic Cu films
were formed for the deposition temperatures above 240 °C when Cu
(OAc); and Hy0 were used as precursors, which was ascribed to the
thermal decomposition of CuOAc.

On the other hand, Cu(OAc), annealed at 150 °C was successfully
employed to prepare Cu metal clusters, which were used as a catalyst for
the chemical vapor deposition of graphene layers on quartz substrates
[73,74]. In addition, our recent work on thin ZnO-Cu films has shown
that metallic Cu can be generated during the prolonged evaporation of
Cu(OAc); at a temperature of 180 °C [52]. In this study, we used a low
number of ALD cycles (25-200) for the pulses of Cu(OAc), precursor
between TiOy deposition, which cannot lead to the layer-by-layer
growth of Cu structures with sizes up to 100 nm or more, since the
growth rate for the ALD depositions with Cu(OAc)s is about 0.12 A per
cycle [72]. Therefore, based on the previous studies, we argue that Cu
clusters and NPs were formed either directly during thermal evaporation
of Cu(OAc), and deposited on the substrate during ALD growth of TiO,
or by thermal decomposition of CuOAc in the deposition chamber. As
the experimental data show, the employed deposition conditions led to
the growth of TiO-Cu composites with Cu NPs incorporated into
anatase TiO, matrices.

3.3. Photocatalytic activity

Fig. 8a shows the photocatalytic degradation of MB (determined by
measuring the change in intensity of the characteristic MB absorption
peak at 664 nm) under simulated solar irradiation for pure TiOy and
TiO,-Cu composites. Pure TiO, degraded about 75 % of MB in 7 hours
(Fig. 8a), driven by UV absorption as TiO» didnt absorb in the visible
region (see Fig. 7). TiO2-Cu25 had the highest photocatalytic efficiency,
degrading ~95 % of MB. The efficiency decreased with increasing Cu
content, however, TiO2-Cu75 still outperformed pure TiO, with 88 % of
MB degradation. TiO,-Cu200 showed the lowest activity of all ALD-
grown samples. Photocatalytic measurements performed using only
the aqueous MB solution without ALD-grown films (referred to as
“blank” in Fig. 8a) show that about 20 % of the MB is degraded even
without photocatalyst, indicating that some degree of photolysis or self-
sensitization of the MB dye [75] occurs under illumination with the 300
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W solar simulating lamp.

While first-order kinetics often describe TiOy-based photo-
degradation of azo dyes [26,27,33-35,51], our data are poorly fitted
with a single rate constant (see Fig. S11). Instead, a two phase model,
each with first-order kinetics and distinct rate constants, better describes
our results (Fig. 8b). This figure shows In (C; /Co) vs. time, divided into
two linear regions, representing two degradation phases of MB. The MB
concentration change is described by:

C, = Coe ™™t fort<r,
C,=C.e™7 fort>r,

where 71 is duration of the first phase (3 hours), C; is the concentration of
the MB solution at 7, and k; and k5 are the rate constants for the first and
second phases, respectively. The rate constants (see Fig. S12) were
derived from the linear fits of the In (C; /Cy) versus time plots: k; =
0.15h~! and ky = 0.24h™" (TiOy), k; = 0.28h ™" and ko = 0.53h ™" (TiO-
Cu25), k1 = 0.24h ' and k» = 0.33h ™" (Ti0,-Cu75), k; = 0.09h " and k»
= 0.12h7! (Ti0,-Cu200). For all but TiO,-Cu200, ks is significantly
larger than kj, indicating faster degradation in the second phase. TiO»-
Cu200 exhibited similar k; and ko values, reflecting its lower photo-
catalytic efficiency.

The occurrence of two different phases in the photodegradation of
Rhodamine-B was observed on Ag NP-decorated TiO, [76]. This could
be due to: 1) dye concentration effects, where higher initial concentra-
tions slow down the photodegradation process [77,78]. This is explained
by the increased competitive surface adsorption of dye molecules lead-
ing to a reduced formation of hydroxyl radicals [78]. Indeed, we observe
a40-60 % MB reduction with TiO,, TiO5-Cu25 and TiO5-Cu75 in the first
3 hours of the photocatalytic process. Hence, the concentration of MB is
significantly reduced in the second stage of the photodegradation, which
leads to higher rate constants; 2) MB degradation occurring in multiple
steps, with intermediates influencing the two phases of the photo-
degradation. The MB decomposition pathway involves initial conversion
of MB to intermediates, followed by secondary degradation into smaller
compounds, and finally, degradation of colored intermediates [79]. As
shown in Fig. S13, a blue shift in the MB absorption peak (664 nm to 635
nm) occurs, indicating the formation of by-products such as Azure A,
Azure B, Azure C and Thionine via demethylation [80]. The shift is more
pronounced in the second phase, especially for TiO,-Cu25, suggesting
that both reduced dye concentration and by-product formation
contribute to a faster second-phase photodegradation.

In addition to monitoring the degradation of MB through
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decolorization, measured by observing the change in intensity of the
characteristic MB absorption peak at 664 nm (Fig. 8 and Fig. S13), we
also monitored the mineralization of MB under simulated sunlight by
observing the decrease in intensity of the absorption peak at 292 nm.
The results for the TiO2-Cu25 film can be seen in Fig. S14 in the Sup-
porting Material. As shown in Figs. S13 and S14, the characteristic peaks
of MB appear at 246 nm, 292 nm and 664 nm, which correspond to the
chromophore, N,S-substituted heterocyclic structure, benzene ring and
dimethylamino group, respectively [81]. The intensity of all absorption
peaks of MB is significantly reduced after 7 hours of exposure to simu-
lated sunlight, indicating that almost complete mineralization and
decolorization of MB is achieved.

In order to test the reusability and stability of the TiO,-Cu25 sample,
the photocatalytic degradation of MB was carried out three times under
the same conditions (Fig. 9). The second and third run of the photo-
catalytic test showed very similar results to the first measurement, with
MB degradation of about 93 % after 7 hours of simulated solar illumi-
nation, confirming the long-term stability and the possibility of multiple
use for photocatalytic applications of our TiO2-Cu composite films.

To further investigate the photocatalytic activity of our ALD-grown
films, we performed measurements of the photocatalytic degradation
of caffeine in an aqueous solution. In contrast to the dyes, the photo-
catalytic degradation of caffeine should not be influenced by dye-
sensitizing effects. This can be seen from Fig. S15 in the Supporting
material, as the “blank” measurement (i.e. the photocatalytic measure-
ment carried out using only the aqueous caffeine solution without the
photocatalyst) showed that the caffeine concentration only decreases
insignificantly (~3 %) after 7 hours of exposure to the simulated solar
light. On the other hand, as seen from Fig. S15, our ALD-grown films
(TiO2 and TiO2-Cu25) are also very effective in caffeine degradation,
and both films show a slightly increased photocatalytic rate constants
compared to the second phase in the degradation of MB (k(TiO2)= 0.29
h™! and k(TiO,-Cu25)= 0.56 h™1). Although the photocatalytic degra-
dation of MB and caffeine has different kinetics (in contrast to MB, the
degradation of caffeine can be well described by only one phase of
degradation following the first-order kinetics), these results show that
our ALD-grown films have high photocatalytic efficiency under simu-
lated solar irradiation.

TiOs films with lower Cu NP concentrations exhibit a 1.5-fold (TiO»-
Cu75) and 2-fold (TiO2-Cu25) enhanced photocatalytic activity
compared to pure TiO,. While direct comparisons with literature are
challenging due to varying experimental setups (e.g. different light
sources, type and concentrations of azo dyes or toxins, lateral di-
mensions of the photocatalyst, etc.), our ALD-grown TiO,-Cu hybrids
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exhibit excellent performance. Compared to magnetron sputtered TiOo-
Cu films (1.5-fold increase in methyl orange degradation [50]), meso-
porous TiOy with Cu NPs (rate constants of 0.26-0.63 h™! for cipro-
floxacin hydrochloride degradation [27]), and Cu-decorated TiO;
nanotube arrays (70 % MB degradation in 4 h [34]), our TiO,-Cu sam-
ples showed comparable or superior photocatalytic activity. Notably,
our TiO2-Cu NP composite films even outperform some TiO; composites
with noble metals, such as PLD-grown TiO2-Au (20 % MB degradation in
250 min [48]), Ag-decorated porous TiOz (60 % amoxicillin and 2,
4-diclorophenol degradation in 5 h [82]), and spin-coated TiO2-Ag
(rate constant ~0.4 h™! for Rhodamine B [83]). These results highlight
the potential of our ALD-grown TiO2-Cu hybrids as a viable alternative
to noble metal containing TiO, photocatalysts.

In most cases studied in the literature, photocatalytic TiO2-Cu sys-
tems are in the form of CuNPs deposited on the surface of TiO,NPs or
powders [21-25]. Although such materials usually exhibit high photo-
catalytic activity due to their large surface area, the removal of the
powders or NPs from the solutions or the aquatic environment generally
poses a major problem for their practical application. Another approach
often involves the surface decoration of TiO, nanostructures, such as
nanotubes [30,34] or nanorods [28,33] with Cu NPs. However, the
metallic Cu on the surface of the material can be susceptible to oxida-
tion, which is why in many studies copper oxides, CuO and CuyO, are
found to be present together with the metallic Cu in the synthesized
photocatalysts [21-24,28,34] Also, the additional oxidation of Cu in the
solutions or in the aquatic environment where the photocatalytic pro-
cess takes place can lead to the poor reusability of the photocatalysts
containing surface copper species. Although our ALD-grown TiO2-Cu
composite films cannot exhibit such high photocatalytic rates as the
highly porous photocatalysts in the form of NPs or nanostructures, we
have shown that the direct incorporation of Cu NPs into the TiOy matrix
leads to the preservation of the Cu metal phase in the synthesized ma-
terial (we recall that XRD, XPS and TEM analyses only show the presence
of metallic Cu in our samples). Moreover, the robust nature of the
photocatalyst in the form of thin film allows its reusability in the pho-
tocatalytic process (as demonstrated by the repeated measurements of
the photocatalytic activity of the TiO2-Cu25 sample presented in Fig. 9)
as well as its easy use in aqueous solutions.

In addition to TiOy-metal composite systems (used in this study in the
form of TiO,-Cu composite films), another widely used method to
improve the photocatalytic properties of TiO3 is the formation of semi-
conductor heterostructures consisting of TiO, and a semiconductor with
a smaller bandgap. In this way, type I or II heterojunctions can be
formed, which can enhance the optical absorption of pure TiO,, improve
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the photogeneration of electrons and holes and/or lead to a more effi-
cient separation of charge carriers in the photocatalyst. Hence,
numerous examples of TiOs-based photocatalysts in various forms and
synthesized by different techniques can be found in the literature, and
each form of TiOy photocatalyst and each growth method has some
advantages over the other types of materials or deposition methods. In
this work, we opted for the photocatalyst in the form of thin TiO,-metal
(Cu) composite films. In addition to the well-known advantages of the
ALD technique: high uniformity and conformality of the deposited ma-
terial with a well-controlled thickness, this method allowed us to deposit
Cu-NP NPs into the TiOy matrix during the growth of the material
without additional post-deposition treatments. As the experimental re-
sults show, this led to the formation of TiO,-Cu composites with a pre-
served metallic Cu phase after synthesis, which exhibited a twofold
increase in sunlight-induced photocatalytic activity compared to pure
TiO, material.

3.4. Photocurrent measurements and mechanism of charge transfer in
TiO2-Cu composites

To explain the activity of our samples, we recall that XRD and XPS
showed significantly reduced anatase TiO, phase in TiO2-Cu200 sample
and high metallic Cu and Cu impurity content, explaining its lower
photocatalytic activity compared to pure TiO2. Conversely, anatase TiOy
phase is well preserved in TiO2-Cu25 and TiO»-Cu75 films, while, at
same time, these samples can absorb visible light due to the presence of
Cu NPs, which enhances their photocatalytic activity in comparison to
pristine film. Despite stronger absorption in the visible region and lower
TiO; optical band gap, TiO2-Cu75’s activity is lower than TiO5-Cu25’s.
On the other hand, our chemical and structural analyses show no major
differences between these samples. XPS analysis around O 1s core levels
(see Fig. S4) imply a slightly higher content of surface O-related defects
(OH groups or vacancies) in TiO2-Cu75 film, which could influence its
photocatalytic properties, while, according to XRD measurements, in-
tensities of TiOo-related peaks in TiO2-Cu75 are slightly reduced than in
TiO2-Cu25, indicating potential crystallinity loss, that would reduce its
photocatalytic efficiency.

To further investigate the behavior of our ALD-grown films under
simulated sunlight, we analyzed the temporal variations of the photo-
currents measured on TiO2-Cu samples during three on-off irradiation
cycles (Fig. 10). Photocurrent measurements exhibit a sharp current
increase under simulated sunlight irradiation for TiO2-Cu25 and TiOo-
Cu75, but not for pure TiO, (with its current below the detection limit,
Fig. S16). Notably, TiO,-Cu25’s photocurrent is an order of magnitude
higher than TiO,-Cu75’s, consistent with our photocatalytic results.
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Fig. 10. Temporal variation of photocurrents on TiO5-Cu25 and TiO»-Cu75
samples during three on-off light-irradiation cycles using simulating solar lamp.

Surfaces and Interfaces 73 (2025) 107570

Fitting the transient photocurrent curves in Fig. 10 (for the second on-off
cycle) with second-order exponential equations (see Fig. S17 and
Tables S2 and S3) [84,85] yielded steady-state currents: 5.1 1077 A
(light) and 3.9 108 A (dark) for TiO,-Cu25, and 7.8 10~8 A (light) and
2.5 1078 A (dark) for TiO,-Cu75. The relaxation time constants of
50-3000 s suggest slow charge carrier dynamics, consistent with prior
reports on Au NP decorated TiO, nanosheets [86].

The higher photocurrent in TiO2-Cu25 implies more photogenerated
electrons, originating from Cu NPs (since pure TiO2 showed no photo-
current). This suggests that “hot electron” transfer occurs from plasmon-
excited Cu NPs to the CB of TiO,, which, in turn, leads to the higher
concentration of charge carriers in TiO; available for the photocatalytic
degradation processes. As shown in previous studies regarding TiOs
nanostructures impregnated with different metal NPs such as Pt, Au or
Ag [87-90], the height of the Schottky barrier (®gp) at the metal/TiO,
interface is a crucial factor with lower Schottky barriers facilitating
higher electron transfer rates. Experimental studies show that the
Schottky  barrier is generally reduced at the nanoscale
metal-semiconductor junction, i.e. the height of the Schottky barrier
decreases with the size of the metal-semiconductor interface [44,91].
This means that for composites consisting of metal NPs embedded in the
semiconductor matrix, the smaller NPs should produce lower Schottky
barriers. For example, the Schottky barrier height was found to increase
linearly with the diameter of the metal NPs in Au-decorated TiO,
nanotubes [92] and MoOj thin films coated with Au NPs [93]. The origin
of this variation of the Schottky barrier with NP size is generally
explained in terms of the increased probability of electron tunneling due
to the smaller dimensions of the metal-semiconductor contact [91] or
the increased local electric field as the nanoscale metal-semiconductor
interface affects the potential distribution at the metal-semiconductor
contact [91,92].

Therefore, in our study, the larger average size of Cu NPs in TiO»-
Cu75 (around 80 nm) compared to TiO2-Cu25 (where Cu NPs exhibit the
size of about 50 nm), as observed by electron microscopy, should result
in a higher Schottky barrier at the Cu/TiO; interface, hindering the
charge transfer between Cu metal nanoparticles and TiO; photocatalyst
(see Fig. 11). Indeed, XPS measurements around VB states of our ALD-
grown samples (presented in Fig. 2) show that the energy of TiO, VB
maximum, with respect to the Fermi energy level, changes from 2.19 eV
in pure TiO3 to 1.78 eV and 1.45 eV in TiO2-Cu25 and TiO-Cu75
samples, respectively (see Fig. S18 in the Supporting material). The
observed shift toward lower binding energies in the position of TiO, VB
maximum is related to the charge transfer and formation of Schottky
barrier at the junction between TiO, and Cu particles [87,88,94]. Based
on our XPS analysis, the height of the Schottky barrier (®gp) is equal to
0.41 eV for TiO2-Cu25 film, while the value of the Schottky barrier in-
creases to 0.57 eV in TiO-Cu75 sample [87,88]. The study on the TiO5
nanotubes decorated with Au has determined the values for ®gg in the
interval of (0.52 — 0.81) eV for the Au NPs with the sizes in the range of
(20-80) nm [92], while the Au NPs with a diameter of about 10 nm on
TiO5 nanocrystals have produced the Schottky barrier of 0.43 eV [89].
On the other hand, Au and Pt NPs with diameters below 10 nm
impregnated on the surfaces of TiO, nanostructures resulted in the
Schottky barriers in the range of (0.15-0.5) eV [87,88]. These results
show a slightly higher value for ®gp in the case of Au- or Pt-TiO; systems
with the metal NPs of smaller or about the same diameter as Cu NPs in
our TiOy-Cu composite films. This is probably the result of the higher
value of the metal work function (®y;) for Au and Pt compared to Cu,
since according to the Mott-Schottky model, the height of the Schottky
barrier should be proportional to the factor (@) — y), where yis the
electron affinity of TiOy [87]. Therefore, our results show that in addi-
tion to more expensive noble metals such as Au or Pt, copper (a more
abundant and less expensive material) can also be used to efficiently
adjust the height of the Schottky barrier between metal NP and TiO.

Hence, for our ALD-grown TiO,-Cu samples, the “hot electrons” in
TiO2-Cu75 sample have to overcome the larger barrier at the Cu/TiO»
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Fig. 11. Schematic diagram of energy band structure at the TiO,/Cu NP interface and “hot electron” transfer from Cu NP to TiO, for two sizes of Cu NPs.

interface compared to TiO2-Cu25 film, which leads to the lower injec-
tion of electrons in TiO, photocatalyst (as observed from our photo-
current measurements), and, in turn, lower photocatalytic activity in
comparison to TiO-Cu25 film.

4. Conclusion

We investigated the structural, chemical, optical and photocatalytic
properties of ALD-grown TiO; thin films with embedded Cu NPs. The
size and amount of Cu NPs were controlled by the number of Cu(OAc),
ALD precursor pulses. XRD, XPS and Raman confirmed anatase TiO5 in
all samples with metallic Cu in the composites. Increasing the Cu content
gradually replaced the TiO5 phase with metallic Cu.

SEM and TEM revealed varying Cu NPs sizes and concentrations
within the TiO5 matrices. TiO5-Cu25 exhibited Cu NPs of tens of nano-
meters, while TiO2-Cu75’s NPs averaged ~80 nm. The Cu particles in
the film with the highest Cu content (TiO2-Cu200) were larger than 200
nm and degraded the crystallinity of TiO. All TiO2-Cu composite films
showed strong visible light absorption, with TiO,-Cu25 and TiO2-Cu75
exhibiting LSPR peaks.

Photodegradation of MB under simulated sunlight showed 2-fold
(TiO2-Cu25) and 1.5-fold (TiO2-Cu75) increase in photocatalytic activ-
ity over pure TiO. TiO2-Cu200 showed the weakest photocatalytic ac-
tivity due to the high Cu content and low TiO; crystallinity. Conductivity
measurements under simulated sunlight showed an order of magnitude
higher photocurrent in TiO2-Cu25 than TiO,-Cu75. while pure TiO2
showed no measurable photocurrent. Thus, enhanced photocatalysis in
TiO2-Cu25 and TiO2-Cu75 can be attributed to an increased electron
transfer from the Cu NPs to TiOs. The smaller Cu NPs in TiO3-Cu25 result
in a lower Schottky barrier at the Cu/TiO» interface, leading to more
efficient electron transfer and higher photocatalytic activity.
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Atorvastatin calcium trihydrate

We present a comprehensive inelastic light scattering study of atorvastatin calcium trihydrate Form I across a
broad temperature range (100 K to 460 K), with a focus on the low-energy spectral region, providing key
insights into the crystal structure for the first time. The Raman spectra revealed significant temperature-
dependent changes, particularly at 420 K, where external vibrations at approximately 34 cm~!, 44 cm™!,
and 140 cm™! disappeared, indicating a structural phase transition. Strong fluctuations near this temperature

led to notable broadening in the linewidths of the 645 cm~! and 1650 cm~! modes. Additionally, a new mode
around 75 cm~! appeared at the phase transition, suggesting the presence of structural order in the anhydrous
phase before reaching the isotropic melt.

1. Introduction

The majority of a potential drug candidates do not accomplish to
become a drug product due to challenges related to stability, solubility,
and interactions with other drugs. These issues often stem from the di-
verse physicochemical, mechanical, and biopharmaceutical properties
exhibited by active pharmaceutical ingredients (APIs) and excipients in
various solid-state forms, such as crystalline (including polymorphs, hy-
drates, solvates, salts, and cocrystals), and amorphous forms. These can
influence the safety, quality, and efficacy of the drug. Many of the APIs
form multiple hydrates. Crystal hydrates form when water molecules
associate with solids and incorporate into a crystal lattice, leading to
distinct physicochemical and mechanical properties compared to the
anhydrous form. Dehydration commonly takes place during manufac-
turing, either by disrupting the original crystal lattice and forming a
new one for the anhydrous form, or by preserving the existing structure.
As bioavailability and ensuing biological activity depend on the exact
solid state form, identifying the crystalline phase of the API in solid
dosage forms is considered essential in the manufacturing process and
regulatory affairs [1].

Statins are among the most commonly prescribed medications glob-
ally. They have a significant role in preventing and managing car-
diovascular diseases in individuals with a high risk of cardiovascular
events by lowering cholesterol levels, stabilizing plaques, reducing
inflammation, improving endothelial function, and exerting antithrom-
botic effects [2-4]. In the Biopharmaceutical Classification System,
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statins fall under class II, indicating that they have poor solubility but
can effectively permeate biological membranes. Their bioavailability
varies significantly due to the effects of first-pass metabolism.

Atorvastatin calcium trihydrate (ACT), chemical name (SR, 6R)-2-
(4-fluorophenyl)-p, §-dihydroxy-5-(1-methyl-ethyl)-3-phenyl-4-[(phe-
nylamino)carbonyl]-1H-pyrrole-1-heptanoic acid, is a synthetic lipid-
lowering agent that competitively inhibits hepatic hydroxymethyl-
glutaryl coenzyme A (HMG-CoA) reductase. This enzyme catalyzes the
conversion of HMG-CoA to mevalonate, a critical step in cholesterol
synthesis. Originally marketed by Pfizer in Form I, it is considered
as the best seller drug of all time, even after its patent loss in 2011.
By increasing the number of low density lipoprotein (LDL) recep-
tors on hepatic cell surfaces, atorvastatin enhances the uptake and
breakdown of LDL, consequently reducing LDL production and the
number of LDL particles. This mechanism leads to lowered plasma
LDL-cholesterol, lipoprotein levels, and triglycerides. On the other
hand, it increases serum levels of high density lipoprotein (HDL), so-
called “good” cholesterol [5]. Similar to other statins, atorvastatin
may exhibit direct antineoplastic effect by potentially stopping cell
progression in the G1 phase of the cell cycle. Furthermore, atorvastatin
may sensitize tumor cells to cytostatic drugs [6-8]. Additionally, a
significant number of clinical trials showed a direct anti-inflammatory
effects of statins that are not mediated by their antihyperlipidemic
activity [9]. It has been shown that they reduce cardiovascluatory-
related morbidity and mortality irrespective of the lipid profile and
cardiac artery disease [10].
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Characterization of ACT crystal forms was performed by X-ray
powder diffraction (XRPD) as described in the filed patents that reg-
ulate production, while quantification in solid dosage forms depended
mostly on high-performance liquid chromatography, spectrophotomet-
ric methods, and electrophoresis [11]. Previous researches on ator-
vastatin were predominantly focused on thermal techniques, such as
differential scanning calorimetry, thermogravimetric analysis, and nu-
clear magnetic resonance [11-16]. Lately, Raman spectroscopy has
been applied to determine the APIs both in process samples and final
products [17]. Moreover, Raman spectroscopy has the potential to be
utilized as process analytical technology for monitoring manufacturing
processes [18,19]. Furthermore, progress has been made in applying
Raman spectroscopy for the quantitative analysis of ACT [17,20,21].
So far, the ACT solid-state characterization was extensively researched
using thermoanalytical techniques and XRPD [11-16]. Raman spec-
troscopy stands out as a highly specific and selective technique, capable
of identifying polymorphs and crystalline states with minimal to no
sample preparation. Its short analysis time, ease of use, and versatility
make it suitable for application at every stage of the manufacturing
process. The Raman spectra of ACT have been previously reported by
Christensen et al. [16], Skorda et al. [11], and Oprica et al. [22];
however, the temperature dependence of the low-energy spectral region
has not yet been explored. In this study, we present Raman scattering
measurements of ACT Form I over the temperature range of 100 K
to 460 K, focusing on the low-energy spectra (20 cm™! to 175 cm™1)
measured with high spectral resolution. These spectra, which predom-
inantly reflect intermolecular vibrations and crystal structure, show a
strong temperature-dependent evolution, directly revealing a structural
transition.

2. Experiment

ACT crystallizes in at least 12 different forms [12], with crystalline
Form I first identified in a U.S. patent Number 5969156 [23]. To
avoid uncontrollable alterations in crystal structure and properties that
may occur during sample preparation, all experiments in this study
were conducted using powdered samples, as obtained. The ACT Form
I reference standard used in this investigation had a purity of 99.27%
(Alkaloid DOO, Belgrade, Serbia).

2.1. X - ray powder diffraction analysis of atorvastatin calcium trihydrate

Structural analysis to confirm Form I of powder ACT was performed
with XRPD. The XRPD patterns were obtained using CuKe radiation (4
=1.5418 A) on a Rigaku Smartlab X-ray diffractometer. The measure-
ments were performed in the 20 range of 3°-50°, with a step size of
0.02° and a rate of 1.5°/min. The FullProf software package was used
to refine the XRPD pattern of the prepared sample by using the whole-
pattern decomposition procedure(Le Bail fitting) and calculate unit cell
parameters [24].

2.2. u-Raman spectroscopy

The Raman scattering measurements were performed using a TriV-
ista 557 Raman spectrometer (S&I Spectroscopy and Imaging GmbH,
Warstein, Germany), equipped with a Spec-10: 256E N, cooled CCD
detector and coupled to the OLYMPUS BX51 optical microscope in
a backscattering configuration. For this study, the spectrometer was
set up in a triple subtractive mode. The system features three stages,
each fitted with motorized turret and three gratings, allowing for quick
switching between different regimes and grating configurations. The
entrance slit and second intermediate slit were set to 100 pm, while
the first intermediate slit was set to the value that ensures the full
utilization of the CCD chip width. The Coherent Ar*/Krt laser was
used as the excitation source, providing multiple high-quality lines at
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Fig. 1. XRPD pattern of refined ACT structure. Black represent experimental results,
red solid lines are results from Le Bail fitting, black lines below XRPD pattern are peak
positions, and blue line represents differences between experimental and fitted data.

different wavelengths that could be easily switched to meet experimen-
tal needs. The laser lines were cleaned using a Semrock Narrowband
Clean-up filters. An Olympus LMPlanFI 50x/0.50 microscope objective
was used to focus the incident light onto the sample, with a laser
spot diameter of approximately 4 pm. To prevent sample damage and
avoid uncontrollable temperature-related effects, the laser power at the
sample plane was maintained at low levels, approximately 1 mW. The
acquisition time was set to 300 s.

For low-energy measurements, a 514.5 nm laser line and 1800/
1800/2400 grooves/mm gratings were used. For measurements
across a wider spectral range, a 647 nm laser line and 300/300/500
grooves/mm gratings were employed. These setups provided spectral
resolutions of approximately 2 cm~! and 13 cm™!, respectively. They
were optimized to balance laser line suppression, spectral resolution,
and spectral range according to the specific experimental requirements.

Temperature-dependent Raman scattering measurements were con-
ducted using a LINKAM THMS 600 heating/cooling stage, with the
sample mounted on a custom copper plate. The heating/cooling rate
was set to 5 K/min, followed by a 25 min thermalization period after
each temperature change. The sample chamber was purged with argon,
and continuous low-flow argon purging was maintained throughout
the experiment. All the Raman scattering spectra are corrected by the
corresponding Bose factor n(T).

3. Results and discussion

As previously mentioned, ACT may exist in several phases. The
crystal structure of ACT Form I has been previously solved and refined
using synchrotron X-ray powder diffraction data [23], and further opti-
mized using density functional theory techniques [12,14]. Temperature
dependent XRPD measurements were reported in Refs. [15,16].

To verify the room temperature crystal structure of the obtained
sample prior to the Raman scattering experiments, we performed XRPD
analysis. The resulting XRPD pattern corresponding to the refined struc-
ture is shown in Fig. 1. The black dots in Fig. 1 represent experimental
data, while the red solid line corresponds to the Le Bail fitting results.
The black lines below the XRPD pattern indicate peak positions, and the
blue line represents the difference between the experimental and fitted
results. The XRPD pattern shows an excellent match with previously
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Fig. 2. Temperature dependent Raman spectra of ACT measured with 300/300/500 grooves/mm gratings combination and 647 nm laser line of (a) low and (b) wide energy
spectral region. Black arrow indicates the disappearance of the 140 cm™! peak, while dashed lines serve as guides to the eye. Asterisks mark the peaks that show pronounced

discontinuities in their temperature evolution.

published data, with all observed peaks closely aligning with those
reported in the literature [12,14,23], including synchrotron data [25],
confirming that the analyzed sample corresponds to ACT Form I. The
obtained results show total number of 1312 reflections. ACT crystallizes
in P1 crystal group, with cell parameters a = 5.4497(2), b = 9.8976(4),
¢ = 30.2558(2), a = 76.8631(2), B = 99.0525(8), y = 4105.2850(3). This
undoubtedly show that our ACT sample crystallizes in Form I.

To further highlight the key structural features, the top-right corner
of Fig. 1 presents a zoomed-in section of the XRD pattern, displaying
26 values ranging from 20° to 30°, along with the corresponding Miller
indices. This region is crucial for the identification of ACT Form I, and
all indexed peaks match synchrotron measurements [23], providing
further confirmation of the structure.

Additionally, Form I ACT appears to have smaller particle sizes,
a more uniform particle size distribution, and greater stability than
previously reported more amorphous products. Moreover, Form I ACT
is purer and more stable than other amorphous forms [12]. These
results conclusively confirm that our ACT sample crystallizes in Form
L

In molecular crystals, two types of vibrations can generally be
distinguished: external vibrations, which occur between molecules,
and internal vibrations, which occur within molecules [26]. External
vibrations can be further classified based on the type of motion—either
as translations, representing the translational movement of molecules,
or librations, representing their rotational movement. They are, in
particular, strongly linked to the structural properties of molecular
compounds, offering valuable insights into structural phase transitions.

Intramolecular vibrations within a molecular crystal, compared to
those in an isolated molecule, may show slight shifts in energy and/or
changes in linewidth due to perturbations from the relatively weak
intermolecular interactions. In the similar manner structural changes
can also lead to variations in the energy and/or linewidth of these

vibrations. Moreover, when the number of molecules in the primitive
unit cell exceeds one, intramolecular vibrations may manifest as multi-
plets due to symmetry considerations and the typically weak nature of
intermolecular interactions [26,27].

The vibrational structure of ACT can be determined by correlat-
ing the translational, rotational and vibrational motions of a single
molecule to the corresponding site and crystal symmetries [26,27].
Given the very low symmetry of ACT Form I (P1), this straightfor-
wardly results in only three librational modes and 4744 symmetry
internal vibrations that are expected to be observed in the Raman
scattering experiment (I” point distribution). While intramolecular vi-
brations dominate the Raman spectra of ACT, intermolecular vibrations
are expected to be observed in the low-energy spectral region, below
175 cm~!. Moreover, given the low symmetry of ACT (P1), no de-
pendence of the Raman spectra on the polarization of the incident
and scattered light is anticipated. As a result, a crossed polarization
configuration was used in all light scattering experiments presented in
this study, and this aspect will not be discussed further.

The ACT Raman spectra, measured in the temperature range from
300 K to 460 K using a 647 nm laser line and 300/300/500 grooves/
mm gratings are shown in Fig. 2. It is noticeable that as the temperature
increases, Raman modes soften and broaden, driven by thermal expan-
sion and anharmonic effects [28,29]. In general, in the absence of phase
transitions (and coupling to other elementary excitations) the tempera-
ture evolution of linewidth is fully driven by anharmonic coupling. On
the other hand, the change in phonon frequency with temperature is
not entirely due to anharmonic coupling, but also thermal expansion.
Although thermal expansion itself occurs as a result of anharmonicity,
it affects the quasi-harmonic frequencies through the harmonic force
constant.

Closer inspection revealed discontinuities at 420 K in the tempera-
ture evolution of intensities and/or linewidths for the internal modes
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around 420 cm™!, 505 cm~!, 645 cm~!, 1110 em™!, and 1650 cm™!
(marked by asterisks in Fig. 2). These modes were previously as-
signed [22] to in-plane OCO rocking + out-of-plane benzene deforma-
tion, C-C-C deformation, O-H out-of-plane deformation, CH wagging
in the benzene ring + C-N-C stretching in the amide group + C-C-O
stretching, and G=0 stretching, respectively. Similar discontinuities may
also be present for other modes, but due to the overlapping of a larger
number of modes, finite spectral resolution, and/or low intensity, they
are not easily discernible.

The temperature evolution of the linewidths for the peaks at 645
cm~! and 1650 cm~! is shown in Fig. 3. Above 340 K, the 645 cm™!
peak begins to deviate from the expected anharmonic behavior, as
illustrated by the dashed lines. As evidenced by TGA and DSC re-
sults [15,16], this corresponds to the temperature range where the
stepwise loss of H-bonded water molecules occurs (highlighted in the
blue shaded area in Fig. 3). It should be noted that the exact temper-
atures of the dehydration process may vary between techniques due
to differences in water vapor pressure around the sample. While no
significant deviation is observed below 400 K for the 1650 cm~! peak,
both peaks exhibit strong, peak-like deviations in linewidth around
420 K. This is likely a result of strong fluctuations [29] indicating
the structural phase transition at this temperature. In general, while
selection rules based on symmetry determine whether a phonon mode
can couple to structural fluctuations, the coupling strength is reflected
in the phonon linewidth, which increases when phonons interact with
dynamic structural fluctuations.

More notable changes are observed in the low-energy spectral re-
gion (see Fig. 3(a)). While the peak at 140 cm™! completely disappears
at 420 K, the peaks at 110 cm™1, 117 cm~!, and 160 cm™1, although
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Fig. 4. Temperature dependent low-energy Raman spectra measured by
1800/1800/2400 grooves/mm gratings combination and 514.5 nm laser line
ensuring high suppression of the elastically scattered light. Black arrows indicate the
disappearing peaks, while the gray arrow marks the peak that appears at 420 K.

broadened, remain observable at higher temperatures. This suggests
that the 140 cm™! peak corresponds to external vibration (lattice
libration) specific to ACT Form I, as previously discussed. In contrast,
the peaks at 110 cm~!, 117 ecm™1, and 160 cm™! are internal in nature.
To elucidate temperature induced changes in the crystal structure of
ACT, we focus on the ultra-low energy region in wide temperature
range.

The ultra-low energy Raman spectra (20-300 cm~1) of ACT, mea-
sured over the temperature range of 100 K to 460 K using 1800,/1800/
2400 grooves/mm gratings with a 514.5 nm laser line, is presented in
Fig. 4. The sample was first cooled from room temperature to 100 K
and then gradually heated to 460 K. As expected, a large number of
peaks become clearly discernible at 100 K due to anharmonic effects,
as previously discussed. Upon heating, changes in the slope of the
spectra are observed in the region associated with the stepwise loss of
H-bonded water molecules in ACT [13,15,16]. This is not unexpected,
as small changes in the electronic structure can cause variations in the
spectral slope.

Closer inspection of the temperature evolution reveals the disap-
pearance of peaks at approximately 34 cm~! and 44 cm™, as indicated
by the black arrows in Fig. 4, in addition to the previously observed
peak at 140 cm~! shown in Fig. 2. These three peaks correspond to
external vibrations, consistent with earlier symmetry considerations.
Their disappearance at 420 K indicates a structural phase transition
and the breaking of crystal symmetry of Form I, as also suggested by the
behavior of the previously analyzed internal vibrational modes. In light
of the DSC and TGA results [15,16], this suggests that the Form I crystal
structure is preserved until the transition to the anhydrous phase,
consistent with second-harmonic generator and XRPD findings [15].

