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ABSTRACT

Extracellular vesicles (EVs) are membrane-encapsulated nanoparticles with key roles in cell biology and growing importance in
biomedicine. However, EVs are challenging to characterize because they are highly heterogeneous. Single EV analysis methods
are valuable tools for addressing this challenge. Here, we developed single EV analysis pipeline for assessment of transmission
electron microscopy (TEM) and single molecule localization microscopy (SMLM) images. Our analysis of morphology and
localization/density patterns from these imaging techniques identified two primary EV classes which we termed dense and
complex. Compared to dense EVs, complex EVs were larger, less circular, and more elongated. For recombinant and cell culture-
derived EVs, analysis revealed overall good agreement between TEM and SMLM data. Using SMLM, we further compared plasma
EVs enriched in common markers, tetraspanins CD9, CD63, and CD81, with the total EV population. While both groups showed
similar size and shape properties, tetraspanin-enriched EVs were on average slightly larger and exhibited a higher fraction of
complex EVs. Our findings underscore the morphological diversity of EVs; highlight the benefits of multimodal imaging; and
demonstrate quantitative performance of the data analysis pipeline. Our comprehensive analysis of EV morphology may ultimately
help clarify EV biogenesis and advance their potential in biomedicine.

some aspects of EV-mediated intercellular communication. For
example, EVs that originate from cancer cells can travel long

1 | Introduction

In the 1980s, extracellular vesicles (EVs) were first postulated to be
a cellular modality for shedding specific types of membrane com-
ponents, like the transferrin receptor [1]. In the late 1990s, these
membrane-bound nanoparticles became implicated in intercellu-
lar communication [2]. EVs appeared to encapsulate biological
data (in the form of proteins, lipids, nucleic acids, glycans, and
metabolites [3, 4]) and translocate this information from their
cells of origin to recipient cells. Further studies have clarified

distances, be uptaken by organ-specific cells, and can contribute
to the formation of the pre-metastatic niche [5]. Yet, recent data
suggests that some EVs may not act as long-range messengers
and travel only short distances before the uptake, reflecting
the diversity of the process [6]. While the prevailing thought
is that EVs are involved in both physiological and pathological
processes through intercellular communication [7-11], additional
roles, including maintaining cellular homeostasis via disposal of

Abbreviations: EV, Extracellular vesicle; KDE, kernel density estimation; NTA, nanoparticle tracking analysis; PBS, phosphate buffered saline; SEC, size exclusion chromatography; SEVEN, single
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Statement of significance of the study

Extracellular vesicles (EVs) have significant roles in biology
and biomedicine. However, their inherent heterogeneity in
size, shape, and molecular composition presents a major
challenge for their characterization. To help address this chal-
lenge, we advanced a robust image analysis pipeline. We used
this pipeline to analyze transmission electron microscopy
and single molecule localization microscopy images, and we
comprehensively quantified morphology of single EVs. By
classifying EVs into distinct morphological subtypes, dense
and complex, we reveal consistent trends across recombinant,
cell line-derived, and plasma EVs. Importantly, we demon-
strate strong agreement between imaging modalities. Our
approach enables high-resolution analysis of individual EVs
and offers insights into their structural diversity. This work
advances the methodological toolkit for EV research and
lays the foundation for improved characterization of EVs in
biology and biomedicine.

unwanted cargoes degraded by other cells [12], have been recently
proposed. Thus, while the field has evolved significantly since
1980s, we are still elucidating many aspects of EV functions.

In addition to their important functional roles, EVs have been
investigated as biomarker candidates, therapeutic modalities,
and delivery vectors [11, 13-19]. In particular, the following four
properties indicate potential of EVs in biomedicine: 1) EV cargo
is protected from degradation; 2) EVs are abundant in circulation,
biocompatible, and have low immunogenicity; 3) EVs can cross
biological barriers; 4) EVs can be engineered to carry bioactive
cargo. While EVs are currently being assessed in a number of
clinical trials, they have not yet fully emerged as either a therapy
or a diagnostic biomarker.

One significant challenge in EV research has been to robustly
isolate EVs. EVs typically comprise a mixture of different sized
nanoparticles ranging from 30 nm to 10 microns. Isolation of
EVs is challenging because cell cultures and biofluids contain
a complex mixture of nanoparticles, protein aggregates, and
nonvesicular components with similar size, charge, and density
ranges [19-21]. Further, while many vesicles contain tetraspanins
such as CD9, CD63, and CD81 [22, 23], a universal EV marker
remains elusive. While this challenge confines a “perfect” EV
isolation method, new separation technologies are emerging [19].
Additionally, updated guidelines in the field [17] have enabled
robust data reporting.

Another significant challenge in EV research is to robustly
quantify biophysical and biochemical parameters of EVs. Further,
given the heterogeneity of the typical biological sample (EVs
come from many different types of cells), little is known about rare
vesicle populations—tissue or disease specific—that may have
significant biological roles [19]. Single EV analysis methods can
address some aspects of these challenges.

Biochemical methods, such as Raman spectroscopy, can define
biomolecular EV markers. Biophysical methods, such as atomic
force microscopy, cryo-electron microscopy, and transmission

electron microscopy (TEM), can provide size and shape of EVs.
Nanoparticle tracking analysis (NTA) and tunable resistive pulse
sensing can provide concentration, charge, and size of EVs—
however, there are limitations to these two approaches due to
relatively low sensitivity [17, 19, 24]. While a few single EV
analysis methods provide a multiparametric characterization
(they can define both biophysical and biochemical properties),
each technique has its own advantages and challenges. For
example, fluorescent-NTA measures concentration, presence of
protein markers, size, and charge, but it has limited resolution
[19]. Nano-flow cytometry and single-particle interferometric
reflectance imaging assess concentration, presence of protein
markers, and size. However, they have somewhat limited detec-
tion sensitivity (approximately 50 nm in size and typically 5-10
fluorescent molecules for specific cargo detection) [23, 25-30].
Immuno-electron microscopy provides morphology, size, and
presence of protein markers, but it has low throughput and high
cost [19]. While super-resolution microscopy methods such as
single molecule localization microscopy (SMLM) have moderate
throughput and typically require specialized microscopes, they
can otherwise robustly assess EV concentration, molecular cargo
content, size, and shape. Each of these different single EV analysis
methods has distinct advantages and challenges; however, they
are often complementary and can be combined to provide a more
comprehensive description of the sample.

Here we focused on advancing data analysis to rigorously define
the morphology of single EVs—size, shape, and structural char-
acteristics. Morphology can provide important insight on EV
biological function and origin. For example, it can indicate the
amount of molecular cargo EVs can carry (more cargo can be
sorted into larger EVs [31]). Moreover, information on morphol-
ogy may have potential in emerging biomedical applications of
EVs. Specific EV subpopulations with distinct, irregular shapes
are present in diseases such as cancer [32-34], while consistent
morphology can be a hallmark of quality control in therapeutic
applications. We developed a data analysis strategy for the
comprehensive quantification of EV morphology based on TEM
and SMLM images.

2 | Materials and Methods
2.1 | Cell Line EVs

Recombinant standard EVs (rEVs) were purchased from Mil-
lipore Sigma, Cat# SAE0193-1VL; Burlington, MA, USA; their
characterization was reported before [35]. For EVs derived from
conditioned cell culture media (SH-SY5Y, BT-474, BT-474%, SK-
BR-3, JIMT-1), cell culturing and EV isolation using size exclusion
chromatography (SEC) were reported before [34]. MISEV guide-
lines [17] were used to characterize isolated EVs and these results
were reported previously [34]. In particular, using dot blots,
in previous work we have shown expression of membrane EV
markers (tetraspanins CD9, CD63, CD81 [TSPAN]), luminal EV
marker (syntenin), and negligible expression of cytochrome C
(typically not associated with EVs). These dot blots have also
shown that EVs from HER2-positive cell lines (BT-474, BT-474R,
SK-BR-3, JIMT-1) had appreciable expression of HER2 while
EVs from HER2-negative cell line (SH-SY5Y) had negligible
expression of HER2. Further, we characterized concentration and
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size of EVs using NTA and have shown their intact morphology
using TEM [34].

2.2 | PlasmaEVs

Here, we used pooled human plasma (Innovative Research,
IPLAWBK2E50ML); plasma processing has been previously
described [34]. As before [34], we applied an additional cen-
trifugation step (2500 x g for 15 min) before the experiments
to reduce platelet contamination [36]. EVs were isolated using
iZON 70 nm original SEC column in phosphate buffered saline
(PBS); first five fractions containing EVs were combined and used
in downstream experiments. For EV characterization according
to MISEV guidelines [17], dot blots and NTA experiments were
performed as described before [33]; for ApoE dot blot staining,
we used Biolegend mouse monoclonal antibody (Cat# 852802;
cross-reacts with Apo E2, Apo E3, and Apo E4) diluted 1:1000.

Detailed protocols for TEM and SEVEN sample preparation were
reported before [33, 34] and briefely outlined below. SMLM
localization maps obtained using SEVEN and TEM images from
EVs reported in two previous publications [33, 34] were used here
for data analysis.

23 | TEM

4 uL of undiluted EV sample (rEVs or SEC isolated EVs from
SH-SY5Y, BT-474, and BT474% cultured cells) was applied to glow
discharged, carbon-coated 200 mesh electron microscopy grids.
After 5 min incubation, the excess sample solution was removed,
and the grid was washed three times in DI water, for 30 s each
time. Then the grid was stained with 1% (w/v) uranyl acetate
by incubating 10 s for three times. FEI Tecnai 12 transmission
electron microscope (Thermo Fisher Scientific) at an acceleration
voltage of 120 kV using LaB6 filament and Gatan 2 k x 2 k CCD
camera (Gatan; Pleasanton, CA, USA) was used for TEM imaging
[33, 34].

2.4 | Single Extracellular VEsicle Nanoscopy
(SEVEN) for Cell Line EVs and rEVs

Following antibodies were used for capture and staining of
EVs: anti-CD9 (BioLegend, Cat# 312102), anti-CD63 (Novus
Biologicals, Cat# NBP2-42225), and anti-CD81 (BioLegend, Cat#
349502).

Clean coverslips coated with MCP4 polymer were functionalized
with antibodies against TSPANs. After blocking coverslips with
Block-On blocking solution (Lucidant Polymers, Cat# 2X-BLK1)
and phosphate buffer saline with 0.025% Tween 20 (0.025% PBS-T)
supplemented with 2% (w/v) bovine serum albumin (BSA), EVs
(in 0.025% PBS-T buffer) were incubated onto these coverslips
overnight. Coverslips were washed with 0.025% PBS-T, then
blocked with 0.025% PBS-T supplemented with 2% BSA. EVs were
stained with anti-TSPAN antibodies labeled with Alexa Fluor 647
(AF647) in 0.025% PBS-T supplemented with 2% (w/v) BSA. After
washing, EVs were fixed with 4% paraformaldehyde and 0.2%
glutaraldehyde, quenched with 10 mM glycine, and imaged on

Nikon N-STORM microscope using 640 nm laser; localizations
were extracted using the NIS-Elements software (Nikon) [33, 34].

2.5 | SMLM for Plasma EVs

25-mm diameter #1.5H glass coverslips (Thermo Fischer Scien-
tific, Cat# NC9560650; Waltham, MA, USA) were cleaned as
previously described [37]. UV/ozone treatment was conducted
on the Novascan PSD-UV for 15 min according to manufacturer
protocol.

a. TSPAN-enriched EVs: We incubated 150 uL of 0.025% PBS-
T (buffer control) or unlabeled EVs in 0.025% PBS-T on
clean, and UV/ozone treated coverslips for 1 h. After washing,
a mixture of anti-TSPAN antibodies labeled with AF647
was applied to coverslips to stain EVs (detailed protocol
was described before [33]). Samples were fixed with 4%
paraformaldehyde, quenched with 10 mM glycine, and
immediately imaged.

b. All EVs: We labeled SEC isolated EVs with CF568-maleimide
(protocol described before [33]). As a control for any possible
dye aggregation/unspecific labeling, we separately incubated
buffer only (no EVs) with CF568-maleimide using the same
steps performed for EV labeling. Subsequently, we incubated
150 pL of CF568 labeled EVs or buffer dye control (both
diluted 1:4 in 0.025% PBS-T) on cleaned and UV/ozone
treated coverslips for 1 h. Samples were washed, fixed with
4% paraformaldehyde, quenched with 10 mM glycine and
immediately imaged.

To assess presence of detergent insoluble aggregates, CF568
labeled EVs were treated with 1% Triton X-100 for 30 min.
Protocol detailed above was performed, and surfaces were imaged
using super resolution radial fluctuations (SRRF) microscopy as
described before [38].

To assess double-labelled EVs, 150 uL of CF568 labeled EVs
(diluted 1:4 in 0.025% PBS-T) were incubated on cleaned and
UV/ozone treated coverslips for 1 h. EVs were subsequently
stained with anti-TSPAN antibodies labeled with AF647 as
described before [33]. Samples were washed, fixed with 4%
paraformaldehyde, quenched with 10 mM glycine, and immedi-
ately imaged using SRRF as described before [38].

All super-resolution microscopy imaging was performed on N-
STORM microscope (Nikon) as described before for SMLM [33]
and SRRF [38]. For SMLM, localizations were extracted using
the NIS-Elements software (Nikon) [33]; for SRRF, data were
processed using ImagelJ [38].

2.6 | Image Analysis

SMLM image data were analyzed with the Nanometrix SMLM
software (v2.4.1.3, https://www.nanometrix.bio). Localization
tables exported from NIS-Elements were imported, inspected for
drift and other potential acquisition artifacts, and batch processed
using the automated Single-channel Analysis Pipeline. Particle
identification was performed using DBSCAN clustering. Clusters
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Morphology of rEVs from TEM and SMLM images. A. TEM (left) and SMLM (right) image grids for rEVs showing dense EVs (green)

and complex EVs (magenta). B. For detected dense EVs (TEM and SMLM) and complex EVs (SMLM), distribution of size, circularity, eccentricity,

compactness, and aspect ratio is shown. C. For detected dense EVs (TEM), distribution of shape skewness and convex ratio is shown. Thick horizontal

lines represent medians, and thin horizontal lines represent quartiles; crosses represent means. Descriptive statistics are shown in Table S2; statistical

considerations are shown in Table S3.

with an effective diameter < 30 nm or fewer than 20 local-
izations were discarded. Remaining vesicles were classified by
the Nanometrix convolutional-neural-network model NMTX-s1
(trained on >1 million EVs) into dense or complex morphological
groups based on protein distribution patterns on EV surfaces.

TEM images were processed in the Nanometrix Image Analysis
software (v1.4.1.1, https://www.nanometrix.bio). Batches of TIFFs
(4k x 4k) were automatically segmented by the Nanometrix
UNet-based model NMTX-al, which was trained on >2 000
TEM and other biological images of nanoparticles (EVs, adeno-
associated viral vectors, lipid nanoparticles, liposomes, etc.)
and artefacts. Objects < 30 nm were removed, and the remaining
vesicles were sorted into dense, complex, or other classes. Follow-
ing filters were applied: relative contrast greater or equal to 0.04,
mean intensity between 55 and 155, compactness greater or equal
to 1.115, and convex ratio less or equal to 1.

For every vesicle in both datasets, the Nanometrix Software
Suite computed (among others) projected diameter, circularity,
compactness, aspect ratio, eccentricity, convex ratio, and 2D shape
skewness using the equations listed in Supplementary Table SI.
These metrics, extracted with identical parameter settings for
all samples, provide quantitative descriptions of size, outline
complexity, shape, and distribution across modalities. Raw data,
batch summaries, and plots were exported from the Nanometrix
Software Suite.

2.7 | Statistical Analysis

Mean, median, standard error of the mean (SEM), and coefficient
of variation (CV) values were determined using GraphPad Prism
(version 10.3.0; GraphPad; San Diego, CA, USA). Mann-Whitney
test was used to determine p-values; this nonparametric test
assesses stochastic differences between two independent groups
[39]. Significances are indicated as follows: ns p>0.05, *p<0.05,
**p<0.01, **p<0.001, ****p<0.0001. Graphs were generated in
GraphPad Prism and finalized in Adobe Illustrator 2025 (version
29.8.2; Adobe; San Jose, CA, USA).

3 | Results

We have previously characterized recombinant EV reference
material (rEVs) by TEM (negative staining of whole mount EVs)

and Single Extracellular VEsicle Nanoscopy (SEVEN). SEVEN
platform encompassed SMLM imaging of tetraspanin CD9, CD63,
CDS81 (TSPAN)-enriched EVs [34]; TSPANs are abundant EV
markers present on most EVs [23]. Here we applied optimized
data analysis pipeline to these TEM images and SMLM localiza-
tion maps; the goal was to provide a comprehensive description
of individual EV morphology.

Evaluation of both TEM and SMLM data indicated the presence
of two types of EVs: dense and complex. Dense EVs were
defined as highly circular vesicles that displayed a compact,
uniformly populated localization cloud in SMLM and a homoge-
neous electron-dense lumen in negatively stained TEM images.
These particles correspond to the typical small EVs reported
in the literature and formed the dominant fraction of the rEV
population. Complex EVs showed a discontinuous distribution
of localizations in SMLM, consistent with nonuniform surface-
protein topology, and appeared in TEM with irregular luminal
contrast or multi-lobed outlines. Image grids of rEVs acquired
with both techniques are shown in Figure 1A; dense EVs are
indicated by green color and complex EVs are indicated by
magenta color. Both SMLM and TEM detected a low fraction
(under 5%) of complex EVs (Figure S1A and Table S2A).

Given that EVs with distinct morphology can have important
functional roles and biomedical applications, for both SMLM and
TEM images, we evaluated size and comprehensive set of shape
properties: circularity, eccentricity, compactness, and aspect ratio.
Circularity indicates how close a vesicle shape approaches a
circle; eccentricity indicates elongation of vesicles; compactness
quantifies how efficiently a shape occupies a space; aspect ratio
indicates the relationship between the width and height of a
shape. For pixel-based TEM images, we also calculated convex
ratio (ratio of the area of the smallest convex shape that can
completely enclose the figure and the area of the figure itself) and
shape skewness (measure of the asymmetry of a shape). We did
not include these two properties for SMLM since the point cloud
(localization maps) obtained with this technique can have varying
conformations with more points clustering on the exterior or
toward interior, leading to uneven sampling and variation in
metrics.

Our TEM and SMLM data (Figure 1B and Table S2B) show that
complex rEVs (compared to dense) have significantly larger size,
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lower circularity, and increased elongation, compactness, and
aspect ratio; for TEM data, they also had significantly decreased
convex ratio, and increased shape skewness. Descriptive statis-
tics and statistical significances are shown in Tables S2B, S3,
respectively; kernel density estimation (KDE) graph for TEM
is shown in Figure S1B. Additionally, for dense EVs that were
abundantly detected with both techniques, the values for size,
eccentricity, circularity, and compactness showed an excellent
agreement between the two techniques (average values were
within 10%). Of note, compared to EVs detected with SMLM,
those detected with TEM had slightly lower average size (90 vs.
99 nm), higher size heterogeneity (CV of 50 vs. 34%), and
lower average aspect ratios (1.132 vs. 1.508). This could be in
part attributed to detection of TSPAN-enriched EVs with SMLM
versus all EVs in TEM, or possibly issues related to dehydration
of some EVs in TEM. As expected, for TEM images, most dense
EVs had shape skewness close to value of zero and convex ratio
close to value of 1, indicating their shape is close to a circle,
Figure 1C.

We next analyzed morphology of EVs from different cultured
cell lines. We have previously reported isolation, characterization,
and imaging of EVs from following five cultured cell lines: 1)
SH-SY5Y (neuroblastoma), 2) BT-474 (breast cancer, luminal B
molecular subtype, trastuzumab-sensitive), 3) BT-474% (breast
cancer, luminal B molecular subtype, trastuzumab-resistant), 4)
SK-BR-3 (breast cancer, HER2 overexpressing molecular subtype,
trastuzumab-sensitive), and 5) JIMT-1 (breast cancer, HER2
overexpressing molecular subtype, trastuzumab-resistant) [34].
We applied our optimized analysis pipeline to previously obtained
TEM images and SMLM localization maps of these cell culture
EVs (ref. [34]). In particular, here we performed analysis of TEM
and SMLM images of EVs from SH-SY5Y, BT-474, and BT-474%
cultured cell lines (we had reasonable number of acquired TEM
images) and analysis of SMLM images of EVs from SK-BR-3 and
JIMT-1 cultured cell lines.

Since SMLM provided excellent EV sampling, we first deter-
mined the fraction of complex EVs enriched in TSPANs derived
from SH-SY5Y, BT-474, and BT-474% cells, Figure 2A and Table
S4. Like with rEVs, this fraction was low for all cell lines,
with trastuzumab-resistant cell line BT-474® having the highest
fraction of complex EVs at ~5%. Image grids with dense and
complex EVs detected with SMLM are shown in Figure S2A-C.
Similar to rEV data, complex EVs (vs dense EVs) from three cell
lines detected with SMLM had larger size, lower circularity, and
increased elongation, compactness, and aspect ratio, Figure 2B.
Trends for morphological properties of dense EVs obtained from
SMLM localization maps agreed well with published data [34]:
SH-SY5Y dense EVs were on average the largest and most circular
while BT-474% dense EVs were on average the smallest, least
circular, and most elongated (Figure 2B, top and Tables S5, S6).
Additionally, here we determined dense EVs from BT-474% cells
had the highest average values for compactness and aspect ratio
Figure 2B, bottom and Tables S5, S6).

We also evaluated the distribution of size and shape properties for
EVs from cultured cell lines based on TEM images (Figure 2B,C
and Tables S5, S6). Image grids for EVs detected with TEM are
shown in Figure S2D-F. In addition to dense and complex classes,
in TEM images from SH-SY5Y and BT-474 cell line EVs, we

detected a third class, labelled ‘other’. They consisted of highly
circular objects with very small sizes (typically ranging 20-50 nm
in diameter). Since particles with these features were absent in
corresponding SMLM images (lacked TSPAN signal), they may
represent small EVs without TSPANS, other nanoparticles, or
residual contaminants. Due to the limited TEM sampling of
complex EVs, we report only properties of dense EVs. Dense EVs
from SH-SY5Y and BT-474 cells had on average very similar size
values for TEM compared to SMLM (103 vs. 102 nm, respectively,
for SH-SY5Y and 87 nm for BT-474). Dense EVs from BT-474%
cells had on average slightly higher size values for TEM compared
to SMLM (90 vs. 82 nm, respectively). The observed differences
between SMLM and TEM data can be in part attributed to EVs
that do not contain TSPANS, presence of other nanoparticles, and
limited sampling of EVs using TEM.

Next, we compared SMLM data for dense and complex EVs from
HER?2 overexpressing cell lines SK-BR-3 and JIMT1. Image grids
for dense and complex EVs detected with SMLM are shown
in Figure S3A,B. Compared to the trastuzumab-sensitive cell
line SK-BR-3, trastuzumab-resistant cell line JIMT-1 had higher
fraction of complex EVs (5.8 vs. 6.5 %, Figure S3C and Table S4).
As before [34], compared to SK-BR-3 EVs, JIMT-1 EVs were on
average larger and more circular; this trend was clear for both
dense and complex EVs, Figure S3D. Compared to SK-BR-3 EVs,
JIMT-1 EVs (both dense and complex) had on average decreased
values for compactness and aspect ratio. Descriptive statistics and
statistical significances are shown in Tables S7, S8, respectively.