The most striking feature is the appearance of a new mode around
75 cm™!, indicated by a gray arrow in Fig. 4. The emergence of
this additional mode in the low-energy region at the phase transition
temperature suggests an intermolecular origin for this vibration. This
implies the presence of a certain, presumably one-dimensional, order



J.J. Lazarevic et al.

up to 460 K, beyond which the isotropic melt is reached. This inter-
pretation is further supported by the 26~17° observation reported in
Ref. [15], where X-ray diffraction reveals a broad, diffuse-like signal
above the transformation temperature and just before the onset of the
isotropic melt. While Raman spectroscopy can detect this type of order,
the structural coherence might only extend across a few unit cells.
Employing advanced nanoscale-sensitive characterization techniques,
such as total X-ray scattering-based pair distribution function analysis,
could enable a more comprehensive characterization of this behavior
in future studies.

4. Conclusion

In this study, comprehensive temperature-dependent low-energy
Raman analyses of ACT were conducted, revealing complex vibrational
and structural changes induced by temperature. The previously re-
ported stepwise loss of hydrogen-bonded water molecules was also
detected in the low-energy Raman data. Moreover, the peak-like de-
viation from anharmonic behavior in the linewidths of the 645 cm™!
and 1650 cm~! modes serves as a clear fingerprint of strong structural
fluctuations at 420 K. At this temperature, three peaks, identified
as external vibrations, characteristic of the Form I crystal structure,
disappear, indicating the breaking of symmetry as the system enters the
anhydrous phase. The appearance of a new vibrational mode around
75 ecm~! at the phase transition temperature indicates the presence of
short-range order up to 460 K, beyond which the system transitions
into an isotropic melt. This interpretation aligns with previous X-ray
diffraction studies [Ref. [15]], where a broad, diffuse-like signal near
20~17° was observed above the transition temperature, just before the
isotropic phase fully develops. While Raman spectroscopy can detect
such structural order, the coherence may extend only over a few unit
cells. Future studies employing nanoscale-sensitive techniques, such as
total X-ray scattering-based pair distribution function analysis, could
provide a more detailed characterization of these structural fluctuations
and their role in phase transitions.
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Abstract

The potential of 2D materials goes beyond the use in electronic applications, extending to
regenerative medicine and noninvasive sensing. They hold great promise in these fields due to their
remarkable properties, such as high surface area, electrical conductivity and modular chemistry.
However, they face significant challenges related to biocompatibility, long-term safety, reproducible
large-scale production and lack of standardization and clinical protocols, among others. This
review presents a comprehensive overview of their application in regenerative medicine and
interactions with various biological systems. We comment on the influence of their innate, but
tunable properties on biological response. The chemical composition and exfoliation state of these
materials also play a critical role in their bioactivity. The high sensitivity of 2D materials to
humidity holds a significant promise in sensor development, which is presented here in detail.
Combining them with polymer matrices can enhance the flexibility and performance of the
sensors, making them suitable for wearable devices and environmental monitoring. However,
challenges remain in the search for the best sensing characteristics, which can be addressed through
functionalization and combining with alternative materials like metal oxide nanowires. We
critically examined the key challenges (biological interactions, exposure risks, environmental
changes and scalability), while assessing their potential for sustainable technologies. Despite the
advancements, thorough safety assessments are needed before large-scale production and clinical
deployment of 2D materials for health sensing applications.

1. Introduction

The vast, diverse and complex field of 2D mater-
ials affects nearly every aspect of life, with applic-
ations extending far beyond electronics to energy
storage, coatings, cosmetics, food industry and bio-
medicine. Their biological and environmental inter-
actions are of particular significance, as both living
organisms and entire ecosystems ultimately become
end users, whether through intentional applications
or unintended exposure. Factors such as size, shape
and surface characteristics of nanomaterials signific-
antly influence the extent of their stability. These
transformations can alter their physicochemical

© 2025 The Author(s). Published by IOP Publishing Ltd

properties, which may, in turn, affect their envir-
onmental interactions and potentially modify their
toxicity.

There is a notable dominance of high-quality
research papers on graphene and its derivatives, likely
because they were the first and most extensively
studied group of 2D materials. However, inorganic
layered materials, particularly MoS,, have attrac-
ted increasing research attention into their bioactiv-
ity. In chapter 2, we discuss the recent applic-
ation advances in regenerative medicine, includ-
ing cardiac, neural and bone tissue regeneration
from the perspective of the materials, emphasizing
their functional roles while integrating both physical
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principles and biological relevance. We also com-
ment on related topics such as drug delivery, organoid
culture, angiogenesis, adipogenesis and photother-
apy. Composite materials were mentioned only where
necessary to emphasize the specific functionalities of
2D materials, such as improving mechanical strength,
electrical conductivity or biological performance rel-
evant to regenerative applications.

The field of noninvasive sensing has been increas-
ingly popular due to a variety of possibilities for
applications, such as e-skin [1], touchless interfaces,
skin patches etc. For example, skin patches can
be used to monitor different types of vital human
health information. Tracking the levels of humid-
ity of human skin in real-time can provide a variety
of crucial information about the health status, such
as wound healing, metabolic conditions and effect-
iveness of cosmetic products [2]. The search for a
sensor with high sensitivity, wide detection range,
quick response and short recovery time is moving
into the area of novel 2D materials. One of the major
challenges is to achieve high and even sensitivity for
the full range of humidity. 2D materials hold a lot of
potential, as their high surface-to-volume ratio allows
for better sensitivity to humidity changes. In chapter
3, we review the recent progress in the fabrication
of humidity sensors based on 2D materials. Their
performance for monitoring human breath, touch,
or humidity in agriculture is discussed in chapters
4 and 5. In chapter 6, we have critically addressed
key challenges of application of 2D materials, includ-
ing their interactions with biological systems, expos-
ure risks, environmental transformations, and limit-
ations in scalability and stability, while also evaluat-
ing their potential in sustainable technologies. Finally,
the last chapter focuses on the future perspectives and
mitigation strategies necessary to advance these fields
further.

2. 2D materials in regenerative medicine

With the world population getting older, modern
medicine aims to restore tissues and organs damaged
by injuries, illnesses, aging or congenital abnormalit-
ies, with stem cells (SCs) playing a key role in regener-
ative therapies due to their ability to self-renew, differ-
entiate into tissue specific cells, immunomodulation
properties and secretion of paracrine factors [3, 4].
Their inherent plasticity enables precise response to
external cues and adoption of specific lineages. From
a clinical standpoint, while embryonic SCs (ESCs)
and induced pluripotent SCs (iPSCs) offer the highest
differentiation potential due to their pluripotency,
their use presents significant challenges. ESCs raise
ethical concerns related to their isolation, while both
ESCs and iPSCs carry risks of uncontrolled differen-
tiation, tissue overgrowth and teratoma formation.
On the other hand, adult SCs, such as mesenchymal
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SCs (MSCs), are multipotent and widely studied due
to the ease of their isolation and absence of ethical
concerns [5]. It is of utmost importance to ensure
SCs survival during transplantation and in vivo for the
success of regenerative medicine approaches. Beyond
regenerative medicine, MSCs serve as valuable mod-
els in drug development, offering physiologically rel-
evant alternatives to immortalized cell lines and min-
imizing dependence on animal testing [6]. Given their
lifelong presence, ensuring MSCs survival and func-
tionality is crucial for both regenerative and toxicolo-
gical research [7].

Although at the forefront as a tool for treating cur-
rently incurable medical conditions, SCs still need a
little encouragement, and this is where 2D materials
come into play. Materials reviewed in this paper, as
well as their role in the field of regenerative medi-
cine, are summarized in table 1. They offer not only
physical scaffolding for transplanted cells but also act-
ively modulate the biological microenvironment to
enhance cellular responses. By mimicking key features
of the native extracellular matrix (ECM), such as sur-
face topography, stiffness and biochemical cues, 2D
materials can significantly improve SC adhesion, pro-
liferation, and lineage-specific differentiation [8, 9].
Their high surface area and tunable surface chemistry
facilitate the adsorption and presentation of growth
and differentiation factors, making them powerful
tools for directing SC fate. The interaction at the cell-
material interface, being the initial point of contact,
is crucial. Nanoscale surface features of 2D mater-
ials promote focal adhesion formation and cyto-
skeletal reorganization, both of which are essential for
mechanotransduction pathways that drive differenti-
ation. Therefore, the integration of 2D materials into
regenerative platforms holds great promise for advan-
cing SC-based therapies by providing structural sup-
port and biological guidance within the physiologic-
ally relevant environments.

2.1. 2D materials in cardiac regeneration and
angiogenesis
Regenerative strategies offer the most promising
long-term solutions for cardiovascular diseases,
which are the leading cause of death globally, accord-
ing to the World Health Organization. They are util-
izing biomaterial-based scaffolds, SCs and growth
factors to repair damaged cardiac tissue, although
surgical and pharmacological treatments are still the
first line methods. The effectiveness of 2D materi-
als in this context depends on their physicochemical
properties, such as high electrical conductivity and
surface to volume ratio, mechanical strength and
flexibility; biocompatibility and immunomodulatory
capabilities [8, 9].

According to the literature, graphene and its
derivatives, such as graphene oxide (GO) and reduced
GO (rGO), are among the most extensively studied
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Table 1. The summary of 2D materials discussed in this paper, their key features and the application in regenerative medicine.

2D material Key characteristics

Role in regenerative medicine

Graphene oxide

(GO) groups; tunable electrical conductivity
Reduced Conductive; lower oxygen content;
graphene oxide excellent mechanical reinforcement
(rGO)

MZXenes (e.g. Metallic conductivity; hydrophilic;
Ti3CyTy) antioxidant (ROS scavenging);

electrically conductive
Semiconducting; photothermal
properties; good biocompatibility

Transition metal
dichalcogenides
(e.g. MoS;, WS;)
Hexagonal boron

nitride (h-BN) mechanical stability

High surface area; oxygenated functional

Chemically inert; high thermal and

Promotes osteogenesis, enhances
angiogenesis, supports stem cell
proliferation and differentiation in bone
tissue scaffolds, neural tissue
regeneration

Enhances osteoblast differentiation,
mineralization; supports bone formation
in vivo, scaffold for neural tissue
regeneration

Creates conductive hydrogel scaffolds for
cardiac repair, supports tissue adhesion
and cardiomyocyte function

Promotes MSC adhesion and osteogenic
differentiation; used in skin, bone and
nerve regeneration

Supports both osteogenic and adipogenic
differentiation; neural tissue regeneration

materials, with a wide range of applications in mod-
ern medicine. These include their use as scaffolds and
guidance materials in regenerative medicine, com-
ponents in biosensors, as neural interface devices and
brain implants, some of which have already entered
clinical trial phases [10, 11]. They provide an excel-
lent surface for cell attachment and proliferation, par-
ticularly for MSCs and cardiomyocytes, as shown in
figure 1. The extent to which GO affects SC beha-
vior is highly dependent on several factors, includ-
ing concentration, exposure time and surface modi-
fications. Studies suggest that altering the physico-
chemical properties of GO, such as functionalization
with biocompatible coatings, could mitigate some
of its adverse effects. In addition to the mechanical
support that promotes cell differentiation and con-
sequently, tissue regeneration and functional repair,
graphene and its derivatives also guide and enhance
differentiation of MSCs towards specific cardiac cell
types due to their electrical features [12, 13]. Namely,
these materials possess extraordinary electrical con-
ductivity across large surface area which facilitates
cell-to-cell communication and maturation by the
upregulation of key cardiac markers, such as con-
nexin 43 (a gap junction protein crucial for elec-
trical coupling) and cardiac-specific genes, thereby
enhancing the differentiation process. Moreover, the
surface of GO, rich in oxygen-containing functional
groups, promotes strong interactions with ECM pro-
teins, improving SC adhesion, proliferation and sur-
vival. These interactions protect MSCs from oxidative
stress and enhance their paracrine signaling, contrib-
uting to angiogenesis and tissue repair when trans-
planted to infracted myocardium [14, 15]. Through
these mechanisms, graphene-based materials not
only guide SCs differentiation, but also ensure bet-
ter integration and functionality of the newly formed

cardiac tissues, offering promising strategies for car-
diac tissue engineering and regenerative therapies.
The conductivity of graphene closely resembles that
of the native myocardium, which allows these scaf-
folds to effectively transmit electrical signals between
cardiomyocytes, promoting synchronized contrac-
tions and improved tissue integration. Myogenic scaf-
folds require higher conductivity and mechanical
robustness to facilitate rhythmic, force-generating
contractions, whereas neurogenic scaffolds prioritize
directional growth, synapse formation, and moder-
ate signal transmission support [13]. Functionalized
graphene derivatives (e.g. GO functionalized with
peptides or proteins) further improve cell adhesion,
viability, and differentiation into cardiac-like cells
by mimicking physiological conditions in ECM [16,
17]. It was observed that graphene-coated surfaces
promote cardiomyocyte alignment, mimicking the
native structure of heart tissue, which is crucial for
functional integration. However, recent findings of
Heo et al [18] indicate that GO may have unin-
tended consequences when interacting with human
iPSCs generated from fibroblasts. This raises con-
cerns about its suitability for regenerative medicine
applications. One of the most critical observations
is that exposure to GO of varying lateral sheet sizes
(in average 150 nm, 400 nm and 1 pum) and con-
centrations appears to interfere with key molecu-
lar pathways that sustain pluripotency [18]. Human
iPSCs rely on a strictly regulated microenvironment
to maintain their undifferentiated state, and any dis-
ruption to this balance can lead to premature lineage
commitment. In this study, when cultured in car-
diomyocyte induction medium, the upregulation of
cardiomyocyte marker NKS2.5 was evidenced. This
premature differentiation is a significant challenge,
as maintaining precise control over SC behavior is
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Figure 1. The potential of 2D materials for cardiac repair and regeneration. Graphene or graphene derivatives can act as scaffolds
for MSCs and deliver growth factors to the infracted area. Reproduced from [8]. CC BY 4.0.

essential for their successful application in regenerat-
ive therapies. When intentional, the ability to inter-
fere with differentiation is valuable, but in this case,
the lack of control could undermine the reliabil-
ity of GO as a biomaterial for SC-based treatments.
Additionally, GO increased both reactive oxygen spe-
cies (ROSs) and caspase-3 activity as a result from cel-
lular uptake initializing apoptotic signal in concentra-
tion of 100 g ml~'. The hiPSCs lost their pluripo-
tency, based on significant loss in pluripotency mark-
ers OCT-4 and NANOG regardless the lateral sheet
size.

GO-based 3D scaffolds (including pure and
functionalized GO) provide structural support that
enhances cell proliferation, differentiation and tis-
sue formation, making them particularly valuable
in regenerative medicine and organoid development
[19, 20]. They offer several advantages over Matrigel,
which is derived from mouse tumor ECM and
shows batch-to-batch variability, undefined compos-
ition and presence of xenogeneic contaminants. GO-
based scaffolds have been used in organoid cul-
tures to create disease models that closely resemble
in vivo conditions and are essential for studying
disease mechanisms, testing new drugs and under-
standing tissue responses to different treatments.
In a recent study, 3D liver organoids (LOs) com-
posed of upcyte® human hepatocytes, liver sinusoidal

endothelial cells, and mesenchymal stromal cells were
repeatedly exposed to GO at concentrations of 2—
40 pg ml~!. While the LOs maintained overall viab-
ility and structural integrity, they showed a downreg-
ulation of CYP3A4 expression, suggesting potential
disruption of hepatic metabolic function [21]. These
findings point out the value of LOs as physiologic-
ally relevant in vitro models for evaluating the long-
term and cumulative effects of nanomaterials, espe-
cially under conditions resembling real-life exposure
scenarios. Due to its bio functional properties, GO
can also act as a drug delivery system, allowing con-
trolled and targeted drug release in cancer therapy
and regenerative applications.

The recent study by Yu et al highlights MXene-
incorporated hydrogels as a promising platform for
functional cardiac regeneration following an ischemic
injury [22]. A TizC,T, MXene-based hydrogel was
developed by incorporating MXene nanosheets into
a GelMA-PANI matrix, achieving conductivity of
0.23 Sm~! and a compressive modulus of ~35 kPa,
closely mimicking native myocardial tissue. In vitro,
neonatal rat cardiomyocytes cultured on the hydro-
gel showed enhanced viability, spreading, and expres-
sion of cardiac-specific markers (cTnT, «-actinin,
connexin-43), along with synchronous contractions
and improved calcium signaling. In vivo, MXene
hydrogel treatment led to significant functional
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recovery, with increases in ejection fraction (16.5%)
and fractional shortening (12.8%), alongside reduced
infarct size, fibrosis, and increased angiogenesis.
Immunofluorescence showed better tissue preserva-
tion and cellular alignment. The MXene component
also provided antioxidative and anti-inflammatory
effects by scavenging ROS and reducing TNF-«
and IL-6 expression. The hydrogel biodegraded over
4 weeks, aligning with tissue healing.

Enhancing angiogenesis, as focal point in tissue
engineering and SC therapy, can improve the suc-
cess of transplanted tissues and the repair of dam-
aged organs, like the heart after a myocardial infarc-
tion. GO and rGO materials significantly influence
the angiogenic differentiation of hUC-MSCs [12,
23]. Cells cultured on large GO flakes demonstrated
a notable increase in the expression of angiogenic
markers such as GATA-2, endoglin and VE-cadherin.
The expression levels were up to 3.5 times higher
compared to cells grown on standard culture sur-
faces. Interestingly, the differentiation medium did
not enhance this effect further, indicating that the
GO-If surface itself played a critical role in pro-
moting angiogenic differentiation. Additionally, cells
cultured on rGO-Ir-P60 surfaces (a slightly reduced
form of rGO) exhibited significantly elevated expres-
sions of angiogenic markers, particularly GATA-2,
which showed a 110-fold increase in expression com-
pared to standard culture surfaces. The promotion
of angiogenesis was further supported by functional
assays, where hUC-MSCs demonstrated enhanced
capillary tube formation on GO and rGO surfaces,
indicating improved proangiogenic capabilities.

2.2.2D materials in bone tissue regeneration

Bone tissue engineering aims to develop mater-
ials that surpass traditional bone autografts and
allografts and the process must be finely tunable
and dynamic as osteogenesis and bone remodel-
ing physiologically are. Materials used must account
for age-related changes in bone microstructure and
diminished regenerative capacity for elderly patients
and, in contrast, pediatric applications require mater-
ials with adaptable structural properties or those
that facilitate remodeling to support skeletal growth.
Additionally, sex-related differences in bone micro-
structure and size further emphasize the need for
personalized approaches. In natural bone, bioelec-
trical signals such as piezoelectricity, ferroelectri-
city and pyroelectricity are generated in response
to mechanical stress, polarization and temperature
variations, respectively. These signals play a cru-
cial role in regulating cellular activities essential
for bone healing, remodeling and growth [24, 25].
Piezoelectricity, produced by the deformation of col-
lagen and other structural components, generates
localized electrical charges that influence osteoblast
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function and guide SC differentiation toward bone-
forming pathways. Ferroelectricity, which involves
reversible spontaneous polarization under an external
electric field, provides continuous electroactive sig-
nals that support bone matrix mineralization. Arising
from temperature-induced potential changes, pyro-
electricity introduces additional electrical stimuli that
may be particularly relevant during inflammatory
responses or thermal fluctuations following injury.
These mechanisms form a dynamic bioelectrical
environment that is integral to bone regeneration and
scaffolds should not only structurally support but
also [24] generating bioelectrical stimuli to promote
tissue regeneration. Moreover, scaffold materials in
bone tissue engineering are designed to gradually
degrade and be replaced by newly formed tissue that
closely replicates the mechanical properties of nat-
ive bone. This ensures that the regenerated bone can
provide the necessary strength, stability and function-
ality required for long-term integration within the
body. When it comes to osteogenesis, it was demon-
strated that graphene can promote the osteogenic dif-
ferentiation of hMSCs even without a key growth
factor in bone formation, BMP-2 [26, 27]. Higher
calcification was observed by alizarin red staining
in the presence of graphene. Additionally, variations
in osteogenesis were noted depending on the pres-
ence or absence of both graphene and BMP-2. This
effect is attributed to the localized accumulation of
osteogenic molecules, such as dexamethasone and -
glycerophosphate, facilitated by non-covalent inter-
actions like m—7 stacking with the graphene surface
[28]. A single layer GO at low doses increases the
roughness and decreases the stiffness of the algin-
ate hydrogels in which single human BMSCs have
been encapsulated, as indicated by microfluidics-
based approach. This enhances cell viability, prolifer-
ation and osteogenic differentiation and thus, offers
a promising approach for minimally invasive inject-
able bone tissue transplants [29]. When Raw264.7
cells were cultured on bioactive glass/GO scaffolds,
GO significantly facilitated the polarization of mac-
rophages toward the M2 phenotype, promoting the
secretion of osteogenic and angiogenic factors. This,
in turn, enhanced the osteogenic differentiation of
rat BMSCs and stimulated angiogenesis in endothelial
cells [19]. The degradation rate of the scaffold is
carefully tuned, combined with biopolymers like col-
lagen and gelatin, to align with the pace of nat-
ural bone regeneration, preventing structural defi-
ciencies while promoting seamless tissue remodeling
[26, 30, 31]. Furthermore, 3D printed compos-
ite materials that include GO and polycaprolactone
(PCL) are designed as scaffolds for application in
wound healing and tissue engineering, encompassing
its mechanical strength with biological functional-
ity. In GO-PCL composite, GO adds strong anti-
bacterial properties, disrupting bacterial membranes
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Figure 2. Patho-histological observation results of modified papain release joint injection group. (A) Blank, (B) GO group, (C)
UCMSCs group, (D) GO + UCMSCs group. Red circle denotes cartilage erosion area. Reproduced from [33]. CC BY 4.0.

and inducing oxidative stress, minimizing in that
way the risk of bacterial infection during the heal-
ing process [32]. On the other hand, its low cytotox-
icity and high biocompatibility enhance its potential
for various applications. Importantly, umbilical cord-
derived MSCs (hUC-MSCs) loaded with GO gran-
ular lubricant can enhance chondrocyte secretion,
lower joint inflammation, improve subchondral bone
osteoporosis and support cartilage regeneration in
knee osteoarthritis animal models (see figure 2) [33].
GO serves as a multifunctional reinforcing agent that
not only strengthens the scaffold mechanically but
also amplifies its bioelectrical functionality. When
incorporated into polyvinylidene fluoride (PVDF)
scaffolds produced by selective laser sintering, GO sig-
nificantly promotes the transformation of the poly-
mer’s « phase to the electroactive 3 phase [34]. This is
achieved through strong hydrogen bonding between
the oxygen-containing groups of GO and the flu-
orine atoms in PVDE, which induces chain align-
ment favorable to S-phase formation. As a result,
the PVDF/0.3GO scaffold demonstrated a marked
increase in piezoelectric performance, achieving an
output voltage of ~8.2 V and current of ~101.6 nA—
improvements of 82.2% and 68.2%, respectively,
compared to pure PVDE. In addition to enhancing
electrical output, GO also reinforced the scaffold

mechanically, leading to a 97.9% increase in com-
pressive strength and a 24.5% increase in tensile
strength. These improvements are attributed to the
strong interfacial interactions between GO and the
PVDF matrix. Furthermore, in vitro studies con-
firmed that the enhanced electrical activity positively
influenced cell behavior.

Transition metal dichalcogenides (TMDs) offer
key advantages over graphene and its derivatives in
regenerative medicine, primarily due to their intrinsic
semiconducting properties and photothermal/photo-
dynamic capabilities. Unlike graphene, which lacks a
bandgap, TMDs enable light-responsive and elec-
trically regulated applications, such as controlled
drug release and phototherapy which enhance cell
behavior and tissue repair [35]. Their broader chem-
ical diversity, stimuli-responsiveness and ability to
support cell differentiation without extensive func-
tionalization make them especially attractive for
developing smart, bioactive scaffolds. Molybdenum
disulfide (MoS;) promotes osteogenic differen-
tiation of hMSCs by facilitating the adsorption
of differentiation-inducing factors, enhancing cell
adhesion and promoting differentiation into osteo-
blasts by upregulating osteogenic marker genes. This
was confirmed through various assays, including
optical microscopy and alizarin red S staining, which
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Figure 3. MoS,-protein interactions, cellular uptake and biocompatibility. (a) Internalization of 2D MoS, nanosheets with
proteins result in the formation of a protein corona on the surface of the nanosheets, which regulates different cellular processes
like nanosheet uptake, protein function and regulation of immune response. (b) Size dependent cellular uptake of 2D MoS,
nanosheets occurs through micropinocytosis or endocytosis. Presence of corona also facilitates receptor mediated endocytosis. (c)
Intracellular trafficking of 2D MoS; nanosheets through endo-lysosomal pathway leads to its degradation into ionic products. (d)
Biocompatibility checklist of 2D MoS; nanosheets. Reprinted from [37], Copyright (2022), with permission from Elsevier.

highlighted significant mineralization, a fingerprint
of osteogenic differentiation. Furthermore, gene
expression analysis validated the upregulation of key
osteogenic marker genes, indicating that MoS, effect-
ively supports the osteogenic lineage. Adversely, it has
minimal influence on adipogenic differentiation. Due
to its photothermal properties, light-mediated mod-
ulation of SCs behavior can further influence differ-
entiation outcomes [36]. Similar to MoS,, tungsten-
sulfide’s (WS, ) surface properties enhanced the adhe-
sion of hMSCs and facilitated their differentiation
into osteocytes with minimal or no influence over
adipogenesis. Both of these materials possess strong
in-plane covalent bonds and weak out-of-plane van
der Waals interactions, with surface roughness that
promotes interactions between cells and surface, tun-
able for optimization. Moreover, both of these mater-
ials show minimal cytotoxicity [27]. In SC research,
MoS, nanosheets provide biophysical stimuli that
enhance adhesion, proliferation and differentiation.
Their nanostructured surfaces mimic extracellular
matrices, improving cytoskeletal organization and
focal adhesion formation, as shown in figure 3 [37].
Biomolecule corona on MoS; nanosheets that dic-
tates its biological interaction and compatibility is,
unlike in graphene-protein interactions, the con-
sequence of van der Waals energies and electrostatic
interactions that regulates the conformation of the
adsorbed protein [36]. That initial interaction with
proteins allows cellular uptake, intracellular traf-
ficking and immune responses. Cellular uptake of

MoS; occurs mainly via endocytosis, influenced by
factors like nanosheet size, surface chemistry and
functionalization. Furthermore, MoS, nanoflowers
exhibits interactions with immune cells, such as mac-
rophages and dendritic cells, modulating immune
responses, leaving the space to be used as drug deliv-
ery vehicle for immunomodulation [38]. It can pro-
mote pro-inflammatory responses at higher concen-
trations but also shows potential in immunomod-
ulation strategies. The in vivo formation of a bio-
molecular corona on nanoparticles (NPs) has only
recently been recognized as a critical advancement
in the field of nanomedicine, facilitating a range of
significant biomedical applications, including the
modulation of immune responses, targeted delivery
through endogenous pathways and the scavenging of
disease-associated biomarkers [39].

On the other hand, boron nitride (BN) as a
chemically inert, thermally conductive and electric-
ally insulating 2D material with excellent mechanical
strength supported both, osteogenic differentiation
and adipogenesis, but with significantly higher poten-
tial for adipogenesis, which was proved with oil red O
staining and significantly elevated expression levels of
adipogenic marker genes. This is explained by favor-
ing the adsorption of adipogenic-inducing factors
and relatively smoother surface which provides less
mechanical stimulation and promotes lower cyto-
skeletal tension and rounded cell shape charac-
teristic for adipogenesis. Moreover, BN stimulates
adipogenesis-related signaling pathways like such as



10P Publishing

2D Mater. 12 (2025) 042001

the PPAR~y and C/EBP« while providing insufficient
mechanical or biochemical stimuli to effectively trig-
ger osteogenic differentiation [40, 41].

2D metal carbides and nitrides (MXenes), known
for their exceptional electrical conductivity, play a
significant role in promoting the growth and differ-
entiation of electrically active tissues, such as neural
and cardiac tissues. Strong interlayer interactions in
MZXenes yield a stable aqueous colloidal suspension
which allows endurance and lower cytotoxicity in
biological environment [42]. Through the combined
effects, photoactivated MXene promotes bone and
soft tissue repair at the same time [43]. The pho-
toactivation of MXene nanosheets (Ti;C,Ty), which
converts light into localized heat, occurs through the
absorption of near-infrared (NIR) light (808 nm).
This photothermal activation enhances the antibac-
terial properties of MXene, generating sufficient heat
to expose antibacterial effect on pathogenic bacteria,
including methicillin-resistant S. aureus. The pho-
toactivation also stimulates angiogenesis by upregu-
lating pro-angiogenic factors (such as VEGF) while
promoting cell migration and proliferation, accel-
erating wound healing. Moreover, MXene exposed
to NIR light indirectly activates ERK signal path-
way in adipose-derived SCs in vitro, elevating cal-
cium mineralization by improving the activity of
alkaline-phosphatase, driving osteogenic differenti-
ation. Despite their promising potential in health-
care, MXenes face several limitations that must be
addressed for successful biological application. Their
tendency to oxidize in physiological environments
compromises stability and functionality over time.
Additionally, concerns regarding cytotoxicity, incon-
sistent surface terminations and unpredictable inter-
actions with biological media raise challenges in
ensuring biocompatibility and safety. The complex-
ity of their synthesis, often involving harsh chemic-
als, further limits scalability and clinical translation.
Therefore, comprehensive in vivo studies and stand-
ardized protocols are essential to fully realize MXenes’
potential in biomedical settings [44]. In addition to
their electrical properties, MXenes show remarkable
mechanical robustness, making them ideal candidates
for reinforcing scaffolds designed for load-bearing
tissues, such as bone and cartilage. Their mechanical
strength enhances scaffold stability, supports cellu-
lar integration and ensures better structural integrity
during tissue formation.

2.3. 2D materials in neural tissue regeneration

Neural repair and regeneration are inherently slow
and limited processes, particularly within the central
nervous system, where neurons have a restricted abil-
ity to regenerate after injury. This limited regenerat-
ive capacity is due to factors such as inhibitory envir-
onments, the formation of scar tissue, and the com-
plex structure of neural networks, which altogether
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obstruct the restoration of normal neural function
[45]. Graphene-based scaffolds have demonstrated
promising potential in promoting neuronal regen-
eration, particularly for repairing peripheral nerve
injuries. In an extensive 18 month rat study, these
scaffolds exhibited low toxicity, with no signific-
ant adverse effects observed in major organs such
as the liver, kidneys, heart, lungs or spleen [46,
47]. These scaffolds effectively supported myelina-
tion, axonal growth and improved both locomotor
and electrophysiological functions. The enhanced
expression of myelin basic protein and Tujl high-
lighted the scaffolds’ role in facilitating myelin and
axonal regeneration. Moreover, they contributed to
angiogenesis, a critical process for nutrient supply
and tissue repair, by upregulating CD34 and vas-
cular growth factor expression. Notably, graphene-
based scaffolds exhibited dual regulation of Schwann
cells and astroglia, positively influencing both cent-
ral and peripheral nervous systems to promote neural
repair. Despite these advancements, several chal-
lenges hinder clinical translation. The variability
in biocompatibility results, stemming from differ-
ences in experimental models, presents a significant
hurdle. Concerns about the long-term toxicity and
limited biodegradability of graphene-based materi-
als, especially at higher concentrations, also require
deeper investigation. Additionally, understanding the
interactions between graphene-based scaffolds and
diverse cell types, alongside their effects on immune
responses in large animal models, is crucial to ensure
safety and effectiveness before advancing to human
clinical trials. The graphene-based neural interface
developed by INBRAIN Neuroelectronics represents
one of the most advanced and successful examples of
translating 2D material technologies from academic
research into real-world medical applications [11]. By
overcoming key challenges in scalability, industrial
fabrication, regulatory approval and interdisciplinary
collaboration, INBRAIN not only brought graphene-
based devices closer to clinical use but also demon-
strated a viable pathway for other emerging nan-
otechnologies. Their progress, culminating in FDA
Breakthrough Device Designation and the launch
of first-in-human clinical trials, serves as a model
for how strategic partnerships, sustained funding
and startup-driven innovation can bridge the critical
‘lab-to-fab’ gap in advanced medical technologies.
Functionalization of 3D nanofibrous scaffolds made
of decellularized ECM derived from porcine adipose
tissue with polydopamine (PDA)-rGO enhanced its
bioactivity and electrical conductivity, both very
important for neural tissue engineering. Doping with
PDA-rGO significantly boosted the performance of
scaffolds towards neuronal differentiation, particu-
larly in the 3D environment, which on its own created
biomimetic environment that supported neural SCs
adhesion, proliferation, migration and differentiation
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Figure 4. Proliferation and morphology of NSC-seeded bidimensional and three-dimensional platforms: (a) percentage of viable
NSCs on the platforms relative to the adhered cells on day 1, after 7 and 14 d of culture and schematic illustrations of the seeding
process in each platform; (b) SEM images of the NSCs-seeded platform after 7 d of culture, with white arrows highlighting the
cellular clusters and black arrows pointing to the out-growing processes; (c) immunocytochemistry of actin filaments (phalloidin
in red) and nuclei (DAPI in blue) of the NSC-seeded platform after 14 d of culture; (d) DAPI staining of the cross-sectioned
NSC-seeded 3D platforms, with white arrows showing the cellular migration pathway. Reprinted from [48], Copyright (2023),
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[48]. The scaffold also facilitated spontaneous dif-
ferentiation, favoring a neuronal over an astrocytic
lineage. In more detail, PDA-rGO in 3D platforms
significantly enhanced neuronal differentiation, res-
ulting in a 1.26-fold increase in Tujl levels and a
1.72-fold increase in MAP2a/b neuronal isoforms
(see figure 4). Graphene, GO and rGO nanosheets,
thanks to their large surface area, functionalized
with molecules that enhance the ability to penet-
rate blood-brain barrier (BBB), can carry a variety
of biomolecules, targeting the specific cell type or
area in central nervous system. By serving as efficient
drug delivery systems capable of crossing the BBB
with ease, these nanosheets offer a promising solution
to overcoming the challenges associated with drug
delivery to the brain [49, 50]. The functionalization
of rGO with polydopamine (PDA) has been shown
to significantly influence SCs behavior, particularly
by encouraging spontaneous differentiation toward
the neuronal lineage [48]. This effect is observed
in both 2D and 3D culture platforms, suggesting
that PDA-rGO can serve as a powerful biointer-
face for neural tissue engineering. The gas foaming

technique offers a simple yet effective method for
generating 3D nanofibrous constructs with tunable
physical properties. This approach allows the cre-
ation of biomaterial-based microenvironments that
closely replicate native extracellular matrices, reveal-
ing biomaterial-induced cellular responses that may
remain undetected in traditional 2D cultures. By
incorporating PDA-rGO into gas-foamed 3D scaf-
folds, its potential as a neurogenic biomaterial can
be assessed, revealing new possibilities for neural
tissue engineering and regenerative medicine. The
ability to fine-tune material properties using gas
foaming further enhances its adaptability for vari-
ous biomedical applications. Additionally, excellent
electrical conductivity attributed to the structure of
MoS, with unsaturated d-orbitals, and biocompat-
ibility create nurturing microenvironment for neural
SCs differentiation, allowing their attachment to por-
ous architecture, efficient charge transport at the cell-
membrane interface, proliferation and differentiation
into neural cells [51]. This differentiation is marked
by the increased expression of key neural markers
such as Tujl, GFAP, and MAP2 over extended culture
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periods [52]. The porous nature enables stronger pro-
tein absorption, including growth factors like EGF
and FGF, which further supports the maintenance
of neural SCs stemness and promotes differentiation
efficiency over time.

Its structure also provides excellent template for
cell elongation, which is a preferred feature in neural
tissue regeneration. Moreover, 3D cylindrical scaf-
folds made of MoS,-PVDF hybrid films, with ran-
domly assembled Mo$S, nanoflakes, showed potential
for nerve regeneration encompassing flexibility, con-
ductivity and compatibility, hence mimicking nat-
ural neural structures [51]. Significant regenerative
potential through the light responsive properties of
2D materials with the focus on G and derivatives and
TMDs lays within their capability to finely modulate
cellular response. Excellent conductivity and photo-
thermal capabilities stimulate cell growth, differenti-
ation and tissue regeneration, particularly in neural
and muscle tissues by non-genetic optical modula-
tion. NIR light stimulation of Mo$S, nanosheets influ-
enced more genes related to cell migration and wound
healing in MSCs than nanosheets itself, as evidenced
by transcriptome sequencing [53, 54].