EV biogenesis is highly complex and diverse. Additionally, not all
EVs are enriched in TSPANs. One example comes from recent
data indicating the existence of LC3B-enriched EVs that often
carry no TSPAN molecules [40]. Thus, we wanted to assess
TSPAN-positive and “total” EV populations. Toward this, we
first isolated healthy human pooled plasma EVs using SEC (EV
characterization is shown in Figure S4). We compared either total
detected EVs (detection of EV surface with CF568 dye) or TSPAN-
enriched EVs (detection of EV surface TSPANs with fluorescently
labeled antibodies).

Since attachment of EVs onto glass has been shown to work
effectively [41], to assess all EVs, we did not include affinity
enrichment step used for SEVEN, and instead used unfunctional-
ized coverslips. We first used coverslips coated with poly-L-lysine
(positively charged). However, we detected high background
signal with CF568 dye control (Figure S5A). Next, we tested
UV/ozone treated glass coverslips. This strategy removes organic
compounds, making surfaces more hydrophilic [42], and thus
facilitates enhanced adhesion of biological entities. UV/ozone
treated surfaces showed minimal background with CF568 dye
control (Figure S5B) and Alex Fluor 647 labeled aTSPAN anti-
bodies control (Figure S5C). At the same time, UV/ozone treated
surfaces showed well defined EV signal when EVs were labeled
with CF568 dye (Figure S5D) or «TSPAN antibodies complexed
with Alex Fluor 647 (Figure S5E). Thus, we used UV/ozone
treated surfaces for our experiments.

Image grids for TSPAN-enriched and all EVs (dense and complex)
detected with SMLM are shown in Figure 3A,B. Since we used
two different labeling approaches that may affect EV adhesion, we
did not quantitatively compare detected EV numbers. However,
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horizontal lines represent quartiles; crosses represent means. Descriptive statistics are shown in Table S5; statistical considerations are shown in Table

S6.

more EVs were detected with CF568 labeling approach. This
was confirmed with SRRF imaging of EVs (Figure S5F) [38].
While SRRF resolution is ~70 nm, this approach allowed fast
assessment of individual EVs (particularly helpful during opti-
mization/evaluation steps). We also used Triton X-100 treatment
to confirm that CF568 detected structure are not largely protein
aggregates. According to SEVEN-universal protocol analysis [38],
Triton X-100 treatment (compared to native protocol without
Triton X-100) led to detection of ~ 10% of EVs (images in Figure
S5G). Finally, we performed SMLM measurements. TSPAN-
positive EVs had higher fraction of complex EVs, Figure 3C.
Further, our data suggests that overall distribution and average
values were similar between the two groups, Figure 3D. Total EVs
(compared to TSPAN-enriched) showed slightly lower average
size for both dense (81 vs. 89 nm) and complex (207 vs. 215 nm)
EVs; interestingly heterogeneities for both groups (as indicated by
CV) were similar. Total EVs (compared to TSPAN-enriched) had
slightly lower elongation, but overall, their shape appeared simi-
lar, especially for dense EVs. Descriptive statistics and statistical
significances are shown in Tables S9, S10, respectively.

4 | Discussion

Here we present a new TEM and SMLM image analysis strategy
for comprehensive determination of EV morphology. We show

excellent agreement between results obtained with the two single
EV imaging techniques and indicate strengths for each approach.

EVs detected in TEM and SMLM images can be robustly divided
into dense and complex populations with consistent trends
between the two groups; some TEM images also displayed
“other” very small particles (often below the size of classical
EVs). While we obtained good agreement between TEM and
SMLM data in five morphological properties (size, eccentricity,
circularity, compactness, and aspect ratio) convex ratio and shape
skewness were calculated only for TEM because of the inherent
differences between the techniques (pixel-based vs. point-cloud
based). Additionally, we evaluated total EV population (TEM
and SMLM) and tetraspanin-enriched population (SMLM). While
the total plasma derived EV population had slightly lower size
and fewer complex EVs, our data suggests that both total and
TSPAN-enriched plasma EV populations had very similar EV
morphologies.

When analyzing the data, it is important to consider images
acquired with appropriate experimental protocols. Proper sample
preparation, protocol optimizations/standardizations, and con-
trols are critical. While conventional TEM technology cannot
preserve the native, hydrated state of EVs like in Cryo-TEM [43],
it is fast, easy to perform, and can provide important biophysical
details of EVs. However, it is important to ensure EV integrity and
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medians, and thin horizontal lines represent quartiles; crosses represent means. Descriptive statistics are shown in Table S9; statistical significances

between dense and complex EVs are shown in Table S10.

prevent artifacts (e.g., from drying) that could misrepresent their
native morphology [24]. The canonical fixation/embedding TEM
workflows for detailed ultrastructure typically include fixation
(with paraformaldehyde/glutaraldehyde), heavy metal staining,
and graded ethanol dehydration. Fixation and dehydration proto-
cols preserve internal morphology but can introduce crosslinking
and chemical modifications that can alter surface appearance.
Alternatively, whole mount staining can be used since this
protocol also preserves vesicles in a near-native state. We used an
established whole mount negative staining protocol that involves
sample adhesion to grids (without fixation), brief deionized-
water washes (to reduce salt crystal formation), and staining
with uranyl acetate; it involves fewer steps and milder chemistry,
reducing the risk of artifacts that can arise from solvent exchanges
or strong fixatives. While it is important to note that the cup-shape
of EVs will appear as the result of dehydration in the whole mount
negative staining, with and without sample fixation [24, 44],
recent study suggests protocols without fixation yield comparable
numbers of EVs with less pronounced cup shape [45]. However,
possible issues introduced by sample dehydration should always
be considered when images are quantified and absolute values for
parameters should be interpreted carefully.

Since it is challenging to discriminate EVs from non-EV particles
[24], good sample purity is important. SMLM can be significantly
less sensitive to such impurities when combined with affinity
isolation and/or detection as in the SEVEN platform. Such pro-
tocols can focus on isolation/detection of EVs enriched in either
EV markers (e.g., tetraspanins) or user-defined markers present
on EVs (e.g., those associated with specific EV subpopulations).
However, it is important to ensure that the surface of the EV
is well covered with labels and specific affinity reagents with
good binding capacity are used for detection. To accomplish
this, we used a mixture of three validated antibodies against
abundant tetraspanins (CD9, CD63, CD81) labeled with the same
fluorescent dye, Alexa Fluor 647, or covalent labeling of EV
surface with CF568 dye. Another important aspect for SMLM
protocol is attachment of EVs to coverslips. Affinity attachment
works well for selection of EV subpopulations (e.g., TSPAN-

enriched EVs). For attachment of all EVs (epitope independent),
we used UV/ozone treated glass coverslips. However, this adhe-
sion strategy could be missing EVs that do not attach well to
clean glass (e.g., due to charge, hydrophilicity). Lipoproteins and
albumin typically have more negative charge compared to EVs
[46] and UV/ozone treated surfaces have hydroxyl groups [47]
which can deprotonate in pH neutral aqueous environments (for
short periods of time). However, we did detect small amount
of lipoprotein markers (ApoA and ApoE) in our EVs isolated
with SEC. While these could be part of the EV corona [48], we
cannot exclude that small amount of lipoprotein particles such as
very low density lipoproteins (30-80 nm), chylomicron remnants
(30-80 nm), and chylomicrons (75-1200 nm) may be attached to
coverslips as their size range falls within detected EV size range.

In conclusion, a comprehensive description of EV morphology
and cross validation between techniques can provide the field
with new tools for EV classification. This may be particularly
important in machine learning applications where information
on additional EV parameters can help better define desired EV
populations.
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potential applications in clinical practice for monitoring pathological conditions influenced by physical or
environmental stress and as a quality control measure for stored RBCs.

1. Introduction

Red blood cells (RBCs), during their 120-day life in circulation, play
several essential roles [1,2]. Their primary function is transporting ox-
ygen from the lungs to all the body’s tissues, thanks to the major
intracellular protein-hemoglobin. Nevertheless, ensuring efficient oxy-
gen delivery to tissues [3,4] is also enabled by RBCs membrane
deformability, a crucial physiological property that allows RBCs to
navigate through the intricate microcirculatory system. The excellent
elastic properties of RBCs and resistible integrity during billions of
passages through microcapillaries are provided by the specific discoid
biconcave shape and proteins and lipids composition and organization
in RBCs [5,6]. Besides inevitable RBCs physical trauma due to shear
stress during squeezing to narrow capillaries, the proteins and lipid bi-
layers within RBCs undergo chemical alterations throughout their entire
lifespan, by oxidation, metabolic depletion, loss of ions gradients, or
cellular aging [7,8]. Therefore, the deformability of the RBCs membrane
becomes an important biophysical parameter to be monitored, as well as
one of the many that can reflect oxidative stress levels and even he-
moglobin degradation [9]. Impaired deformability has been associated
with various pathological conditions, including cardiovascular diseases,
diabetes, and certain hematological disorders [10,11].

Ektacytometry, a laser diffraction technique, has been the method of
the first choice for evaluating the deformability of RBCs in both research
and clinical settings [12]. However, ektacytometry measures average
deformability in populations of RBCs and does not provide information
on the deformability of individual cells. Several studies revealed that
some optics-based methods like optical tweezers or newly designed
microfluidic devices could supplement and provide a more sensitive
assessment of the progressive impairment of RBCs deformability than
ektacytometry [12-14]. On the other hand, it is crucial to monitor RBCs
with impaired deformability on an individual level since a recent study
has demonstrated that the presence of a fraction of rigid RBCs in blood
flow can disrupt the adhesion of leukocytes to the vascular wall, which
in turn affects the immune response [15]. However, measurement
deformability of RBCs should be accompanied with the information’s
directly associated with it, such as hemoglobin location within RBCs
[16] and it’s photophysical properties [17]. Based on our latest study on
the formation of fluorescent photoproducts from hemoglobin after light
interaction and its application for labeling and tracking single human
RBCs [17], we were motivated to explore the use of optics-based tech-
niques in combination with ektacytometry to better distinguish between
populations of healthy persons’ untreated RBCs and those in vitro
oxidized and rigidified by TBHP (Tert — Butyl — hydroperoxide). Prior
studies have demonstrated that exposure to 1 mM TBHP results in the
oxidation of fatty acids of membrane phospholipids and hemoglobin
[18,19]. This oxidation leads to the transformation of iron ions into
higher oxidized states, culminating in methemoglobin formation [20].
Using label-free optics-based methods: ektacytometry, flow cytometry,
phase contrast, and Two-photon Excitation Fluorescence (TPEF) mi-
croscopy we aimed to expand knowledge on possibilities toward effec-
tive monitoring of rigid and/or oxidized RBC subpopulations, since we
show that oxidation of RBCs lead to increased rigidification.