BN nanosheets functionalized polycaprolac-
tone channel scaffold was evaluated for neuronal
repair through piezocatalytic stimulation [55]. This
3D scaffold, produced by layer-by-layer droplet
spraying method, is highly elastic, hydrophilic and
biocompatible [56]. After ultrasonic actuation, the
scaffold generates bioelectrical signals that promote
the secretion of neurotrophic factors, enhancing
Schwann cell viability and modulate ROS levels to
maintain metabolic balance. Schwann cell cultured
on this scaffold showcased an increased expression
of proliferative and neural markers (Ki67, Tujl and
MBP), alongside reduced oxidative stress and elevated
growth factor expression. In vivo, improved nerve
regeneration, remyelination and functional recovery
in a rat sciatic nerve defect model were observed.
Higher nerve conduction velocities, enhanced axonal
alignment and improved muscle reinnervation com-
pared to control groups were noted as well as pro-
moted angiogenesis and reduced amyotrophy. High
biocompatibility of the scaffold played significant role
all along.

3. 2D materials as humidity sensors

The increasing interest in wearable devices, namely,
flexible and transparent sensors, has expanded the
demand for novel materials [57]. Electronic devices
that can be attached to the skin and that are able to
continuously record vital signs are going to minimize
both the size and the cost of healthcare monitoring.
These types of devices require developing of a vari-
ety of noninvasive sensors for monitoring of human
physiological biomarkers. For example, tracking the
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gas molecules that are transmitted from the body
can play an important role in personalized medicine.
The main requirements for these functional sensors
is to be able to get comfortably attached on human
skin and continuously and unobtrusively monitor
human activities. Hence, this type needs to be con-
formable to the skin, and the substrate should not
be an irritant. Some of the activities that should be
uninterupptedly tracked are vital signs (respiration,
pulse, blood pressure) and physiological activities
(muscle movements, cognitive states). Furthermore,
basic humidity sensors can have wide application in
various fields outside of medical uses, such as envir-
onmental monitoring, agriculture, industrial produc-
tion, process control and safety.

Some of the drawbacks of commercially available
sensors is that they are mostly made of polymer films
or porous ceramics, and are unable to operate at high
humidity levels, have slow response time, high levels
of hysteresis and a long-term drift. 2D layered mater-
ials have been extensively studied and shown great
potential as resistive gas sensors due to their excellent
electrical, physiochemical, and mechanical properties
[58-60]. The need for these types of sensors is becom-
ing highly important as the air pollution, caused by
gases such as NO,, SO,, CO; VOCs and particulate
matter, becomes ubiquitous. In this review, we focus
on their emerging potential as humidity, human res-
piration and touch sensors. We firstly describe various
mechanisms for humidity sensing from the aspect of
sensor fabrication. In the next step, we assess the per-
formance of different families of 2D materials, with
the summary of relevant parameters.

3.1. Humidity sensing mechanisms

Humidity sensors can be fabricated through a vari-
ety of methods. While the majority of the commer-
cially available sensors are capacitive-based, devices
based on resistor/impedance response are becom-
ing increasingly popular due to easier fabrication. In
recent years, new operating mechanisms are emer-
ging based on FET, QCM and fiber-optics. Here, we
outline the most prominent sensing mechanisms and
their advantages and disadvantages.

3.1.1. Capacitive

Commercially available humidity sensors are mostly
based on the capacitive technique, where the dielec-
tric constant of the active layer changes in response to
humidity. The standard mechanism consists of paral-
lel plate capacitors, where an intermediate moisture-
sensitive dielectric layer is sandwiched between two
metal electrodes. As the output, the change in capa-
citance is recorded, which occurs when the distance
between the two electrodes changes (i.e. upon water
molecule adsorption). The variations in capacitance
also depend on the area of the electrodes and the
dielectric constant of the intermediate material. The
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straightforward assembly of parallel plate capacitors
hasled researchers to develop capacitive sensors using
diverse materials, and to improve their flexibility and
sensitivity. Nevertheless, capacitive sensors have sev-
eral drawbacks, including hysteresis, stability at high
temperatures and humidity levels, limited durability
against certain organic vapors and their fabrication
can be expensive.
The capacitance value is defined as:

C=c¢cA/d

where ¢ represents the dielectric constant, A the area
of the capacitor, and d is the distance between the
capacitor plates.

The response of the sensor is defined by the fol-
lowing formula:

C—-G

Response = x 100%

0
where Cy and C represent the capacitance measured
under dry air and measured humidity, respectfully.

Sensitivity of the sensor is calculated using the
equation

S X100

~ RA%RH
where S is defined as the percent change in resist-
ance divided by the percent change in relative humid-
ity (RH), RH is defined as the ratio of ‘water vapor
present in a particular volume and at a particular tem-
perature’ to the ‘maximum capacity of air to absorb
the water molecule at the same volume and temper-
ature’

The response time is defined as the time required
for reaching 90% of the total response value, while the
recovery time is defined as the time required to return
the response to 10% of the total response value.

The change in RH is detected as the change in
voltage, as the conversion circuit (usually, a simple RC
circuit) is transforming the change in the capacitance
into change in voltage.

Capacitive-based humidity sensors have been
reported on GO [61-65] and MoS, [66], which will
be discussed in more detail in section 3.2. Figure 5
depicts two setups based on GO [61] and GO-PSS
film [63].

3.1.2. Resistive
In contrast to capacitors, resistive humidity sensors
have a simpler structure and are easier to integrate
with CMOS technology. As a result, considerable
research is focused on the development of resistive
humidity sensors, which are expected to lower the
cost per unit and offer improved long-term stability.
The sensing mechanism is based on recording the
change in humidity, as the adsorbed water molecules
affect the electronic density of states and the carrier
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concentration of the active material and change its
conductivity.
The response is defined as:

R—Ry

Response = x100%,

0
where Ry and R represent the resistance measured
under dry air and measured humidity, respectfully.

A typical response of this type of setup, prepared
on a hybrid composite of rGO and MoS, [67], is
shown in figure 6.

3.1.3. Impendence

Sensor with impedance output is structurally similar
to the resistive sensors, whereby they consist of three
parts, a substrate, interdigital electrodes, and the sens-
ing material. The output is highly dependent on the
frequency and RH. Sensors show better performance
at lower frequencies, as the impedance significantly
increases with the decrease in both RH and frequency.
In the typical setup, the output current is measured by
applying a sinusoidal voltage to the electrodes, and the
impedance is calculated as the voltage/current ratio.
Some of the reported impedance-based sensors used
GO [68], MoS; [69, 70], MXene [71], Al,O3 NTs [72]
as the sensing material, and their performances will be
discussed in detail in section 3.2. Two typical setups
are depicted in figure 7.

3.1.4. Other sensing mechanisms

Other than the previously explained mechan-
isms, based on resistive or capacitive effects, new
approaches have been proposed. Here, we discuss the
most promising ones, which bring forth better integ-
ration into electronics, or miniaturize the size of the
sensing device.

QCM

Quartz crystal microbalance is a technique capable of
detecting mass change as small as the sub-nanogram,
making it suitable for vapor phase sensors. A thin slice
of quartz crystal is placed in a circuit, and with the
applied voltage, alternating compression and stretch-
ing vibrations appear [73, 74]. The change in the
resonant frequency can be detected, as the adsorbed
water molecules change the mass of the crystal. The
amount of the adsorbed water and the resonant fre-
quency change are correlated, allowing for the cal-
culation of the humidity level. This type of setup is
shown in the left panel of figure 8.

Potentiometric

A self-powered potentiometric mechanism was
reported [75]. The sensing mechanism was based on
a sandwiched material structure, made of rGO/GO/-
foamed metal (such as nickel, zinc, iron and cop-
per), and it modulates the measured potential dif-
ference between the two electrodes by humidity
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Figure 5. Capacitive-type humidity sensors based on (a)—(e) GO [61] and (f), (g) GO-PSS film [63]. (a) Digital photographs of
the device, (b) SEM image of the area set off by a red dashed line, (c) output capacitances of sensors as a function of RH, (d) SEM
image of interdigitated electrodes covered with GO films, (e) schematic diagram of the humidity testing system of GO as a
humidity sensing material between the two sets of interdigitated electrodes. (a)—(e) Reproduced from [61], with permission from
Springer Nature. (f) Sensor based on the GO and GO-PSS dielectric films. An optical image of the fabricated sensor is shown in
the inset. (g) Schematic diagram of the RH controlled-environment chamber and charge pumping system. Reprinted with
permission from [63]. Copyright (2014) American Chemical Society.
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Figure 6. Resistance response of a device based on rGO and MoS; as it was gradually bended in the atmospheric environment. (b)
Humidity experiments of a device with the relative humidity change between 11% RH and 95% RH as it was bended with
different bending angles (0, 90, and 180°). Reprinted with permission from [67]. Copyright (2024) American Chemical Society.

stimulation. While the resistive or capacitive devices (RRT). The external humidity stimuli can regulate
are difficult to miniaturize because they require an the hydration across GO, as a solid electrolyte, and
external power supply, potentiometric humidity- bring about a change in the output voltage measured
transduction method is able to detect both steady between the two electrodes. The sensor showed high
and rapid humidity response of multiple cycles with  stability, high RRT and was able to monitor both the
high response value and short response/recovery time  static and dynamic humidity stimulation.
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Fiber optics

Sensors based on fiber optics are helpful for over-
coming the drawbacks of electrical sensors, as they
have fast response, high accuracy and long service
life. They are easy to fabricate and are compatible
with pre-established fiber optic systems. The sensing
mechanism is based on the change in the light trans-
mission. Namely, the water molecules adsorbed by the
high refractive index (RI) coating result in a difference
in the reference optical signal and the detected sig-
nal. This change can be used to calculate the humid-
ity. For example, by overlaying WS, on side of a pol-
ished fiber, a first all-fiber-optics humidity sensor was
developed, with rather fast RRT (1 s/5 s) [76]. This
setup holds a lot of promise, and by using some other
high RI materials, such as MoS,, or the combination
of materials, RRT can potentially be improved.

FET

Field effect transistor-based sensors have a standard
setup of a source, drain, gate and channel materials.
Channel material is the active sensing material and it
bridges the source and the drain. The sensing materi-
als absorbs or releases water, affecting the charge dis-
tribution between the layer and the gate. Graphene is
not a good candidate for FET-based sensors due to
low on/off ratio and zero bandgap, therefore, these

types of devices are reported on MoS, [69] and metal-
lic nanowires (NWs) [77].

3.2. Sensing performance of 2D materials

Here, we assess the performance of humidity sensors
for a variety of 2D materials. The summary of crit-
ical parameters, such as type of the device, mater-
ial, mechanical status (whether it is rigid, flexible or
stretchable), the measured humidity range, the RRT
and the response/sensitivity of the device are presen-
ted in table 2. NA stands for parameters which were
not reported (and cannot be deduced) in the paper, in
the units typical for that specific measurement setup.

3.2.1. Graphene, GO and rGO

Graphene, GO and rGO [61, 62, 64, 68] were all stud-
ied as sensing materials, and their performances will
be discussed here in detail.

As previously mentioned, single layer graphene
has high electrical conductivity ascribed to the p-
orbital electrons, which form 7-bonds with neigh-
boring atoms. On the other hand, delocalized 7-
electrons are sensitive to the modifications of their
immediate environment, making them suitable for
sensing [99]. Nevertheless, humidity sensors based
on graphene alone have shown limited range and/or
response times [100]. Some of these drawbacks can
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Figure 8. Left panel: QCM-based sensor. Top: fabrication illustration. Reprinted from [73], Copyright (2018), with permission
from Elsevier. Bottom: dynamic frequency shift of QCM sensors, inset are response values versus RH. Reprinted from [74],
Copyright (2016), with permission from Elsevier. Right panel: potentiometric humidity sensor design: schematic illustration of
the humidity response mechanism; response/recovery curve of open circuit voltage (Vo) and short current density (Isc) of
rGO/GO/Nigy, sensor and the response/ recovery time of rtGO/GO/Nifm sensor. [75] John Wiley & Sons. © 2021 Wiley-VCH

GmbH.

be overcome by using CVD graphene. For example,
graphene deposited on a SiO; layer on a Si wafer, was
prepared as a resistive humidity sensor and showed
response time comparable to GO [79]. As there has
been extensive work done on graphene, we will focus
more on GO and rGO.

GO film is a laminated material formed from
oxygenated graphene platelets. It is a good can-
didate for humidity-response platforms, as it is a
low-cost, easily synthesized material. It possesses a
large specific surface area, which can highly improve
the number of exposed atoms at the edges that
can act as water molecule absorbers. It also con-
tains diverse oxygen-containing groups on a basal
plane, and carboxylic acid groups at the edges, which
can increase hydrophilicity [75]. These characteristics
allow GO to be utilized as humidity sensing mater-
ial, as the layered and interlocked structure of GO
films effectively undergoes the permeation of water
molecules into the film under humid conditions
[101]. Nanoscale capillaries between individual GO
platelets facilitate low-friction water molecule flow
on the surface, making the permeation process both
rapid and reversible [102]. As a result, the inter-
layer distance between GO platelets increases with

increasing RH, making it possible to monitor the
humidity in the environment.

The sensing mechanism based on resistivity has
been developed by measuring the electrical conduct-
ance changes in the GO films upon the exposure to a
humid environment [103]. Namely, electrical inter-
actions between water molecules and GO platelets
cause electrical perturbations in the GO films that
can be monitored in real-time. The water molecules
that are hydrogen-bonded to the oxygen groups on
the GO surface easily lose a degree of rotational
freedom because of the strong interactions in the
layered and interlocked structure between the plate-
lets. As a result of the confined water intercalation
through exposure to humidity, there is an increase
in dielectric strength and a decrease in the elec-
trical conductivity of GO films. A capacitive-type
humidity sensor was prepared, reporting high sens-
itivity, explained as a result of violent oxidation and
a creation of large density of sulfur vacancies and
hydrophilic (carboxyl, hydroxyl) functional groups
[61]. Through previously mentioned basal plane and
edges of GO, composed of distributed oxygen groups,
the hydrophilicity is improved. Another GO humid-
ity sensor was prepared on chemically exfoliated
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Table 2. Summary of the device performance based on sensing material, mechanical status, testing RH range, response or sensitivity and
response/recovery time. NA stands for non-applicable, i.e. this parameter was not evaluated.

Mechanical Response/recovery
Device Material status RH range (%) Response/sensitivity time (s)
Capacitor GO [61] Rigid 15-95 37 800% at 1 kHz 10.5/41
GO/PDDA [62] Flexible 11-97 1552 pF/% RH 108/94
GO/PSS [63] Flexible  20-80 NA 60/50
GO-Au [64] Rigid 11-97 25 809 pF/% RH 8/12
GO [65] Flexible 10-90 3215.25 pF/%RH 15.8/NA
MoS; (liquid exf) Rigid 11-96 43 684% 30/40
[66]
Resistor rGO [78] Flexible 10-95 100 50/3
Graphene [79] Rigid 1-96 S%: 0.31 (AR/R/%RH) 0.6/0.4
GO [80] Flexible 30-95 S$%: 7.9 100/NA
rGO/PU (2] Stretchable 10-70 AR/R) 4.63 at RH = 35%) 3.5/7
GO [81] Rigid 8-95 124% 3/7.7
r-CMGO [82] Rigid 0-100 0.33%RH — 1 0.025/0.127
GO [83] Rigid 11-97 NA 15/28
MoS,/GO [84] Rigid 25-85 IH/IB = 1600 43/37
rGO/MoS; [85] Rigid 5-85 2494.25 6/31
rGo/MoS; /PI [67]  Flexible 11-95 96.7% 0.65s/14.4
MoS; (nanosheets)  Rigid 10-60 NA 9/17
[86]
MoS,/Si NW [87] Rigid 11-95 392% 26/15
MoS,/PEO [88] Flexible ~ 0-80 ~0.7Q°C™! 0.6/0.3
MoS, NTTs [89] Rigid 20-85 668 0,5/0,8
MoS,@MoSe; Rigid H,0 conc NA 30/33
flowers [90] 25-12 000 ppm
WS, NPs [91] Rigid 11-97 469% 12/13
WS, nanosheets Rigid 8-85 IH/IB = 1300 at 85% RH 140/30
[92]
MoS; NPs-plasma  Rigid 20-95 NA 0.5/0.8
(93]
SnS; nanoflakes [94] Rigid 11-97 —11300% 85/6
SnO; film [95] Flexible 15-70
CeO NW [96] Rigid 15-97 Rair/RRH = 6.2 3/3
ZnO NW [97] Rigid 17-60 4000 for 50% RH 60/3
MXene/TPU Flexible 11-94 12/30
Impendance GO [68] Flexible 35-80 NA 0.03/0.09
MoS; dendrites [70] Rigid 10-95 413 S =Im (11%)/Im (95%)] 17/24
MoS,—spiropyran  Rigid 10-75 1.0% - (%) RH — 1 NA
[69]
MXene/GO/COC Flexible 6-97 182 * 10°/%RH at 1 Hz 0.8/0.9 s
[71]
TiO, NW [98] Rigid 11-95 3000% 3/7
AL O3 NT [72] Rigid 11-95 10 000% 10/20
QCM GO/PEI [74] Rigid 11.3-97.3 27.3 Hz/%RH 53/18
GO/SnO,/PINI [73] Rigid 0-97 29.1 Hz/%RH 7/2
Potentiometric GO [75] Rigid 20-90 5-20 mV/%RH 0.8/2.4
Fiber optics WS, [76] Rigid 33-85 0.1213 dB/%RH 1/5
FET SnO, NW [77] Rigid NA NA 120/20

large-area thin films [80]. While easier to scale-up,
these films showed a slow response time of 100 s.

In another approach, a GO-based single-layered
sensor chip with multiple sensing capabilities was
prepared [81]. It showed potential to operate as a
microheater, temperature sensor and a flow sensor.
This device was fabricated on two sides of the Si wafer.

15

On one side of the chip, a GO-based humidity sensor
is fabricated, offering ultrahigh sensitivity of 124/%
RH, rapid RRT, and a wide detection range (8%-—
95% RH). Additionally, the effect of temperature on
the humidity sensing properties of GO is demon-
strated using the microheater platform. On the other
side of the chip, serpentine Pt micropatterns serve
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as high-performance temperature and flow sensors
in cold and heated states, respectively, when connec-
ted to the appropriate circuits. Low and high voltages
are applied to the Pt microlines for temperature and
flow sensing, respectively, generating negligible and
significant Joule heating effects. As a result, the Pt
micropatterns enable the realization of three distinct
functionalities within a single device. The humid-
ity was tested from 8% to 95%, with fast RRT of
3 s/7.7 s. Another technique used to increase the act-
ive surface area is to combine GO with metal NPs.
For example, Ag NPs were added to GO in differ-
ent concentrations, in order to improve the humid-
ity sensitivity of capacitive-type sensors [64]. The
sensing properties were tested in a 11%-97% RH
range at room temperature. The best performance
was achieved by the GO/Ag (2 wt%) composite-
based sensors. Addition of Ag NPs increases the
large specific surface area and hydrophilicity by
adding the wrinkles. Beyond 2%, the initial res-
istance of the composites becomes too small to
be dielectric, and the performance of the sensor
deteriorates.

Nevertheless, sensors based on natural GO have
limited sensitivity at low humidity levels. The mater-
ial is also electrically insulating, but its conductiv-
ity could be partially restored if certain reduction
processes are performed to remove oxygen groups.
Therefore, rGO can sustain both the conductivity and
the chemically active defect sites. One drawback is its
relatively low surface area, which significantly hinders
the sensing capabilities. Therefore, it is highly desired
to prepare rGO as hierarchical nanostructures. Such a
sensor was developed, whereby two-beam-laser inter-
ference was used to control the content of graphene
functional groups [78]. With this approach, conduct-
ivity could be partially restored, leading to tuning
of RRT due to the interaction between the water
molecules and oxygen functional groups.

rGO was also prepared as a humidity sensor via
modified Hummers’ method, and showed faster RRT
(15 s/28 s) than pure GO (18 s/31 s) [83].

Using a simple chemical modification of rGO
with hydrophilic moieties can improve the sens-
ing performance significantly. Another drawback of
using rGO as a humidity sensor is the hydrophobic
nature, as the reduction of GO removes the oxygen-
containing functional groups. It was reported that,
by using triethylene glycol chains, rGO resistive-
based sensor increased the sensitivity by 31%, with
ultrafast response (25 ms) and recovery (127 ms)
times [82]. By using chemical functionalization of
GO with carefully designed molecules allows for
achieving optimal performance in humidity sensing
while ensuring high selectivity to water molecules.
Similar functionalization of GO and other 2D materi-
als with specific receptors for the desired analyte, stra-
tegically selected from the well-established library of
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supramolecular chemistry, will enable the creation of
high-performance chemical sensors for a wide range
of analytes.

3.2.2. MS,

In the covalently-bonded S—-M-S (M is a transition
metal such as Mo, W, Sn), MS,-layers are bound
together by van der Waals interactions. The atoms of
each individual layer can be classified into basal plane
sites and edge sites. The basal plane is terminated by
sulfur atoms with lone-pair electrons and no dangling
bonds, making it inactive. In contrast, the edge sites,
where either transition metal or sulfur atoms lack
coordination bonds, tend to be more active. As the
analogue of graphene, semiconducting MS, materi-
als, together with lower background carrier densities,
are expected to display a comparative or preferable
sensing performance. Furthermore, they are suited to
be a good sensing platform, as this family of materials
has excellent thermal stability, ideal bandgaps, very
high mobility and strong electron—hole confinement.
One of the first successful humidity sensors based on
MoS, was reported in 2012, on a two- and five-layer
resistor-type device, but this early work shows slow
recovery and response times [104].

One of the drawbacks of the devices based on
single-layer films is that they suffer from an unstable
current response and are not suitable for scale-up
[105]. One of the solutions is fabrication of devices
based on liquid-phase exfoliated nanosheets [66].
This method of exfoliation increases the molecu-
lar adsorption area, due to the presence of dangling
bonds at the edge sites and defects and vacancies. The
resulting sensor showed RRT of 30/40 s. Moreover,
MoS,-based sensors show lower hysteresis than GO-
based sensors, which have strong interaction between
GO oxygen functionalities and the physisorbed water
molecules [82]. Furthermore, few-layer nanosheets
have a superior long-term stability, and they do not
need to be functionalized with NPs or polymers to
improve the slow recovery. Another resistive device
based on a exfoliated thin film of MoS, was pre-
pared by drop-casting and tested in the RH range
of 0%—60% [86]. This sensor showed fast RRT of
9 s/17 s, surpassing that of bulk MoS,. This effect
can be explained by the increased surface area of the
nanosheets after exfoliation, leading to more water
molecules absorption sites. When MoS, is exfoli-
ated into few-layer nanosheets, it exposes a signific-
ant number of low-coordination step edges, kinks,
and corner atoms. These exposed edge sites play a
crucial role in the material’s gas sensing behavior.
Another large-area few-layer MoS, film heterojunc-
tion was prepared with Si NWs array [87]. While the
contact area of MoS,/bulk Si is not large enough to be
used as a detector, resulting in poor device perform-
ances, using NWs can increase the specific surface
area, improving the sensitivity and response speed.
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This sensor showed high sensitivity with the RRT of
225/12s.

Although functionalization is not required for
improving the stability, this process can be used to
introduce other mechanisms, such as light switch-
ing. By interfacing them with organic photocromatic
molecules such as spiropyran (SP), electronic charac-
teristic of 2D materials can be modulated [69]. SP-
functionalized MoS, light-switchable bi-functional
field-effect transistors were reported [106]. SP exhib-
its reversible photo-isomerization from neutral (SP)
form and a zwitterionic merocynine (MC) form
through UV light. Owing to this effect, the function-
alization of 2D surfaces with SP molecules represents
a useful approach to confer to them a reversible light-
controlled wettability. It was demonstrated that dec-
orating mechanically exfoliated MoS, with solution-
processed SP, functionalized with either ethylene
glycol chains (EGO-SP) or alkyl chains (C13-SP),
provides an effective approach to modulate the sensit-
ivity of FETs to humidity changes. This is achieved by
using a subtle, non-dynamic control over the interac-
tion with environmental water molecules. The light-
induced photo-switching triggers a wettability change
of the SP/MoS, interface, which, in turn, worsens the
optoelectronic properties of the MoS; semiconductor
due to water’s known role as an electron trap in MoS,.
The reversible behavior of water adsorption on the
MoS,; surface was evaluated through repeated expos-
ure of the device to humid and dry air. It was observed
that the MoS, device’s initial performance could be
partially restored after 1 h of flushing with a gentle
stream of N, to remove the water.

While the pure MoS, humidity sensors suffer
from low sensitivity at room temperature, coating
them with metal NPs can increase their perform-
ance, but it also increases the cost. Combining GO
with MoS§; flakes to prepare a nanocomposite showed
significant improvement as a chemoresistive humid-
ity sensor [84, 85]. In the nanocomposite, water
molecules attach to defect sites found in both the
MoS; and GO layers. Additionally, the functional
groups on the GO layer facilitate the adsorption of
water molecules. Due to the large surface area of both
MoS, nanoflakes and GO nanosheets, the amount of
adsorbed water is significant, which in turn increases
the density of charge carriers. The high response of
the RGMS humidity sensor was attributed to the p-—n
heterojunction formed by the p-type rGO and n-type
MoS; and the effect of the oxygen functional groups
remaining on the surface of rGO.

MoS; can be prepared in other morphologies in
order to increase the surface area. For example, Mo$S,
nanoflowers were decorated with Au NPs in order
to enhance electrical conductivity of the humidity
sensor [107]. The prepared solution was drop cas-
ted on an electrode and mounted on a cotton mask
so that it sits between the nose and the mouth and
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detects breathing. The sensor showed promising res-
ults with RRT of around 100 s. MoSe, @MoS, nan-
oflowers were synthesized and tested as humidity
sensors with a unique 3D interface structure [90]. The
direct growth of MoS; on MoSe; nanosheets spon-
taneously forms a high number of n—n heterojunc-
tions enabling more sensitive adjustment of resistivity
by influencing interface electron transfer efficiency.
By finding an optimal ratio of these two moieties, a
sensor with improved sensitivity and response times
with respect to single-phase sensors was achieved.
The fastest times were 40 s/33 s for a 50:50 ratio,
and the sensitivity increases almost 10 times than that
of the single-phase material. Few-layer dendrites of
MoS, were prepared via CVD method and depos-
ited on Si/SiO, substrate. This fractal configuration
increases the humidity sensing performance due to
the increase in structural complexity and edge active
sites [70]. The dendritic MoS, has a lower impedance
and a higher rate of change for the same response time
compared to the triangular MoS,. The RRTs were
11 s/17 s and 17/24 s, respectively. Under high RH
conditions, free water can penetrate the interlayer of
dendritic MoS; nanomaterials, enhancing the dielec-
tric constant and sensor response. The abundance of
edge active sites contributes to its high conductivity
and faster charge transfer, significantly improving its
humidity sensing properties.

Another approach to modify and improve sensor
parameters is by plasma irradiation. MoS, NPs were
exposed to O, plasma, which increased the total pore
volume and the specific surface area, while shift-
ing the pore size distribution towards lower values
[93]. O, plasma can have several effects on 1T/2H
NPs. It can create defects in the crystal structure;
it can act as the etching medium and remove the
excessive sulfur. It is also possible that the heat gen-
erated by plasma can change the phase structure,
and increase surface roughness due to formation
of MoOs. Response/recovery times for non-treated
MoS, were 76 s/382 s, while the treated showed an
increase in response time and decrease in recovery
time. The decrease of the pore size slows down the
diffusion of water to the pore surfaces to decrease the
response time.

WS, was tested as humidity sensors both in the
shape of nanosheets and NPs. WS, NPs, in the size
range of 25-40 nm, were deposited on a quartz wafer
[91]. The fast recovery time (13 s) is attributed to the
fast desorption process of H,O molecules from the
WS, NP, and the slow response (12 s) is due to hydro-
philic surface of the NP resulting in slow adsorption
of H20 molecules on the surface. 2D-WS, nanosheets
were prepared via exfoliation and drop-casted on
a commercial alumina substrate with Ag electrodes
[92]. This resistive sensor showed RRT during a pulse
between 8 and 85 RH % of 140 s and 30 s. While the
reported times are not fast, the sensor showed high
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stability, as it had a nearly constant response over
many weeks. An all-fiber-optics sensor based on WS,
showed rather fast RRT (1 s/5s) [76].

SnS; is another layered material, where tin cations
(filling the octahedral sites of the alternating layers)
and sulfide anions form hexagonal structures, and
it is gaining interest due to its stability. SnS, nan-
oflakes, prepared by an economically viable hydro-
thermal synthesis method, were tested as humidity
sensors [94]. This sensor showed promising recovery
time of 6 s, with the longer response time of 85 s.
The response of the sensor device is most likely con-
strained by the strong adsorption and desorption of
analyte molecules at room temperature. The thermo-
dynamic adsorption of analyte molecules may not
be highly favorable during the response time, and
during the recovery phase, analyte molecules easily
desorb due to their low absorption energy. As a res-
ult, the response time is significantly longer than the
recovery time.

3.2.3. Flexible sensors

In order to prepare flexible sensors, TMDC materi-
als can be introduced into flexible substrates. Given
the need for permeability, biocompatibility, and com-
fort in wearable devices, a variety of porous materials
can be utilized as flexible substrates, with the poly-
mers being the most popular. When the nanomater-
ials are added to a polymer matrix to prepare a com-
posite, unique mechanical, thermal and spectroscopic
properties can be achieved that would be otherwise
infeasible with the individual materials. The nanoma-
terials add to the improvement of the overall strength
and stiffness, making them the load-bearing compon-
ent, while the polymer matrix uniformly transfers the
applied force to the nanomaterial, serving as a load
distributor. The parameters that determine the per-
formance of such composite are the individual prop-
erties of the constituents, their weight ratio, and the
geometry and the orientation of the nanomaterial in
the composite. They can improve stiffness, toughness,
structural and thermal stability and tensile strength.
The potential use of silicon-based nanocomposites
as flexible and stretchable sensors is opening up the
search for the best filler for different applications,
such as motion detection, structural health monitor-
ing, artificial electronic skin, nanosensors [108, 109].
As they can have high stretchability and sensitivity,
simple manufacturing process and fast response, they
can be added to wearable devices or attached directly
to the skin. Nanomaterials have been shown to be
superior fillers to the conventional metals and semi-
conductors that are limited due to their poor stretch-
ability, brittleness and dispersion difficulties. Variety
of novel nanomaterials, such as NWs [110], graphene
[111-113] and metal oxides [108], have been suc-
cessfully incorporated into elastomers. These fillers
can be further modified to enhance their integration
with polymeric matrices and substrates and to tailor
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the sensing efficiency of the overall nanocomposite
material.

A humidity sensor prepared from intrinsically
stretchable components, instead of a combination
of rigid and flexible materials, should be preferred.
One of the first transparent and stretchable humid-
ity sensors was reported on a rGO/PU (polyureth-
ane) device [2]. This resistor-based sensor has a
faster RRT than previously reported devices based
on graphene and GO. It can detect the humidity
of the human breath, remains stable up to a strain
of 60% and after 10 000 stretching cycles at 40%
strain. In other work, GO/PEI (Poly(ethyleneimine))
was sprayed on a QCM for humidity detection. This
sensor exhibited high sensitivity, good RRT (53/18 s),
negligible hysteresis and good repeatability [74].
QCM method was also used on a GO/SnO,/PANI
nanocomposite [73]. This composite has higher sur-
face area, accessible pore volume and pore size dis-
tribution, as well as a smaller water contact angle
than the separate GO/PANI and SnO,/PANI com-
posites. The sensing mechanism was analyzed using
the Langmuir adsorption isotherm model. Water
molecules are adsorbed on the GO/SnO,/PANI nano-
structure through the hydroxyl, carboxyl and epoxy
functional groups attached on the GO nanosheets,
the amino groups on PANI nanofibers, as well as sur-
face vacancies and defects on SnO, NPs. The water
molecules were firstly chemisorbed on the coated
film at low RH, followed by physisorption by double
hydrogen bonding. At high RH, the first-layer water
molecules were physisorbed through the action of
double hydrogen bonding. The resulting sensor has
a rather short RRT (7 s/2 s), with high stability,
making this sensing mechanism promising for future
applications.

Using hydrophilic polymer can improve the char-
acteristics of GO-based sensors. PSS (poly (sodium
4-styrenesulfonate)) was added as an intercalant
between individual GO platelets to enhance the water
permeation characteristics [63]. The capacitive-type
humidity sensor fabricated by forming metal elec-
trodes on the film was equipped into the charge
pumping system, which can produce voltage out-
puts as a response to humidity sensing. Compared
to the pure GO sensor, GO-PSS films showed a 3
times faster response to humidity and 5 times higher
voltage output. In comparison with covalent bonding
in GO and RGO, non-covalent methods could offer
the m bonding on graphene basal plane while retain-
ing graphene unique electronic properties without
necessarily making use of harsh chemicals. One of the
approaches to non-covalently functionalize graphene
was to coat it with a thin layer of hydrophilic poly-
mer. Trough functionalization with PEI (polyethylen-
imine), an amine-rich polymer, the electron transfer
from amine groups to graphene improved the humid-
ity sensing performance [114]. GO/PDDA multilayer
film was fabricated on a polyimide substrate using
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layer-by-layer self-assembly method and tested as a
capacitive humidity sensor [62]. This sensor showed
high sensitivity in the 11%—-97% range, as well as a fast
RRTs.

MoS, flake suspended in PEO were prepared as
an active layer of a resistive temperature and humid-
ity sensor with RRT of 0.6 s/0.3 s [88]. Furthermore,
compared to the bulk MoS;, MoS, NPs are more
promising for improving the adsorption performance
of water molecules/humidity because they have a high
specific surface area, which is beneficial for enhan-
cing the number of water molecules attached on the
surface of MoS,. A fully-flexible humidity sensor was
prepared based on a hybrid composite of rGO and
MoS; with high responsivity and fast response times
[67]. rtGO was chemically reduced in an environ-
mentally friendly manner, mixed with Mo§; via ultra-
sonic dispersion and the resulting GO/MoS, disper-
sion was drop-casted onto a PI substrate with inter-
digitated electrodes. The resulting flexible humidity
sensor demonstrated a responsivity of 96.7% within
the RH range of 11% RH-98% RH, along with fast
RRT of 0.65 s and 14.4 s, respectively.

3.2.4. MXenes

MZXenes, made from thin layers of transition metal
carbides, nitrides, or carbonitrides, feature alternat-
ing metal and carbon layers. To reduce or control
their conductivity for humidity-sensing applications,
they can be functionalized or mixed with oxides,
polyelectrolytes, and polymers. Sensing mechanism
of MXenes is based on the abundance of hydro-
philic active sites, such as -OH and -O termin-
ated groups for water adsorption and intercalation
[115]. They are great candidates for resistive sens-
ing, as the intercalation of water molecules within
the interlayer of MXene leads to an increase of resist-
ance. Nevertheless, the incorporation of MXenes into
flexible polymers remains a challenge, as the weak
affinity between MXene and polymer fibers because
the hydrophilic groups of MXene is incompatible
to hydrophobic nature of polymers. It usually res-
ults in the exfoliation of sensing materials during
the deformation process, restricting the stability of
humidity sensors. One approach to solving this issue
is coating MXenes with TPU electrospun nanofibers
[115]. This sensor showed RRT of 12 s/30 s, respect-
ively, with good stability.

Using GO as the sensing layer and MXenes as
the electrodes in a humidity-sensing device offers
numerous advantages. While GO exhibits a strong
affinity for water molecules, MXenes, known for
their excellent electrical conductivity, facilitate reli-
able measurement of the resistance changes in the
GO layer, resulting in a more sensitive humidity
sensor [71]. Furthermore, GO’s highly interconnec-
ted 2D layered structure facilitates rapid diffusion
of water molecules, resulting in fast response times.
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Its compatibility with TMNSs and flexible substrates
makes it ideal for the development of flexible humid-
ity sensors, which are well-suited for applications
involving bending, molding, and mechanical stress.
This type of a capacitive sensor exhibited a large
response range of 6%-97%, with ultrahigh RRT of
0.85/0.9s.

3.2.5. Metal oxides

Other promising humidity sensing materials are
metal-oxide NWs and nanotubes [72, 77, 96-98].
While the conventional metal oxide-based sensors
usually require high annealing temperatures (larger
than 200 °C), NTs and NWs have many characteristic
optimal for sensing, such as larger surface-to-volume
ratio, higher surface activity, and better absorption
performance. The tube-like nanostructures offer an
increased number of efficient adsorption sites for
water vapor, resulting in high surface charge dens-
ities that promote physisorption processes, thereby
enhancing the sensor’s sensitivity at low humid-
ity levels. Amorphous Al,Os; NTs impedance-based
humidity sensors were prepared, and showed prom-
ising RRT of 10 s/20 s [72]. CeO, NWs humid-
ity sensors was reported, with the ion-type conduct-
ivity as the sensing mechanism [96]. They have a
humidity-independent RRT of 3 s/3 s. LiCl-doped
TiO, nanofibers [98] humidity sensors showed high
RRT of 3 s and 7 s, with stability of one month with
almost no changes in the impendences. Due to the 1D
structure of the fibers, rapid mass transfer of water
molecules to and from the interaction region is pro-
moted, while also enhancing the rate at which charge
carriers pass the barriers along the wires. Additionally,
compared to 2D nanoscale films, the interfacial area
between the active sensing region of the nanofibers
and the underlying substrate is significantly reduced.
These advantages result in a substantial improvement
in the sensing signal and stability.