The samples of an equal population of RBCs and RBCs oxidized/
rigidified by 0.5 mM TBHP (slight oxidation) showed elongation indices
in the physiological range, i.e., the effect of the oxidation treatments was
annulled when measuring deformability of the sample by ektacy-
tometry. On the other hand, it was possible to differentiate between the
oxidized / rigidified subpopulation presences of RBCs based on the
difference in FSC (Forward scatter) light distribution by using flow
cytometry. Light scattering by human RBSs involves a combination of

Rayleigh and Mie scattering mechanisms influenced by their unique
shape, refractive index, and interactions with surrounding fluid. This
phenomenon is crucial for understanding various physiological pro-
cesses and developing potentially new diagnostic tools [21,22]. Flow
cytometry offers in-depth insights into the optical properties of RBCs by
measuring their laser light scattering. This technique elucidates the re-
lationships between RBCs morphology and scattering characteristics,
particularly through FSC and side scatter (SSC) light measurements
[23]. It is well known that flow cytometry is mainly used for measuring
fluorescence intensity [24]; however, measuring fluorescence intensity
from samples that are not labeled with specific fluorescent dye is not a
standard task in the flow cytometry community. Fluorescence of human
RBCs, measured by flow cytometry, was obtained on the samples that
were treated with HoO [25], and based on this research, we introduce a
novel approach to utilizing flow cytometry that goes beyond its typical
use for labeling and sorting cells with fluorescent dyes. Instead, we
showed that it is possible to analyze abnormalities in non-labeled TBHP-
oxidized/rigidified RBCs by detecting their autofluorescence properties.
Specifically, we demonstrated that fluorescence intensity and fluores-
cence peak area, often overlooked parameters in flow cytometry of non-
labeled cells, can be used to assess these abnormalities. The fluorescence
peak area is derived from the total fluorescence intensity over time as
the particle passes through the laser. This area is calculated by inte-
grating the fluorescence signal over the duration of the signal, which
often corresponds to how long the particle is illuminated by the laser
[26,27]. In our study, we have been shown that fluorescence peak area
can be used to determine aggregation in oxidized RBCs, probably due to
its increased fluorescence upon oxidation with 0.5 mM TBHP. This
correlation between fluorescence characteristics and RBCs aggregation
underscores the potential for advanced imaging techniques in this area.
Moreover, our findings suggest that a proposed label-free optics-based
integrated approach, which combines techniques such as ektacytometry,
flow cytometry, phase-contrast microscopy, single-photon excitation
microscopy with, to some extent, more sophisticated TPEF microscopy,
is a highly promising methodology for detecting changes in the
mechanobiology of different subpopulations of RBCs induced by
oxidation.

2. Material and methods
2.1. Blood samples

Venous blood from three healthy blood donors was collected at the
Institute for Transfusiology and Hemobiology, Military Medical Acad-
emy, Belgrade, Serbia, by the blood draw protocol, which included
informed consent of the participants, approved by the Institutional
Ethical Review Board (No 9/2021). The blood was drawn using vacu-
tainer tubes (10 mL plastic vacutainer (BD Vacutainer® EDTA Tubes)
with BD Hemogard™ lavender closure, containing 18 mg K;EDTA). The
peripheral blood RBCs parameters (hematocrit, hemoglobin concentra-
tion, RBCs concentration and volume distribution width), were in the
reference range for healthy people (Supplementary material Table S1).

2.2. RBCs isolation and in vitro oxidation/rigidification

For the RBCs isolation, a centrifugation procedure was employed,
wherein 10 mL of whole blood underwent centrifugation at 1811 x g for
a duration of 20 min at 4 °C, utilizing the Megafuge 1.0R Heraus
centrifuge (Langenselbold, Germany). The ensuing supernatant, con-
taining leucocytes and blood plasma, was cautiously aspirated and
subsequently discarded. The precipitated RBCs were then reconstituted
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in an isotonic saline solution (0.9 % NaCl, specifically Natrii chloridi
infundibile 9 g/L, Hemofarm, Serbia) at a volumetric ratio of 1:4, and
this suspension was homogenized through a twisting motion applied to
the test tube. The residual plasma proteins were separated from the
RBCs suspension via 10 min centrifugation at 1257 x g, at 4 °C. These
procedures were iterated three times. Ultimately, the packed RBCs were
revived by resuspending them in an isotonic phosphate-buffered saline
solution (denoted as PBS; comprising 0.8 % saline buffered with 10 mM
sodium phosphate and maintaining a pH range of 7.2-7.4) at the same
volumetric ratio of 1:4. According to the protocol by Gutierrez et al
(2018) [15], the isolated RBCs were treated at 2 % Hct (hematocrit) in
PBS with 0.75 or 0.5 mM Tert-butyl hydroperoxide (TBHP, Sigma
Aldrich, USA) for 30 min, to induce oxidative damages on cellular
membranes and consequent rigidification. The oxidized rigid cells were
then washed with PBS and then used separately or reconstituted with
healthy RBCs in a volume ratio of 1:1. In order to confirm the oxidation,
RBCs were lysed with distilled water, and the absorbance of resulting
hemolysate was measured using UltroSpec 3300 pro spectrophotometer
(AmershamBioscience, Uppsala, Sweden). Additionally, lipid peroxida-
tion (i.e., thiobarbituric acid reactive species; TBARS) levels in treated
RBCs were analyzed according to the method described in Bruji¢ et al.
(2021) [28].

2.3. Ektacytometry

Ektacytometry, also known as laser diffraction ektacytometry, uti-
lizes laser light scattering patterns produced by RBCs subjected to
controlled shear stress, allowing quantitative deformability assessment.
By measuring the changes in the diffraction patterns, ektacytometry
provides valuable information about the mechanical properties of RBCs,
such as elongation index (EI), deformability index (DI), and other pa-
rameters related to cell membrane viscoelasticity [29].

In this study, the RheoSCAN-AnD300 ektacytometer (RheoMeditech
Inc, Korea) was used for the RBCs deformability measurement [29].
Specifically, 6 pl of packed RBCs was carefully suspended in the tube
containing polyvinylpyrrolidone (PVP, MW 360,000) in PBS (overall
viscosity, 30 mPa/s) solution provided by the producer (test kit RSD-
K02). A 500 pl volume of the RBCs suspension in PVP was transferred
to the designated chamber of the microchannel measurement cuvette for
exposure to standardized inputs of increasing shear stress. The micro-
channel width was 200 pm. Cell deformation was expressed as an EI
using Equation (1), originating from the resulting ellipsoid laser
diffraction pattern, where the major and minor axes of the elongated
RBCs are represented by A and B, respectively. The calculated values for
the elongation index were plotted versus shear stress (Pa) to obtain the
deformability curve [15].

_A-B

2.4. Flow cytometry

For the flow cytometric measurements of non-labeled normal or 0.5
mM TBHP treated RBCs, the protocol by Drvenica et al. (2021) [23] was
used on BD FACSCalibur flow cytometer (Becton Dickinson, Franklin
Lake NJ, USA, [30]. A laser operating on 488 nm was used for the
excitation. This protocol was based on determining FSC and SSC pa-
rameters of the RBCs, after the short time incubation in a series of so-
lutions with decreasing molarity (155 mM, 139 mM, 124 mM, 93 mM)
[23]. As an added value of flow cytometric analysis, we investigated the
fluorescence peak area and fluorescence intensity of untreated RBCs,
TBHP-treated RBCs and of a mixture of untreated and 0.5 mM TBHP-
treated RBCs using spectral channel which corresponds to the
following excitation and emission wavelengths: ex = 488 nm / em = 525
(40) nm. The fluorescence peak area was used as an indirect measure of
fluorescent particles size [27]. Flow cytometer measure fluorescence
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intensity which can be represented as a pulse, characterized as the de-
tector’s signal output during a fluorescent particle’s passage through the
laser beam. The signal intensity rises as the cell traverses the laser beam
and returns to baseline upon exiting the beam. The fluorescence in-
tensity signal was detected by the PMT (Photomultiplier Tube) which is
an integral part of the flow cytometer. PMT measures the current
generated from photo-electrons in time. In the next processing stage, the
signal is discretized and classified by some parameter such as fluores-
cence peak area. The fluorescence peak area was calculated by inte-
grating the fluorescence signal over time, which often corresponds to
how long the laser illuminates the particle. [26,27]. We assumed that
the fluorescence peak area is directly proportional to the fluorescence
intensity of the particle/cell size that passes through the laser beam and
the time that particle/cells spent in it (Supplementary Material Fig. S1).
The data were analyzed using Flow J software (v10.8.1) and Graph Pad
Prism 7. At least 100.000 events were recorded per sample.

2.5. Phase contrast microscopy

The morphology and aggregation of RBCs were obtained by an
Olympus CKX 41 inverted phase-contrast microscope (Olympus Europa
Holding GmbH, Hamburg, Germany) using Quick PHOTO Camera 2.3
software (PROMICRA, Prague, Czech Republic). Images were analyzed
using Fiji (an open — source platform for biological-image analysis).

2.6. Two-photon excitation fluorescence (TPEF) microscopy

Prior literature has detailed the experimental arrangement and the
home-constructed TPEF microscope [31]. We harnessed a Ti:Sapphire
laser (Coherent, Mira 900-F), driven by a frequency-doubled Nd:YVO4
laser (Coherent, Verdi V10), to produce ultrashort laser pulses at a 76
MHz repetition rate and a 160 fs pulse duration. Galvo-scanning mirrors
(Cambridge Technology) were employed for raster scanning. Two
different microscope objectives were utilized for this research: EC Plan-
NEOFLUAR 40x /1.3 N.A. oil (Carl Zeiss) for RBCs imaging and Plan-
Apochromat 20x /0.8 N.A. air (Carl Zeiss) for hemoglobin TPEF emis-
sion spectra measurement. We expanded the laser beam to match the
objective lens’s back aperture. A short-pass dichroic mirror was applied
to reflect the laser beam toward the objective lens and transmit the
signal to both the 15.1-megapixel digital single-lens reflex (DSLR)
camera (Canon, EOS 50D) and the Photomultiplier Tube (PMT) (RCA,
PF1006). The DSLR camera served the purpose of capturing bright-field
images. We removed the camera’s infrared filter to enable the obser-
vation of the laser beam’s back reflection from the cover glass, aiding in
system alignment and facilitating the axial positioning of the RBCs, for
measuring TPEF emission spectra. Band-pass filters (VIS and/or 450 nm
short pass) were positioned in front of the PMT to gather hemoglobin
photoproduct fluorescence [17]. A 700 nm long-pass filter was used to
eliminate parasitic laser lines shorter than 700 nm. A short-pass 700 nm
filter was installed in front of the PMT detector to further eliminate back-
scattered laser light. The RBCs and RBCs ghost imaging were carried out
using 730 nm ultrashort laser pulses. This wavelength was selected
based on the optical setup and the characteristics of the hemoglobin
molecule, with further information provided in our earlier in-
vestigations [17,32]. Microscopic slides were prepared for RBCs imag-
ing, 10 pL of packed RBCs underwent dilution in isotonic saline solution
(0.9 % NaCl, Hemofarm, Serbia) at a 1:30 vol ratio. A 3 pL portion of the
diluted whole blood sample was applied to a microscope slide, overlaid
with a No. 1.5 coverslip, and sealed.

2.7. Statistical analysis

Statistical analysis of the results was carried out using Graph
PadPrism 9 software. According to Drvenica et al. (2021) [23], kurtosis
and skewness of FSC distribution were determined for the 400-1000
quantity range with an aim to exclude cell debris and large aggregates,
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rarely formed during samples preparation.

The results are expressed as mean + standard deviation. The statis-
tical significance of differences between the groups was determined with
a two-tailed paired t-test since the comparison was made between the
same donor (control and TBHP treatment). Differences with p values of
< 0.05 were considered significant.