SnO, was used as a sensing layer and it was
annealed using NIR laser, with low annealing tem-
perature of 41 °C [95]. They were deposited on soft
plastic wrap substrates. This ultra flexible SnO,-based
sensor can detect very small incremental changes
(0.1%-2.2%) of RH in air, with RRT of 90 s/150 s.
A single-NW SnO, humidity sensor was prepared
as FET and tested as a humidity sensor for RH
between 30% and 85% [77]. These NWs possess
a large number of oxygen vacancies in the crystal;
therefore, the surface is very sensitive to oxygen and
water vapor in air. The RRTs were 20 s/60 s, faster
than that of flat SnO,. Additionally, when the sensor
was kept in the moisture for about 1 h, the cur-
rent still recovered to the original value, indicating
that the interaction between water vapor and the sur-
face of the NW should be dominated by physisorp-
tion, while chemisorption plays a minor role. A single
ZnO NWs was deposited between gold electrodes and
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placed into a chamber with humidified air [97]. These
devices shows exponential change in the resistance
of more than five orders of magnitude in response
to a change of RH from a dry air to 60% RH air at
room temperature. This is a result of a subthreshold
carrier modulation in the NW core, high surface-to-
volume ratio of the NW and complete exposure of the
NW surface to air, due to the free standing structure.
These sensors demonstrate stable behavior, reprodu-
cible switching response, with RRTs of 60 s/3 s time
in response to 30% RH pulses between dry air flushes
and pronounced sensitivity at elevated temperatures.

4. Human breath and touch monitoring

Respiration is one of the key human vital signs that
reflects the state of the respiratory system and over-
all health. By monitoring respiration, health can be
assessed through factors such as respiratory rate,
depth, pattern, and oxygen saturation. In healthy
adults, the normal respiratory rate typically ranges
from 12 to 20 breaths per minute, while children tend
to have a slightly higher rate. Abnormal rates can
signal health issues such as anxiety, hypoxia, fever
and other conditions, whereas slow breathing can be
indicative of medication overdose or neurological dis-
orders. The breathing pattern shows the regularity
and rhythm of breathing. However, traditional respir-
atory monitoring methods often cannot provide real-
time, synchronized, and comprehensive measure-
ments. Typically, real-time monitoring requires wear-
ing medical respiratory equipment, which can sig-
nificantly interfere with normal activities. Therefore,
the development of flexible respiratory monitoring e-
skins is a crucial advancement in healthcare. Those
novel respiratory sensors are designed to monitor
human breath non-invasively by detecting, measur-
ing and interpreting respiratory data in real-time.
Some of the parameters they should track are respir-
atory rate and volume, and the composition of the
exhaled gas. These parameters can be further used to
diagnose respiratory disorders, and guide the physical
activity after the recovery. For example, such wear-
able sensors were tested for early diagnosis of Covid-
19, through non-invasive monitoring of the respir-
atory behavior, body temperature and blood oxygen
level [116]. Graphene FETs were also able to detect
SARS-CoV-2 spike protein [117]. This method of
monitoring can be particularly useful for people out-
side of hospital settings. Specifically, humidity sensors
can effectively differentiate the inhalation and exhal-
ation phases, as well as the depth of each respiratory
cycle, by detecting changes in RH during the inhale
and exhale processes. Therefore, the sensor should be
placed near the nostril or mouth, realizing contact-
less measurement. Additionally, respiratory monitor-
ing based on RH in the airflow is minimally influ-
enced by environmental factors such as temperature,
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noise, and others, ensuring reliable data. The breath-
ing process consists of two periodic stages: inhal-
ing air that contains O, into the lungs and exhal-
ing CO; through the nose or mouth. The complete
cycle, from inhalation to exhalation, is referred to as
a respiration cycle. The airflow can be monitored as
exhaled air is warmer, has higher humidity, and con-
tains more water molecules than inhaled air. In addi-
tion to breath monitoring, the real-time monitoring
of the human skin humidity level via a skin patch can
be an important development in prevention of fatal
illnesses due to dehydration.

Previously mentioned first transparent and
stretchable a rGO/PU sensor was able detect the
humidity of the human breath [2]. The device was
placed at a distance of 3 cm from the nose, and suc-
cessfully detected the resistance change between dry
air, ambient air and human breath. To test different
environments, it was attached to the human finger,
providing the feedback on the humidity of the envir-
onment, moisture of human skin and dampness of
objects. A GO sensor, shown in the top left panel
of figure 10, was prepared in an impedance setup
and showed ultrafast RRTs of less than 100 ms for
thickness of 15 nm, being among the fastest humid-
ity sensors to be reported, comparable to the com-
mercially available optical sensors [68]. It was fur-
ther tested for speaking, breathing and whistling.
The ultrafast performance of these sensors allows
the capture of fine features due to moisture modu-
lation during speech. This sensor was also capable
of recognizing different whistled tunes, by captur-
ing their distinct patterns characteristic. The pat-
terns were then analyzed using FFT and Principal
Components Analysis, resulting in clear clustering
for each tune. After training the system with 10 data
points per tune, each whistled tune was classified and
recognized with an accuracy of approximately 90%,
enabling user authentication. A GO/PDDA capacit-
ive sensor was tested for human breath monitoring
[62]. The breath response characteristics for a normal
adult were measured over 45 s, during which 11 repet-
itive breathing cycles were observed. The capacitance
response showed a sharp increase during exhalation
and a drop during inhalation, corresponding to the
breathing cycles. Notably, the sensor’s response and
recovery times were both within 1 s, enabling the
capture of fine details related to moisture modulation
in human breath. Another GO-based single-layered
sensor chip with multiple sensing (figure 9, left panel,
middle) was able to monitor human breathing, nose
breath and human touch [81]. Because the three dif-
ferent sensors operate independently, as explained in
section 3.2.1, they have good sensitivity.

MoS; NPs exposed to O, plasma were also tested
as a human breath sensor and for skin monitoring
[93]. The breathing test was conducted with three
different conditions, including deep breath, normal
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Figure 9. Top: a 15 nm thick GO sensor with the normalized
response to a modulated humid airflow at 10 Hz; and a
response to ta whistled tune. Reprinted with permission
from [68]. Copyright (2013) American Chemical Society.
Middle: scheme illustrating the structure of the
multifunctional sensor. The GO-based humidity sensor and
the microheater/flow/temperature sensor were fabricated
on two sides of the Si wafer. Dynamic responses of the flow
and temperature sensors to the blow with mouth. Reprinted
with permission from [81]. Copyright (2019) American
Chemical Society. Bottom: schematic image describing the
proposed humidity sensing mechanism of the MXene/TPU
sensor. Ry, Ry, and Rj represent the intrinsic resistance of
MXene nanosheets. Ry and Ry, represent tunneling
resistance at the junctions. Rg;y, represents the total
resistance of MXene/TPU composite film. [118] John Wiley
& Sons.© 2023 The Authors. Advanced Sensor Research
published by Wiley-VCH GmbH.

breath, and fast breath. The breath testing indicated
a good response, and the sensor also distinguished
wet and dry hands clearly. Inhalation was indicated
by the decrease of the resistance, and exhalation by
the increase of the resistance.

A sensor based on MXenes with TPU electrospun
nanofibers sensors was tested for respiratory mon-
itoring, and embedded into the middle layer of a
face mask to avoid the contamination from saliva, as
shown in figure 10, left panel, bottom [118]. When
a sensing material is added to a flexible and wear-
able face mask, its resistance has to be stable upon
bending. As the MXene nanosheets are abundantly
wrapped on the TPU fibers to form a conductive net-
work, the resistance remained stable as the bending

21

] Lazarevi¢ and B Visié

angle increased from 0° to 210°, indicating good
stability and flexibility. The sensor showed prom-
ise for distinguishing different degrees of breathing
and accurately monitoring respiratory signals during
different physical activities [118]. Another MXenes
sensor, combined with GO, successfully detected
moisture from human breath and fingertip [71].
MXene/MWCNT-sensing material was drop-coated
on pristine fabric and cured by UV light. The elec-
trical circuit was printed by conducting ink and
encapsulated by polyimide to avoid short circuiting
due to the water vapor. Finally, the whole sensor with
the encapsulated circuit was attached inside the mask
near the nose as a wearable wireless humidity sens-
ing tag, as shown in figure 9, right panel [119]. The
size of the entire tag was 2 cm X 4 cm. The fabric
sensor, coupled with a flexible detecting tag, enabled
the detection of respiration and the accurate identi-
fication of various breathing patterns. It was also able
to record respiration signals accurately, even under
deformation caused by movement for standing, walk-
ing and running. This sensor also provides a practical
approach for real-time, wireless respiration monitor-
ing using electronic fabrics.

A flexible humidity sensor, based on SnO; thin
film, with the food plastic wrap as the substrate
material, was integrated into a face mask to detect
the breathing pattern [95]. Slow, normal, and fast
respiratory patterns were monitored by the real-time
current curves, with respiratory rates of 8, 20 and
29 breaths per minute, respectively. Sensor was put
inside a glass chamber with a fixed background RH
of 70%, 60%, and 50%, and the breath was released
5 cm away from the substrate.

Another fully flexible humidity sensor based on
rGO/MoS, demonstrated finger proximity detection
and non-touch switching [67]. The device was placed
at 3 cm away from the human nose. When the breath-
ing rate was 20 breaths per minute (rapid breathing),
the device showed a responsivity of 70%. However,
at a slower breathing rate of 10 breaths per minute,
the responsivity increased to over 90%, demonstrat-
ing the good reliability. Water molecules adsorbed
and desorbed quickly on the device surface in both
rapid and slow breathing modes, resulting in a strong
response to human breathing. Additionally, a series
of finger proximity detection experiments were con-
ducted in an atmosphere with 46% RH. The res-
ults showed that the relative resistance of the device
increased gradually from 48.4% to 95.6% as the
distance between the finger and the device surface
decreased from 2 cm to 0.5 cm. These human respira-
tion and finger proximity measurements demonstrate
that the device has potential applications in wearable
technology.

A heterojunction made of 3D MoSe,@MoS, nan-
oflowers was positioned at 8 cm from human mouth
to monitor respiration, and the finger was positioned
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Figure 10. Top panel: (a) the continuous monitoring of the sensor to human deep breath. (b) Repeatability test of the sensor for
finger approach distance of 2 cm. Reprinted from [90], Copyright (2024), with permission from Elsevier. Middle panel: FESEM
image of the sensor and sensitivity as a function of RH. A bar chart in inset illustrating sensitivity dependence on the RH. Bottom

[89]. Copyright (2020) American Chemical Society.

panel: photograph of the attached skin humidity patch on the neck before and after sweating from exercise (top), and the
variation in body temperature measured by the IR image camera (bottom). Comparison of the relative current variation in
volunteers measured by the skin humidity patch from the neck at different physical conditions. Reprinted with permission from

at 2 cm to test for human touch, as shown in the top
panel of figure 10 [90]. Both response curves show
potential for non-contact detection.

A resistive-type humidity sensor made of a
3D-honeycomb structure based on MoS, NTs showed

a promising response in humidity in the atmo-
sphere, human breath and human skin in a 20%—
85% RH range [89]. As a result, it can be incor-
porated in multifunctional sensing applications using
skin humidity, human respiration pattern and speech
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recognition using humidity in exhaled air. These
open-ended NTs combined in a honeycomb provide a
large number of absorption sites for H,O molecules.
The sensor showed ultrafast RRTs of 0.47 s/0.81 s,
respectively, much faster than sensors based on 2D
MoS,. In order to test it in human skin conditions,
the sensor was tested in the human body temperat-
ure range (31 °C-38 °C) at room RH condition. The
sensor showed promise for non-contact applications,
as the resistance change was almost negligible when it
was placed at 3.8 mm above the heater, showing that
it is not affected by the human body temperature, as
depicted in the bottom panel of figure 10.

While reducing the MoS; flake size leads to form-
ation of S-vacancies as active sites for water molecule
absorption, a honeycomb structure contains an even
larger number of sites. The absorbed molecules can
easily diffuse into the NTs through the open pores,
while the defect-rich surface with large number of
S-vacancies on the open NT edges, together with
the cylindrical shape, allows the water molecules
to absorb and assemble easily. In addition, it was
assembled into a wearable patch, detecting human
skin humidity under different physical conditions
and regional sweat rate.

5. Humidity sensors in agriculture

5.1. Soil moisture

Another field of use of humidity sensors is agricul-
ture, as the estimation of soil moisture is of critical
importance to avoid over-wetting or water deficiency
in order to gain maximal crop production. Sensors
based on 2D materials can be utilized as the capacit-
ive devices as they can provide a direct relationship
of the soil moisture content and dielectric permit-
tivity of the soil [120]. A device prepared based on
MoS; sheets showed good sensitivity for both black
and red soil, it demonstrated stable performance over
6 months and good reproducibility with response
time of 35 s [66]. In another study, a variety of 2D
materials were tested as low-cost soil moisture capa-
citive sensors [121]. The best sensitivity (30%) was
reported for MoS,, following by MoOj; (13%), GO
(11%) and V,05 (9%).

5.2. Plant transpiration monitoring
Efforts have been made to monitor the water status of
plants using sensors that can be attached to leaves or
placed near plants. However, these sensors with rigid
designs often face mechanical incompatibility with
the soft surfaces of plant leaves. In this regard, recent
advancements in flexible electronics have paved the
way for the development of leaf-mounted sensors,
which can provide real-time and quantitative inform-
ation about the water status of plants.

A flexible capacitive-type GO-based humid-
ity sensor with low hysteresis, high sensitivity
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(3215.25 pF/% RH), and long-term stability was pre-
pared in order to be directly attached onto plant leaves
for real-time transpiration tracking [65]. The sensor
was fabricated by laser-induced graphene (LIG) inter-
digital electrode on a PI film, as PI serves as both a
precursor for producing LIG and a humidity sensing
material. To further improve the sensor’s perform-
ance, GO was incorporated as the humidity sensing
material. The prepared sensor offers excellent flexibil-
ity, high sensitivity, and long-term stability, enabling
multifunctional applications such as non-contact
humidity sensing. Moreover, it can be attached to the
surface of leaves without causing any visible damage
to plants. By recording capacitance signals, real-time
and long-term monitoring of plant transpiration
is possible. It can be observed that the capacitance
increases 1 d after watering, but over time, it signi-
ficantly decreases, resembling the pristine condition.
However, when the plant was watered again, the capa-
citance increased accordingly. These findings suggest
that the humidity level on the plant surface varies
depending on the plant’s water conditions. Overall,
these results demonstrate that the plant’s response
to drought can be translated into visible electrical
signals, highlighting the potential of the fabricated
flexible humidity sensor in the field of intelligent
agriculture.

6. Human exposure and environmental
impact of 2D materials

The relationship between 2D materials and biological
systems is bidirectional, involving interactions where
both components influence each other and undergo
simultaneous changes. Human exposure to 2D mater-
ials falls into three categories: occupational, environ-
mental and biomedical, based on three basic modes
of the interactions with biological systems: chem-
ical, mechanical and electronic (see figure 11) [122].
Occupational exposure is already occurring among
researchers and is expected to become more signi-
ficant for workers in nano-manufacturing industries
as the field expands. In these settings, workers are
primarily exposed to materials in their original syn-
thesized form or as intermediates and byproducts
during production processes, highlighting the need
to study their biological interactions in these states.
In contrast, environmental exposure arises from
the unintentional release of these materials, which
may undergo chemical transformations before re-
entering human systems through air, food or water.
Biomedical exposure happens in a somewhat con-
trolled manner and undergoes rigorous investigation
through processes which ensure safety, efficacy and
biocompatibility before therapeutic applications or
medical device approvals. Moreover, synthesis meth-
ods play a significant role. Occupational and indus-
trial handling of 2D materials, especially in dry or
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powder form, can result in airborne particles that
pose inhalation risks and potential deposition into
surrounding environment. Aggregation, sedimenta-
tion or restacking behaviors of 2D materials in natural
systems may further affect their transport and react-
ivity. However, their widespread adoption is still lim-
ited by challenges including large-scale production,
long-term durability and economic feasibility. The
overall environmental and health risks of engineered
nanomaterials are generally low, particularly when
strategies like green synthesis and immobilization are
applied to reduce exposure [123]. The first in-human
study assessing the controlled inhalation of GO on
the cardiorespiratory system demonstrated good tol-
erance without any adverse effects. Blood proteom-
ics revealed minimal changes in plasma protein levels,
and only a mild increase in thrombus formation was
observed in an ex vivo arterial injury model. Overall,
short-term exposure to highly purified, ultra-thin GO
nanosheets did not result in any significant harm in
healthy individuals. These findings support the safe
implementation of human exposure studies in clin-
ical settings and provide a foundation for evaluat-
ing the biological effects of other two-dimensional
nanomaterials [124].

The potential negative impacts of 2D materials
remain to be extensively explored, especially as the
number of newly synthesized materials continues to
grow. Even slight modifications in their composi-
tion by, for example, functionalization can signific-
antly alter their physicochemical properties, mak-
ing the range of possible effects vast and largely
unpredictable. The environmental fate of 2D mater-
ials is complex due to their diverse chemistries and
physical forms. Once released, these materials may
undergo chemical (and physical) transformations
such as oxidation, sulfidation, aggregation, dissolu-
tion, changing chemical state [125, 126] etc, induced
by environmental conditions in the presence of atmo-
spheric oxygen, moisture, sunlight and microbial
species [127, 128]. Some materials, such as MoS,,
although considered to have low toxicity in bulk,
in 2D and nanoscale versions can generate ROS
and exhibit dose-dependent cytotoxicity. Moreover,
TMDs may degrade and release heavy metals or
toxic elements like selenium and tellurium, which are
known to accumulate and disrupt biological func-
tions. Their persistence, mobility and interaction
with environmental components like soil, water and
microbial population raise concerns about long-term
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ecological effects. TMDs have been shown to degrade
more rapidly under ambient conditions (exposure
to air and moisture) compared to graphene-based
materials, primarily due to the presence of defect
sites and grain boundaries. For instance, MoS, under-
goes gradual oxidation in air to form MoOs, and in
aqueous environments it further breaks down into
soluble MoO,*~ and SO4*~ ions (see figure 3(d))
[128, 129]. Members of the 2D material family do
not exhibit uniform resistance to oxidation, and
their degradation can occur even at physiologically
and environmentally relevant concentrations of oxid-
ative compounds, such as H,0,, in both single-
and multilayer forms, as observed with pristine
graphene [130]. TMDs are also susceptible to H,O,-
induced oxidation. This oxidative degradation can
compromise their electrical, mechanical, and chem-
ical properties, ultimately limiting their effectiveness
in environmental applications. Mitigation strategies
include procedures such as surface passivation, chem-
ical functionalization and development of protective
coatings and nanocomposites. Nanocomposites are
particularly interesting due to the synergistic proper-
ties they offer [131]. Additionally, surface and inter-
facial behavior of 2D materials may also be altered
by the exposure to common airborne contaminants
such as hydrocarbons, water vapor and oxygen. Even
at trace levels, they can impact the wettability, elec-
trochemical performance and doping, masking the
intrinsic properties of the material (i.e. hydrophobi-
city of graphene is largely due to adsorbed hydrocar-
bons rather than its true behavior) [132]. Cracking
and quenching (corrosion) occur in MoS, and WS,
after they are stored in the presence of water and oxy-
gen for several months. Recently published research
on WS, nanotubes found that material stored for a
long time in protected atmosphere oxidized only mar-
ginally, while other, kept under less controllable con-
ditions suffered severe autocatalytic oxidation [133].

Equally important is the role of these materials
in environmental remediation, as a result of synergy
between 2D materials and electrochemical methods
(electrooxidation and electroreduction) [134, 135].
Their high surface area, tunable surface chemistry and
exceptional conductivity is what make them highly
effective for removing pollutants from air, water and
soil. These applications include the adsorption and
absorption of heavy metals, drugs, dyes and other
potentially toxic compounds. United Nations™ sus-
tainable development goal 6 aims to ensure access to
clean water and sanitation for all, a challenge that
can be significantly addressed through the innovative
use of 2D materials. With their exceptional filtration,
sensing, and antimicrobial properties, 2D materials
can offer solutions for efficient water purification
and real-time quality monitoring [136]. Materials
like graphene, MXenes, and TMDs are extensively
studied for their role in electrochemical sensing,

25

] Lazarevi¢ and B Visié

catalytic degradation of pollutants and fabrication of
advanced filtration membranes [137-139]. Notably,
MZXenes, particularly Ti;C,T,, have shown excel-
lent performance in adsorbing heavy metals like
Pb%*, Cr*t, and Cd*T due to their rich surface
functional groups and high charge capacity. GO
and its derivatives are widely used as membranes
for water purification, thanks to their ultrahigh
water permeability and chemical stability [140, 141].
Degradation of organic pollutants is also possible
due to photocatalysis [142, 143]. Environmentally,
the use of MoS, nanofertilizers reduces depend-
ence on synthetic nitrogen inputs, thereby lower-
ing greenhouse gas emissions and minimizing ecolo-
gical impact [144]. The vision of clean energy gen-
eration is becoming increasingly achievable through
the advancement of nanomaterial-based engineering
approaches.

7. Outlook and future perspectives

The use of 2D materials in regenerative medicine
presents immense potential, but it is held back by crit-
ical biocompatibility and toxicity challenges. Factors
like size, surface charge and functionalization influ-
ence their interaction with biological systems, poten-
tially triggering inflammatory responses, immune
reactions or long-term toxicity due to accumulation.
Additionally, concerns regarding mechanical stabil-
ity, controlled drug release, large-scale production,
regulatory approval and environmental impact neces-
sitate advanced material engineering and thorough
safety assessments to ensure their safe and effect-
ive clinical translation [31]. The overall biological
impact of 2D materials is strongly governed by their
chemical composition, surface characteristics and the
extent of exfoliation, all of which shape their inter-
actions with cellular systems. In the case of TMDs,
both in vitro and in vivo studies highlight that their
elemental composition, particularly the choice of
chalcogen (e.g. sulfur, selenium, tellurium), plays
a crucial role in cytotoxicity. Telluride and selen-
ide variants generally elicit more pronounced toxic
effects than sulfides, likely due to higher chemical
reactivity and chalcogen release [145]. The exfoli-
ation state further modulates bioactivity: nanosheets
with high degrees of exfoliation expose more react-
ive surface area and edge sites, often leading to elev-
ated cellular responses such as oxidative stress and
inflammation [146, 147]. Conversely, TMDs that are
well-characterized and stably dispersed, especially
MoS,, tend to exhibit lower toxicity profiles and
greater biocompatibility, stressing the importance of
controlled synthesis and processing in developing
safe 2D materials for biomedical and environmental
applications [148, 149]. Designing synthesis meth-
ods that are not only scalable and cost-effective but
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also environmentally sustainable is essential for trans-
itioning from laboratory research to industrial pro-
duction. Furthermore, addressing the existing gaps
in regulatory strategy and standardization is crucial
to support the broader commercialization and clin-
ical integration of nanomaterial-based technologies
[150].

The previously discussed challenges in the prac-
tical utilization, from laboratory research to clin-
ical application, can largely be described as ‘cellu-
lar response heterogeneity driven by material tun-
ability. Overcoming these issues requires not only
advancements in synthesis/production, standardiz-
ation and characterization of these materials, but
also hand-in-hand progress in SC biology. Recent
insights into SC biology have revealed how mech-
anical and chemical cues from the microenviron-
ment influence cell fate through mechanotransduc-
tion pathways [151]. This mechanotransductive sig-
naling integrates the microenvironment, cell mem-
brane, cytoskeleton and nucleus, ultimately guiding
SCs behavior and fate. To bridge the gap between
controlled laboratory settings and large-scale pro-
duction, as well as for translation to clinical studies,
the development of robust legal frameworks, stand-
ards, and protocols is essential. Additionally, mim-
icking physiological conditions through mathemat-
ical modeling, integrated data analysis, and the design
of patient-specific therapies will be beneficial to the
successful application of 2D materials in regenerative
medicine. It offers cost-effective, ethically clean and
fast solution [152].

Opverall, graphene-based materials pose both risks
and opportunities, with toxicity varying based on
their form, properties and exposure route. Inhalation
can cause lung inflammation, ingestion may disrupt
gut microbiota, dermal contact might lead to irrit-
ation, and systemic exposure can result in organ
accumulation and inflammation. Despite these con-
cerns, graphene shows promise in biomedical applic-
ations such as drug delivery, antimicrobial treat-
ments and cancer therapy [153]. Discrepancies that
arise between in vitro and in vivo conditions during
the evaluation of nanomaterials and their biocom-
patibility are the consequences of inability to rep-
licate the complex biological environment of sys-
temic circulation (in comparison to in vitro cell cul-
ture media). This mismatch, based on how the bio-
molecular corona differs in vivo and in vitro, can lead
to biases, stressing the importance of the compre-
hensive approach, using advanced data analyses and
machine learning [154]. While no 2D material is uni-
versally superior, GO and rGO dominate in bone, car-
diac and neural applications due to their conductiv-
ity and compatibility. MXenes contribute in cardiac
repair and wound healing because of their antioxid-
ative and electroactive nature. TMDs like MoS, and

26

] Lazarevi¢ and B Visié

WS, show great promise in osteogenesis and neurore-
generation due to their semiconducting and photo-
thermal properties, whereas hBN can be considered
beneficial in adipogenesis and neural tissue regenera-
tion, (see table 1). The future of regenerative medicine
lies in precisely engineering these materials for spe-
cific tissue environments while ensuring long-term
safety and performance.

In addition, 2D and related materials have become
a fertile ground for preparation of a variety of sensors,
with the humidity sensing being among the most
promising. These sensors can be used in different
scenarios, such as for simple monitoring of the RH
of the environment, to the human health and agri-
culture monitoring. In the field of agriculture, these
sensors can be utilized to detect soil moisture, or
the transpiration cycles of plants, whereby they are
coming to a direct contact with the environment.
Furthermore, as they can have high stretchability and
sensitivity, simple manufacturing process and fast
response, they can be added to wearable devices or
attached directly to the skin. This is another incent-
ive for studying their biological activity and toxicity,
as these novel devices have to be biocompatible if they
are to be in contact with human skin and/or soil. This
is especially important as the best sensing materials
so far are exfoliated or surface modified with react-
ive surface area and edge sites, which usually leads to
elevated cellular response.

In this review, we discussed different sensing
mechanisms, and summarized the performance of
different families of materials. While the standard
types of sensors, such as capacitive and resistive, are
relatively easy to fabricate and test, new methods are
needed in order to minimize the size and the cost of
the sensor. For example, sensors based on fiber optics
can be easily integrated into the pre-established fiber
optic systems. While developing new sensing mech-
anisms can lead to improved general performance of
the device, another approach is to prepare a mater-
ial with the best characteristics for the specific need.
One way to enhance the sensitivity and RRTs is to
increase the density of active edge sites of nanoma-
terials. This can be achieved via size control, where
reducing the size leads to the increase in the density of
edge sites. Another approach is shape control, where
nanomaterials with unique structures, such as dend-
rites, nanotubes, NWs and nanoflowers, intrinsically
containing a high number of edge sites, improve sens-
ing performance. While rigid sensors based on GO
and rGO showed promising characteristics and high
RRTs, similar sensors based on or surface-modified
or TMDC nanotubes showed superior response. For
example, as summarized in table 2, sensor based on
plasma-irradiated MoS, NPs has a far better per-
formance than MoS, sheets, with sub-second RRTs
[93]. The best performance was achieved by rGO
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functionalized with hydrophilic moieties, with ultra-
fast RRTs of 25 ms/127 ms [82]. Nevertheless, the
stiffness of these materials limits their use for human
health sensing.

The increasing need to move away from intrins-
ically rigid to flexible and wearable sensors requires
finding a sensing material that responds well to mech-
anical deformations through a change in the elec-
trical signal. The best way to achieve flexibility is
to combine 2D and TMDC materials with polymer
matrices. Some of the most promising candidates are
rGO/PU [2], a combined sensing material made of
rGO/MoS,/PI, MXene/GO/COC [71], with the best
two reported sensors being MoS,-based: MoS,/PEO
with RRTs of 0.6 s/0.3 s [88] and MoS, NTs/Ecoflex
with 0.5 s/0.8 s [89]. Therefore, a good approach
to improving the performance of the polymer mat-
rix is to use TMDC nanotubes or NWs. While the
CNTs have a good potential, they have a few setbacks
as well-they do not disperse well in most organic
solvents, resulting in poor homogeneity when mixed
with a polymer matrix, so they have to be function-
alized in order to enhance the interaction with the
solvent. On the other hand, various inorganic TMDC
NTs promise a wide spectrum of physical effects bey-
ond the physics of CNTs [155]. They have a high
aspect ratio, high specific surface area and excellent
mechanical and vibrational/acoustic properties, mak-
ing them suitable as composite nanofillers as only a
small amount can be used for forming a conduct-
ive path [156, 157]. The high aspect ratio can also
improve the low electrical percolation of the insulat-
ing polymer matrix and form an efficient electrical
network. Furthermore, MS, NTs disperse well in all
commonly used solvents, simplifying the composite
preparation [158]. As previously mentioned, properly
stored WS, NTs oxidize only marginally even after
more than 20 years [133]. Another family of nano-
materials that shows a great promise as a filler, is the
family of metal oxides, as seen in table 2 [159]. Their
substoichiometric MOs_, (0 < x < 1) phases grow
in different shapes, such as NWs, flakes, needles and
sheets. The optical, electrical and structural proper-
ties depend strongly on the degree of the reduction
[160]. Together with the already reported sensors on
stoichiometric CeO, [96], ZnO [97], TiO, [98] and
SnO,; NWs [77], W5014 and W3Oy, are interesting
candidates due to their large aspect ratio, while the
presence of photoluminescence and localized surface
plasmon resonances can introduce interesting optical
effects. Nevertheless, one important aspect that has to
be taken into account is the cost, ease of preparation
and the field of use of a specific sensor. While some
applications require high sensitivity and fast RRT, for
some practical uses, such as a quick diagnostic tool
outside the hospital setting, the priority should be
the cost and the ease of use. For example, 20 breaths
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per minute is defined as rapid breathing, therefore, a
sensor that has a complicated and expensive synthesis
method but RRT of microseconds might be super-
ior in performance, but not necessary for practical
purposes.

Future health sensing potential of these materi-
als is vast. In addition to devices reviewed here, 2D
materials have been slowly incorporated into differ-
ent types of health sensors. They were reported as res-
piration sensors for estimation of blood oxygen sat-
uration (SpO,) [161]. LIG was placed on a PI tape,
and this patch-like sensor detected the changes in
mechanical deflection (such as chest movement), and
measured the respiration rate in real time. Graphene-
based biosensors have also been successfully integ-
rated into an automated sensing platform for trans-
porter protein drug delivery, showing to be biocom-
patible with a picomolar ionic sensitivity [162].
Furthermore, inks made of 2D materials were pre-
pared, compatible with the standard inkjet printing.
For example, water-based additive-free ink was pre-
pared from nitrogen-doped carboxylated graphene
[163]. This ink was used to fabricate fully inkjet-
printed electrodes, which successfully enabled the
electrochemical detection of the key neurotransmit-
ter dopamine. The carboxyl groups in NGA ink also
enable covalent attachment to biomolecules such as
antibodies or aptamers, making it possible to create
fully inkjet-printed biosensors.

Overall, 2D and related TMDC materials pos-
sess a variety of properties desirable for fabrication of
sensors for human health monitoring. Nevertheless,
their biological impact has to be thoroughly studied
before they can be mass-produced.
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Abstract: The heterogeneity of stem cells represents the main challenge in regenerative medicine
development. This issue is particularly pronounced when it comes to the use of primary mesenchymal
stem/stromal cells (MSCs) due to a lack of identification markers. Considering the need for additional
approaches in MSCs characterization, we applied Raman spectroscopy to investigate inter-individual
differences between bone marrow MSCs (BM-MSCs). Based on standard biological tests, BM-MSCs
of analyzed donors fulfill all conditions for their characterization, while no donor-related specifics
were observed in terms of BM-MSCs morphology, phenotype, multilineage differentiation potential,
colony-forming capacity, expression of pluripotency-associated markers or proliferative capacity.
However, examination of BM-MSCs at a single-cell level by Raman spectroscopy revealed that despite
similar biochemical background, fine differences in the Raman spectra of BM-MSCs of each donor
can be detected. After extensive principal component analysis (PCA) of Raman spectra, our study
revealed the possibility of this method to diversify BM-MSCs populations, whereby the grouping of
cell populations was most prominent when cell populations were analyzed in pairs. These results
indicate that Raman spectroscopy, as a label-free assay, could have a huge potential in understanding
stem cell heterogeneity and sorting cell populations with a similar biochemical background that can
be significant for the development of personalized therapy approaches.

Keywords: human bone marrow mesenchymal stem/stromal cells (BM-MSCs); Raman spectroscopy;
single cell; inter-individual heterogeneity

1. Introduction

In the field of regenerative medicine, mesenchymal stem/stromal cells (MSCs) are re-
ported to be the most frequently investigated stem cells (SCs) in clinical trials [1]. This type
of SCs is capable of self-renewing and differentiating toward mature cells [2-4], whereby
their potential therapeutic application is also based on their abilities to produce a wide
variety of bioactive factors that support tissue remodeling and exhibit immunoregulatory
features as well [5-7]. MSCs are a particularly convenient type of SCs for therapeutic use,
since they can be isolated from almost all adult and postnatal tissues obtained after regular
medical procedures. Along with minimal invasiveness and accessibility, MSCs are easy
to expand, thus providing sufficient yield for use in potential therapy treatments [4,8,9].
However, the main challenge for their wide therapeutic usage is the heterogeneity of
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biological properties between different MSCs populations [10], as there is no specific cel-
lular marker to identify MSCs [11-13]. Following isolation, MSCs identification is based
on minimal requirements evinced under in vitro conditions. These criteria include the
fibroblast-like shape of cells adherent to the plastic surface, a phenotype that considers the
expression of mesenchymal markers (CD44, CD73, CD90, CD105, etc.), with the lack of
hematopoietic markers (CD34, CD45, CD14, etc.) and differentiation potential toward at
least three lineages (osteogenic, chondrogenic or adipogenic) [14,15]. However, despite the
morphological, phenotypical and functional similarities between MSCs populations, spe-
cific intrinsic properties related to the MSCs tissue source have been documented [16-19].
Moreover, other factors such as culture conditions, donor specificity or age can also have
a significant influence on the variability of results related to the MSCs population de-
scription [10,20]. All these factors significantly disable the standardization of conditions
necessary to establish therapeutic procedures. Therefore, in the field of MSCs research and
MSCs-based therapy, the key issue today is still the precise characterization of MSCs that
evidently requires the use of more sensitive tests.

In order to fully describe a certain population of cells, the most advanced technologies
with the competence to provide data on each analyzed cell (i.e., single cell analysis) are
needed. However, most of the cell and molecular biology techniques are very demand-
ing in terms of sample preparation and duration of the process, with cell destruction or
perturbation as a common consequence [21-23]. In basic research, there is a strong benefit
to utilizing technologies that would allow simple, fast, reproducible, non-destructive and
information-rich characterization of each cell within the MSCs population.

Raman spectroscopy of a single cell provides a one-of-a-kind vibrational spectrum in
which macromolecules of large light scattering cross-section (e.g., proteins, nucleic acids,
carbohydrates and lipids) and their interactions are present as characteristic vibrational
modes, as a unique imprint of the analyzed sample. Having in mind the advantages of
Raman spectroscopy, it is indicative that it can be a method of choice for the analysis of
MSCs properties at a single-cell level. It should also be highlighted that a large number
of data on the biochemical composition at the level of a single cell in a short time interval
can be analyzed [24,25], thus providing a prompt and unambiguous interpretation of cell
populations compositions which is not possible by applying currently available bioassays.

Although Raman spectroscopy has been applied in stem cell analysis [26-31], the
subject of these research studies was mostly related to the examination of SCs differentiation
processes [29,32-39]. In this study, we showed the potential of Raman spectroscopy to assess
the heterogeneity of undifferentiated MSCs through the diversification of bone marrow
MSCs (BM-MSCs) populations from different individuals. BM-MSCs from five healthy
pediatric donors were isolated and characterized according to the minimal criteria for their
characterization set by the International Society for Stem Cells (ISCT). Standard biological
tests did not reveal donor-dependent variations of MSC features (adherence, phenotype,
clonogenicity, and multilineage differentiation potential). In addition, no differences were
detected in terms of their proliferative capacity and expression of pluripotency-associated
markers. Raman spectroscopy analysis of BM-MSCs at the single-cell level revealed a
similar biochemical background of the tested samples. However, after extensive principal
component analysis (PCA), a clustering of MSCs populations was observed, particularly
when the samples were analyzed in pairs.