3. Results and Discussion
3.1. Measuring RBCs deformability

The impact of TBHP on the integrity of the RBCs membrane was
discernible by its response to mechanical stress, as determined by
ektacytometry and shown in Fig. 1. Consequently, oxidative crosslinking
transpires between methemoglobin and spectrin, resulting in a reduc-
tion in membrane flexibility [18,20]. These findings were proven de-
cades ago in the case of hydrogen peroxide treatment of RBCs, where
increased rigidity, along with morphological and surface changes in the
RBCs, are shown to be mainly a cause of oxidation of heme-protein and
in its cross-linking to skeletal proteins, i.e., spectrin and actin [33,34],
and in addition, to the cytoplasmic component of Band 3. In this study,
we aim to simulate mild oxidative stress in a controllable manner, so we
investigated how the influence of a lower concentration of TBHP as a
stable oxidant, specifically 0.5 mM TBHP (Fig. 1), manifests in terms of
membrane elasticity within the packed RBCs population. This concen-
tration of 0.5 mM TBHP induced an evident decrease in the EI compared
to the control. After treating RBCs with 0.5 mM TBHP, it was found that
the hemolysate absorbance spectra indicated the presence of methe-
moglobin (as seen in Supplementary Material Fig. S2a). Moreover, there
was a higher level of lipid peroxides in the treated RBCs compared to the
control RBCs (as seen in Supplementary Material Fig. S2b), confirming
that oxidation had indeed occurred. A more pronounced oxidative
impact (Fig. 1) associated with 0.75 mM TBHP led to a reduction in EI
(at the beginning of the measurement, small values of shear stress were
negligible [35,36]) and ultimately guided the cells toward irreversible
lysis, as confirmed by the osmotic fragility test (Supplementary material
Fig. S3). It is worth noting that the mixture of control RBCs and those
treated with 0.5 mM TBHP (Fig. 1) re-established the EI curve within a
range similar to that observed for control RBCs, which is also scenario
with mixture of 0.75 mM and control (Fig. 1). This observation un-
derscores one of the limitations of ektacytometry — the calculation of the
EI curve as an average across the entire RBCs population, so it does not
provide data on altered deformability of individual RBCs or affected
subpopulation [37], such as RBCs altered by oxidation in this study.

3.2. Flow cytometry analysis based on FSC (forward scatter) and SSC
(side scatter) light distribution

For all samples of RBCs, encompassing both control and those
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subjected to treatment with 0.5 mM TBHP, flow cytometry analyses
were conducted, examining the forward scatter (FSC) and side scatter
(SSC) dot plots, cell counts in the FSC/SSC channels, and auto-
fluorescence intensity signals. Alterations in the distribution of light in
the FSC and SSC channels were assessed by comparing changes in sta-
tistical parameters of the distribution, including skewness and kurtosis.

Incubation of RBCs in isotonic solutions resulted in a multimodal FSC
distribution, as outlined in the supplementary information, with two
partially overlapping peaks (Supplementary material Fig. S4). The
emergence of a multimodal FSC signal distribution was primarily
attributed to the random spatial orientation of RBCs within the flow
channel and their deformation under hydrodynamic forces [23,21,38].

In the case of RBCs suspended and swelled (i.e., spherized) in a 93
mM phosphate buffer saline (PBS), FSC exhibited a unimodal distribu-
tion (Fig. 2), consistent with previous findings [23]. To attenuate the
influence of RBCs orientation within the flow channel and individual
variations between donors on the FSC and SSC signals [23], both control
and treatment samples were subjected to swelling through incubation in
a 93 mM hypotonic PBS solution and a distinct relationship between the
intensities of forward and scattered light were observed in treated and
control samples (Fig. 2a, 2b). Based on the FSC histogram presented in
Fig. 2¢, it is evident that the oxidized and rigidified RBCs by 0.5 mM
TBHP exhibited a slight decrease in size. This decrease in size can be
attributed to an increase in the area-to-volume ratio, which is already
established to be associated with a reduction in cell deformability
[39,40]. The histogram of SSC values obtained from oxidized and
rigidified RBCs treated with 0.5 mM TBHP and control RBCs showed a
more pronounced difference when compared to the FSC signal (Fig. 2d).
The possible reasons for this could be the treatment - triggered changes
in the shape and associated intracellular modifications, such as refrac-
tive index scattering at the right angle depends on the cell shape and
internal properties of the scattering cells [41].

The consequences of RBCs oxidation are multifaceted and can be
quantified using the flow cytometry technique across a larger cell pop-
ulation. Our observations indicated that a higher percentage of light was
scattered forward in control samples compared to those treated with 0.5
mM TBHP, possibly due to alterations in the hydrodynamic forces acting
on RBCs within the flow channel. As evidenced by ektacytometry, the
mechanical properties of RBCs differed, with RBCs treated with 0.5 mM
TBHP displaying as rigid, i.e., with reduced deformability. Although a
direct comparison between ektacytometry and flow cytometry results is
challenging, it is highly conceivable that changes in behavior in
microfluidics techniques between rigid and deformable cells exist [42].
Based on that, it is realistic to speculate that the altered biomechanical
properties of RBCs could induce alterations in FSC light intensity as the
results of Gienger et al. (2019) [21] already gave a proof of principle that
rheological properties of RBCs can be derived from flow cytometric
measurements, however using the custom-made flow cytometric set-up.
The use of commercially available flow cytometers for that purpose still
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Fig. 1. Change of elongation indices, obtained by ektacytometry, with healthy donor RBCs treatment with 0.5 mM and 0.75 mM TBHP.
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Fig. 2. Representative flow cytometry data of oxidized / rigidified and control RBCs swelled by incubation in 93 mM sodium phosphate buffer: a) SSC/FSC dot plot of
control, untreated RBCs, b) SSC/FSC dot plot of RBCs treated with 0.5 mM TBHP, c) Overlapped FSC/Cell count histograms of control and RBCs treated with 0.5 mM
TBHP, d) Overlapped SSC/Cell count histograms of control and RBCs treated with 0.5 mM TBHP.

requires the development of a more realistic shape model of elastic
properties of RBCs made of several parameters and new mathematical
approaches like surrogate modeling or tools of large-scale data analysis
[21].

Based on the obtained FSC and SSC distributions in 93 mM hypotonic
PBS, we perform an analysis of two statistical parameters related to
RBCs sphericity, skewness, and kurtosis. Kurtosis exhibits greater
sensitivity to oxidation compared to skewness in the analysis of FSC
distribution. It is well-established that hypoosmotic incubation of RBCs
leads to decreased kurtosis [23] as RBCs sphericity becomes
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predominant [43]. Our investigation revealed that oxidative conditions
also exerted an influence on kurtosis, with a lesser impact on skewness of
the FSC distribution (Fig. 3a, 3b).

One potential reason for the reduced kurtosis in the FSC distribution
may be the induced oxidation of hemoglobin and the subsequent relo-
cation of oxidized hemoglobin to the cell membrane [20]. The kurtosis
parameter increases with the fourth degree of difference between the
mean and specific measurements [44-46] and is more sensitive to de-
viations from the mean than skewness. Accordingly, kurtosis could serve
as a valuable parameter for assessing the effects of oxidation on FSC and
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Fig. 3. Statistical parameters of FSC light distribution averaged on three different healthy blood donors: a) Kurtosis and b) Skewness of FSC light distribution of
control (1), 0.5 mM treated RBCs (2) and 1:1 mix of control and 0.5 mM TBHP treated RBC ((1) and (2)).
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SSC distributions.

3.3. (Auto) fluorescence properties of oxidized / rigidified RBCs
measured by flow cytometry

RBCs exposed to an oxidized agent can be characterized by
measuring fluorescence emission intensity by one- and TPEF micros-
copies [17,25,47]. The study by Yakimov et al. (2019) [48] revealed that
RBCs fluorescence can also be detected when using flow cytometry,
where low, but clearly detectable signal in all available spectral chan-
nels in their set-up was observed. In this study, we demonstrated that
RBCs oxidation by 0.5 mM TBHP induced an increase in fluorescence
emission in all three treated samples from healthy donors (Fig. 4a, 4b,
4c), in the spectral channel which corresponds to the following excita-
tion and emission wavelengths: ex = 488 nm / em = 525 (40) nm. The
detected autofluorescence in the control group as well, probably comes
from RBCs dominant endogenous fluorophores [48-50]. The detected
signal possibly came from hemoglobin degradation products, present
intrinsically in low concentration in control donor RBCs. The intensified
formation of heme fluorescent products can be induced by oxidation
[47], laser irradiation [17,45] or in some pathophysiological states such
as atherosclerotic plaques [51]. We have also demonstrated analogous
findings using epifluorescence microscopy, revealing that the control
group exhibits very low autofluorescence intensity, while RBCs treated
with 0.5 mM TBHP show an increased fluorescence intensity
(Supplementary Fig. S5).

It is underestimated that fluorescence pulse width (FIW2) can pro-
vide size information on the fluorescence-emitting particle [27], since
the signals originating from individual and clustered cells are separated.
In our study, fluorescence peak area was a parameter that was different
between the control and TBHP treated RBCs (Fig. 5). In the TBHP treated
RBCs we observed several peaks, formed as a consequence of increased
fluorescence intensity and possibly the formation of RBCs clusters.
However, the clustering level could vary between the samples, and
autofluorescence not caused by oxidation, could affect the measure-
ments. We observed that peaks were present in all TBHP treated RBC
samples, but also in one control RBCs sample (Fig. 5b), indicating the
advance of flow cytometry to detect interindividual differences in
oxidative status of healthy donors. More importantly, the existence of
fluorescence peaks with different areas in the population of 0.5 mM
TBHP oxidized RBCs indicated that oxidation induces the appearance of
RBC clusters with increased fluorescence intensity. Indirectly we have
been shown clustering in TBHP treated RBCs, by using phase contrast
microscopy (see Supplement Material Figs. S6, S7, S8, S9). In such a
way, flow cytometric analysis allowed a clear distinction between con-
trol, untreated RBCs, oxidized RBCs, and sample containing an equal
portion of oxidized and normal RBCs (Fig. 5).
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3.4. Phase contrast microscopy of RBCs

Phase contrast microscopy was employed to indirectly assess the
extent of aggregation in the treated RBCs and elucidate their morpho-
logical characteristics. The control RBCs sample demonstrated a ho-
mogeneous cell distribution (Fig. 6a). It becomes apparent that the RBCs
sample treated with 0.5 mM TBHP exhibited aggregation, as illustrated
in Fig. 6b.

Notably, areas devoid of cellular entities exhibited a considerable
increase in size within the treated sample, as demonstrated in Supple-
mentary Fig. S9. This expansion in pixel area devoid of cells can be
attributed to the augmented aggregation of RBCs observed in the treated
sample. Furthermore, the influence of a 0.5 mM TBHP treatment on
RBCs aggregation was corroborated by complementary techniques, such
as flow cytometry.

3.5. TPEF microscopy of RBCs

TPEF imaging was applied on control RBCs (Fig. 7a), the RBCs
treated with 0.5 mM TBHP, and a mixture of TBHP-treated and control
RBCs (Fig. 7b and 7c). The TPEF images depicted deviations from the
native morphology in the 0.5 mM TBHP-treated RBCs, indicating the
TPEF footprint of in vitro induced oxidation. We want to emphasize that
the TPEF signal observed in the RBCs membrane in 0.5 mM treated RBCs
was not uniform across all RBCs in the sample. Individual variability in
the TPEF signal spatial distribution among treated RBCs suggests vary-
ing degrees of tolerance to oxidation within the pool of RBCs. Notably,
TPEF microscopy revealed potential interactions between oxidized he-
moglobin and RBCs membrane components, as evidenced by the fluo-
rescence signal confined to the RBCs membranes (Fig. 7b). This result
follows our and other previous studies on femtosecond laser interaction
with hemoglobin molecules extracellularly or within RBCs [17,52], as
well as documented discrepancies in SSC histograms between control
and oxidized RBCs, reflecting internal properties of the cell such as
refractive index change. Overall, this can provide a possible differenti-
ation between oxidized and control RBCs in the mixed suspension
(Fig. 7c, where the green arrow points to control RBCs and the red arrow
points to the 0.5 mM treated RBCs). However, TPEF imaging of oxidized
RBCs should be more explored since the inter-individual differences
between RBCs of a single donor can affect the distribution of TPEF
within RBCs.

Previous reports showed that the membrane-attached hemoglobin is
one of the determining factors of RBCs deformability, i.e., when an RBCs
contains more membrane-attached hemoglobin molecules, its ability to
deform worsens [16]. In this study, we demonstrated that it is more
likely that membrane-attached hemoglobin photoproduct and/or
degradation/oxidation is responsible for the TPEF signal (Fig. 7) since it
was especially pronounced in the sample of RBCs rigidified with 0.5 mM
TBHP, with already confirmed lower deformability (Fig. 1). In this way,
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Fig. 4. Autofluorescence intensity of 0.5 mM TBHP treated and control, untreated RBCs of three healthy donors.
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Fig. 6. Phase contrast microscopy of a) control RBCs and b) RBCs treated with 0.5 mM TBHP.

Fig. 7. TPEF imaging of a) Control, healthy donor’s untreated RBCs; b) 0.5 mM TBHP treated RBCs of the same donor, ¢) Mixture of Control (green arrow) 0.5 mM

treated RBCs (red arrow). Scale bar 20 pm.

based on the obtained results with a sample containing two sub-
populations equally represented, normal and less deformable oxidized
RBCs, we demonstrated that the presented TPEF microscopy set-up can
indirectly serve as a technique for monitoring the quality of stored RBCs
for transfusion purposes, as already proposed by Saytashev and co-
workers (2016) [53].

4. Conclusion

In conventional ektacytometry, differences in RBC subpopulations

deformability are often obscured due to the averaging measurement
process. To address this limitation, this study introduces an approach
that integrates label-free optics-based techniques such as flow cytom-
etry, phase-contrast, and two-photon excitation fluorescent microscopy
with ektacytometry. The aim was to evaluate subpopulations that
exhibit decreased RBCs deformability upon an in vitro oxidation using
0.5 mM TBHP as a low-level oxidative agent.

The study found that flow cytometry can easily detect rigidified
subpopulations based on FSC/SSC light distribution, RBCs fluorescence
intensity, and peak area. The latter are most likely originating from
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hemoglobin photo and/or degradation products, as we demonstrated in
our recent study [17] Phase-contrast microscopy confirmed clustering in
rigidified RBCs that was demonstrated by flow cytometry. Moreover,
single-photon excitation microscopy confirmed increased fluorescence
intensity in 0.5 mM oxidized RBCs population.

Additionally, two-photon excitation fluorescence microscopy proved
altered morphology and spatial location of fluorescence intensity signal
near the membrane of oxidized RBCs compared to control RBCs, indi-
cating a link with the reduced deformability.

The proposed label-free optics-based methodology approach, which
combines established techniques (ektacytometry and flow cytometry)
with more sophisticated microscopy (two-photon excitation fluores-
cence microscopy), emerges as a promising tool for detecting mechano-
biological changes in different RBC subpopulations induced by oxidative
stress. The findings suggest potential applications in clinical practice for
monitoring pathological conditions influenced by physical or environ-
mental stress and as a quality control measure for stored RBCs. Overall,
our study contributes to understanding the effects of oxidative stress on
RBCs biomechanics, morphology, and fluorescence properties.
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Abstract

Comparative analysis of erythrocyte deformability in individuals with Diabetes Mellitus
(DM) and healthy individuals (Control) was represented, focusing on the Elongation index
(EI) calculation based on diffraction images. While no statistically significant differences
in EI values were observed between the groups, we determined specific points along the
deformability curve and revealed the first derivative of deformability curve (dEI / dSS)
as a potential metric for quantifying erythrocyte response to deformation, where SS rep-
resents shear stress in Pa (Pascal). Statistically significant differences in dEI / dSS at the
half maximum value of the deformability curve were identified, suggesting a slower eryth-
rocyte response to shear stress in DM patients. Scatter plot analysis demonstrated a linear
declining trend in dEI / dSS index with an increase in shear stress, indicating decaying
erythrocyte responsiveness to higher shear stress values, particularly pronounced in DM
patients. Although pilot, this study suggests that dEI / dSS can provide valuable insights
into the hemorheological aspects of DM pathology and contribute to a comprehensive
understanding of erythrocyte mechanobiological behavior in response to varying shear
stress levels. Correlations between the proposed measure of RBC mechanical properties
and established clinical markers of DM and its complications (serum cholesterol, creati-
nine, and urea level) are obtained to get preliminary insight into dEI / dSS application for
better diagnosis and/or patient management.

Keywords Erythrocyte deformability - Diabetes mellitus - Ektacytometry - Laser
diffraction

1 Introduction

Erythrocyte deformability plays a pivotal role in blood flow through the small capillaries
(Mokken et al. 1992). Understanding how erythrocytes behave when they are exposed to
increased pressures is an important biophysical aspect of microcirculation (Maeda et al.

Extended author information available on the last page of the article
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1996; Kobayashi et al. 2022; Pretorius et al. 2018). Erythrocytes that have reduced deform-
ability by obstructing capillary blood flow may induce the metabolic stress of the tissues
(Cho et al. 2014). Diseases such as Diabetes mellitus (DM) (especially type 2) are sensi-
tive to the change in deformability of erythrocyte membrane (Shin et al. 2007; Sokolova
et al. 2017; Babu et al. 2021). Studies which include a large number of individuals across
the globe estimated that world prevalence of DM will increase 7.7%, affecting 439 million
adults by 2030 (Shaw et al. 2010). In the year 2015, it was approximated that there existed
415 million individuals (with an uncertainty range of 340 to 536 million) aged between
20 and 79 who had diabetes (Ogurtsova et al. 2017). Diabetes was responsible for causing
5.0 million fatalities, and the total global healthcare spending related to DM reached an
estimated amount of 673 billion US dollars (Ogurtsova et al. 2017). Low - and middle -
income countries have higher probability for the increasing trend of citizen with DM (Rabi
et al. 2006). Projections indicated that the number of individuals aged 20 to 79 with diabetes
would escalate to 642 million (with an uncertainty range of 521 to 829 million) by the year
2040 (Ogurtsova et al. 2017). Since DM represent a modern age disease with pandemic
tendencies and erythrocytes mechanical and rheological properties are affected with DM
complications (Wang et al. 2021; Lee et al. 2015), we tried to expand hemorheological
parameters diagnostic potential in DM patients. It is postulated that hemorheological deter-
minants, such as calculated Elongation index (EI) have influence in the pathogenesis of dia-
betic organ complications, particularly retinopathy, nephropathy, and neuropathy (Schut et
al. 1993; Jensen et al. 1989; Lee et al. 2015; Chung et al. 2018). Reduction in erythrocyte EI
in DM is connected to escalated levels of glycosylated hemoglobin, higher sorbitol content,
and increased level of oxidized hemoglobin that can be bound to the inner side of the eryth-
rocyte membrane, all of which may disrupt the erythrocyte surface-to-volume ratio (Mal-
andrino et al. 2012; Mawatari et al. 2004; Schut et al. 1993; Ercan et al. 2002). Moreover,
there has been shown a direct correlation between microvascular complications and reduced
erythrocytes deformability (Kobayashi et al. 2022). Thus, EI represent important hemorheo-
logical parameter applied in clinical studies (Baskurt et al. 2004, Baskurt et al. 2009).

Nevertheless, a degree of discordance is present in the available scientific literature
related to the calculation of EI of diabetic erythrocytes. It’s not established a unique stan-
dard methodology for determining EI (Baskurt et al. 2009). For comparison of EI curves
between different experimental groups, it’s often necessary to standardize and parametrize
measurements (Bronkhorst et al. 1995), methodological diversity is present, encompass-
ing a spectrum of investigative techniques, such as filtration, ektacytometry, micropipette
aspiration, viscosity assessments of erythrocyte suspensions, as well as osmotic gradient
ektacytometry (Schut et al. 1993; Musielak et al. 2009).

We investigated erythrocyte deformability in DM patients by calculating EI and its first
derivative to shear stress (SS) (dEI / dSS) in a /2 maximal value of deformability curve. In
this way, we aimed to determine the rate of erythrocyte deformation change by introducing
a new hemorheological parameter dEI / dSS, which is beyond standard diffraction optical
measurements. We have shown that dEI / dSS is directly correlated with serum cholesterol
level (s — cholesterol) and inversely correlated with 2 EI. Thus, we indicate that dEI / dSS
can be potentially used as a deformability parameter in clinical practice for better manage-
ment of DM patients.
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2 Materials and methods
2.1 Blood samples

Venous blood samples were taken in K,EDTA vacutainers (BD, United States), by puncture
of the forearm vein of both type I (n=7) and type Il (n=6) diabetic patients, undergo-
ing regular check-ups in the Clinic for Endocrinology, Diabetes and Metabolic Diseases
of the University Clinical Center of Serbia. Before sample collection, the patients signed
an informed consent as an obligatory procedure within obtained ethical approval No 1332/
VII-5 from 7th July 2020 issued by the Faculty of Medicine at University of Belgrade. We
tried to ensure homogeneity of the diabetic patients by designing inclusion and exclusion
criteria and by matching number of male and female individuals. For DM group inclusion
criteria were: individuals diagnosed with DM, age between 18 and 75 years, stable diabetic
condition, defined as no significant changes in medication regimen within the past three
months. Exclusion criteria for DM group were: pregnant individuals, coexisting medical
conditions that could significantly impact glucose metabolism (e.g., pancreatic disorders,
malignancies), current use of investigational drugs or participation in other clinical trials
involving diabetes management. For control, blood from 11 healthy age- and sex-matched
donors (individuals having no systematic disease) were obtained, the inclusion criteria
were: individuals without a diagnosis of DM, age-matched to the diabetic group (between
18 and 75 years), no current use of medications known to affect glucose metabolism. The
exclusion criteria for control group were: individuals with a history of impaired glucose
tolerance, pregnancy, any chronic medical condition that could affect glucose metabolism
(e.g., polycystic ovary syndrome, Cushing’s syndrome), current use of medications known
to affect glucose metabolism. The pseudo-anonymized samples were stored at 4 °C (no lon-
ger than 1 h after blood collection) until transport and processing at the Institute for Medical
Research University of Belgrade was performed.

2.2 Erythrocyte isolation

Whole blood (10 mL) underwent centrifugation at 1811 X g for 20 min at 4 °C using the
Megafuge 1.0R equipment from Heraeus centrifuge (Germany). The resulting supernatant,
containing leukocytes in plasma, was carefully aspirated, and discarded. The precipitated
erythrocytes were reconstituted in an isotonic saline solution (0.9% NaCl, specifically Natrii
chloridi infundibile 9 g/L from Hemofarm (Serbia)) at a volumetric ratio of 1:4. The sus-
pension was homogenized by a twisting motion applied to the test tube. Residual plasma
proteins were separated from the erythrocyte suspension via centrifugation at 1257 x g for
10 min at 4 °C. These procedures were repeated thrice. Finally, the packed erythrocytes
were reconstituted in an isotonic phosphate-buffered saline solution (PBS; 0.8% saline buff-
ered with 10 mM sodium phosphate, pH 7.2—7.4, EuroClone (Italy) at the same volumetric
ratio of 1:4.