2. Results
2.1. Comparison of Bone Marrow Mesenchymal Stem/Stromal Cell Features Isolated from
Five Pediatric Donors

Following the isolation and in vitro expansion of BM-MSCs of each donor, we were
guided by the minimal criteria for MSCs identification set by the International Society for
Cellular Therapies (ISCT) [14] to confirm the BM-MSC identity of isolated cells. For that
purpose, we analyzed the morphology of adherent cells, their immunophenotype and dif-
ferentiation potential comparing in parallel these features between different donors. At the



Int. J. Mol. Sci. 2022, 23,4915

30f25

fifth passage, as well as during long-term cultivation, isolated adherent BM-MSCs derived
from all five donors retained a fibroblast-like morphology with a similar cytoskeleton orga-
nization of F-actin (Figure 1A). Further on, flow cytometry analysis showed that BM-MSCs
exhibited typical immunophenotype since the surface antigens related to the MSCs were
highly expressed, while the rate of hematopoietic stem cell markers expression was low
as determined by flow cytometry (Figure 1B). Namely, the expression of MSCs-positive
markers between donors ranged from 97.89% to 99% for CD29, from 84.6% to 98.05% for
CD?73, from 78.5% to 97.78% for CD90, and from 96.1% to 98.13% for CD105. A slightly
lower expression of CD73 and CD90 markers was observed for BM-MSCs of D5, indicating
the inter-individual heterogeneity of BM-MSCs populations. On the other side, less than
2.3% of BM-MSCs expressed CD45, while in less than 1.73% of cells, HLA-DR expression
was detectable. Based on these results, no significant difference in immunophenotype at
the fifth passage between the BM-MSCs of pediatric donors was detected.
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Figure 1. Morphology and immunophenotype of BM-MSCs derived from pediatric donors.
(A) Adherent BM-MSCs from five donors (D1-D5) with fibroblast-like shape grown in GM under
standard conditions for 3 days (scale bars: 50 uM); Florescent images of TRITC-conjugated phalloidin
labeled F-actin (red) merged with DAPI (4’ ,6-diamidino-2-phenylindole) nuclear staining (blue) (scale
bars: 20 uM). (B) Immunophenotypic characteristics of BM-MSCs estimated by follow cytometry.
Representative histograms for each donor presenting percentages of cells positive (empty peaks) for
mesenchymal markers (CD29, CD73, CD90, CD105) and hematopoietic markers (CD45, HLA-DR) in
comparison to isotype control (shaded peaks).

Regarding the functional analysis related to the potential of MSCs to differentiate
toward more mature cells, we examined the ability of isolated BM-MSCs to differentiate
toward osteogenic, chondrogenic and adipogenic lineages, to further define the identity
features of MSCs. As shown in Figure 2, the obtained results demonstrate that the BM-
MSCs of each donor possess tri-lineage differentiation capacity, while no spontaneous
differentiation was observed. Namely, the activity of the ALP enzyme was significantly
increased in BM-MSC cultivated in the osteogenic medium in comparison to the control
cells. In accordance with early osteogenesis increase, BM-MSCs achieved complete
osteoblast differentiation through matrix mineralization production, as determined



Int. J. Mol. Sci. 2022, 23, 4915 4 of 25

by Alizarin red staining. Thus, the osteogenic differentiation of BM-MSCs of all
five donors was confirmed, with no significant differences observed among donors.
Similarly, BM-MSCs of each donor were able to differentiate into chondrocytes under
chondrogenic inductive conditions, since the significant increase in cartilage-related
proteoglycans was observed by Safranin O staining in comparison to the control cells.
Along with osteogenesis and chondrogenesis, the BM-MSCs of each donor showed
a similar ability to differentiate into adipocytes after cultivation in an adipogenic
medium. In these cells, the significant formation of intracellular lipid droplets was
evidenced via Oil Red O staining, which was not observed in the control group.

D1 D2 D3 D4 D5
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Oil Red O
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Figure 2. Multilineage differentiation potential of BM-MSCs. Representative images of cells cultivated
in GM or differentiation medium (DM) are shown. Osteogenic differentiation detected after 7 days
of cultivation by staining for alkaline phosphatase (ALP) activity, and after 21 days for calcium
depositions by Alizarin red staining (Scale bar: 50 uM). Chondrogenic differentiation detected
with Safranin O staining of proteoglycans after 21 days cultivation (scale bar: 50 uM). Adipogenic
differentiation determined based on the presence of intracellular lipid droplets by Oil Red O staining
after 21 days (scale bar: 20 uM).

Overall, these data confirm that the BM-MSCs of each pediatric donor exhibit charac-
teristics related to mesenchymal stem cells, while no significant differences between donors
were detected.

2.2. Self-Renewal of BM-MSCs and Expression of Markers Associated with Pluripotency

Further on, we evaluated the self-renewal potential of BM-MSCs by using Colony
Forming Unit-Fibroblast (CFU-F) assay. Results shown in Figure 3A demonstrate that the
BM-MSCs of each donor have comparable clonogenic potential, since the average efficiency
for each donor was approximately 3%. It can also be noticed that the morphology of CFU-F
was heterogenic but similar amongst donors.

Along with clonogenic capacity, we examined the expression of markers associated
with pluripotency via immunofluorescent labeling. The results presented in Figure 3B
revealed the constitutive expression of pluripotency-related markers including OCT4A,
S50X2 and NANOG in the BM-MSCs of each donor observed both in cytoplasmic and
in the nuclear region. However, slight differences between donors were noticed. As for
OCT4A, a more dominant expression was detected in the nuclear/perinuclear region of
cells derived from donors D3, D4, and D5, while weaker cytoplasmatic expression was
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A Colony-forming unit fibroblast (CFU-F) B

observed for the BM-MSCs of donors D1 and D2. The expression of SOX2 was highest in
the nuclear/perinuclear region of D3 and D5, whereas D1, D2, and D4 exhibited a lower
expression of this transcription factor, which was localized mainly in the perinuclear and
cytoplasmic compartment. Considering NANOG expression, some differences in protein
localization were detected among donors, since nuclear localization was determined in D4
and perinuclear/cytoplasmic in donors D1, D2, D3, and D5.

OCT4A OCT4A/DAPI S0X2 SOX2/DAPI  NANOG  NANOG/DAPI

CFU-F number

D4 D5

CFU-F efficiency
P

(=]

D1

D2

D3

D4 DS

D1

D2

D3
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Figure 3. Clonogenic capacity and expression of pluripotency-associated markers in BM-MSCs.
(A). Representative images of colony-forming unit—fibroblast (CFU-F) stained by crystal violet are
shown. CFU-F number and efficiency (number of colonies relative to number of seeded cells) of
BM-MSCs are presented as mean 3+ SEM of three independent experiments. (B) Expression of
pluripotency-associated transcription factors (OCT4, SOX-2 and NANOG) determined by indirect
immunofluorescence labeling with FITC-conjugated corresponding secondary antibodies. Cell nuclei
were stained with DAPI (4,6-diamidino-2-phenylindole). Representative images are shown (scale

bars: 50 pm).

2.3. Growth Characteristics of BM-MSCs

A comparison of BM-MSC viability performed by MTT test revealed equivalent
metabolic activity between donors following 24 h (Figure 4A). With a slight increase,
this trend was retained after 48 h as well (Figure 4A). In accordance with this result,
analysis of the population doubling time (PDT) demonstrated that the BM-MSCs
of each donor possess a uniform growth rate (Figure 4B). The active proliferative
abilities of all donors were further confirmed by investigation of cellular senescence
via the determination of -galactosidase expression that showed a very low number
of B-gal-positive cells among all donors (Figure 4C), which is in agreement with MTT
and PDT data. These results were also supported on a molecular level by the evidence of
strong constitutive expression of the intracellular proliferation marker Ki67 (Figure 4D).
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Interestingly, the highest expression of Ki67 was detected for D5, whereby cellular
localization varied between donors. BM-MSCs of D1, D2, and D3 expressed Ki67 in the
cytoplasm and nucleus, while the Ki67 expression of D4 and D5 was predominantly
cytoplasmatic (Figure 4D). Analysis of p53 protein, as a regulator of cell proliferation
and senescence, revealed similar basal expression in BM-MSCs with differences in its
localization. p53 was detected in the cytoplasm and nucleus in D1, D2 and D3 BM-
MSCs, while in donors D4 and D5, p53 was detected only within the nucleus contrary
to the Ki67 localization pattern (Figure 4D).
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Figure 4. Growth characteristics of BM-MSCs. (A) Metabolic activity of cells isolated from 5 donors
during 24 h and 48 h estimated by MTT test. (B) Population doubling time (PDT) of BM-MSCs.
Cells were cultivated in standard conditions, passaged at 90% confluency, and enumerated at
each passage (up to 6th passage). For PDTs calculation, the formula described in Material and
Methods was applied. Results on the graph are presented as + SEM of independent experiments.
(C) Representative images of BM-MSCs stained for 3-galactosidase expression after one day of cul-
tivation under standard conditions (scale bar: 50 uM). (D) Expression of proliferation-associated
marker Ki67 and p53 detected by indirect immunofluorescence labeling with corresponding FITC-
conjugated or AlexaFlour555-conjugated secondary antibodies. Cell nuclei were stained with DAPI
(4’ 6-diamidino-2-phenylindole). Representative images are shown (scale bars: 10 pum).

2.4. Raman Spectra Analyses

The Raman spectra of human cells, depending on their origin, nature or physio-
logical state, have numerous mutual features whose Raman shifts are used as spectral
markers. Cells under observation, as primary MSCs cultures, naturally, present a
heterogeneous entity highly susceptible to modifications of the intrinsic chemical struc-
ture, and consequently, spectral features, by standard culture conditions, among others.
As the analyzed cells were fixed to provide a less variable system, it was ensured that
physiological processes within the cells were interrupted at the same (desired) stage. In
addition, to keep the system out of the additional extrinsic influence, the investigated
cells were of the same 5th passage.
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The main contribution to BM-MSCs Raman spectra comes from nucleic acids (singled
out purine and/or pyrimidine bases and DNA /RNA backbone structure), proteins (indi-
vidual amino acids, amide groups of proteins’ secondary structure and various vibrations
within C-C or C-N bonding), and lipids (vibrations within the hydrocarbon chain), as
shown in Table 1 [27,36,40-44].

Table 1. Vibrations in BM-MSCs and their energies noticed in obtained Raman spectra. Adapted
from [27,36,40-44].

Energy (cm~1) Biomolecule Assignment
940 Skeletal modes in polysaccharides
957 O-P-O symmetric stretch in adenosine-monophosphate
1003 Symmetric ring breathing mode in phenylalanine (Phe)
1010 Ring breathing in benzene ring of tryptophan (Trp)
1033 C-H in plane bend (Phe)
1050 C-O and C-N stretch in proteins
1080 O-P-O symmetric stretch
1100 PO,” symmetric stretching in RNA and phosphatidylinositol
1123 Cytochrome C; C-C asymmetric stretch in fatty acids
1155 C-C and C-N stretch in proteins
1165 C-O stretch, C-OH bending, C=C stretch in lipids, C-C stretch in proteins
1173 G-ring stretch, C-C-H bending in phenol ring (DNA)
1206 C-C stretch in phenol ring of tyrosine (Tyr)
1245 NH; bending in Amide Il
1266 Amide III
1310 C-H deformation (saturated. lipids)
1335 DNA purine bases (CH3CH, wagging mode of polynucleotide chain)
1450 CHj scissoring in lipids
1554 Amide I
1604 Phe, Tyr
1655 Amide I
1669 Amide I

The averaged Raman spectra of BM-MSCs for each donor are presented in Figure 54,
while PCA score plots (PC1-PC2 and PC1-PC3) are shown in Figure 5B, confirming the
similar biochemical background of analyzed samples. Regarding the significant similarity
of all Raman spectra (Figure 5), to obtain a comprehensive insight into the biomolecular
content of cells originating from different donors, the averaged Raman spectra, as well as
statistical analysis, are analyzed and presented in pairs (Figures 6 and 7).

Figure 6A shows the Raman spectra of cell populations from D1 (red) and D2 (blue)
and their ratio. By direct spectral reading, which on some occasions may be a formidable
task due to various overlapping contributions, a phenylalanine mode at 1003 cm ™! is of
significantly higher intensity in the D1 spectrum. However, the mode assigned to RNA
at 1100 cm ! is of higher intensity in the D2 spectrum and broader, implying higher
content of nucleic acids or their enhanced activity. A biochemical discrepancy between
D1 and D2 is confirmed statistically when the PCA score plot is considered, which is the
one that represents PC1-PC3. The distinct grouping of red and blue dots per mutual
spectral features is observed, indicating that the cells from one population have different
biomolecular imprint than cells from another.
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Figure 5. Comparative representation of BM-MSCs Raman spectra, derived from five donors. BM-
MSCs were seeded on rounded CaF2 slides (Raman grade quality) and cultivated under standard
conditions during 24 h. Before Raman scattering experiments, cells were washed with saline buffer
and fixed with methanol for 10 min at the room temperature. On average, 50 to 100 cells per each cell
population were analyzed. (A) Averaged Raman spectra of BM-MSCs for each donor are presented
with purple (D1), green (D2), blue (D3), orange (D4), and yellow (D5) lines. (B) 3D PCA score plots
(PC1-PC2 and PC1-PC3) are presented with purple (D1), green (D2), blue (D3), orange (D4), and
yellow (D5) dots.
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Figure 6. Comparative representation of BM-MSCs Raman spectra presented in pairs. BM-MSCs
were seeded on rounded CaF2 slides (Raman grade quality) and cultivated under standard conditions
during 24 h. Before Raman scattering experiments, cells were washed with saline buffer and fixed
with methanol for 10 min at the room temperature. On average, 50 to 100 cells per each cell population
were analyzed. A comparative display of the averaged Raman spectra (red and blue lines) per cell
populations: (A) D1-D2, (B) D1-D3, (C) D1-D4, (D) D1-D5, and (E) D2-D3. Principal component
analysis (PCA) score plots are represented with red and blue dots.
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Figure 7. Comparative representation of BM-MSCs Raman spectra presented in pairs. BM-MSCs
were seeded on rounded CaF2 slides (Raman grade quality) and cultivated under standard conditions
for 24 h. Prior Raman scattering experiments cells were washed with saline buffer and fixed with
methanol for 10 min at the room temperature. On average, 50 to 100 cells per each cell population
were analyzed. A comparative display of the averaged Raman spectra (red and blue lines) per cell
populations: (A) D2-D4, (B) D2-D5, (C) D3-D4, (D) D3-D5, and (E) D4-D5. PCA score plots are
represented with red and blue dots.
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The averaged Raman spectra of cell populations D1 (blue) and D3 (red) are presented
in Figure 6B. Clearly noticeable are modes of higher intensities in the D3 spectrum: at
1100 cm~! (assigned to RNA), 1124 cm~! (cytochrome c), and at about 1250 cm ! (protein
content in the Amide Il form). Statistically, both PCA score plots (PC1-PC2 and PC1-PC3)
show distinct clustering of Raman spectra of BM-MSCs from donors D1 and D3 based on
their intrinsic biomolecular contents, confirming the D1-D3 biochemical variability.

A comparison of an averaged Raman spectra of cells from D1 and D4 is shown in
Figure 6C. Evidently, a higher intensity of Raman modes at about 1050 cm !, 1080 cm ™},
1100 cm ™1, 1127 cm~! and 1660 cm ™! is observed in D4 Raman spectrum. Biomolecular
interpretation of this assignment indicates a higher content of proteins, DNA, and RNA
respectively, as well as cytochrome c and proteins in their secondary structure. Furthermore,
somewhat more dominant is a Raman mode at 1604 cm ™1, which is assigned to amino acids
Phe and Tyr. Both PCA score plots designate clear and unequivocal grouping of Raman
spectra per mutual spectral features, i.e., a biomolecular fingerprint.

Figure 6D presents BM-MSCs” averaged Raman spectra of cell populations D1 and D5,
where the D5 (red) spectrum shows few Raman modes of higher intensity: at 1080 cm ™!,
1250 cm~!, and 1660 cm~! indicating more nucleic acids and proteins in Amide III form.
To some extent, the lipid mode at about 1450 cm ! is broader and of higher intensity in
the D1 (blue) spectrum, pointing to the higher lipid content in these cells. Clearly, the PCA
score plots show disjunction between these two cell populations, indicating the biochemical
discrepancy between D1 and D5.

From the spectra in Figure 6E, it is obvious that the D3 (red) spectrum shows a higher
content of amino acids (proteins), cytochrome c, and proteins in Amide III and Amide I
form (see Table 1). The Raman peak at about 1310 cm ! shows a greater content of saturated
lipids in the D2 (blue) spectrum. Based on the PCA score plots shown in Figure 6, the
maximum separation is noticed for D2-D3 cell populations (Figure 6E), while the minimal
clustering was observed for D1-D2 cell populations (Figure 6A).

When analyzing the averaged Raman spectra displayed in Figure 7, the results are
mostly in a good accordance with those presented in Figure 6, meaning that all changes
come from differences in intensities, with no new modes detected in the spectra.

Figure 7A shows the averaged Raman spectra of cell populations D2 (blue) and D4
(red). Of significantly higher intensities are modes at 1003 cm~! (Phe) and 1127 cm ™!
(cytochrome c), and slightly more intensive is a peak at 1660 cm~! (secondary struc-
ture of proteins) in the D4 spectrum. Some discrepancies come from a region around
1335 cm ™!, which was assigned to the polynucleotide chain in the D2 spectrum. Al-
though both score plots show distinct grouping, it is more prominent from the score
plot PC1-PC3. Nevertheless, the biochemical discrepancy between D2 and D4 cell
populations is clearly observed.

A comparison of the averaged Raman spectra of cells from the D2 (blue) and D5 (red)
population is presented in Figure 7B. According to the assignation presented in Table 1,
cells from the D5 population have higher protein content in both Amide III and Amide I
form, as well as free amino acids. A striking clustering of Raman spectra per cell population
is obvious from both PCA score plots, confirming the biochemical distinction between D2
and D5.

From Figure 7C, where the averaged spectra of BM-MSCs from D3 and D4 cell popula-
tions are displayed, the dominant impression is a higher content of cytochrome ¢ (Raman
mode at 1127 cm™!) in the D4 spectrum. Statistically, these two groups show the mini-
mum degree of separation, which is also demonstrated for the spectra of D3 and D5 cell
populations presented in Figure 7D.

Finally, Figure 7E shows the last compared pair, the Raman spectra of BM-MSCs from
cell populations D4 and D5, giving the conclusion of higher content of cytochrome c in the
D4 population, while Amide IIIg content is higher in the D5 population. The separation
read from PCA score plots is slightly better than in the previous two groups and more
clearly indicates the biochemical discrepancy between D4 and D5.
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3. Discussion

The goal of this study was to analyze and compare the main functional features of
BM-MSCs derived from five pediatric donors. We evaluated their basal stemness-related
properties including morphology, phenotype, multilineage differentiation potential, colony-
forming capacity, expression of pluripotency-associated markers and proliferation capacity.
In parallel with the use of standard biological methods, single BM-MSCs were examined
by Raman spectroscopy in order to identify donor-specific differences at the biochemical
level with the aim to test whether this method could be used as an additional technique to
characterize MSCs at the single-cell level.

Raman spectroscopy has been utilized to study various physiological and pathological
conditions with the purpose of disease diagnosis, surgical guidance, and therapeutic or
metabolic monitoring [45,46]. In the field of regenerative medicine and stem cell research,
the application of Raman spectroscopy is rapidly increasing [24], whereby it can be noticed
that stem cell differentiation at a single cell and tissue level was mostly investigated [37,38].
Regarding the use of Raman spectroscopy for distinguishing cell populations, several
studies addressed this issue from different viewpoints. The results of [47] showed that
this technique can precisely identify and evaluate prostatic adenocarcinoma (CaP) in vitro,
based on different degrees of biological aggressiveness between CaP cell lines. Likewise,
the distinction and identification of cells from different tissues and species (MDCK, CHO,
and NIH 3T3 cells) as well as cells from a single species (NIH 3T3 and Clone 15 cells)
were shown in the study of [48], indicating that the slight changes in cell phenotype
can be determined based on Raman spectra and used to identify cell type. In addition,
confocal Raman micro-spectroscopy was successfully used to delineate immortalized
human cell lines derived from lung cancer (A549) and fibroblasts (MRC5) as well as three
primary human bronchial epithelial cell (HBEC) lines [49]. Moreover, by using the Fourier
Transform Infrared (FTIR) technique together with Raman spectroscopy, a clear distinction
between undifferentiated BM-MSCs, their myogenic and osteogenic progeny, and de-
differentiated smooth muscle cells were observed based on spectral differences [29] as
well as between human ESCs and human MSCs [50]. Raman spectroscopy was shown to
be a suitable tool for distinguishing human BM-MSCs and fibroblasts, thus enabling the
rapid detection of fibroblastic contaminations in BM-MSC cultures [51]. Recent data also
show that MSCs originating from different dental tissues such as apical papilla (SCAP),
the dental follicle (DFSC), and pulp (DPSC) can be grouped based on Raman spectra that
reveals a subtle distinction between these cells [52]. However, to our best knowledge, no
data were published related to the inter-donor variability of MSCs. So, this is the first
study that attempted to employ Raman spectroscopy to compare the spectral pattern of
undifferentiated BM-MSCs deriving from healthy pediatric donors and to use these data
for distinguishing cell populations.

In line with that goal, our first step was to isolate and characterize BM-MSCs by
using standard biological tests following the minimal criteria for MSCs identification
set by ISCT that include morphologic properties, immunophenotype and multilineage
differentiation potential [14]. Our results revealed that plastic-adherent cells derived from
the bone marrow of five pediatric donors retain adherence and typical fibroblast-like
morphology cells during prolonged cultivation in standard conditions, while no donor-to-
donor differences in cells sizes or shape were noticed, as observed under phase contrast
microscope. Thus, these findings are in accordance with the first criteria as well as with
previous studies related to the BM-MSCs morphology of adults [53-57]. The elongated
spindle shape morphology of isolated BM-MSCs of each donor was further confirmed
by cytoskeleton visualization. Immunofluorescent staining of the filamentous form of
actin (F-actin), a critical structure of the cytoskeleton, revealed a strong expression of
branched, multiple-directed F-actin stress bundles distributed through the whole cell, as
it has been shown for MSCs derived from human placenta grown in standard adherent
conditions [58]. Next, by using flow cytometry, we detected a high expression of surface
molecules related to MSCs origin including CD29, CD73, CD90, and CD105, along with
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the low expression of leukocyte markers CD45 and HLA-DR amongst all donors. A high
expression of CD73, CD90 and CD105 markers was previously reported for BM-MSCs
derived from adults [53-57,59], along with a high expression of CD29 observed in [56,59]. In
parallel, the low percentage of CD45 and HLA-DR positive cells demonstrated in our study
is in line with the results of [54,55,59], confirming that the immunophenotype of BM-MSCs
of pediatric donors and adults is similar [60] and comparable with MSCs deriving from
other tissue sources [59,61,62]. As the third ISCT requirement for MSCs identification, we
examined the multilineage differentiation capacity of isolated cells. Indeed, the BM-MSCs
of each pediatric donor were able to differentiate toward osteogenic, chondrogenic and
adipogenic lineage, which is in agreement with previous research related to the BM-MSCs
of adults [53-56,63], while no spontaneous differentiation in standard media was noticed,
as reported in [60,64,65]. Overall, our results confirmed that adherent cells isolated from
the bone marrow of all five pediatric donors meet the ISCT criteria for MSCs identification,
whereby no significant differences were determined in this study.

Further on, we examined the clonogenic potential of BM-MSCs of each donor as a
part of the self-renewal capacity analysis. Our results showed that isolated cells form a
typical but heterogenic morphology of CFU-F colonies, while their number was uniform
among donors (around 3%). Although clonogenic efficiency may vary depending on the
cultivation conditions [55,66] and particularly passage [67,68], our results are comparable
with the published data. Namely, approximately 5% of BM-MSCs colonies were formed
at the fourth passage in the study of [67], 8% in [68]. Likewise, [69] reported that at the
P3-6, around 5% colonies were formed, as well as in [55] for the BM-MSCs of P6 cultivated
in the serum-containing in-house medium, which all points to the clonogenic potential of
BM-MSCs derived from pediatric donors being similar to the BM-MSCs of adults.

As stem cells, MSCs are characterized by self-renewal ability, which encompasses the
division ability with stemness maintaining [3,70]. At the molecular level, the regulation
of stemness is mostly mediated via pluripotency-associated transcription factors, such as
OCT4, SOX2 and NANOG, as described for embryonic stem cells [71]. Thus, it is assumed
that these factors play a similar role also in adult stem cells. However, the molecular basis
of MSCs stemness is still poorly understood. Nevertheless, previous studies have shown
that MSCs derived from adult tissues do express pluripotency-associated markers [72-77]
and that stemness-related processes may be associated with the activity of these markers
in MSCs [78-83]. Our results are in line with these data and demonstrate that BM-MSCs
derived from pediatric donors constitutively express markers associated with pluripotency
(OCT4, NANOG and SOX2), while interestingly, we observed slight differences in the
expression of these markers that may potentially indicate the existence of donor-dependent
variation of self-renewal.

In the next part of describing BM-MSCs populations, we compared their proliferative
capacity. Our study revealed a similar metabolic activity of BM-MSCs derived from different
donors that increased during the time, as determined by the MTT test. Equal viability
was accompanied by a uniform proliferation rate. Namely, all investigated cell types
maintained their growth rate during prolonged in vitro culture, whereby the time needed
for population doubling ranged between 60 and 70 h among donors during passaging
(up to the 6th passage). Thus, these data agree with PDT observed in studies [55,56,84].
Active proliferative capacity was also supported based on [3-galactosidase activity, as
the low number of senescent cells has been observed in the fifth passage of BM-MSCs
of each donor, which is also in accordance with previously published data [85]. These
results are additionally confirmed at a molecular level. At first, we showed the basal
expression of proliferation marker Ki67, by using immunofluorescence that also revealed
slight differences in Ki67 localization between donors. Namely, donors D1, D2 and D3
expressed Ki67 in the nucleus and cytoplasm, while D4 and D5 showed a more dominant
cytoplasmatic localization of this marker. Our previous study showed that under basal
conditions, Ki67 expression in dental stem cells is predominantly in cell cytoplasm [78],
while both cytoplasmic and nuclear Ki67 localization was detected in ASCs [86]. Although
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Ki67 has been traditionally considered a cell proliferation marker due to its presence in the
nucleus during all active phases of the cell cycle (G1, S, G2 and M), the role of Ki67 has
been particularly well described for cancer cells [84,87]. However, recent findings indicate
that Ki-67 should not be considered only as a marker of cell proliferation [88,89]. Since
differences in the extranuclear pathway of Ki-67 regulation in non-cancer and cancer cells
have been identified [90], additional studies will potentially provide answers related to the
biological role of nuclear and cytoplasmic Ki67 in adult stem cells.

Along with Ki67 expression, we investigated the expression of p53, which has been
widely implicated in cellular senescence and aging [91,92], MSCs differentiation, bone
homeostasis [93] as well as other MSCs functions [94]. Our results confirmed the basal
expression of p53 in BM-MSCs of pediatric donors and interestingly revealed cellular
localization differences. Namely, p53 was localized in the nucleus of donors D4 and
D5, while donors D1, D2 and D3 expressed p53 predominantly in the cytoplasm. The
regulation of p53 cellular localization is conditioned by many signaling factors that affect
its nuclear transport, subnuclear localization, and cytoplasmatic sequestration [95-97]. As
for stem cells, there are indications that p53 is localized predominantly in the cytoplasm in
proliferating embryonic stem cells, while upon DNA damage, the nuclear accumulation
of p53 is induced, leading to the transcriptional activation of genes involved in cell cycle
arrest [98]. The study of [96] showed that BM-MSCs from systemic lupus erythematosus
patients exhibit characteristics of senescence, whereby p53 and p21 were mainly localized
in the nuclei of these cells. The higher nuclear localization of p53 was also detected in
MSCs derived from the periosteum of old patients [99], indicating potential age-related p53
localization. However, there are still open questions that are related to the p53 functions
in different cells and tissues within the human body or how p53 activity is modulated in
humans depending on sex, age or metabolic state [100]. Although cellular localization is
changeable, further studies are needed to address p53 location in MSCs and its potential
correlation with Ki67 expression/localization pattern.

Altogether, these data show that no significant differences between BM-MSCs of
examined donors can be observed based on ISCT criteria and the use of standard biological
methods for testing clonogenic and proliferative capacity. Nevertheless, variations between
BM-MSCs of different donors at the molecular and biochemical level certainly exist [10].
Therefore, we further examined the biochemical composition of these cells at the individual
level by using Raman spectroscopy. As expected, our results of BM-MSCs Raman spectra
revealed that the dominant contribution to BM-MSCs Raman spectra is related to the nucleic
acids (singled out purine and/or pyrimidine bases and DNA /RNA backbone structure),
proteins (individual amino acids, amide groups of proteins’ secondary structure and various
vibrations within C-C or C-N bonding), and lipids (vibrations within the hydrocarbon
chain), as described previously [27,36,41,101-104]. A comparison of BM-MSCs spectra did
not reveal new vibrational bands; however, changes related to existing bands’ intensities
are detected. Despite Raman spectra similarities, following their comprehensive direct and
statistical analyses, subtle distinctions between the averaged Raman spectra of BM-MSCs of
each donor were detected, providing an important indication that this method can be used
to clearly distinguish cell populations with a similar biochemical background. Namely,
based on PCA score plots, the disjunctions between BM-MSCs populations were observed,
whereby clustering between cell populations was most conspicuous when analyzed in
pairs. Interestingly, maximum separation was noticed between D2 and D3 BM-MSCs,
while the minimum separations were detected between D3 and D4 as well as D3 and D5
BM-MSCs (Figures 6 and 7). Certainly, further biochemical and Raman studies of MSCs
populations is needed to understand the specific reasons for the level of variations in
donor-specific separations. This issue will be the subject of our future research in order to
provide biological validation of Raman spectra analysis. Nevertheless, in the following
text, we discuss possible explanations for the obtained differences in the Raman spectra of
different BM-MSCs donors.
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Regarding the nucleic acid content, our results revealed differences in RNA and DNA
content between BM-MSCs, whereby a higher level of RNA was detected in D2, D3, D4 and
D5 in comparison to D1, while D4 and D5 donors had a higher content of DNA when com-
pared to D1. Although we did not detect donor-related differences in metabolic activities of
BM-MSCs based on MTT, we may only speculate that variations in RNA content detected
by Raman spectroscopy are captured due to differences in RNA synthesis, i.e., metabolic
activity [105] that cannot be detected by the MTT test. Differences in the DNA level detected
by Raman spectroscopy may reflect a different stage of the cell cycle [36,106] or proliferation
rate [107]; however, we did not observe differences in BM-MSCs proliferation rate between
donors based on population doubling time. Still, during the cell cycle, the DNA level
varies [107], so we may assume that detected differences in DNA come from variations
in the cell cycle captured at a specific moment. On the other hand, a decrease in spectral
features of RNA and DNA has been documented in differentiated murine embryonic cells
that can be interpreted by the fact that differentiated cells are more in the G1 phase of
the cell cycle and consequently exhibit reduced proliferative capacity [36]. Along with
DNA decrease during differentiation, it has been reported that RNA levels also diminish
during this process [36]. Indeed, MSCs populations are heterogenic in terms of proliferation
dynamics that results in a population of cells that consist of mitotically active (dividing)
and mitotically inactive (non-dividing) cells encompassing quiescent cells, differentiated
cells and senescent cells [108,109]. Therefore, it should not be neglected that variations in
DNA /RNA content determined by Raman spectroscopy may also reflect the heterogeneity
of cell population related to the differentiation stage.

Along with changes in nucleic acid content, our results also revealed variations in
proteins (1003, 1030, 1250, 1660, 1669 cm~!) and lipids bands (1310 and 1440 cm~!) that can
also be implicated in the metabolic activity of the cells [110] or may indicate the existence
of spontaneous differentiation, as it has been demonstrated for human pluripotent stem
cells [34,110]. As for MSCs, considerable lipid content was detected in dental MSCs
(peaks at 1440 and 1650 cm 1) [52]. Although it is not fully clarified, lipid content may be
associated with the stemness level, as the study [50] showed by using FTIR spectroscopy
that divergence between hESC and hMSCs comes from the increased presence of lipids in
the cytoplasm of hESC, while their level progressively decreases during differentiation [50].
Similar findings were observed in the study of [111], showing that mouse embryonic
stem cells exhibited a higher intensity of fatty acids (1260 cm~! and 1650 cm~!) and lower
amounts of unsaturated lipids (1445 cm~!) than their neural progenitors and reprogrammed
counterparts. Interestingly, based on immunofluorescence staining, no differences in
the expression of pluripotency markers (Nanog, Oct4 and Sox2) were detected between
embryonic and reprogrammed cells; however, Raman spectroscopy revealed significant
spectral differences in unsaturated lipids. Since it has been reported that the fatty acid
synthesis is important for the cellular stemness regulation [112], additional studies need to
be carried out to reveal a correlation between lipids bands and fatty acid synthesis and to
address whether this can be a significant spectral marker associated with stemness.

Another interesting finding of our study is related to the variations of band intensities
for cytochrome c (1127 cm~!) between BM-MSCs populations. Cytochrome c is a small,
multi-functional protein with a significant role in the electron transport, and it is a part
of the pathway for ATP synthesis necessary in the energy-production process. Under
physiological conditions, it is located in the inner mitochondrial membrane, but upon
proapoptotic signal, it is released to the cytoplasm [113-116]. The role of cytochrome c in
apoptosis is well established [117,118], and few Raman studies addressed the correlation
between cytochrome c and programmed cell death. As for HeLa cells, [119] reported that
changes in cytochrome c distribution can be distinguished as a release of cytochrome ¢
from mitochondria, while mitochondrial membrane potential confirmed that the observed
cytochrome c release was associated with apoptosis. Likewise, confocal Raman microscopy
has been successfully used to detect the apoptosis of the MCF-7 cell line mediated by
cytochrome c release from mitochondria [120]. On the other hand, a comparison of cy-
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tochrome c signals within the Raman spectra of human ESC and human iPSCs did not
reveal differences between these cell lines, whereby equivalent cytochrome c levels corre-
lated with the level of mitochondria detected by MitoTracker staining [107]. Interestingly,
it has been demonstrated that after the differentiation of a mouse neuroblastoma cell-line
Neuro2a (N2a) toward neurons and differentiation of the 3T3L1 cell-line into adipocytes,
Raman spectroscopy detected an increased amount of cytochrome c in the cytosol in both
cell lines [121], indicating that cytochrome c detection also may be dependent on differ-
entiation status. Therefore, due to multiple cellular functions, a cautious interpretation
of the cytochrome c signal in the Raman spectra of BM-MSCs is needed. Our biological
analysis, along with the detection of other spectral markers (primarily proteins), indicates
that these cell populations are viable, so we may assume that the detection of a cytochrome
¢ signal in Raman spectra can be a result of the metabolic variations or even differentiation
heterogeneity. Nevertheless, a deeper investigation of cytochrome c localization along with
mitochondrial characterization is necessary to determine the biological basis of detected
cytochrome ¢ in Raman spectra.

4. Materials and Methods
4.1. Collection, Isolation, Expansion, and Cultivation of MSCs

Bone marrow samples (2 mL) from five healthy donors (age range 2-12 years) (Table 2)
were aspirated from iliac bone during the collection of bone marrow for allogenic trans-
plantation at the Mother and Child Health Care Institute of Serbia. For each sample,
informed consent was assigned, and all samples were collected in accordance with the
ethical standards of the local ethical committee and the Declaration of Helsinki.

Table 2. The main characteristics of BM-MSCs donors enrolled in the study.

Donor Sex Blood Type Karyotype Age
D1 male AB+ 46, XY, 20 8 years and 10 months
D2 female B+ 46, XX, 20 12 years and 3 months
D3 female O+ 46, XX, 20 2 years and 5 months
D4 male AB+ 46, XY, 20 12 years and 4 months
D5 female O+ 46, XX, 20 12 years and 2 months

Lymphocyte separation media Lymphocyte Separation Medium 1077 (Capricorn-
Scientific, Ebsdorfergrund, Germany) and density gradient centrifugation were used to
obtain mononuclear fraction (MNCs) of bone marrow. MNCs were resuspended in growth
medium (GM) composed of MEM Alpha Modification medium supplemented with nucleo-
sides (Capricorn-Scientific), 10% Fetal Bovine Serum, certified, United States (FBS, Gibco,
Thermo Fisher Scientific, Waltham, MA, USA), 1% Penicillin/Streptomycin (P/S, Gibco,
Thermo Fisher Scientific) and 1% L-glutamine (Capricorn-Scientific) and cultured in plastic
tissue culture flasks (Greiner Bio-One, Monroe, NC, USA) in GM at 37 °C in a humidified
atmosphere containing 5% CO; (standard conditions). The GM was replaced twice a week,
and non-adherent cells were disposed of. After reaching 80-90% of confluence, adherent
BM-MSCs were passaged using 0.25% Trypsin/EDTA solution (Capricorn-Scientific) and
replated at concentration of 1 x 10% cells/cm?. Cell number was evaluated by Trypan blue
solution (Invitrogen, Carlsbad, CA, USA). The morphology of adherent cells was visualized
by using the light microscope (Olympus, Tokyo, Japan). All further experiments were
performed using BM-MSCs from the 5th passage.

4.2. Immunophenotyping

The detection of BM-MSCs phenotype was determined following the cultivation of
cells in GM at standard conditions. Upon reaching confluence, cells were detached using
Accutase solution (Biowest, Nuaillé, France), and for each cell-surface marker analysis,



Int. J. Mol. Sci. 2022, 23,4915

17 of 25

2 x 10° BM-MSCs were separated and washed in cold 0.5% BSA /PBS. Then, cells were
labeled with fluorescein isothiocyanate (FITC)- or phycoerythrin (PE)-conjugated mono-
clonal antibodies against human antigens CD29, CD73, CD90, CD45 (all from R&D Systems,
Minneapolis, MN, USA), CD105 and HLA-DR (both form Invitrogen, Carlsbad, CA, USA)
during 30 min in the dark at +4 °C. For determination of the level of non-specific binding,
corresponding FITC- and PE-conjugated isotype control antibodies (R&D Systems) were
used. Flow cytometry was conducted using a Cytomics FC 500 (Beckman Coulter, Brea,
CA, USA) cytometer, while data were analyzed using WinMDI 2.9 software (J. Trotter, The
Scripps Research Institute, La Jolla, CA, USA).

4.3. Multipotent Differentiation

To determine the multilineage differentiation potential, BM-MSCs were plated in a
96-well plate (5 x 103 cells/well) in GM and incubated under standard conditions. GM
was changed every 2-3 days until cells reached subconfluence when the GM was replaced
with specific differentiation medium (DM), while cells cultivated in GM served as control.

For osteogenic differentiation medium, GM was supplemented with 200 uM ascorbic
acid-2-phosphate (Sigma-Aldrich, St. Louis, MO, USA), 10 mM B-glycerophosphate (Ap-
pliChem, Darmstadt, Germany) and 10 nM dexamethasone (Sigma-Aldrich). After 7 days of
cultivation, the early stage of osteogenic differentiation was analyzed via assessment of alka-
line phosphatase (ALP) activity stained with 5-bromo-4-chloro-3-indolyl phosphate/nitro
blue tetrazolium, BCIP/ NBT substrate (Sigma-Aldrich) in alkaline phosphatase buffer
(0.1 M Tris, 100 mM NaCl, 5 mM MgClI2, pH 9.5). Late osteogenic differentiation was
confirmed upon visualization of calcified deposits and extracellular matrix mineralization
by using 2% Alizarin red dye (Merck Chemicals, Darmstadt, Germany) after three weeks
of cultivation.

To determine the chondrogenic differentiation capacity of BM-MSCs, chondrogenic
medium containing GM with 200 mM ascorbic acid-2-phosphate (Sigma-Aldrich), 10 nM
dexamethasone (AppliChem, Darmstadt, Germany) and 5 ng/mL transforming growth
factor (TGF-3) (R&D Systems) was used. Chondrogenic differentiation was estimated via
proteoglycans staining with Safranin O (Merck Chemicals, Darmstadt, Germany) following
the three weeks of treatment.

For adipogenic differentiation induction, BM-MSCs were cultivated in an adipogenic
differentiation medium that contained GM enriched with 1 mM dexamethasone (Sigma-
Aldrich), 10 pg/mL insulin (Sigma-Aldrich) and 100 pg/mL isobutyl methylxanthine
(IBMX, Sigma-Aldrich). After four weeks, the formation of intracellular lipid droplets was
confirmed by staining with Oil Red O (Merck Chemicals, Darmstadt, Germany).

Following the incubation period and staining assays, differentiated cells and control
groups were analyzed by using the light microscope (Olympus, Tokyo, Japan).

4.4. CFU-F (Colony-Forming Units-Fibroblastic) Assay

To detect the clonogenicity of BM-MSCs, a colony-forming unit—fibroblastic (CFU-F)
test was applied. BM-MSCs were plated in a 6-well plate (triplicate) at a seeding density
of 250 cells per well. Following the 14 days of culturing in GM at standard conditions,
cells were washed two times with PBS and fixed using ice-cold methanol for 5 min at room
temperature. After fixation, cells were stained with 0.3% crystal violet (Carlo Erba reagents
S.A.S., Emmendingen, Germany) for 15 min, when the cells were washed using distilled
water. The number of colonies was determined by a light microscope (Olympus, Tokyo,
Japan). Only colonies that were larger than 2 mm in diameter and consisted of more than
50 cells were counted. The ratio of the number of colonies to the number of cells plated
was denoted as colony- forming efficiency.

4.5. Cellular Proliferation, Viability and Senescence

The population doubling time (PDT) of BM-MSCs was estimated through passaging.
Cells were seeded in flasks at a concentration of 1 x 10%/cm? and grown in GM under
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standard conditions until reaching confluency. Further on, BM-MSCs were detached, and
cell number was determined by Trypan blue dye. Subsequently, cells were reseeded at the
initial density. This process was repeated at every passage, up to passage 6. For calculation
of the PDT, the following formula was used: PDT = (T — T0) 1g2/(IgNt — 1gNO0), where T0
corresponds to the starting time of cell culture, T corresponds to the ending time of cell
culture, NO corresponds to the cell number at the start of culture, and Nt corresponds to
the cell number at the end of culture.

To assess the viability of BM-MSCs, the metabolic activity of these cells was analyzed.
Cells were seeded in 96-well-plates (5 x 103 /well) and cultivated under standard conditions
for 24 h and 48 h. Then, 3-(4,5-dimethylthiazol-2-yl) 2,5-diphenyltetrazolium bromide
(MTT) solution (5 mg/mL) (Sigma-Aldrich) was added to each well, and incubation was
continued for the next 2 h. Formed formazan crystals were dissolved with isopropanol,
and the optical density was measured at 540 nm by the automatic reader for microplates
(Labsystems Multiskan PLUS, Nelsirrki, Finland).

For BM-MSCs, the senescence activity of the 3-galactosidase enzyme was analyzed.
Cells were seeded in 96-well plates (2 X 10% cells/well) and cultivated in GM under
standard conditions for 24 h. Next, cells were washed with PBS, fixed, and stained using
Senescence Cells Histochemical Kit according to the manufacturer’s instructions (Sigma
Aldrich). Samples were visualized by a light microscope (Olympus).

4.6. Immunofluorescence

To perform immunofluorescent labeling, BM-MSCs were seeded in 24-well plates, over
rounded glass coverslips (3 x 10% cells/well) in GM and grown under standard conditions
for 24 h to ensure adhesion of the cell. Samples were then washed with PBS twice and fixed
in 4% formaldehyde. Subsequently, cells were permeabilized with 0.1% Triton X — 100 in
PBS for 10 min, blocked with 1% BSA/PBS (30 min at room temperature) and incubated
with primary antibodies: rabbit anti-Ki67 (Abcam, Cambridge, UK), rabbit anti-Oct-4,
mouse anti-NANOG, mouse anti-SOX-2 (all from Cell Signaling Technology, Danvers,
MA, USA) and mouse anti-p53 (Santa Cruz Biotechnologies, Dallas, TX, USA). Follow-
ing 2 h of incubation at room temperature, samples were washed with PBS and treated
with corresponding FITC-coupled secondary antibodies (Sigma-Aldrich) or Alexa Fluor
555-coupled anti-mouse antibody (Cell Signaling Technology) and 1 ng/mL of nuclear dye
DAPI (Sigma-Aldrich) for 2 h. An epi-fluorescent microscope (Olympus, Tokyo, Japan) was
used for the examination of mounted cell samples.

4.7. Sample Preparation for Raman Experiment

For the purpose of Raman spectroscopy, BM-MSCs were seeded on rounded CaF;
slides (Raman grade quality, Crystran, Dorset, UK) in a 24-well plate (5 x 10° cells per slide)
and cultivated in GM under standard cultivation conditions for 24 h. After the adhesion,
BM-MSCs were washed with saline buffer and fixed with methanol for 10 min at room
temperature. Chemical fixation allows samples to be collected at a particular moment,
preserving biomolecular distribution within cells and making analysis possible to repeat.
Just before Raman spectroscopy was performed, samples were washed with distilled water.

4.8. y-Raman Spectroscopy

In this research, standard pu-Raman spectroscopy was used. Raman scattering experi-
ments were performed on a TriVista 557 Raman system (Teledyne Princeton Instruments,
Trenton, NJ, USA) in backscattering configuration. A coherent Ar*/Kr* ion gas laser of
514.5 nm was used as an excitation source. The focusing on the sample was achieved by
using a x50 Olympus microscope objective, NA = 0.50. The laser spot diameter in our
experimental configuration was ~20 pm. Sample damage by overheating was prevented
by keeping low levels of the laser power at the sample plain, ~5 mW. It was determined
that under these conditions, no laser-induced effects were observed, and the spectra were
fully reproducible for the particular cell site. The acquisition time per spectrum was 300 s.
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On average, 50 to 100 cells per each cell population (D1-D5) were analyzed. Since cells
are heterogeneous dynamical systems, typically for spectral acquisition, several positions
are randomly selected per cell to consider a complex chemical and morphological inner
structure, which might induce slight variations in Raman spectra, especially in intensities of
some Raman bands. To obtain a representative spectrum per each cell, these spectra are av-
eraged. Here, we opted for the alternative approach. By increasing the size of the randomly
positioned laser spot (at the expense of the probing acquisition time), a more significant
portion of the sample was probed, thus capturing more of its internal inhomogeneity.

4.9. Data Processing and Analysis

The statistical interpretation of the results was completed by using the principal
component analysis (PCA) method [36,40,41]. This method is used to reduce the large
dimensionality of the Raman dataset in which every wavenumber represents a variable
and the light intensity measured at that wavenumber represents a data point. The dimen-
sionality reduction is completed by projecting the data points onto a new set of linearly
uncorrelated variables, which are called principal components [42,43]. The PCA method
used in this work is based on the singular value decomposition algorithm adopted from
the GNU Octave standard library.

The Raman dataset, consisting of spectra collected within one or more donors, was
preprocessed before it was forwarded to the PCA algorithm. The preprocessing procedure
includes the following steps:

(i) Removal of the irregular spectra from the datasets;
(i) Removal of the background noise from every spectrum in the data set;
(iii) Spectra normalization.

An irregular spectrum does not have Raman modes characteristic to donor cells.
An example would be a spectrum exhibiting high luminescence, which masks the relevant
Raman modes or a spectrum without any Raman modes. These types of spectra are omitted
from the analysis, since they do not carry any relevant information and are known for
introducing unwanted outlier data points when passed through the PCA.

The background removal is completed by subtracting a fourth-degree polynomial
function from the measured spectra. The polynomial is tailored to fit the background of
every individual spectrum from the dataset.

After the background has been removed, every spectrum from the dataset is normal-
ized to the value of the integral intensity calculated within the considered spectral region.

4.10. Statistical Analysis

All biological assays were repeated at least three times, and the results are presented
as mean £ SEM. Differences between groups were tested for statistical significance by
Student’s two-tailed ¢-test with p values less than 0.05 considered significant. Data analysis
and graphical representations were performed by using GraphPad Prism 7 Software, Inc.,
San Diego, CA, USA.

5. Conclusions

Overall, the results of this study bring new evidence regarding the use of Raman
spectroscopy in the field of MSCs exploration at the level of a single cell. Namely, by
using standard biological assays analysis of BM-MSCs isolated from five healthy pediatric
donors, no significant differences in terms of their MSCs properties, including morphology,
phenotype, multilineage differentiation potential, colony-forming capacity, expression of
pluripotency-associated markers or proliferative capacity were observed. On the other
hand, Raman analysis revealed biochemical variations between these populations, whereby
only changes related to peaks intensities were determined. Despite Raman spectra similari-
ties, following the comprehensive analysis, subtle distinctions between averaged Raman
spectra of BM-MSCs of each donor were detected, providing an important indication that
this method can be used to clearly distinguish cell populations with a similar biochemical
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background. Particularly, based on PCA score plots, disjunctions between BM-MSCs popu-
lations were observed, whereby clustering between cell populations were most conspicuous
when cell populations was analyzed in pairs. Although further studies are needed to eluci-
date the precise biological validation of Raman results, this study provides an important
basis for revealing inter-individual variability between primary MSCs populations at the
single-cell level by using this non-invasive, label-free, optical technique.
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help of ion beams.
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1 | INTRODUCTION

Heteropolyacids (HPAs) are commonly used as a homog-
enous or heterogeneous catalysts due to their high oxidiz-
ing ability, high acidity, and good thermal stability. In
this regard, the structural modification of planar Keggin
and Wells-Dawson acid type to their lacunar form yields
different but usually extraordinary catalytic properties.!
Because of this, the structural modification can be benefi-
cial for the applicability of HPAs because even the overall
assembly of anions in a bulk phase (particle size, pore
structure, uniformity of composition) plays an important
role in the applicability of these materials in catalysis.!?!
Polyoxometalates (POMs) are also used for controlling of
self-assembled nanoparticles where negative charge of
POMs and their capability for irreversible adsorption on
different materials plays an important role. Self-assembly
of different alkylamines into three-dimensional nano-
flowers was achieved by introduction of Weakley-type
POMs where self-assembly occurs mainly though the
hydrogen bond and electrostatic interaction between
EuW,, POM and alkylamines. This is principally derived
from amine groups of tetraethylenepentamine and oxy-
gen atoms originating from EuW,,.1%! Well-dispersed self-
assembled carbon nanotubes (CNTs) were prepared
based on the spontaneous and strong chemisorption of
POMs on the CNT surface thanks to the negatively
charged POM monolayer.* These examples show that
structure of POMs is crucial for obtaining properties that
are preferable for different type of assembly.!*!

Transition from Keggin via Wells-Dawson to the
lacunary form of HPAs is commonly achieved by modify-
ing the solution pH.!®! Structural modification of HPAs is
also carried out via incorporation of different transition
metal atoms. Vanadium atoms are usually incorporated
by different chemical processes yielding higher aciditym
and higher proton conductivity.!®! The Raman spectros-
copy investigation showed that intact Keggin anions are
not crucial for the catalytic activity of HPAs but their
structurally reorganized intermediates.”) Thermal treat-
ment can also be outlined as a simple and efficient
method for structural modification of HPAs, where the
increase of temperature initiates a dehydration process of

RAMA
SPECTROSCOPY

correlation between degree of structural modification of WPA and the
calculated displacement per atom value. These results open possibilities for
engineering new catalytically active structures of polyoxometalates with the

ion beam irradiation, polyoxometalates, polytungstates, spectroscopic study, structure

Keggin anion yielding a “denuded” Keggin anion, solid-
solid recrystallization to monophosphate bronze, and
transformation to cubic bronze, at temperatures of
1150°C.""1 In our recent work, thermal treatment of
12-tungstophosphoric acid (WPA) and the effect of the
interaction with the graphene oxide support were proven
beneficial for the charge storage capacity of the nanocom-
posite.'’! Therein, the thermal treatment up to 500°C
caused structural modification of Keggin anion, which
was observed by splitting of characteristic infrared
(IR) bands in WPA spectrum. Although these methods
produce structurally modified HPAs, the appearance of
interesting properties can be expected from the unique
structures, which justifies the applications of novel
methods for their structural modification.

Utilization of ion beams for structural modification of
POM:s is not widely available in the literature. In fact, as
far we are aware, our recent work is the only one in this
area.l'? Ton beam irradiation is commonly used for the
modification of different crystals,['>!*! 2D materials,!**!
steels,!*®! glassy carbons,'”! and so on. At lower ion beam
energies, the energy of incident ion is lost in collision cas-
cades between nuclei where atomic displacement occurs
as the main effect. At higher energies, electron-electron
interactions cause the energy to be dissipated between
electronic clouds causing local overheating (thermal
spike) and fast formation of the ion tracks in the samples.
Overall structural modification with ion beams repre-
sents the synergy of these effects. Also, the energy of ion
beams dictates the modification range in the material
where keV ions modify a few hundred nm of the sample,
while MeV ions can penetrate through several tens of
pm, which is why in this study, we used films of corre-
sponding thicknesses.

Our recent work showed that fluence plays an impor-
tant role in the modification of the Keggin structure,
where the gradual transformation of HPA from partially
modified to bronze-like structure was observed.!'?! It is
known in literature that different processes can cause
hydration/dehydration modification of the structure of
HPAs.!"8! X-ray diffraction (XRD) analysis performed in
our previous work showed that overnight exposure to
vacuum did not change the structure of thin layers of

a5UBD |7 SUOLILOD AAIIEBID ajqedl|dde auy Ag pausenob afe sadie WO ‘8sn Jo Sajni 10} AfeiqiauluQ A3]1/A\ UO (SUONIPUOD-PUeR-SWLLB)/0D" A3 IM ARIq Ul UO//SANY) SUORIPUOD PUe SWS | 81883 *[9202/c0/2T] Uo Arelqiauliu A|IM ‘ LeelseAlun Joiday ssuuteyor Aq £2¢9°S1(/200T 0T/I0p/Wod A8 |IM" Aeiq 1BU1UO'S [euINo Baus 19s o 1A feue//sdiy wio.y papeoiumoq ‘TT ‘2202 ‘GSSr.60T



Journal of

MRAVIK ET AL.

1976 RAMAN
o | WILEY- BN ooy

WPA (trihydrate form). In order to better correlate the
relationship between parameters of ion beam irradiation
and degree and type of structural modification of HPAs,
in the present work, the influence of ion beam irradiation
of different ion types, energies, and fluences on the indi-
vidual bonds of Keggin anion as well as Keggin anion
cage as a whole was investigated. Hence, the structure of
pristine and irradiated WPA samples was monitored by
observing changes of characteristic Raman bands,
whereas changes in Keggin anion cage were observed
through skeletal vibration bands. The Raman results
were also accompanied by attenuated total reflectance-
Fourier transform infrared (ATR-FTIR) spectroscopy,
which also elucidated the type of modification caused by
different ions. A clear correlation was found between
damage calculated in Stopping and Range of Ions in
Matter (SRIM) and spectroscopic results.

The presented results provide novel insights into
structural transformations of POMs by ion beams, which
may open new perspectives for the advanced application
of this class of materials. Exact correlation between struc-
ture of POMs and the parameters of ion beam irradiation
is of essence for obtaining the preferable structure with
active cites for different catalytic reactions or for design-
ing POMs with charge-structure properties that might be
beneficial for control of nanoparticles self-assembly.

2 | MATERIALS AND METHODS

Thin films of WPA on a platinized silicon substrate
(Si/Pt, 200-nm-thick Pt (111) layer on Si (001), resistivity
of 1-10 Q/cm) were obtained by the procedure as
described in Mravik et al.l'?! Si/Pt substrate was chosen
because it did not show any overlapping Raman bands
with WPA. Also, the Pt layer prevented spontaneous
reduction of WPA on Si/SiO, to heteropolyblue.
For 120-nm-thick samples, ethanol solution of WPA
(50 mg/ml) was spin-coated onto the substrate up to
desired thickness; 20-pm-thick samples were obtained by
the drop-casting method from the same WPA ethanol
solution.

The low energy irradiation (10 keV H*) of WPA sam-
ples was performed at the Facility for Modification and
Analysis of Materials with ion beams (FAMA) in the
Laboratory of Physics at the Vinca Institute of Nuclear
Sciences, Belgrade, Serbia.l'®! A constant current of about
10 pA/cm? was used, and the samples were irradiated by
scanning the 2-mm ion beam with 1 kHz. The ion beam
current was measured in the proximity of the samples,
thus providing accurate information about the fluence.
The applied fluence was 5 x 10'° ions/cm? and 1 x 107
ions/cm?, marked through-out the text as hydrogen I and

hydrogen II, respectively. The high energy irradiation
(V 61 MeV, 1 x 10" jons/cm? for 120-nm-thick WPA
and 6 x 10" ions/cm® for 20-um-thick WPA; Xe
167 MeV, 3 x 10" ions/cm?* Bi 710 MeV, 1 x 10
ions/cm?) was performed at room temperature at the IC-
100 and U-400 cyclotrons in the Flerov Laboratory of
Nuclear Reactions of the Joint Institute for Nuclear
Research, Dubna, Russia.

For the Raman scattering experiment, TriVista
557 spectrometer was utilized in the backscattering
micro-Raman configuration with an 1800/1800/2400
grooves/mm diffraction grating combination. As an exci-
tation source, coherent Ar*/Kr" ion gas laser with a
514.5-nm line was used. Laser beam focusing was
achieved through the microscope objective (Olympus)
with 50x magnification. All spectra shown are corrected
for the Bose factor n(@,T) = [exp (hQ2/ksT) — 1] 112
The resolution of the spectrometer was around 1 cm .
In order to avoid the thermal effect of laser irradiation,
the intensity of the laser was lowered (1 mW) during the
measurement with prolonged exposure times (300 s per
spectral region). The spectra were presented with relative
axis for clarity, having in mind that it is very difficult to
compare absolute values of spectral intensities measured
at different samples due to the possibly high impact of
the surface quality and/or nonideal focusing, in particu-
lar in micro setup.

ATR-FTIR spectra of pristine and irradiated samples
were recorded at ambient conditions in the mid-IR region
(450-3500 cm ') using a Nicolet IS 50 FT-IR Spectrome-
ter operating in the ATR mode using a monolithic
diamond crystal and a measuring resolution of 4 cm™*
with 32 scans.

Software package SRIM was used in order to obtain
the disorder profile, depth distribution of ions, and dis-
placement per atom for each sample-ion combination.!*!
In detailed calculation with full damage cascades, differ-
ent ions were implanted in 120-nm-thick/20-pm-thick
WPA target with density 5.18 g/cm>. Displacement ener-
gies that were assigned automatically by SRIM code to
each atom are 10, 25, 25, and 28 eV for hydrogen, phos-
phorus, tungsten, and oxygen atoms, respectively.

3 | RESULTS

3.1 | Raman spectroscopy

Raman spectroscopy is a commonly used tool for moni-
toring structural changes in POMs caused by interactions
with the support,'!! thermal treatment,°! or decomposi-
tion in solutions.*?! The ability of precise structural prob-
ing comes from a fact that there is a direct impact of any
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FIGURE 1 Raman spectrum of pristine 12-tungstophosphoric acid (WPA): (a) 20-pm-thick and (b) 120-nm-thick. Raman intensity of

120-nm-thick WPA spectrum was increased 10 times for clarity. On the right, a Keggin anion with characteristic bonds is presented. [Colour

figure can be viewed at wileyonlinelibrary.com]

symmetry change on Raman spectra. In the structure of
WPA, the specific interconnection of 12 WOg4 octahe-
drons around one central PO, tetrahedron yields four
different types of oxygen (Figure 1). Central O, oxygen
serves as a bridge between P and W, O, and O, serve as a
bridge between two W atoms in two different octahe-
drons, and Oq4 is terminal oxygen. The bands that are
characteristic for Keggin anion can be observed in
Raman spectrum of 20-pm-thick WPA shown in
Figure 1a. The assignation of bands is quite straight-for-
ward: 1005 and 990 cm ™' are assigned to symmetric and
asymmetric W=0, vibration, respectively, 982 cm~! to
stretching P-O, vibration, 903 cm~ ! to asymmetric
stretching W-Op,-W vibration, 544 cm™ " to symmetric
stretching W-O.-W vibration, and the Raman band at
214 cm ! is assigned to stretching W-O, vibration.!'"!
Closer inspection revealed that the interaction with
the support influences these bands, which can be
observed in Raman spectrum of 120-nm-thick WPA
(Figure 1b). The inset part of Figure 1a shows in greater
detail these changes: intensity ratio of symmetric and
asymmetric W=Oq4 bands changes with decreasing
thickness, whereas symmetric W=04 band appears as a
doublet with an additional shoulder at 1002 cm ™. It is
known that interactions of HPAs with the platinum!?*!
and zeolite!'™ through terminal W=04 bond change the
position of its symmetric vibration. In the latter case, red
shift of W=04 bond indicates possible hydrogen bonding
between terminal (Og4) oxygen of Keggin anion and
hydrogen atoms of the support.**! Higher loading of

1

HPA resulted in unchanged W=04 band thus suggesting
the presence of two types of Keggin anions: ones strongly
interacting with the support and with modified W=04
vibration band and the others in bulk-like form interact-
ing only with each other.!**?*! Most likely, this is the rea-
son for the observed difference between Raman spectrum
of 120-nm-thick and 20-pm-thick WPA presented here.
The preservation of the Keggin structure for 20-pm-thick
and 120-nm-thick films is indicated by the absence of
shift of P-O,, W-0,-W, and W-O, bands (Figure 1a,b). On
the other hand, the W-O.-W band at 541 cm ™' appears as
a triplet in the spectrum of 20-pm-thick WPA, whereas
this splitting is not evident at lower thickness (inset of
Figure 1b). The difference in the W-O.-W band between
bulk and low thickness samples suggests that interactions
between individual Keggin anions and also hydronium
ions in bulk-like material have stronger influence on the
modification of the Keggin anion cage. In the case of
120-nm-thick WPA sample, the degree of interconnection
between individual Keggin anions is significantly
reduced, and the interaction with the support is carried
via the W=0g4 bond, which is why there is no observable
shift in the bridging W-O-W bonds in its spectrum
(Figure 1b).

In order to better comprehend the effects of the ion
beam irradiation on Keggin anion structure, the Raman
spectra were analyzed region by region, and the impact
on each Raman band is discussed. Regions are defined by
the position of characteristic bands of Keggin anion, as
well as by the position of Raman bands modified by ion
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beams and are as follows: region I from 0 to 400 cm™ -,
region II from 400 to 600 cm ™', region III from 600 to
1000 cm ™! (only for 20-um-thick WPA), and region IV
from 960 to 1030 cm '. Additionally, Raman spectra of
irradiated samples were compared with the spectra of
20-pm-thick WPA thermally treated at 600°C to better
understand the mechanism of structural modification,
because the effects of thermal treatment on POMs struc-
ture are thoroughly investigated in literature.

Figure 2 shows region I of irradiated 120-nm-thick
(left) and 20-pm-thick WPA (right) as well as 20-pm-thick
WPA thermally treated at 600°C for comparison. As
previously stated, in this region, band at 217 cm ™' is
commonly assigned to stretching W-O, vibration, but the
assignation of other bands remains scarce. Low wave-
number of these bands, as well as the theoretical
approach in the work of Bridgeman,'*® suggests that
these bands represent skeletal vibrations of Keggin
anion cage.

After irradiation of 120-nm-thick WPA, a decrease of
intensity of all the bands in region I can be observed
(Figure 2, left). The lowest decrease is observed for
710-MeV bismuth ions, followed by 61-MeV vanadium
ions, whereas for 167-MeV xenon, the complete
disappearance of bands is observed. As these bands are
assigned to skeletal vibrations of the entire Keggin anion,
it can be concluded that for the 120-nm-thick samples,
the influence on structural modification goes in the
order Bi <V <Xe (for their applied energy/fluence
combination).

Spectra of irradiated 20-pum-thick WPA show not only
the decrease of intensity of Keggin anion skeletal vibra-
tions but also the appearance of new wide bands
(Figure 2, right). In the case of hydrogen irradiated sam-
ples, Keggin anion bands are preserved but with lower
intensity. Also, a change in intensity ratio and line-shape
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of bands at 235 and 214 cm ' can be observed. Addition-
ally, bands at 100 and 90cm ' are further apart at
103 and 85 cm ™, indicating modification of Keggin anion
cage. If we compare the line-shapes and wavenumbers of
Keggin anion preserved bands (235, 214, 103, and
85cm ') in the spectrum of hydrogen irradiated
20-pm-thick WPA with the same bands in the spectrum of
unirradiated 120-nm-thick WPA, some similarities can be
observed (the intensity ratio between 214 and 235 cm '
band is similar to the 120-nm-thick sample) suggesting
that the irradiation cased reduction of intermolecular
interactions of the same origin as those in thin film. The
sample irradiated with hydrogen ions at 1 x 107 ions/cm?
(hydrogen II) and the sample irradiated with vanadium
ions (Figure 2, right) show two wide bands from 400 to
150 cm ™! and from 150 to 50 cm ™. These bands are com-
parable with those observed in Raman spectrum of
20-pm-thick WPA thermally treated at 600°C, which will
be discussed later together with SRIM results.

Figure 3 shows region II of irradiated 120-nm-thick
(left) and 20-pm-thick WPA (right), as well as
20-pm-thick WPA thermally treated at 600°C for compar-
ison. In this region, W-O.-W vibration is observed as a
single band in the spectrum of 120-nm-thick WPA and as
a triplet in the spectrum of 20-pm-thick WPA. Two addi-
tional bands are observed in the spectrum of 20-pm-thick
WPA (471 and 416 cm™ ") and one low intensity band in
the spectrum of 120-nm-thick WPA (412 cm™!) that can
likely be assigned to the coupling between different
W-O-W vibrations.*®!

After irradiation of 120-nm-thick WPA (Figure 3,
left), the intensity of W-O.-W band decreases in the same
order as for the skeletal vibrations in region I (Figure 2).
This implies that ion beam irradiation causes structural
changes on the entire Keggin anion cage leading to
changes in bands of individual W-O-W bonds.

FIGURE 2
pristine and irradiated 120-nm-

Region I of

thick 12-tungstophosphoric acid
(WPA) (left), pristine and
irradiated 20-pm-thick WPA
(right), and as well 20-pm-thick

" 1 L
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-1
Wavenumber / cm

400 350 300 250 200 150 100 50 O

-1
Wavenumber / cm

WPA thermally treated at 600°C
[Colour figure can be viewed at
wileyonlinelibrary.com]
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Irradiation has even stronger influence on 20-pm-
thick WPA films. In the case of samples irradiated with
hydrogen ions (Figure 3, right), the triplet form of
W-O.-W vibration is lost, while the main component is
shifted to 540 cm ™. This change again demonstrates the
modification of Keggin anion cage with irradiation.
Furthermore, the similarities of the bands of hydrogen
irradiated 20-pm-thick WPA (Figure 3, right) with the
band of 120-nm-thick WPA (Figure 3, left) could suggest
there is a decrease in interactions between individual
Keggin anions, which is why they are acting indepen-
dently from their surrounding as in thin films. Based on
these results, it can be established that the components of
the triplet band at 577 and 518 cm ' of 20-pm-thick
WPA probably originate from the different forms of
interactions between Keggin anions and hydronium ions
in the bulk state of WPA, that is, from the secondary
structure interactions that, to some extent, modify Keggin

1000 950 900 850 800 750 700 650 600

-1
Wavenumber / cm

anion cage. Additionally, bands at 471 and 416 cm

observed in spectrum of 20-pm-thick WPA (Figure 3,
right) disappear after irradiation. This spectral region of
the sample irradiated with hydrogen ions at 1 x 10"/
ions/cm” (hydrogen II) as well as sample irradiated with
vanadium ions also shows similarities with the bands of
20 pm-thick WPA thermally treated at 600°C.

Figure 4 shows region IV of Raman spectra of irradi-
ated 120-nm-thick (left) and 20-pm-thick WPA (right), as
well as 20-um-thick WPA thermally treated at 600°C for
comparison. In this part of spectra, W-O,-W vibration at
around 902 cm ™' is present in spectra of pristine 120-nm-
and 20-pm-thick WPA. After irradiation of 120-nm-thick
samples, the intensity of this band decreases while also an
additional band can be noticed at 948 cm . In the sam-
ples of 20-um-thick WPA irradiated with hydrogen ions,
the band of Keggin anion at 902 cm ™' can be noticed but
with decreased Raman intensity. As opposed to the W-
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O.W vibration (Figure 3, right), the W-O,-W vibration
remains at the same position after irradiation with no sig-
nificant change in line-shape. This can be explained by
the position of these bonds in Keggin anion where the W-
Op-W bond connects two octahedrons that are part of the
sphere and are attached by each other only with one
oxygen atom, while the W-O.-W bond connects the two
octahedrons that are part of the “cap” of Keggin anion
and share two oxygen atoms (Figure 1). For that reason,
the W-O.-W bond is probably more exposed to the influ-
ence of the interaction in bulk state and with the environ-
ment and consequently more susceptible to the change.

In Raman spectrum of the sample irradiated with
hydrogen ions at 1 x 107 ions/cm? (hydrogen II), as well
as the sample irradiated with vanadium ions, new wide
bands are observed with higher intensity and certain dif-
ferences (Figure 4, right). Samples irradiated with hydro-
gen ions show a band at 795 cm ' and a lower intensity
band at 695 cm ™' corresponding to the bands of 20-pm-
thick WPA thermally treated at 600°C. These bands and
those observed in Region I and II (Figures 2 and 3) are
characteristic of phosphate tungsten bronzes commonly
synthesized by thermal treatment of HPAs at higher tem-
peratures, which yield structures of interconnected WOg
octahedrons and PO, tetrahedrons.!'®*”) Alternatively,
the bands at 695 and 795cm ' can be attributed to
poorly crystallized tetragonal WO; or WO; 1/ 3H,0.1%

Raman spectrum of vanadium irradiated 20-pm-thick
WPA shows a band at 795cm™' and a new band at
948 cm ™!, whereas the band at 695 cm™! cannot be
observed (Figure 4, right). The new band at 948 cm ™' is
at a position where W=0y vibration commonly resides,
indicating that with vanadium irradiation, besides inter-
connection of bonds (evidenced by the band of phosphate
tungsten bronze at 795 cm_l), there are still certain num-
ber of the terminal W=04 bonds that are not connected
with other tungsten atoms. This is also noticed with
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120-nm-thick sample irradiated with bismuth and
vanadium but with band at 948 cm™' of much lower
intensity. The results show that hydrogen irradiation is
more capable of transformation of Keggin structure into
the bronze structure than vanadium irradiation at given
experimental conditions.

Figure 5 shows region IV of irradiated 120-nm-thick
(left) and 20-pm-thick WPA (right) as well as 20-pm-thick
WPA thermally treated at 600°C for comparison. Sym-
metric and asymmetric vibrations of W=04 are observed
in this region, while the shoulder at 982 cm ™' assigned to
P-O, vibration is only observed in the spectrum of 20 pm-
thick WPA. Raman spectra of 120-nm-thick WPA irradi-
ated with bismuth, vanadium, and xenon ions show
bands of W=0y vibration with decreasing intensity in
previously observed order (Bi < V < Xe, for their applied
energy/fluence combination) (Figure 5, left). Addition-
ally, band splitting originating from the symmetry change
that is usual for the interaction with the support is more
pronounced in irradiated samples with the wavenumbers
of 1006 and 1001 cm™' as opposite to the 1004 and
1002 cm ™ for pristine sample.

Region IV of Raman spectrum of hydrogen irradiated
20-pm-thick WPA shows W=0y vibration with reduced
Raman intensity (Figure 5, right). A symmetric vibration
band at 1005 cm™! has also shifted to 1002 cm™!, which
is comparable with the part of the doublet band of
120-nm-thick WPA, once again demonstrating the
changed symmetry of the Keggin anions after irradiation.
No bands of Keggin anion were found in this region of
spectrum of vanadium irradiated sample.

3.2 | ATR-FTIR spectroscopy

In order to furthermore elucidate the influence of ion
beam irradiation on the structure of WPA, the ATR-FTIR

FIGURE 5
pristine and irradiated 120-nm-
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[Colour figure can be viewed at
wileyonlinelibrary.com]
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FIGURE 6 Attenuated total
reflectance-Fourier transform
infrared (ATR-FTIR) spectra of
pristine and irradiated 120-nm-
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thick 12-tungstophosphoric acid 1003 987
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spectra of pristine and irradiated samples were recorded
(Figure 6). In IR spectra, the Keggin anion also exhibits
characteristic bands that are in the case of 120-nm-thick
WPA assigned as follows: Band at 1083 cm™" is assigned
to asymmetric P-O, vibration, band at 1003 with the
shoulder at 987 cm ™! is assigned to asymmetric W=04
vibration, band at 899 cm™' to asymmetric 'W-Op,-W
vibration, and band at 844 cm ! is assigned to asymmet-
ric W-O,-W vibration."" These bands in ATR-FTIR spec-
tra of 20-um-thick WPA are also observed at 1079,
980, 909, and 810 cm™?, respectively.