2.3 Ektacytometry measurements
Ektacytometry, also recognized as laser diffraction ektacytometry, is a non-invasive and

highly sensitive technique for assessing erythrocyte deformability. This method employs
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laser light scattering patterns generated by erythrocytes under controlled SS, enabling a
quantitative evaluation of deformability through diffraction image Fig. 1a, b. Erythrocytes
were isolated as described above (Material and Methods Sect. 2.2.), and then suspension
of 6 pl of packed erythrocytes in 600 pl of polyvinylpyrrolidone (PVP) were prepared, and
deformability measurements were performed by utilizing the RheoSCAN-AnD300 ekta-
cytometer (RheoMeditech, Korea). Specifically, S00 pL of this PVP-packed erythrocyte
solution was introduced into the microchannel cuvette and placed in the ektacytometer. The
microchannel width was set at 200 um. For any specific pressure, a diffraction image was
recorded Fig. la and b. The acquisition time for the one diffraction image was 1s. From
every image (recorded on specific pressure) EI was calculated (Eq. 1). One measurement
on different pressures requires 100 diffraction images for effective deformability curve con-
struction. After 90 images (recorded per one measurement), EI values do not change too
much with pressure and converge to some value, and because of that, 100 diffraction images
were used per one measurement. Deformability curve represents mechanical characteristics
of erythrocytes through change deformation in different externally applied SS. They are
fitted using Hill function family curve (Baskurt et al. 2009). For the EI estimation from the
raw data Lineweaver — Burk Plot can be used (Baskurt et al. 2009), which represents double
linear form of Hill function which is based on. However, the double reciprocal plot distorts
the error structure of the data fit and, therefore, is not the most accurate tool for representing
kinetics (Greco et al. 1979) or any other processes, From the fitted deformability curves all
parameters such as: SS at one half maximal value of deformability curve (%2 SS), value of
EI at one half maximum of deformability curve (2 EI), value of EI at the pressure of 3 Pa
and dEI / dSS also at one half maximal value of deformability curve was determined. The
definition of EI is given in Eq. 1. (Shin et al. 2005a). EI is calculated from the diffraction
images at the specific SS. dEI/ dSS at the specific SS is calculated using the finite difference
method; this calculation is performed on the fitted deformability curves. The individual val-
ues of determined hemorheological parameters for all examined DM patients and controls
are given in Table S1 (Supplementary material).

a—>b
EI:a+b o
a) b)

Fig. 1 Diffraction images of erythrocyte population recorded on the ektacytometer RheoScan-D300, (a)
without SS, undeformed erythrocyte, (b) maximal shear stress (18 Pa), maximally deformed erythrocytes.
“a” and “b” represents deformation axis. More specifically, deformation axis are lengths of diffraction
pattern recorded on ektacytometer camera, represented as pixel number
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2.4 Statistical analysis

Statistical analysis of the results was done using R Software for statistical computing (R
version 4.3.2). The results are expressed as meantstandard deviation. The normality of
distribution was determined with the Shapiro—Wilk test. The statistical significance of dif-
ferences between the groups was determined with a two-tailed t-test or a two-tailed t-test
or the Mann—Whitney U test, depending on the distribution’s normality. Differences with
pvalues of <0.05 were considered significant. For correlation analysis, correlated variables
that have p<0.05 were only considered in further analysis and discussion. The association
between two parameters was determined, depending on the normality of their distributions,
by Pearson product-moment correlation or Spearman rank-order correlation test. Descrip-
tive statistics is given as Table S2 in the Supplementary material.

3 Results and discussion

Impaired deformability, as a typical hemorheological index has been associated with several
pathological conditions, including certain hematological disorders, malaria, cardiovascular
diseases, and metabolic disorders, such as highly prevalent DM (Huisjes al 2020, Di Gia-
cinto et al. 2020). Glucose is a main substrate for energetic metabolism of erythrocytes, and
it is well known that in the presence of long-lasting hyperglycemia in DM, the morphol-
ogy, metabolism, and function of erythrocytes are inevitably subject to a series of changes
that further affect hemorheology and microcirculation (Zhou et al. 2018; Sprague et al.
2006). Nevertheless, DM still represents an example of “covertly abnormal” blood rheol-
ogy (Schmid-Schonbein, 1987, Brun et al. 2022) since it cannot be always determined by
commercially available point-of-care (POC) devices within clinical environment. Ektacy-
tometry, a laser diffraction technique, is the primary method for evaluating the deformability
of erythrocytes in both research and clinical settings (Piety et al. 2021), based on the cal-
culated EI from the diffraction images recorded on different shear stresses. However, since
ektacytometry measures average deformability in bulk erythrocyte populations and does not
provide information on the deformability of single cell, the reports on deformability in DM
patients are still contradictory, i.e., the EI in DM have still not been validated as a clinical
utile rheological biomarker, while the prognostic importance of EI for complications predic-
tions in the case of sickle cell disease has been confirmed (Franck et al. 2022). Motivated by
the previously mentioned, we aimed to represent erythrocyte deformability measurement by
extracting a new hemorheological parameter and its fluctuations in DM patients.

The obtained deformability curves, presented in Fig. 2a, illustrate the comparative anal-
ysis of erythrocytes between control samples (blue curve) and DM samples (red curve).
While control exhibits slightly elevated EI values compared to DM, no statistically sig-
nificant differences in EI values are found between the two groups. The inherent variabil-
ity among healthy donors and DM patients probably contributes to subtle distinctions in
deformability that are challenging to quantify. Furthermore, our analysis indicates a lack of
statistical differences in EI values at the half maximum of deformation curve and at 3 Pa
between these two conditions, as illustrated in Fig. 2b.

Considering this, our focus shifts towards discerning specific physiologically relevant
points along the deformability curve, such as EI at the half maximum value and EI values

@ Springer
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a) g5 b)
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Fig. 2 (a) Deformability curve of healthy volunteer (blue curve) and DM patient (red curve). Raw data
are fitted using Hill function, where EI=x"n/ (2 SS “n+x"n), x represent Shear stress (Pa), /2 SS repre-
sent value of SS at half maximum of the curve, n is Hill coefficient, in control sample parameters are: %2
SS=1.53, n=0.86 and in DM patients: > SS=1.32, n=0.93. (b) EI measured on 3 Pa and on the EI half
maximum value on control (number of individuals=11) and DM patients (number of individuals=12)

a) b)
0.15-
=— Control **
0.3 oM =
= o
(13 = 0.10-
% 0.2 o
2] @
2 Z 0.05
o 0.1 é -
0.0 . : . 0.00-
0.1 1 10 100 Control DM

Shear stress (Pa) log

Fig. 3 (a) Derivation of deformability curves from Fig. 2a), blue (Control), red (DM patients) abscissa is
presented on log scale for better observation of differences in dEI / dSS; (b) Change in dEI / dSS at the
half maximum value of the derivation curve between erythrocytes of healthy donors (control) and DM
patients

at 3 Pa. The calculation of the first derivative at these points is established as a metric for
assessing EI alterations.

The derivative curves in Fig. 3 reveal that dEI/ dSS emerges as a suitable metric for
quantifying erythrocyte deformation, particularly in assessing erythrocyte responsiveness
to shear stress, compared to regular EI.

Our investigation has revealed statistically significant differences in the values of dEI /
dSS at the half maximum deformability curve between the healthy donor group and individ-
uals diagnosed with DM (depicted in Fig. 3b, where the blue bar corresponds to the control
sample and the red bar represents the DM sample).

Here we indicate a non-clearly observable disparity in erythrocyte response to stress
between DM patients and the control group, where DM erythrocytes exhibited a compara-
tively slower response. This insight underscores the potential clinical relevance of dEI / dSS

@ Springer



Elongation index derivative as a potential hemorheological parameter in... Page 7 of 13 1225

a) b)
= "7 r=-0.56 —» DMdEI/dSS 57 r=0.64 - DMEI3Pa
E S-holesterol = “# S-urea (mmol/l)
£ 1004 L (mmol/) g 1004
) "a £
2 = s
8 50 5 504
o u
< g ®
%)
0 T ¥+ 1 04
0 50 100 150 0
DM dEI / dSS DM El 3 Pa
c) d)
1507 = 150 ¢ — _
. r=0.56 -+ DM1/2El r=-0.75 e DM 1/2El
é -#- Creatine kinase (U/l) . = DM dEI/dSS
@ 41004
] 100 [ ] % 100-% .
& =
.g 50 u = 50 .
‘ai’ [ ] o .
3 n -
3] - . .
0 T T 1 0 T T 1
0 50 100 150 0 50 100 150
DM 1/2 EI DM 1/2 EI

Fig. 4 Multiple correlation analysis of hemorheological parameter with clinical data of DM patients. r —
Pearson coefficient. (a) Correlation plot of DM dEI / dSS and S — cholesterol (»<0.05), (b) correlation
plot of DM EI 3 Pa and S — urea (p<0.05), (¢) correlation plot of DM ¥ EI and creatine kinase (p<0.05,
(d) correlation plot of DM '; EI and DM dEI/ dSS (p<0.05)

as a valuable metric in characterizing erythrocyte deformability and provides better under-
standing on the altered physiological dynamics in DM patients. For better characterization
of erythrocyte mechanical properties between control and DM patients, we separated DM
group to Diabetes mellitus typel (DMT1) and Diabetes mellitus type 2 (DMT2) patients.
We observe significant difference on EI 3 Pa between DMT1 group and control (Supplement
material Fig S1a). We didn’t observe any differences between the patients’ groups and con-
trol in % EI parameter (Supplement material Fig S1b). However, we have shown that dEI
/ dSS is more sensitive hemorheological parameter than EI 3 Pa, by observing differences
between DMT1 group and control with stronger statistical significance (Supplement mate-
rial Fig S1c), although we are aware of small group size at the moment.

The connection between the mechanical properties of red blood cells and various physi-
ological processes can provide valuable insights. For instance, when examining parameters
EI 3 Pa, !4 El, and the rate dEI / dSS in relation to clinical factors as depicted in Fig. 4, we
gain a deeper understanding of their interplay.

An interesting observation emerged when comparing dEI / dSS with serum cholesterol
levels, indicating a statistically significant correlation (p<0.05), as shown in Fig. 4a. This
finding aligns with existing literature, which suggests that higher cholesterol levels lead to
increased rigidity of cell membranes (Subczynski et al. 2017; Chen et al. 1997). Conversely,
while no significant correlation was found between EI 3 Pa and cholesterol, a direct rela-
tionship was noted between EI 3 Pa and serum urea levels (Fig. 4b). Urea plays a role in
maintaining the osmotic stability of erythrocytes (Macey 1984), hence the correlation with
EI 3 Pa.
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Additionally, the parameter '~ EI exhibited a positive correlation with creatine kinase
enzyme levels (Fig. 4c). Studies suggest that both liver and blood cells are involved in
clearing creatine kinase from circulation (Pan et al. 2023). Moreover, previous research has
highlighted a strong correlation between serum creatine levels and erythrocyte deformabil-
ity in patients with diabetic nephropathy (Brown et al. 2005).

Considering diabetic nephropathy, it was anticipated that the dEI / dSS in diabetic
patients would inversely correlate with half-maximal deformation force (% EI), as depicted
in Fig. 4d.

To understand the relationship between dEI / dSS and the % SS, we employed a scatter
plot analysis as shown in Fig. 5. Both experimental groups exhibit a linear declining trend,
indicating a decrement in dEI / dSS with an increment in 2 SS. This observation under-
scores a mechanical phenomenon wherein erythrocyte responsiveness to mechanical stress
diminishes with higher shear stress values and conversely increases with lower shear stress
values.

Specifically, the erythrocytes from DM individuals manifest a more pronounced and
rapid alteration in dEI /dSS (depicted by the red line in Fig. 5 with a slope of -0.03) com-
pared to those in the control group (represented by the blue line in Fig. 5 with a slope of
-0.015). This discrepancy suggests that erythrocytes from DM patients exhibit a constrained
range of membrane deformation control, indicative of an altered mechanical response to
shear stress.

However, it is important to acknowledge that at lower shear stress values, the fluctuation
of EI in both groups is subject to random variations in EI. This is attributed to the absence
of established laminar flow of erythrocytes in the microchannel under such conditions (Shin
et al. 2005b; McNamee et al. 2020). The results shown in the Fig. 5 elucidate the differential
mechanical behavior of erythrocytes in response to varying shear stress levels, contribut-
ing to an understanding of underlying biophysical mechanism of erythrocyte deformability
in the context of DM pathology. Diffraction signal intensity of the erythrocyte population

U.19
- -= Control dEI1/2

E m -~ DM dEI1/2
= 0.10
")
[72]
e
& 0.05

1 1 1 1 1

1.0 1.5 2.0 2.5 3.0

SS1/2/ Pa

Fig.5 Linear regression model of dEI/ dSS at the half-maximal value of the deformability curve change
in relation to %2 SS, control represented as blue line (R Squared=0.129) and DM represented as the red
line (R Squared=0.568). Data was presented for each individual patient (DM) and healthy volunteer
(Control)
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also depends on hemoglobin and glucose concentration (Streekstra et al. 1994) which can
be determined by standard biochemical, but also different optical techniques (Biswas et
al. 2020; Cherkasova et al. 2016). Thus, our future studies will still include the correlation
of dEI / dSS with the clinic-demographic data such age, sex, level of HbAlc, DM type,
therapy, BMI, and other clinically established biomarkers of the disease in large-scale stud-
ies, since we identified small sample size in each group as a limitation of the present work.