Same as for the Raman band of W=0y vibration, the
IR band is also influenced by interaction with the sup-
port. Bajuk-Bogdanovi¢ et al. noticed splitting of the
W=0Q, vibration band in WPA supported on zeolite,
while in the Bielanski and Lubanska's work, the W=04
vibration band was shifted to higher wavenumbers due to
the existence of O4 atom included in hydrogen
bond."?"! In our case for 120-nm-thick WPA, the
splitting is even more pronounced, with the higher wave-
number component being more intensive, thus showing
that the large portion of the Keggin anion in 120-nm-
thick layer interacts with the support.

ATR-FTIR spectra of irradiated 120-nm-thick WPA
(Figure 6, left) showed changes in IR bands of Keggin
anion that are more subtle for samples irradiated with
bismuth and vanadium ions but are drastic for xenon
irradiated sample. It can be observed that the degree of
the modification follows the same trend as observed in

00 1000 900 800 700 600 500

1200 1100 1000 900 800 700 600 500

-1
Wavenumber / cm

Raman spectra: Bi < V < Xe (for their applied energy/
fluence combination). Even though Raman spectra sug-
gested complete destruction of the structure in xenon
irradiated 120-nm-thick WPA, ATR-FTIR spectra of this
sample showed new wide bands that cannot be compared
with bands of thermally treated WPA. The difference
between Raman and FTIR results arises from higher sen-
sitivity of Raman bands to symmetry change of Keggin
anion, which is also observed in our previous work.['? In
the Davantés et al. work a density functional theory
(DFT) study of polytungstate species, W,0,,°~, revealed
a IR spectrum similar to the one of xenon irradiated
120 nm-thick WPA, from which it can be concluded that
xenon irradiation causes partial interconnection of tung-
state species.*®! The degree of tungstate interconnection
in irradiated sample is lower than in the bronze struc-
tures, which is seen by the absence of the band at
1150 cm ™ that is observed in spectra of bronze and over-
all different shape of wide IR bands (Figure 6, right).
ATR-FTIR spectra of pristine 120-nm-thick WPA
where proton species can be identified showed a band
and shoulder at 3275 and 3209 cm ™!, respectively
(Figure S1, left, Supporting Information). Both the band
and the shoulder can be assigned to the stretching O-H
vibration.*" Noise from the ATR crystal can also be
observed in the range from 2000 to 2500 cm ™, 3500 to
4000 cm™!, and around 2900 cm™!. With irradiation,
intensity of the main band at 3275 cm™ ' decreases while
the observed shoulder becomes dominant (Figure S1, left,
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Supporting Information) following the already observed
trend: Bi < V < Xe (for their applied energy/fluence com-
bination). This can be associated with partial dehydration
of the samples after irradiation.!>!!

ATR-FTIR spectra of irradiated 20-pm-thick WPA
(Figure 6, right) also highlights structural modification of
WPA with irradiation. Hydrogen irradiated samples
showed subtle changes in IR spectra, which are reflected
in widening of bands and slight band shift. Vanadium
irradiated 20-pm-thick WPA, on the other hand, shows
significant changes in ATR-FTIR spectra that reflect in
the appearance of wide bands. The spectra resemble the
one of thermally treated WPA; however, band positions
are changed so it can be said that the structure of phos-
phate tungsten bronzes is not achieved with irradiation.
Similar results were observed in our previous work where
carbon ion irradiation caused formation of bronze-like
structure where increased interconnection was observed
with ultraviolet-visible (UV-vis) method.''?! Bands of
O-H vibrations were noticed in the spectra of 20-pm-thick
WPA at 3191 and shoulder at 3030 cm™' (Figure S1,
right, Supporting Information). In the case of keV-energy
H-ion irradiation, it can be noticed that the shoulder is
wider and more pronounced compared with pristine
sample. In our opinion, this is due to composite ATR-
FTIR signal containing information both from modified
(hundreds of nm) and non-modified, that is, pristine sam-
ple. In the case of sample irradiated with vanadium ions,
a modification of significant volume of the layer was
achieved, and the obtained spectrum is similar to the one
obtained after thermal treatment at 600°C. This is indica-
tion of complete dehydration, most likely beyond
denuded Keggin anion and toward bronzes.!">!'! A much
better information on the proton species could be
obtained using the transmission technique in fluoro-
lube.**! However, it should be noted that in the present
study, the nature of the samples limited investigation
only to the ATR technique. Our future studies will try to
address this aspect in more detail.

3.3 | SRIM calculations

In order to get insight into ion ranges, ionization power
of the used ions, and to explain the experimentally
observed changes, the SRIM calculations were per-
formed. The results showed that all of the used ions have
dominant electronic energy loss in the irradiated part of
the samples. We have chosen the DPA values, because
they are often used in the literature when comparison of
different energy loss/dose combinations is necessary;
however, one should not ignore the contribution of elec-
tronic energy loss to the structural modification. The

most of the damage induced by swift heavy ions origi-
nates from the electronic energy loss. At the same time,
the SRIM calculations show that for the hydrogen, the
electronic energy loss is dominant, but most probably,
the thermal effects caused by it are not sufficient to gen-
erate the observed structural changes; that is, nuclear
energy loss is a key contributor. In the case of 120-nm-
thick WPA, the damage is mainly due to the electronic
energy loss, while both electronic and nuclear energy
losses are contributing to damage formation in 20-pm-
thick WPA. Because of this, it would be interesting to
perform Raman depth profile analysis of thicker samples
in the future experiments.

In the case of 120-nm-thick WPA, calculations show
that ion ranges far exceed the thickness of the sample.
The total number of displacements per atom (DPAs) cal-
culated as total number of vacancies divided by total
number of atoms in the irradiated layer was used to
quantify the total damage induced by the irradiation of
the samples (Table S1, Supporting information).**! It can
be concluded that bismuth ions, even though the most
energetic, induced the least damage due to low fluence. If
we look at DPA induced by bismuth irradiation, it is
shown that only half of the atoms are affected. This is in
line with the results of Raman spectroscopy that showed
lower intensity of bands of Keggin anion after bismuth
irradiation while also ATR-FTIR spectroscopy confirmed
preservation of the structure.

In the case of vanadium irradiated 120-nm-thick WPA,
calculations showed that the total number of affected
atoms is almost the same as the total number of atoms in
the irradiated layer. Raman spectra of this sample indeed
showed higher degree of modification than for the bismuth
irradiated samples. Even though all of the atoms should be
displaced, some number of Keggin anions are preserved,
probably due to the statistical nature of the irradiation pro-
cess because some atoms could be displaced several times
and some none. This is proven with xenon irradiated sam-
ples where Raman spectra showed complete amorphiza-
tion of the samples, while also SRIM calculations showed
that all of the atoms are displaced more than 100 times,
resulting in the rearranging of the structure. Similarity of
ATR-FTIR spectra of xenon irradiated sample (Figure 6)
with spectra of polytungstate species confirms rearranging
of the structure.*"!

Hydrogen and vanadium ions that are used for
irradiation of 20-pm-thick WPA are also included in
SRIM calculations. It is shown that the ion range of
hydrogen ions does not exceed 300 nm, whereas the pen-
etration depth of vanadium ions is around 12 pm
(Figure S2, Supporting information).

Table S1 (Supporting information) also shows param-
eters for irradiation of 20-pum-thick WPA where it can be
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concluded that hydrogen ions cause large number of
atom displacement in the irradiated part of the sample
with 6600 and 13 200 times for lower and higher fluence,
respectively. On the other hand, vanadium ions that irra-
diate a much thicker part of the sample cause 74 times
more vacancies than the total number of atoms in the
layer. This casts a new light on Raman results, where
hydrogen irradiated 20-pm-thick WPA showed preserva-
tion of Keggin anions as well as very close resemblance
to the spectrum of phosphate tungsten bronze (Figure 4).
The sampling depth of the Raman method is a few pm,
whereas the penetration depth of hydrogen ion is around
300 nm because of which part of Raman bands of Keggin
anion originate from unirradiated part of the sample. A
large number of atom rearrangement induced with
hydrogen ions clearly cause reorganization of the struc-
ture into a bronze-like structure, but low penetration
depth of ions (300 nm) caused that only small ratio of the
sample is modified because of which changes observed
for lower fluence of hydrogen irradiation are modest. On
the other hand, smaller displacement induced with vana-
dium ions was not enough for structural reorganization,
which is evident from Raman spectra of this sample that
showed the presence of terminal W=04 bands and no
bands of phosphate tungsten bronzes (Figure 4). Addi-
tionally, the absence of structural reorganization in this
sample can originate from the difference of depth of the
probed and irradiated part of the sample. If we look at
the first 2 um of the sample (the part that is analyzed
with Raman spectroscopy), SRIM calculations show that
DPA value is around 30. This is twice lower than the in
initial calculations (Table S1) but still remains at the
same ratio compared with other ions (less than in the
case of xenon and hydrogen irradiation but still induces
more damage than in other cases), proving once again
the validity of the results.

4 | CONCLUSIONS

In this work, 120-nm-thick and 20-pm-thick WPA films
were irradiated with ion beams of different energies and
fluences in order to better comprehend the influence of
ion beams on the Keggin anion structure. This is impor-
tant due to the non-thermodynamic nature of ion beam
interaction with matter where deposited energy can alter
the material in different ways as opposed to the standard
methods of modification (chemical treatment, thermal
treatment, etc.). Raman spectra of pristine 20-pm-thick
and 120-nm-thick WPA revealed different symmetry of
Keggin anion due to its interactions in bulk and its inter-
actions with the support. For irradiated 120-nm-thick
WPA, Raman spectra showed structural modification in
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order Bi < V < Xe (for their applied energy/fluence com-
bination). This was in line with DPA values obtained in
SRIM calculations. ATR-FTIR spectra of 120-nm-thick
samples revealed similarities of xenon irradiated samples
with polytungstate species, which demonstrates there is
partial recombination but insufficient to obtain stoichio-
metric phosphate tungsten bronze. For irradiated 20-pm-
thick WPA samples, changes in Raman and ATR-FTIR
spectra also follow predictions of SRIM calculations,
where hydrogen irradiation caused high DPA values,
which resulted in the appearance of bands that very
much resemble bands of phosphate tungsten bronzes.
The low intensity of these bands and preservation of
bands of Keggin anion for these samples is explained by
the low thickness of the irradiated layer compared with
the sampling depth of Raman analysis. Modification of
the 20-pm-thick WPA sample was also achieved with
vanadium ions, but Raman analysis showed lower simi-
larity of this sample with phosphate tungsten bronze,
which is a consequence of lower DPA values.

Observed forms of structural modification and rear-
rangement of WPA structure can be beneficial for appli-
cation of the material in catalysis where the engineered
structures can produce additional active sites for different
reactions. This work can serve as foundation for the
future research where the relation between parameters of
ion beams and the structural modification can be crucial
for future experimental design. Application of versatile
ion beams with different energies and penetration depths
to large area targets is already being used in semi-
industrial and industrial scale (for example, wafers up to
10 inches and more). We believe that similar approaches
can be applied and further developed in the case of ion
beam irradiation of POMs.
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ABSTRACT

We investigated the wettability of Langmuir-Blodgett films from liquid phase exfoliated graphene.
By applying cascade centrifugation, dispersions with size-selected flakes are obtained, and
depending on the selected dispersion for film formation, films with different defect density are
produced. We determined the wettability of our films by measuring the contact angle (CA). Films
with the highest defect density, produced by the self-organization of smaller-sized and thinner
graphene flakes, exhibited the highest wettability, with a CA of 77°. Conversely, films produced
from dispersions with larger nanosheet dimensions demonstrated a hydrophobic nature, with a CA
of 90°. This suggests that the wettability of our films can be adjusted by varying the size of the
nanosheets used for film formation. Controlling the defect density and wettability of self-assembled
graphene films allows the optimization of their properties for various application, particularly in
wearable electronics.

INTRODUCTION
Liquid Phase Exfoliation (LPE) is a widely-used method in obtaining a high yield of two-
dimensional nanosheets in solution. It can be applied on a broad range of layered materials, in
various liquids, and it is suitable for large-scale production. Followed by iterative centrifugation
different rates (cascade centrifugation), obtained particles can be separated, and dispersions with
narrow nanosheets size and thickness distributions can be produced [1]. Langmuir-Blodgett (LB)
deposition is a simple and versatile method based on the self-organization of nanostructures from
solution. It is used to make large surfaces of highly transparent graphene films, with few-nanometer
thickness [2]. Our previous works demonstrated the potential of LB graphene films for utilization in
sensor technology [3, 4]. Due to the high defect density and an abundance of edges, these films
exhibit high reactivity, especially to gases [5]. However, the wettability of these films, as one of the
fundamental properties of a material surface, has never been reported. Several factors could affect
the wettability of graphene. The contact angle of water droplets on a graphene surface may vary
from 33° to 127° depending on thickness, substrate of films, defect type and density, surface
roughness, present impurities, production method, etc. [6]. Understanding the wetting behavior of
graphene would benefit a diverse array of graphene applications. Graphene with a hydrophobic
nature can reduce liquid deposition and prevent contamination of devices, while a hydrophilic
surface of graphene could be beneficial for applications in biomaterials and the production of
supercapacitor electrodes.

In this work we report tunable wettability of Langmuir-Blodgett films from LPE exfoliated
graphene achieved through surface manipulation of our films by varying the size of the graphene
nanosheets used in the film formation process. Varying the size of the graphene nanosheets used for
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film formation contributes to the production of graphene films with different defect densities, and
such to the different wetting behavior.

METHODS

All chemicals were purchased from Sigma Aldrich: graphite powder (product number 332461),
sodium cholate (SC), isopropyl alcohol (IPA) and N-Methyl-2-pyrrolidone (product number
328634). Two types of graphene dispersions were prepared: one by LPE from a water-based
solution of SC, and one by LPE in NMP, using previously established methodologies [7]. The
initial concertation of graphite was 20 mg/ml in both solutions. Centrifugation at 0.7 kg was used to
remove the unexfoliated material in NMP-based dispersions, and obtain a solution with broad
lateral flake size and thickness distributions. To obtain graphene dispersions with size-selected
flakes, cascade centrifugation of the water-based dispersion was applied. After removing
unexfoliated material at 0.1 kg, the supernatant was collected and subjected to further centrifugation
at 0.5 kg. The resulting sediment was collected in diluted solution of SC, while the supernatant was
centrifuged at 1 kg. The process was repeated once more for the centrifugation rate of 5 kg. To aid
the deposition at the water—air interface, the aqueous dispersion was transferred to NMP. To this
end, the dispersion was centrifuged at 15 kg (99 min) to force the nanosheets to sediment. The
aqueous supernatant was discarded, and the sediment was redispersed in IPA. The centrifugation
was repeated, and the sediment was redispersed in NMP by 5 minutes of bath sonication. Graphene
films were formed at the water-air interface and deposited with the Langmuir-Blodgett method on
SiO»/Si substrates following the previously reported procedure [8].

Raman characterization was performed with a Jobin Yvon T64000 Raman spectrometer using a
514 nm laser line at room temperature and an exposure time of 300 s. The contact angle
measurement was performed using the Ossila Contact Angle Goniometer. The deionized water
droplet (9 pul) was released on the sample at room temperature, and the recording included 20
frames per second.

RESULTS AND DISCUSSION

Dispersions with the largest and thickest flakes, obtained with centrifugation rates 0.1-0.5 kg (G1),
dispersions with nonselected flakes (G2), and dispersions with the smallest and thinnest flakes,
obtained with centrifugation rates 1-5 kg (G3) are chosen for film formation. Lateral dimensions,
and flake thicknesses were previously established [7], with thickness shown to be approximately 5
and 10 layers, for G1 and G3 respectively.

Figure la depicts Raman spectra of graphene films produced from dispersions with different
flake sizes: G1, G2, and G3. All spectra feature four pronounced bands: D at ~1355 cm™!, G at
~1582 cm™!, D' at ~1625 cm™!, and the 2D band at ~2715 cm™!, characteristic for Langmuir-
Blodgett graphene films. Raman spectra show evident changes of the intensity of the D mode
depending on the choice of dispersion, i.e. size of the flakes used for film formation. Figure 1b
depicts the intensity ratio of the D peak to the G peak, and calculated distance between defects (Lp)
for the used laser wavelength [8]. The D/G ratio increases, and the Lp decreases (from 27 to 7 nm),
with centrifugation rate. The results indicate a strong dependence of the film defect density on the
flake size in dispersion. We also observe that the ratio of the D-peak intensity to the D’-peak
intensity in our films is nearly constant at a value of 5.5 + 0.5 (Figurelc), indicating that regardless
of the graphene flakes size, edges are the dominant defect type in all films, ruling out vacancies,
substitutional impurities, and sp3 defects [9, 10]. These findings point out that the self-organization
of nanosheets with a narrow size and thickness distribution at an air-water interface will results in
films that are abundant in edge defects.
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Figure 1. a) Representative Raman spectra of graphene films obtained from dispersion with:
nanosheets isolated by centrifugation between 100-500 g (G1), broad lateral size and nanosheets
thickness distribution (G2), and smallest nanosheets isolated by centrifugation between 1000-5000g
(G3); b) The ratio of the intensities of the D and G modes (black) and distance between defects
(red) of the samples; ¢) The D/D’ intensity ratio as a function of the mean carrier path.
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Figure 2. Contact angle measurements of LB graphene films deposited from dispersions with
nanosheets isolated by centrifugation between 0.1-0.5 kg (G1), 1-5 kg (G2), and dispersion with
dispersions with nonselected flakes (G3) on a SiO2/Si substrate.

Figure 2 depicts contact angle (CA) measurements for LB graphene films deposited from
solution with different sizes and thicknesses. Films with the highest defect density, deposited from
G3 dispersion, exhibited the highest wettability, with a CA of 77°. Films produced from G1
dispersions, with the lowest defect density, demonstrated a hydrophobic nature, with a CA of 90°.
The CA value of 79° for films produced from the G2 dispersion was between values reported for
films deposited from G1 and G3 dispersions. This outcome is anticipated since these films were
made from a dispersion with a wide range of lateral flake sizes and thicknesses, encompassing
nanosheets ranging from monolayers to multilayer graphene. The results are in agreement with
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previous studies on the wettability of vertically-oriented few-layer graphene, where graphene with a
high density of defects shows a much better wettability, while surfaces with a low defect density
show a hydrophobic nature [11]. Defects are favorable for the generation of C=0 bonds when the
graphene is in contact with water, imparting hydrophilic nature of the surface, and allowing water
droplets to easily permeate between the nanosheets. Nevertheless, the wetting transparency of
graphene must also be considered as a factor that affects the wetting behavior of our films, since the
wettability of the SiO2/Si substrate does not significantly differ from the wettability of the coated
substrate with the thinner graphene nanosheets.

CONCLUSION

The wettability of Langmuir-Blodgett films from liquid-phase exfoliated graphene is reported for
the first time. We show that by adjusting the size of the graphene nanosheets used in the film
formation process, defect density on the graphene surface can be modulated. This surface
manipulation enables the tuning of the wetting properties of self-assembled graphene films, ranging
from hydrophilic to hydrophobic. Such control could be advantageous for numerous applications,
particularly in the development of skin-interfaced sensors and devices.
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Abstract. Tungsten trioxide (WO3) is widely known for its technological importance in
electrochromic sensors and catalytic devices. The incorporation of hydrogen into WOs3 can strongly
influence the material's electrical, optical, and structural properties. This study investigates the
evolution of different tungsten oxidation states and the mechanism of oxide reduction of
polycrystalline WO; thin films induced by low-energy H>" irradiation at room temperature. The
reduction investigation was conducted in sifu using X-ray photoelectron spectroscopy (XPS)
measurements around W 4fand O 1s core levels. The hydrogen-implanted film, which was irradiated
with 5 keV H," ions for 180 minutes, was subsequently characterized by scanning electron
microscopy (SEM), X-ray diffraction (XRD), Raman spectroscopy and secondary ion mass
spectrometry (SIMS).

During the initial phase of H," irradiation, the W¢* oxidation state in WO3 is reduced to W>" and W*,
while the prolonged hydrogen bombardment leads to further reduction and the formation of W2* and
WO states. SEM reveals crystallinity loss in the irradiated WO; sample, while Raman and XRD
indicate a phase transformation from monoclinic to tetragonal after hydrogen bombardment. Our
analysis shows that WOs3 reduction is confined to the surface while hydrogen-tungsten bronze
(HxWO:3) is formed in the bulk of the material.

Introduction

Tungsten trioxide (WOs), an n-type semiconductor, has recently attracted much attention due to its
intriguing properties, such as wide band gap [1], good electronic mobility [2] and thermal and
chemical stability [3]. Applications of WOs3 involve a range of different fields, such as catalysis [4],
solar energy devices [5], and battery technology [6]. Its exceptional optical properties and its ability
to change colour under different stimuli, such as light, temperature and voltage, make WO3 an
important material in many advanced technologies, such as “smart windows” for energy-efficient
buildings [7], gas sensors [8], hydrogen detectors [9], UV sensors and electrochromic displays [10].
At ambient temperature, the WOs3 crystallographic structure is composed of corner-sharing
[WOg] octahedra with different degrees of distortion. The interplay between the lattice phonons and
the electronic structure of WO3 results in the occurrence of different phases, starting from the low-
symmetry triclinic or monoclinic phases up to the tetragonal phase [11]. Various dopants can be
incorporated into this structure, enabling rapid diffusion and migration within the material [12], [13].
By incorporating various electropositive elements, WO3 forms compounds known as tungsten
bronzes (MxWO3) [14], [15], including well-studied types such as LixWO3 and NaxWOs3 [16], [17].
Other bronzes containing alkaline earth metals, transition metals, rare earths or hydrogen [14], [15]
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have also been studied in detail. These materials exhibit rich crystallographic chemistry and
interesting electronic properties due to their metallic-like conductivity, which is based on high
electron mobility.

Intercalation of hydrogen in the WO3 matrix significantly influences the optical and electrical
properties of WO3 due to new hydrogen-related impurity states formed in the electronic structure of
the material. These compounds are known as hydrogen-tungsten bronzes (HxWO3) [11], [15], [17],
[18], [19]. Hydrogen atoms are unstable in the centre of the WO¢ octahedron and form chemical
bonds with O atoms, forming hydroxyl groups in which the electron from the H atom is transferred
to the neighbouring W atom, changing its state from W%* to W>*. During this process, newly occupied
impurity states associated with the W>* ions appear in the band gap just below the bottom of the CB
or may even fuse with the CB [19]. This has a significant effect on the electrical conductivity and
optical absorption of WO3 and leads to various potential applications of hydrogenated WOs3, such as
reversible electrical microcircuits [20], field-effect transistors [21], and memristive devices [22].
Furthermore, the known gasochromic and electrochromic properties of WOs are closely related to the
insertion and subsequent extraction of hydrogen from the material. Gasochromic devices usually
consist of a WOs film with a thin catalyst layer, such as Pt or Pd, on its surface. When the material is
exposed to hydrogen gas, it changes colour, while air or oxygen bleaches the film. This phenomenon
occurs due to the dissociation of H> molecules on the metallic catalyst into H atoms and their
subsequent diffusion into the bulk of WOs (the so-called H-spillover effect), causing a change in
optical absorption due to the formation of hydrogen-tungsten bronze [23], [24], [25]. Alternatively,
HxWOjs can also be formed electrochemically by the double injection of an electron from a metallic
electrode and an H" ion from an acidic electrolyte such as HoSO4 in WOs. In this electrochemical
system, the insertion and extraction of hydrogen into and from the WO3 matrix can be controlled by
altering the polarity of the voltage applied to the electrodes, leading to the electrochromic effect [25],
[26]. The formation of hydrogen-tungsten bronzes from WO3 by H-spillover and electrochemical H-
intercalation reactions are still the most commonly used methods for the synthesis of HxWO3 [25].
Other methods include high-energy proton implantation of WOs3 [27], reactive mechanical alloying
of WOs3 in hydrogen atmosphere [28], chemical reaction of WO3 with gallium-based liquid metal in
acidic solutions [19] or thermochemical reactions of WO; and poly(vinylidene fluoride) powders
[11].

The incorporation of hydrogen usually reduces part of W¢* ions to W** [29], [30], [31], although some
studies report on the additional formation of W** [19]. XPS studies show that different oxidation
states of tungsten (from W*> to W*?) are present in WO3; when exposed to hydrogen gas at high
temperatures (623 K), while electron irradiation can even reduce part of the oxide layer to metallic
tungsten [32], [33]. On the other hand, annealing WO in a hydrogen atmosphere at temperatures
above 1000 K can completely remove the oxygen and form metallic tungsten [34].

The irradiation of materials with energetic ions is a powerful technique for changing the composition
and crystal structure of the material, which can significantly influence its various properties. For
example, ion implantation is widely used in semiconductor technology as an efficient carrier doping
method [35]. In the case of WOs3, low-energy Ar' ion bombardment (2-5 keV) can reduce W** to
lower oxidation states or even metallic tungsten [36], [37], [38], while prolonged Ar* etching of WOs
nanowires can lead to metallic tungsten cone assemblies [37]. On the other hand, it was found that
high-energy Ar* and He* ion implantation (100-350 keV) changes the electrical conductivity and
optical absorption of WO3 [39], [40].

Although numerous studies have examined the formation of hydrogen-tungsten bronzes through
various techniques ([11], [19], [23]-[28]), the effects of low-energy H." ion irradiation at room
temperature have not yet been investigated. The primary objective of this study is, therefore, to
explore the creation of hydrogen-tungsten bronze through low-energy H>" ion irradiation at room
temperature. Specifically, we aim to demonstrate that the oxide reduction is confined to the surface
of the WOs thin films, while the hydrogen-tungsten bronze forms within the bulk of the material.

To achieve this, we investigated the chemical and compositional changes in polycrystalline WO; thin
films bombarded with 5 keV H." ions. The reduction was studied in situ by X-ray photoelectron
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spectroscopy (XPS) around W 4f atomic levels. The hydrogen-implanted film, irradiated with 5 keV
H,* ions for 180 minutes, was then characterized by scanning electron microscopy (SEM) to
determine the change in surface morphology, grazing incidence X-ray diffraction (GIXRD) and
Raman spectroscopy, to determine the changes in the crystalline structure and the corresponding
crystallographic phases of the irradiated WO; samples, and by secondary ion mass spectrometry
(SIMS) to obtain the in-depth elemental composition of the bombarded WO3 films.

Experimental Details

Samples were synthesized using the dc magnetron sputtering technique in an Elettrorava ER-SM500
system under ultrahigh vacuum (UHV), with a base pressure of around 10~® Torr. Initially, metallic
tungsten films were deposited onto Si (111) wafers at room temperature, with a target—substrate
distance of 15 cm. The deposition parameters included a sputtering power of 120 W and an Ar
pressure of 4 mTorr, resulting in a growth rate of approximately 4 nm/min. The average thickness of
the WO; films was about 70 nm. To ensure uniformity, the substrate was rotated during the 1200-
second deposition. XRD confirmed these films were amorphous tungsten. These films were
subsequently annealed in air at 700 °C for 1 hour, forming polycrystalline WOs films, referred to as
grown samples.

Hydrogen ion bombardment of WOs thin films was performed in situ at room temperature in the main
chamber of the XPS instrument with a broad beam of 5 keV H>" ions at a current density of about 10
nA/cm?, with the ion beam at an angle of 45° to the sample surface. The implanted dose @ (in H
atoms/cm?) in our experiment is related to the bombardment time ¢ (in seconds) as @ = 6.25x10"3x¢.
For the bombardment times used in the present study (15 seconds to 180 minutes), the corresponding
implanted dose spans about 3 orders of magnitude, from 9.4x10' to 6.8x10!'7 H atoms/cm?.

The photoemission spectra were obtained with a SPECS XPS instrument equipped with the Phoibos
MCD 100 hemispherical electron analyzer and a monochromatized source of Al Ka X-rays of
1486.74 eV. The measurements were performed under UHV conditions at a chamber pressure of
about 1077 Pa. XPS spectra around the W 4f core level were recorded with a pass energy of 10 eV,
giving an energy resolution of about 800 meV. The photoemission spectra were simulated with
several sets of mixed Gaussian-Lorentzian functions with Shirley background subtraction using the
Unifit software [41].

Elemental depth profiling of the hydrogen-bombarded WO samples was conducted using a Hiden
SIMS workstation with a quadrupole mass analyzer. Depth profiles were obtained by irradiating
samples with 5 keV Cs* primary ions and collecting negative secondary ions. The depth of SIMS
craters was measured using a Dektak XT stylus profilometer.

The surface morphology was investigated in a Jeol JSM-7800F SEM instrument by collecting the
secondary electrons with an electron beam acceleration voltage of 10 kV and a working distance of
3 mm. The thickness of the films and the changes in crystal morphology were determined in the same
SEM instrument from the cross-sectional SEM images, taken at an accelerating voltage of 10 kV and
a working distance of 2 mm.

The crystal structure of the samples was examined by GIXRD measurements in a Siemens D500
diffractometer equipped with a Cu anode, a Goebel mirror and a graphite monochromator. The
GIXRD measurements were performed for two grazing incidence angles, a; = 1° (over the entire WO3
film thickness) and a; = 0.322° (with minimum penetration depth, about 15 nm).

Raman analysis was performed using a Jobin Yvon T64000 spectrometer with an 1800/1800/2400
grooves/mm diffraction grating combination, in a backscattering configuration.-The 514.5 nm line of
a Coherent Ar"/Kr" ion laser was used as an excitation source. The direction of the incident (scattered)
light was normal to the sample surface. A laser beam of 1 mW at the sample was focused through a
microscope objective with 50x magnification. The spectrometer resolution is comparable to the
Gaussian width of 1 cm ™.
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Results and Discussion

We start the examination of the reduction process of WO3 with the analysis of photoemission spectra
of samples exposed to H2" ion bombardment. The ion induced-reduction eliminates the need for high
temperatures typically required for the reduction processes. In this way, several thermally activated
processes, such as adsorption, dissociation, place-exchange, diffusion or bond braking, can be
bypassed by the interaction of energetic ions with the host matrix and the reduction process can occur
even at room temperature [42].

The experimental conditions, particularly temperature and ion beam energy, can significantly
influence the outcomes of the study on hydrogen-tungsten bronze formation in WOs3 thin films. We
chose to conduct experiments at room temperature to preserve the crystallographic integrity of the
WOs; film. Elevated temperatures can induce phase transitions in WOs, potentially altering its
crystalline structure and electronic properties. Furthermore, higher temperatures might enhance
thermal vibrations within the lattice, affecting the interaction dynamics between hydrogen ions and
the WOs matrix. Therefore, maintaining a controlled room temperature environment was essential for
isolating the effects of low-energy H.>" ion bombardment. The energy of the ion beam is another
critical parameter influencing the reduction processes and structural modifications in the WOs films.
In our study, we employed low-energy H>" ions (5 keV) to minimize damage to the crystal lattice
while allowing for effective hydrogen intercalation. Higher ion beam energies could lead to excessive
lattice damage, creating defects that may cover the effects attributed to hydrogen incorporation.
Consequently, the careful selection of ion beam energy is crucial to ensure that the observed
phenomena are primarily due to the targeted ion interactions rather than artifacts of high-energy
bombardment.

Turning to the reduction process of WO3 through low-energy H>" ion irradiation at room temperature,
we can monitor it through the evolution of the W 4f peaks in the photoemission spectra of WO3
following the different exposures of surface to H>" irradiation. As an example, we show in Fig. 1
several W 4f spectra from the surface of the as-grown WO3 thin film and from surfaces irradiated
with 5 keV H," ions for different bombardment times ranging from 15s to 180 min (closed circles in
Fig. 1). To identify the new chemical surroundings of W atoms in irradiated samples, we fit all
experimental spectra with several sets of spin-orbit doublets, as illustrated in Fig. 1. The XPS spectra
of the as-grown sample is characterized by a doublet with the W 47,2 component at a binding energy
(BE) of 35.6 eV and an energy separation between the W 4f7», and W 4f5> peaks of 2.2 eV, which
agrees well with the data for pure WOs3 (WS ionic state of tungsten) from the literature [31], [36],
[37]. In addition, there is a small peak at a higher BE, shifted for about 5.6 eV from the W 4f7,> peak,
attributed to photoemission from the W 5ps;» core-level [37], [43]. To obtain a good fit of the
experimental results for the bombarded samples, we introduced four more doublets, assigned to the
emissions from tungsten in the W>* oxidation state (yellow doublet at BEs of 34.6 eV and 36.8 eV),
W** state (green doublet at BEs of 33.5 eV and 35.7 eV), W*" state (pink doublet at BEs of 32.2 eV
and 34.4 eV) and finally, W° oxidation state (brown doublet at BEs of 31.1 eV and 33.3 eV).



Materials Science Forum Vol. 1145 29

oo
Nz
=
|

ey

(o
~

as grown Ww4f

Waf;, § Wor

Normalized Intensity (arb. units)
Normalized Intensity (arb. units)

Il L Il L L L L L L L L L Il L L L L L L L L L
45 42 39 36 33 30 27 45 42 39 3 3 30 27

Binding Energy (eV) Binding Energy (eV)
C) F T T ] d) i ]
SkeVHf Waf SkeV H, Waf

180 min

Normalized Intensity (arb. units)
Normalized Intensity (arb. units)

536 B0 27 54 9 36 B30 27
Binding Energy (eV) Binding Energy (eV)

Fig. 1. W 4f core level photoemission spectra from an as-grown WO; surface (a) and surfaces
bombarded with 5 keV Hx" for 15 s (b), 5 min (¢) and 180 min (d). Closed circles represent
experimental data and solid lines the fitting doublets of mixed G-L functions.

As demonstrated in Fig. 1, the relative contribution of different W oxidation states can be extracted
from the deconvoluted W 4f photoemission curves. The relative concentration fraction of each
oxidation state was determined from the area of the corresponding fitting curve, normalized to the
total area of the W 4f doublet-structure. The results for all W 4f photoemission measurements are
shown in Fig. 2. The W®" signal decreases monotonically with the bombardment duration, while the
W3* and W*" components appear at the beginning of the irradiation and increase sharply at short
bombardment durations, only to decrease after 1 and 7.5 minutes of H>" bombardment, respectively.
On the other hand, signals related to photoemission of W?* and WY states appear after 3.5 and 5
minutes of bombardment, respectively. The W state gradually increases until it reaches the saturation
value. After 180 minutes of bombardment, W° dominates the spectrum with a relative contribution
of 54 %. About 14 % of the total W 4f'signal is associated with W?*, while the relative contributions
of the W*", W3* and W®" components are in the range of 9 — 12%.

In this study, we employed XPS to investigate the effects of H." ion bombardment on the WOs thin
films. Our findings indicate that this bombardment leads to significant reduction of the tungsten oxide
surface. These results align qualitatively with previous data obtained from WOs samples bombarded
with Ar” ions [36], [37]. However, the extent of surface reduction observed in the thin WOs films
examined in the present work is quantitatively different due to the use of distinct ion types and ion
energies.
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Fig. 2. Relative concentration fractions of different W oxidation states for sample irradiated with 5
keV H," as a function of bombardment time.

The reduction process of WO; under low-energy hydrogen ions was described in detail in our
previous paper [42]. According to our model, the reduction process is controlled by the rapid diffusion
of H atoms in the WO3 matrix and the high chemical reactivity of the hydrogen. At the very beginning
of hydrogen bombardment, W>* oxidation state forms withn a thin surface layer due to the creation
of O-H bonds and the electron transfer from H atom to W®" ion. With increasing H implantation time,
1.e. with increasing implanted hydrogen dose, the reduction progresses through the formation of H.O
gas molecules with O atoms extracted from the WOs matrix. Consequently, WO; reduces
progressively to lower oxides and eventually to metallic W, which dominates on the surface after 180
minutes of bombardment time. The XPS spectra of hydrogen irradiated samples measured around O
s core levels, shown in Fig. 3, fully support this reduction mechanism. All photoemission spectra
around O 1s atomic levels are deconvoluted into three components: one at BE of 530.5 eV attributed
to O atoms bonded with W in WO3 matrix, and additional two related to O-H bonds (line at the BE
of 531.2 eV) and H,O (peak at the BE of 531.7 eV), respectively [29], [44]. The formation of W°* for
short bombardment times is accompanied by a significant increase of the peak related to O-H bonds
in O 1s spectra, as seen for the sample irradiated for 15 s (Fig. 3b). With the prolonged bombardment
times, leading to the creation of W**, W2* and WY states, the H>O-related contribution increases, as
indicated in O 1s spectra of samples bombarded for 5 min (Fig. 3c).
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Fig. 3. Deconvoluted O 1s XPS spectra from an as-grown WO3 sample (a) and samples bombarded
with 5 keV Hx" for 15 s (b) and 5 min (c). Closed circles represent experimental data and solid lines
the product of mixed G-L functions.

We note here that a signal associated with WO3 was present in the corresponding W 4f photoemission
spectra even after 180 minutes of bombardment (see Fig. 1). This indicates that the thickness of the
layer reduced by hydrogen irradiation is less than the depth of the XPS sampling region. This is
confirmed by the SIMS depth profile of the bombarded WOs film. Fig. 4a shows the SIMS profile of
the as-grown sample, characterized by constant WO3 and O signals throughout the film, with the
expected substantial decrease at the WO3/Si interface. In addition, a small amount of H is present in
the film, due to the hydrogen impurities formed during the growth of the film. As shown in Fig. 4b,
the WO3 and O signals in the sample bombarded with 5 keV H," ions for 180 min remain stable,
indicating that the hydrogen irradiation does not significantly affect the distribution of oxygen and
WO; clusters in the bulk of the film. On the other hand, the intensity of the H signal is increased
substantially compared to the as-grown sample and has a fairly constant value with only a slight
decrease towards the interface between WO3 and Si substrate.
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Fig.4. SIMS in-depth profiles of an as-grown sample (a), and WO3 film bombarded for 180 min with
2 keV Hy" (b).
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The initial penetration depth of the implanted hydrogen is determined by SRIM simulations [45]. For
5 keV H," bombardment (corresponding to 2.5 keV H atoms, as each 5 keV H," ion breaks into two
2.5 keV hydrogen atoms after collision with the surface), the ion range (Rp) of the hydrogen in WO3
is 17.5 nm with a corresponding range straggling (AR;) of 20.2 nm. Therefore, one would expect the
concentration of implanted hydrogen to have Gaussian distribution within the sample with the
maximum at about 18 nm below the surface. However hydrogen does not accumulate around the
initial penetration depth of the implanted H atoms, but diffuses very rapidly into the WO3 matrix,
resulting in a uniform distribution of hydrogen throughout the film, in complete agreement with the
SIMS measurements of Fig. 4. Similar results are reported in the literature for proton implantation of
polycrystalline WO; thin films, where SIMS measurements revealed an almost homogeneous
hydrogen distribution in the material after H bombardment [27].

After examining the surface reduction and in-depth elemental distribution, we turn to the morphology
of the analyzed samples. The crystallinity, the grain boundaries and the surface roughness depend
critically on the irradiation process. These phenomena are illustrated in Fig. 5 using SEM images of
the as-grown WOs thin film and the WOj thin film bombarded with 5 keV H3 ions for 180 minutes.
The SEM micrographs in Fig. 5a show the surface morphology with a granular structure that changes
from densely packed crystal grains, characterized by visible grain boundaries with an average size
between 25 and 100 nm in the as-grown film, to grains with less smooth and less distinct surfaces and
boundaries after bombardment. It is clear from these images that the grain morphology and roughness
change as a result of irradiation with 5 keV HJ ions. The cross-sectional images in Fig. 5b show a
reduction in the average film thickness from about 70 nm to 55 nm after bombardment, as well as a
significant decrease in surface roughness. In addition, the SEM cross-sectional images reveal less
pronounced grain boundaries after the bombardment process, which can also be seen in the SEM
surface images in Fig. 5a. Both the surface and cross-sectional images of the bombarded WOs3 film
show that the HJ treatment caused no cracks.
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Fig. 5. Top-view FEG-SEM images of an as grown WO3 film, and sample irradiated with 5 keV Hy"
for 180 min (a) and the corresponding cross-section images (b).
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SIMS measurements from Fig. 4 indicate an almost uniform distribution of hydrogen in WO; film
after 180 minutes of H>" exposure. It is known that the incorporation of H atoms induces structural
changes in WOs3 and can transform the material into a hydrogen-tungsten bronze [19]. To investigate
the influence of H bombardment on the crystal structure of the material, we turn to Raman and XRD
analysis of irradiated WOs films. The structural evolution of a WO;3 film exposed to HJ ion
bombardment for 180 minutes is shown in Fig. 6. To evaluate all phonon contributions within the
considered factor-groups, Raman spectra were recorded in a parallel polarization configuration as
shown in Fig. 6. In addition, the spectrum of the Si substrate used for the growth of the WO; film was
recorded under identical conditions and is shown by the gray line. In addition to the peaks of the
substrate, the as-grown WOs3 exhibits the characteristics of the monoclinic structure, such as the lines
at 133, 270, 320, 714 and 803 cm™ marked with green asterisks in Fig. 6 [46]. In WOs films irradiated
with 5 keV HY ions, the structure stabilizes in the tetragonal phase, albeit with considerable crystalline
disorder, as evidenced by the increase in the slope in the spectrum and the broadening of the peaks.
Indeed, 714 cm™ mode disappears after 5 keV HJ bombardment for 180 minutes which is in full
agreement with Ref. [47]. Moreover, the peak related to the v(W-O) stretching mode at 803 cm™ in
the monoclinic as-grown sample shifts to a higher frequency (816 cm™). A similar shift was observed
in hydrogenated WOs samples and was attributed to the formation of a HxWOs structure with
tetragonal symmetry [17]. A reasonable explanation of the existence of only one stretching mode in
the tetragonal phase is the symmetrization of the W-O bonds in the a-b plane, while the bonds along
the ¢ axis remain different and Raman active.

The phase composition of WO3 bombarded samples revealed by Raman spectroscopy agrees well
with the XRD analysis displayed in Fig. 7. for the as-grown sample and the WO; film bombarded
with 5 keV Hj for 180 minutes. The spectra were recorded at the grazing incidence angles a; = 1°
(Fig. 7a) and ; = 0.322° (Fig. 7b). The angle of incidence of 0.322° is surface sensitive as it collects
information from about 15 nm below the film surface. On the other hand, the spectra recorded with
the angle of incidence of 1° reflect the bulk structure of the samples, as in this case the X-rays
penetrate through the entire film. For both X-ray incidence angles, the diffraction patterns obtained
for the as-grown film are characteristic of the monoclinic phase, with the peaks at 28.9°, 33.6°, 35°
and 41.7°, assigned to the reflections of the (112), (202), (122) and (222) lattice planes of monoclinic
WO3, respectively (JCPDS Card No. 83-0950). We restrict our analysis to the 20 region in the 25-45°
range because the XRD spectrum of WO3 at higher diffraction angles has a complex structure and
various diffraction features overlap, making it difficult to resolve individual peaks.
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Fig. 6. Raman spectra of as-grown WOs3 and WO3 bombarded with 5 keV HJ ions. Gray line
represents the spectrum of the substrate. Green asterisks show the characteristic peaks for the
monoclinic phase.
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In films bombarded with 5 keV H3 ions for 180 minutes, the (112), (202) and (222) peaks are shifted
to lower 20 values, while the (122) reflection, which is present in the as grown sample, is absent. The
diffraction patterns of the 5 keV bombarded samples are in good agreement with the XRD peaks of
the tetragonal WO3 phase (JCPDS Card No. 89-1287). The shift of the diffraction peaks to the lower
diffraction angles indicates the distortion and expansion of the WOj3 lattice caused, in our case, by the
hydrogen intercalation in the WO3; matrix [48], [49]. Therefore, we attribute the observed tetragonal
structure to the formation of HxWO3 in the bombarded films.
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Fig. 7. GIXRD patterns of an as-grown WO3 sample and film irradiated with 5 keV H>" for 180 min
for grazing incidence angle a) @; = 0.322%and b) a; = 1°.

When looking at the surface-sensitive XRD spectra shown in Fig. 7b, it is noticeable that the WO3
samples bombarded with 5 keV Hj show different diffraction patterns than the corresponding bulk
spectra in Fig. 7a. The diffraction lines characteristic of the tetragonal phase are split, with each peak
having an additional feature at a higher 26 value. This indicates the formation of a new phase at the
sample's surface, which has a smaller lattice constant compared to the tetragonal WOs3 phase [50].
The 5 keV Hjions can cause a strong distortion of the crystal lattice and create many defects in the
material, including vacancies. It is well known that the formation of oxygen vacancies in metal oxide
compounds causes lattice contraction [51], [52]. Therefore, we assume that oxygen vacancies are
formed as a result of ion bombardment, up to the ion range of the impinging ions (about 18 nm
according to SRIM calculations). This leads to the formation of surface domains with a tetragonal
structure with a reduced unit cell. This is in full agreement with our SEM and Raman analyses, which
also show an evident degradation of the crystal structure for the 5 keV bombarded sample.

Both XRD and Raman spectra point at the structural transition from monoclinic to tetragonal phase
in the bombarded sample. Indeed, the incorporation of hydrogen into WOs3 can cause the
transformation into hydrogen-tungsten bronze (HxWOs), a non-stoichiometric compound that
crysrallizes at room temperature in different structures: orthorhombic for 0.1<x<0.15, tetragonal for
0.15<x<0.5 or cubic for x>0.5 [11], [15], [17]. Since only the tetragonal phase was detected in the
films irradiated with 5 keV, the hydrogen should be relatively homogeneously incorporated in these
films. This fully agrees with our SIMS analysis showing an almost uniform distribution of H atoms
in the bombarded film. Therefore, our XRD, Raman and SIMS analyses confirm that hydrogen atoms
implanted in polycrystalline WO3 films by H," bombardment do not accumulate around the
penetration depth of the hydrogen atoms, but easily diffuse into the WO3 matrix, filling the entire
volume of the film and transforming the bulk of the material into hydrogen-tungsten bronze.
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Conclusion

We have investigated the surface oxide reduction of polycrystalline WO3 thin films under 5 keV H,"
bombardment and the structural changes in the bulk of the sample. Photoemission spectra around the
W 4f core levels revealed the presence of several W oxidation states (W®", W, W*", W** and W?) in
the bombarded samples. During the initial stage of H>" irradiation, the W®* oxidation state in WOs is
reduced to W>* and W*', while continued hydrogen bombardment leads to further reduction and the
formation of W2* and WY states. SEM analysis shows the loss of crystallinity of the WO3 sample after
180 minutes of Hy" irradiation, compared to the as-grown polycrystalline film. On the other hand,
Raman and XRD measurements show that the hydrogen-implanted WO3 sample transforms from a
monoclinic to a tetragonal phase. This indicates that the observed oxide reduction is limited to the
surface of the WOs film, while hydrogen-tungsten bronze — a non-stoichiometric material with
hydrogen atoms incorporated into the structure of WO3 — forms in the bulk of the sample. This fully
agrees with the SIMS measurements, which show a nearly uniform distribution of hydrogen in the
WO; film after 180 minutes of H>" exposure.

Building on these findings, future research could explore several promising directions. A particularly
important area for further exploration is the study of the electrical conductivity of hydrogen-tungsten
bronze samples. Considering the well-established influence of hydrogen intercalation on the
electronic properties of WOs, investigating conductivity could offer valuable insights into the
material's behavior and potential for use in electronic devices. This research could open up new
possibilities for developing advanced sensors, particularly for detecting hydrogen, where changes in
electrical conductivity could serve as an indicator of hydrogen presence or concentration. Such
research would be invaluable for applications in fields like environmental monitoring and industrial
safety, where precise and responsive hydrogen detection is critical.
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Exploring Structural Phase Transitions in
Atorvastatin Calcium Trihydrate Through Variable-
Temperature Raman Spectroscopy

Jasmina Lazarevi¢?, Snezana Uskokovié-Markovic?, Jelena Mitrié?and
Nenad Lazarevic?

2 Center for Solid State Physics and New Materials, Institute of Physics Belgrade, University of
Belgrade, Pregrevica 118, Belgrade, 11080, Serbia
PFaculty of Pharmacy, University of Belgrade, Vojvode Stepe 450, Belgrade, 11221, Serbia

Abstract. A detailed Raman spectroscopic analysis of atorvastatin calcium trihydrate
(Form 1) was conducted across a broad temperature range (100 K to 460 K), with
particular focus on the low-frequency vibrational region. This study reveals new insights
into the structural evolution and thermal response of the compound.

Significant spectral changes were observed near 420 K, where the disappearance of
external vibrational modes at ~34 cm™, 44 cm™ and 140 cm™ indicated a structural
phase transition. At the same time, pronounced broadening of the 645 cm™ and 1650
cm ' modes indicated increased molecular fluctuations. A new Raman feature emerging
around 75 cm™ during this transition suggests the presence of a transient, ordered
intermediate phase before complete loss of crystallinity at higher temperatures.

These findings offer the first in-depth view of temperature-driven structural changes in
atorvastatin calcium trinhydrate by means of inelastic light scattering, providing valuable
information on its vibrational properties, phase behavior and implications for
pharmaceutical stability.
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Inorganic Nanotubes and Nanowires in Polymer
Matrices: Potential for Sensing Applications

Andraz ReSeti¢?, Luka Pirker®®, Anja Poga¢nik Krajnc?, Jasmina
Lazarevi¢®, Maja Remskar?, Bojana Vi$i¢?°

2 Jozef Stefan Institute, Jamova cesta 39, Ljubljana, Slovenia
bJ. Heyrovsky Institute of Physical Chemistry, CAS, Dolejskova 2155/3, Prague 8, Czech Republic
¢Center for Solid State Physics and New Materials, Institute of Physics Belgrade, University of
Belgrade, Pregrevica 118, 11000 Belgrade, Serbia

Abstract. The increasing need to move away from intrinsically rigid to flexible and wearable sensors
requires finding a sensing material that responds well to mechanical deformations through a change in
the electrical signal. The best way to achieve flexibility is to combine nanomaterials with polymer
matrices. While the carbon nanotubes have a good potential as fillers, they have a few setbacks as well.
As they do not disperse well inmost organic solvents, resulting in poor homogeneity when mixed with a
polymer matrix, they have to be functionalized in order to enhance the interaction with the solvent. On
the other hand, various inorganic TMDC NTs promise a wide spectrum of physical effects beyond the
physics of CNTs [1]. They have a high aspect ratio, high specific surface area and excellent mechanical
and vibrational/acoustic properties, making them suitable as composite nanofillers as onlya small amount
can be used for forming a conductive path [2]. Furthermore, MSz2 NTs disperse well in all commonly
used solvents, simplifying the composite preparation [3]. Another family of nanomaterials that shows a
great promise as a filler, is the family of metal oxides. Their substoichiometric MOz.x (0<x<l1) phases
grow in different shapes, such as nanowires, flakes, needles and sheets. The optical, electrical and
structural properties depend strongly on the degree of the reduction [4].

Owerall, these materials possess a variety of properties desirable for fabrication of sensors for human
health monitoring. Despite the advancements, thorough safety assessments are needed before large-scale
productionand clinical deployment of nanomaterials for health sensing applications [5].
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Diversification of Primary Mesenchymal
Stromal/Stem Cell Populations at the Single-Cell
Level Using Raman Spectroscopy

Tamara Kukolj * Jasmina Lazarevi¢ ® Ana Borojevié¢ ¢, Uro§ Ralevi¢ P
Dragana Vuji¢ °* Aleksandra Jaukovié * Nenad Lazarevi¢ ?and Diana
Bugarski?

a Group for Hematology and Stem Cells, Institute for Medical Research, National Institute of Republic
of Serbia, University of Belgrade, 11129 Belgrade, Serbia.
b Center for Solid State Physics and New Materials, Institute of Physics Belgrade, University of
Belgrade, Pregrevica 118, 11080 Belgrade, Serbia.
¢ Mother and Child Health Care Institute of Serbia "Dr Vukan Cupic¢", 11000 Belgrade, Serbia.
4School of Medicine, University of Belgrade, 11000 Belgrade, Serbia.

Abstract. As a promising optical technique for application in biomedicine, Raman spectroscopy
has been used for stem cell analysis, whereby the largest number of studies was based on the
examination of the differentiation status of mesenchymal stromal/stem cells (MSCs) [1,2].
Namely, MSCs represent a diverse population of multipotent precursors that reside in many
tissues. They have been isolated from various tissues and organs including bone marrow,
adipose tissue, teeth, amniotic fluid, umbilical cord, tendon, etc., and due to simple and non-
invasive isolation procedures MSCs are considered a valuable alternative source for cell
replacement therapies. The main features of these cells are the ability to self-renew and the
differentiation into several types of mature cells such as osteoblasts, adipocytes, chondrocytes
under in vitro conditions. However, there is no precise marker that can be used to isolate and
characterize this cell population, which significantly hinders further progress in potential
application of these cells for therapeutic purposes. Therefore, our goal was to investigate the use
of Raman spectroscopy to characterize biochemical profile of MSCs at single-cell level. In this
study primary human MSCs derived from bone marrow (BM-MSCs) of five healthy pediatric
donors collected during allogenic transplantation were analyzed. By using standard biological
tests related to the MSCs features such as adherence, phenotype, clonogenicity, proliferation
rate, pluripotency and multilineage differentiation potential variations between these donors
were not detected. Raman spectroscopy analysis of MSCs at the single-cell level revealed a
similar biochemical background of the tested samples. However, following the extensive
principal component analysis (PCA), a clustering of MSCs populations was detected,
particularly when the samples were analyzed in pairs. Obtained results indicate that Raman
spectroscopy technique could provide valuable information for MSCs diversification and
contribute to MSCs characterization, consequently accelerating their applicationin cell therapy

[3].
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Symmetry-Resolved Raman Study of
Temperature-Induced Phonon Anomalies in
ZrTes

Ana Kanjevac?, Ana Milosavljevi¢?, Emil Bozin®?, Jasmina Lazarevic¢?,
Jovan Blagojevi¢?, Qiang Li®® and Nenad Lazarevié?

gnstitute of Physics Belgrade, University of Belgrade, Pregrevica 118, 11080 Belgrade, Serbia
bComputational Science Initiative, Brookhaven National Laboratory, Upton, NY 11973, USA
°Condensed Matter Physics and Materials Science Department, Brookhaven National Laboratory,
Upton, NY, USA
dDepartment of Physics and Astronomy, Stony Brook University, Stony Brook, NY, USA

Abstract. Zirconium pentatelluride (ZrTes) has attracted considerable attention in the condensed
matter community due to its temperature-dependent band gap variations. Additionally, it has
been proposed that ZrTes lies near a phase boundary between strong (STI) and weak topological
insulator (WTI) phases, as well as undergoing an electronic topological (Lifshitz) transition.
Depending on the sample and synthesis conditions, the Lifshitz transition temperature varies
between 50 and 150 K [1-3]. In this study, we performed Raman spectroscopic analysis of ZrTes
single crystals over a temperature range of 76 to 300 K. The measurements were carried out in
symmetry-resolved scattering geometries using parallel and cross polarization configurations
along the principal crystallographic directions. In this setup, only phonon modes of Ag and Bag
symmetries are allowed in the respective configurations. The results reveal pronounced
temperature-dependent behavior, including variations in phonon linewidths and peak positions.
Notably, at lower temperatures, certain phonon modes exhibit asymmetric line shapes that are
well described by the Fano profile. As the temperature increases, these features gradually evolve
into symmetric peaks. This behavior indicates a strong coupling between lattice vibrations and
electronic excitations in ZrTes. Our Raman scattering results provide valuable insight into the
phonon dynamics and electron—phonon coupling in ZrTes, contributing to a deeper
understanding of its fundamental properties.
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Theoretical Prediction and Experimental
Validation of Temperature-Dependent Raman
Spectra of Doxorubicin

Sylwia Orzechowska®, Ena Todorovi¢®, Milan Milovanovic®, Jelena
Pesic®, Malgorzata Baranska?, Jasmina Lazarevi¢®and Nenad Lazarevi¢®

2 Faculty of Chemistry, Jagiellonian University, 3 Ingarden Str., Krakow, Poland
bFaculty of Physical Chemistry, University of Belgrade
¢ Center for Solid State Physics and New Materials, Institute of Physics Belgrade, Pregrevica 118,
Belgrade, Serbia

“The authors contributed equally

Abstract Temperature-dependent Raman spectra of doxorubicin revealed a pronounced evolution
of spectral features, with a notable crossover in peak intensities occurring between 100 K and 300
K. Theoretical Raman spectra of a single doxorubicin molecule were calculated using the ORCA
program. The GOAT algorithm was used to identify isomers of neutral doxorubicin, doxorubicin
hydrochloride, and its cationic form. The most stable structures were optimized, and harmonic
vibrational frequencies and Raman activities were computed at the R2SCAN/def2-TZVP level of
theory with D3 dispersion. Spectra for a doxorubicin dimer were also simulated. The observed
temperature-dependent spectral features were successfully explained by resonant Raman
calculations, which included spectral broadening, anharmonic scaling, and Duschinsky rotation
effects. Theoretical predictions were compared with experimental data using the Python-based
SARA program, showing excellent agreement across the studied temperature range.

1 —Theor., 0.95, DE — Exp. 300 K |
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FIGURE 1. Experimental Raman and theoretical resonant Raman spectra of doxorubicin at 100K (left)
and 300K (right).
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Phonon Signatures of Instabilities in van der Waals material InSiTes

Jasmina Lazarevi¢!

Ana Milosavljevi¢!, Sanja Djurdji¢ Mijin!2, Tea Belojica', Jovan Blagojevi¢!, Andrijana Solaji¢!, Jelena
Pesic!, Bojana Visi¢!, Vladimir Damljanovi¢!, Michael O. Ogunbunmi3, Svilen Bobev34, Yu Liu4,
Cedomir Petrovic454, Zoran V. Popovi¢?, and Nenad Lazarevic!

I Institute of Physics Belgrade, University of Belgrade, Pregrevica 118, 11080 Belgrade, Serbia

2 Departamento de Fisica de Materiales, Facultad de Ciencias, Universidad Autnoma de Madrid,
28049 Madrid, Spain

3 Department of Chemistry and Biochemistry, University of Delaware, Newark, Delaware 19716, U.S.A.
4 Condensed Matter Physics and Materials Science Department, Brookhaven National Laboratory,
Upton, NY 11973-5000, USA

5 Shanghai Advanced Research in Physical Sciences (SHARPS), Shanghai 201203, China

6 Department of Nuclear and Plasma Physics, Vinca Institute of Nuclear Sciences, University of
Belgrade, Belgrade 11001, Serbia

7 Serbian Academy of Sciences and Arts, Knez Mihailova 35, 11000 Belgrade, Serbia
jasmina.lazarevic@ipb.ac.rs

Although van der Waals materials are widely studied for their unique properties and
applications, InSiTes remains relatively neglected despite being synthesized over 30 years
ago, especially when compared to the extensive research on related compounds like
CrSiTes and CrGeTes. Here, we present a detailed experimental and theoretical
investigation of this van der Waals material. Single-crystal X-ray diffraction reveals the
rhombohedral crystal symmetry of InSiTe3, described with the P3 space group. Polarization-

dependent inelastic light scattering experiments further validate the symmetry and reveal
pronounced anharmonicity in InSiTes. Namely, in addition to the symmeftry predicted
Raman active modes, which show excellent agreement with DFT calculations, the spectra
exhibit unexpected features; tripling of a localized high-energy Ag mode at approximately
500 cm-!. For Eg modes the extracted phonon-phonon coupling constants indicate
moderate anharmonicity. However, for Ag modes, the coupling strength increases
dramatically, reaching values up to ten times higher than those of the doubly degenerate
modes. The intensities of the analysed Ag modes display anomalous behaviour with
increasing the temperature, particularly around 200 K. Notably, at this same temperature,
higher-order overtone excitations emerge within the gap of the calculated phonon density
of states. Having in mind that phonons couple to various degrees of freedom, these
interactions leave a distinct fingerprint on their behaviour. While our findings highlight these
instabilities, its origin lies beyond the scope of this research.

*This research was supported by the Science Fund of the Republic of Serbia, 10925, Dynamics of
CDW transition in strained quasi-1D systems - DYNAMIQS
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Evidence of temperature-induced lifshitz transition in topological material ZrTes

Ana Kanjevac!, Ana Milosavljevi¢!, Jasmina Lazarevié¢!, Jovan Blagojevi¢!, Qiang Li??
Emil S Bozin'?, Nenad Lazarevi¢!
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of Belgrade, Pregrevica 118, 11080 Belgrade, Serbia
?Condensed Matter Physics and Materials Science Department, Brookhaven National
Laboratory, Upton, New York 11973-5000, USA
3Department of Physics and Astronomy, Stony Brook University, Stony Brook, New York,
USA

Topological Dirac semimetal ZrTes has been the subject of extensive experimental and
theoretical investigation, as it lies near the boundary between strong and weak topological
insulator phases and hosts a Dirac semimetal state at the electronic (Lifshitz) transition. The
reported Lifshitz transition temperature in ZrTes varies between 50 and 150 K, depending on
sample quality and synthesis conditions. In this study, we performed Raman spectroscopic
analysis of ZrTes single crystals over a temperature range from 40 to 300 K. The measurements
were carried out in symmetry-resolved scattering geometries using parallel and cross
polarization configurations along the principal crystallographic directions, within the ac plane,
allowing observation of six Ag and two B,, phonon modes. Our results reveal that all Ay modes
exhibit changes in energies and linewidths within the temperature range of the proposed
topological transition. In the parallel polarization configuration, peak asymmetry is observed
for four of the six A, modes, while in the crossed polarisation configuration, only the first By,
mode exhibits a similar feature. These asymmetric line shapes are well described by the Fano
profile, suggesting a significant electron—phonon interaction. Our Raman scattering results
provide insight into the coupling between lattice vibrations and electronic structure and its
temperature-driven topological behavior.

Acknowledgements: This research is financed by HIP-2D-QM Project. This project received
funding from the European Union’s Horizon Europe research and innovation programme
under grant agreement NO 101185375. This research was supported by the Science Fund of
the Republic of Serbia, 10925, Dynamics of CDW transition in strained quasi-1D systems —
DYNAMIQS. The authors acknowledge funding provided by the Institute of Physics Belgrade,
through the grant by the Ministry of Science, Technological Development and Innovation of
the Republic of Serbia.
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Theoretical prediction and experimental validation of temperature-dependent raman
spectra of doxorubicin

Ena Todorovié', Sylwia Orzechowska?, Milan Milovanovi¢', Jelena Pes§ic?,
Malgorzata Baranska?, Jasmina Lazarevi¢’, Nenad Lazarevi¢®

!Faculty of Physical Chemistry, University of Belgrade, Studentski trg 12-16, PAC 1053035,
Belgrade, Serbia
’Faculty of Chemistry, Jagiellonian University, Krakow, Poland
3Center for Solid State Physics and New Materials, Institute of Physics Belgrade, Pregrevica
118, Belgrade, Serbia

Temperature-dependent Raman spectra of doxorubicin (DOX) show pronounced changes in
band intensities between 100 and 300 K. Detailed analysis and comparison with simulated
resonance Raman spectra indicate that these variations arise primarily from temperature-
dependent resonance effects. The GOAT algorithm, implemented through the ORCA program,
was employed to identify isomers of neutral DOX, DOX-HCI, and DOX-H". The most stable
structures were optimized, and harmonic vibrational frequencies and Raman activities were
computed at the R2ZSCAN/def2-TZVP level of theory with D3 dispersion corrections. The
observed temperature-dependent spectral features were successfully reproduced by resonance
Raman calculations that included spectral broadening, anharmonic scaling, and Duschinsky
rotation effects. Quantitative comparison using the SARA algorithm yielded 91-94%
agreement between theory and experiment across all temperatures. Increasing temperature was
found to weaken hydrogen-bonding modes while enhancing collective ring vibrations,
consistent with reduced hydrogen-bond strength and increased vibrational delocalization.
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INVESTIGATING TEMPERATURE-INDUCED PHASE TRANSITIONS IN
ATORVASTATIN USING RAMAN SPECTROSCOPY

J.J. Lazarevié, S. Uskokovié-Markovié, J. Mitri¢ and N. Lazarevié¢
Center for Solid State Physics and New Materials, Institute of Physics Belgrade, University of

Belgrade, Pregrevica 118, 11080 Belgrade, Serbia (jasminal@ipb.ac.rs)
2 Faculty of Pharmacy, University of Belgrade, 11221 Belgrade, Serbia

DOI: https://doi.org/10.46793/Phys.Chem2411.595L

ABSTRACT

The Raman spectra of atorvastatin calcium trihydrate (ATC) were systematically investigated
across a temperature range from 100 K to 460 K, revealing intricate vibrational and structural
dynamics. Key observations included temperature-induced changes in spectral features, with
significant transformations at 420 K, where intermolecular vibrations were strongly suppressed,
indicating a collapse in crystal structure and potential formation of a liquid crystalline phase. This
phase transition was evidenced by the disappearance of well-defined peaks and the appearance of
broad hump-like structures, suggesting residual order before complete isotropic melting at 460 K.
The study focused on both intramolecular and intermolecular vibrations, with the latter being
prominent below 175 cm™!. Temperature variations affected Raman modes, notably around 420
cm!, 490 cm™!, and 635 cm™!, reflecting structural and electronic changes. The investigation
highlighted the stepwise dehydration of ATC, especially between 320 K and 380 K, supporting
prior findings. These raveled changes provide extremely usable insights into the thermal
adaptability and structural responsiveness of ATC, offering implications for its stability and
performance in pharmaceutical applications.
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source of novel antimicrobial drugs due to the increase in multiple resistance to antibiotics in current clinical use. Lupinifolin

is important bioactive compound isolated from stem of Albizia myriophylla Benth. The compound showed high antibacterial
activity against Gram-positive bacteria including Enterococcus. However, the mechanisms of its antibacterial action are still

poorly understood.

OBJECTIVES:

The aim of this study was to reveal the effect of lupinifolin against E. faecium HTY0256 strain using proteomic analysis.

METHOD / DESIGN:
Antibacterial activity of lupinifolin against the enterococci was conducted using broth microdilution method and time-kill-
ing assay. Proteome analysis of the bacteria after exposure to 2 MIC (minimal inhibitory concentration) of lupinifolin was

performed to identify the protein expression changes compared to untreated control cultures by LC-MS/MS.

RESULTS:

MIC and MBC (minimal bactericidal concentration) of lupinifolin against enterococci were ranged from 4 to 8 pug/ml. Pro-
teomic analysis of VRE in the presence of lupinifolin revealed different expression of proteins between the control and
treatment groups. Proteins associated with stress response, acid phosphatase, virulence factor, ribosome, and carbohydrate
metabolism, and also some virulence factors were down-regulated. The significant induction after treatment was noticed
in proteins associated with cell membrane integrity, cell division, peptidoglycan biosynthesis, ABC transport, phosphotrans-
ferase system (PTS), aminoacyl-tRNA biosynthesis, acid-resistance of membrane and DNA recombination.

Interestingly, biological processes responsible for cell wall modification and cell shape were disrupted. The results demon-
strated that lupinifolin expresses antibacterial activity mainly by effecting on cell membrane of the bacteria and that certain

proteins may be responsible for the specific response of VRE to lupinifolin.
CONCLUSIONS:

These findings provide further evidence to support therapeutic efficiency of lupinifolin which could lead to the develop-

ment of a new effective drug for treatment of multidrug resistant infections.
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INTRODUCTION:

Although mesenchymal stem cells (MSCs), as adult stem cells, hold great promise in the field of regenerative medicine, signif-
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icant obstacle for their clinical application is the lack of standardized markers for their isolation and characterization. Raman

spectroscopy is fast, non-invasive optical technique based on an inelastic scattering of the visible light on a probed material,
providing a unique (bio)chemical information. Therefore, it is considered that the Raman spectrum is a unique imprint of the
analyte, implying that Raman spectroscopy could be the method of choice for the analysis of MSCs properties on a single

cell level.

OBJECTIVES:
Objective of this study was to isolate and characterize bone marrow MSCs (BMMSCs) from five donors using standard bio-
logical procedures and to detect their biochemical profile using micro-Raman spectroscopy with the goal to investigate the

possibility to employ micro-Raman system to distinguish individual features of BMMSCs populations.

METHOD / DESIGN:

BMMSCs were isolated from samples (2 ml) aspirated from iliac bone during collection of bone marrow for allogenic trans-
plantation. Five healthy donors (age 2-12 years) were analyzed in this study. All experiments were performed using BMMSCs
of the 5th passage. To assess immunophenotype of isolated, adherent cells expression of positive mesenchymal cell surface
markers (CD90, CD44, CD73, CD105) and negative markers (CD34, CD45 and HLA-DR), a flow cytometry was used. Multilin-
eage differentiation capacity was investigated based on corresponding histochemical staining: alkaline phosphatase and
alizarin red staining were used to detect early and late osteogenesis; chondrogenesis was detected based on Safranin O
staining of proteoglycans, while Oil red was used to visualize lipid drops of differentiated adipocytes. Following these stand-
ard procedures, Raman spectroscopy was performed on methanol-fixed BMMSCs. Excitation was realized by Art/Kr* ion
laser at 514.5 nm. The beam was focused through the x50 long range microscope objective, NA=0.5 in the backscattering
configuration setup. Thermal damage was prevented by keeping low power density absorbed by the sample. Acquisition
time was 300 s per spectrum and every cell was probed on several randomly chosen positions. For every donor, 50 to 100

cells were analyzed.

RESULTS:

In accordance with the minimal criteria for defining MSCs of International Society for Cellular Therapy (ISCT) we successfully
isolated bone marrow MSCs showing typical adherent, fibroblast-like morphology. All donors exhibit high expression of
positive mesenchymal cell surface markers (CD90, CD44, CD73, CD105) without expression of negative markers (CD34, CD45
and HLA-DR), along with the multilineage differentiation capacity toward osteogenesis, chondrogenesis, and adipogenesis.
Based on these standard biological tests, no differences between donors were detected. However, Raman spectroscopy cou-
pled with multivariate statistical method - Principal component analysis — showed distinct clustering between donors, based

on specific spectral features, implying that Raman spectroscopy could be a step forward in routine analyzes of BMMSCs.

CONCLUSIONS:

As Raman spectroscopy still paves a way towards wider application in biological/biomedical field, our results once more
contribute to the achievement of that goal. This technique allows the collection of a large number of data on the biochem-
ical composition at a single cell level in a short time interval, thus providing prompt and unambiguous interpretation of
cell populations’ features, which is not possible by performing available methods in cell biology. Although the significance
of standard techniques should not be neglected, a comprehensive analysis can only be achieved by their association with

Raman spectroscopy.
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Bone Marrow Derived Mesenchymal Stem Cells from Five Donors

N

Introduction

Mesenchymal stem cells (MSCs), as adult stem cells, hold great promise in the field of regenerative medicine.

However, significant obstacle for their clinical application is the lack of standardized markers for their isolation adipogenesis was confirmed (Figure 2) .

and characterization.

Raman spectroscopy is fast, non-invasive optical technique based on an inelastic scattering of the visible light
on a probed material, providing a unique (bio)chemical information. Therefore, it is considered that the Raman

spectrum is a unique imprint of the analyte, implying that Raman spectroscopy could be the method of choice Figure 2. Multilineage differentiation potential of
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Based on standard biological tests, no differences between the donors were detected.

e Raman spectroscopy coupled with multivariate statistical method — Principal Component Analysis, showed
distinct clustering, based on specific spectral features, between the donors, implying that Raman
spectroscopy could be a step forward in routine analyzes of BMMSCs (Figure 3 and 4).

e Although the significance of standard techniques should not be neglected, a comprehensive analysis can only

be achieved by their association with Raman spectroscopy.
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Nicolaus Copernicus University, Torun, Poland, °Center for Solid State Physics and New Materials,
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lon beam irradiation is a versatile tool for structural modification and engineering of new materials,
where the energy of ions determines the nature of interactions between accelerated ions and the
target. In this study, 12-tungstophosphoric acid (WPA) films of different thickness were spin-coated
on platinized silicon substrate and irradiated with: low energy hydrogen ions (10 keV) and swift
heavy ions (Bi, Xe and V) with energies up to 710 MeV. Raman spectroscopy and Fourier-transform
infrared spectroscopy (ATR-FTIR) were used for investigation of structural properties of irradiated
WPA. Raman spectra of irradiated samples revealed new wide vibrational bands in regions from 100
to 500 and 600 to 1000 cm™ which are comparable to the ones obtained for WPA thermally treated at
600 °C. Additionally, bands of remaining Keggin anion structure appeared modified with observed
shifting and splitting of bands. In ATR-FTIR spectra of irradiated samples additional wide bands at
around 800 and 1100 cm also appeared and resemble the ones of thermally treated WPA. The degree
of change of these bands compared to the bands of Keggin anion was justified by SRIM calculations.
The most prominent changes were observed in those samples for which the number of induced
vacancies was the highest. The results show that structure of WPA can be tuned by ion beam
irradiation, by optimizing the fluence and the type and energy of ions.
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