Ektacytometry is a widely used method to measure the deformability of erythrocytes,
but it only provides an average measure and doesn’t account for variations in individual
cells. This is where optical tweezers and microfluidic devices can find applications since
recent studies have shown that these methods are more sensitive in assessing the progres-
sive impairment of erythrocyte deformability than ektacytometry (Kim et al. 2015; Piety
et al. 2021; Kang et al. 2022). The presence of rigid erythrocytes in blood flow can have a
significant impact on the immune response as well. A recent study has found that the adhe-
sion of leukocytes to the vascular wall gets disrupted by the presence of rigid erythrocytes
(Gutierrez et al. 2018). This is where monitoring erythrocytes with impaired deformability
on an individual level becomes crucial. Motivated by the findings of this study, our future
research will include some other optics-based techniques, such as flow-cytometry, in com-
bination with ektacytometry to better distinguish between populations of healthy and rigid
erythrocytes from patients with DM, as one of the most frequent modern-age diseases.

There is paramount interest in finding the new metric as a potential prognostic marker
for the prevalent clinical complications in DM patients, and our upcoming experiments will
include the validation of the clinical utility of dEI / dSS in DM patients with specific micro-
and macrovascular complications as well.

4 Conclusion

The dEI/ dSS at the half maximum value of the deformability curve emerges as a particular
metric for quantifying erythrocyte deformation response.

The statistically significant differences (p<0.05) observed in dEI / dSS at the half maxi-
mum of deformability curve between the control group and DM patients underscore the
potential clinical relevance of this parameter. Moreover, no statistical differences were
found in EI values at the half maximum value of deformability curve and at 3 Pa between
the two conditions, highlighting the specificity of dEI / dSS in capturing alterations associ-
ated with DM pathology.

The scatter plot analysis further reveals a certain linear declining trend in both groups,
indicating a decrement in dEI / dSS with an increment in shear stress. Importantly, eryth-
rocytes from DM individuals exhibit a more pronounced and rapid alterations in dEI / dSS
compared to the control group, suggesting a constrained range of membrane deformation
control, and altered mechanical response to shear stress in DM patients. By exploration
of the mechanical properties of red blood cells in conjunction with various physiological
parameters we have uncovered significant associations between dEI / dSS and serum cho-
lesterol levels (p<0.05). This finding supports existing literature indicating that elevated
cholesterol levels contribute to increased rigidity of cell membranes. Conversely, although
no direct correlation was found between EI 3 Pa and cholesterol, a clear relationship
emerged between EI 3 Pa and serum urea levels, with urea playing a crucial role in main-
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taining erythrocyte osmotic stability. Furthermore, the positive correlation between 2 EI
and creatine kinase enzyme levels highlights the involvement of both liver and blood cells
in the clearance of creatine kinase from circulation, having particular importance in patients
with diabetic nephropathy. Considering diabetic nephropathy, our anticipation of an inverse
correlation between dEI / dSS and 2 EI was confirmed, indicating potential implications
for understanding the mechanical characteristics of erythrocytes in diabetic patients. Future
work is needed to provide better understanding of dEI / dSS in prediabetic stage or in com-
plication caused by DM. Moreover, oxidative stress of erythrocytes and its correlation with
dEI / dSS should be the topic for future studies.

Overall, our findings support the notion that dEI / dSS should be considered as a potent
biophysical parameter with the perspective of long-term clinical applications, offering valu-
able insights into the altered mechanical behavior of erythrocytes in individuals with DM
and their future management. However, we need to emphasize that application of dEI /
dSS in clinical practice needs large scale studies providing more deformability data to be
processed and analyzed.
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Naltrexone blocks alcohol-induced effects on kappa-opioid
receptors in the plasma membrane
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Naltrexone (NTX), a homolog of the opiate antidote naloxone, is an orally active long-acting general opioid receptor antagonist
used in the treatment of opiate dependence. NTX is also found to relieve craving for alcohol and is one of few FDA-approved
medications for treatment of alcohol use disorder (AUD). While it was early on established that NTX acts by blocking the binding of
endogenous opioid peptide ligands released by alcohol, experimental evidence emerged that could not be fully accounted for by
this explanation alone, suggesting that NTX may have additional modes of action. Mu- and kappa-opioid receptors (MOP and KOP,
respectively) are structurally related G-protein-coupled receptors (GPCRs), but they are anatomically differently distributed and
functionally distinct, often mediating opposite responses, with MOP typically promoting euphoria and reward, while KOP is
associated with dysphoria and aversive states. While the actions of NTX on MOP are extensively characterized, the interactions with
KOP are not. Here, we used sensitive fluorescence-based methods with single-molecule sensitivity to study in live cells the influence
of alcohol (ethanol, EtOH) on KOP and the interaction between KOP and NTX. Our data show that alcohol, at relevant
concentrations (10-40 mM), alters KOP interactions with the lipid environment in the plasma membrane. The counteracting effects
of NTX are exerted by both its canonical action on KOP and its hitherto unrevealed effects on the lateral dynamics and organization
of lipids in the plasma membrane. The KOP-specific antagonist LY2444296, in clinical trial for major depressive disorder (MDD),
blocks KOP but does not show the full action profile of NTX. The therapeutic effect of NTX treatment in AUD may in part be due to

direct actions on KOP and in part due to its effect on the surrounding lipid environment.

Translational Psychiatry (2024)14:477 ; https://doi.org/10.1038/s41398-024-03172-8

INTRODUCTION

Social drinking, i.e. moderate consumption of alcohol (ethanol
(EtOH)) gives a sensation of elatedness and relaxation. This is very
different from the drive to binge drinking, to get intoxicated.
While the euphoric effects of alcohol, primarily mediated through
the mu-opioid receptor (MOP), have been well studied, much less
is known about the effects mediated by the kappa-opioid receptor
(KOP) that contribute to alcohol abuse. We have decided to assess
at the cellular and molecular level actions of alcohol on KOP and
its interactions with naltrexone (NTX), which is approved by the
Food and Drug Administration (FDA) for the treatment of alcohol
use disorder (AUD). Recently, NTX has been advocated for the
treatment of alcohol misuse as “one of the most underutilized
interventions in medicine” [1].

Early experimental studies reporting the potential therapeutic
effects of NTX in alcohol dependence [2, 3] were followed by
clinical studies in human subjects showing that NTX reduces the
feeling of “high” induced by alcohol in alcohol-dependent
individuals [4]. NTX was early-on shown to counteract alcohol-
induced release of endogenous opioids (enkephalins and

B-endorphin) acting on MOP [5, 6]. However, the response was
not universal and it has been suggested that differences in
response may be genetically determined. The potential therapeu-
tic effects of NTX for the treatment of AUD eventually led to an
FDA approval for this indication, which is significant since very few
medications for this condition are available.

It is commonly assumed that AUD is a consequence of the
euphoriant activity of alcohol (positive reinforcement) and of
craving, the urge to resume consumption in abstinence (negative
reinforcement). Positive reinforcement is mainly exerted via MOP-
mediated pathways, whereas negative reinforcement is mainly
exerted via KOP-mediated pathways [7]. Classic binding analysis
has shown that NTX primarily binds to MOP and has lower affinity
for KOP. This has been an opening for the clinical use of
compounds with overlapping affinities for MOP and KOP, such as
pentazocine or buprenorphine. Our previous studies have shown
that NTX has a significant influence on ethanol-induced effects on
KOP lateral organization in the plasma membrane [8]. Using
sensitive fluorescence microscopy imaging and correlation
spectroscopy technologies, we have observed that ethanol in

"Department of Clinical Neuroscience, Center for Molecular Medicine, Karolinska Institutet, Stockholm SE-17176, Sweden. 2Science for Life Laboratory, Department of Women's
and Children’s Health, Karolinska Institutet, Stockholm SE-17165, Sweden. 3Synthetic Biopolymer Chemistry Core, Beckman Research Institute; City of Hope, 1500 East Duarte
Road, Duarte, CA 91010, USA. *Department of Cancer Biology and Molecular Medicine, Beckman Research Institute, City of Hope, 1500 East Duarte Road, Duarte, CA 91010, USA.
®Institute of Physics Belgrade, University of Belgrade, Pregrevica 118, Belgrade 11080, Serbia. °Department of Molecular Medicine, The Scripps Research Institute, La Jolla, CA
92037, USA. "These authors contributed equally: Vladana Vukojevi¢, Lars Terenius. ®email: vladana.vukojevic@ki.se; Lars.Terenius@ki.se

Received: 21 June 2023 Revised: 22 October 2024 Accepted: 28 October 2024

Published online: 24 November 2024

SPRINGER NATURE


http://crossmark.crossref.org/dialog/?doi=10.1038/s41398-024-03172-8&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41398-024-03172-8&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41398-024-03172-8&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41398-024-03172-8&domain=pdf
http://orcid.org/0000-0003-3800-590X
http://orcid.org/0000-0003-3800-590X
http://orcid.org/0000-0003-3800-590X
http://orcid.org/0000-0003-3800-590X
http://orcid.org/0000-0003-3800-590X
http://orcid.org/0000-0002-4915-388X
http://orcid.org/0000-0002-4915-388X
http://orcid.org/0000-0002-4915-388X
http://orcid.org/0000-0002-4915-388X
http://orcid.org/0000-0002-4915-388X
http://orcid.org/0009-0002-3422-2405
http://orcid.org/0009-0002-3422-2405
http://orcid.org/0009-0002-3422-2405
http://orcid.org/0009-0002-3422-2405
http://orcid.org/0009-0002-3422-2405
http://orcid.org/0000-0002-9300-1082
http://orcid.org/0000-0002-9300-1082
http://orcid.org/0000-0002-9300-1082
http://orcid.org/0000-0002-9300-1082
http://orcid.org/0000-0002-9300-1082
http://orcid.org/0000-0001-6578-2304
http://orcid.org/0000-0001-6578-2304
http://orcid.org/0000-0001-6578-2304
http://orcid.org/0000-0001-6578-2304
http://orcid.org/0000-0001-6578-2304
http://orcid.org/0000-0003-1928-4763
http://orcid.org/0000-0003-1928-4763
http://orcid.org/0000-0003-1928-4763
http://orcid.org/0000-0003-1928-4763
http://orcid.org/0000-0003-1928-4763
http://orcid.org/0000-0002-7470-5885
http://orcid.org/0000-0002-7470-5885
http://orcid.org/0000-0002-7470-5885
http://orcid.org/0000-0002-7470-5885
http://orcid.org/0000-0002-7470-5885
http://orcid.org/0000-0003-0873-5653
http://orcid.org/0000-0003-0873-5653
http://orcid.org/0000-0003-0873-5653
http://orcid.org/0000-0003-0873-5653
http://orcid.org/0000-0003-0873-5653
http://orcid.org/0000-0003-2880-9576
http://orcid.org/0000-0003-2880-9576
http://orcid.org/0000-0003-2880-9576
http://orcid.org/0000-0003-2880-9576
http://orcid.org/0000-0003-2880-9576
https://doi.org/10.1038/s41398-024-03172-8
mailto:vladana.vukojevic@ki.se
mailto:Lars.Terenius@ki.se
www.nature.com/tp

S. Oasa et al.

pharmacologically relevant concentrations, 10-40 mM, affects
glycosylphosphatidylinositol-enriched membrane domains and
MOP- and KOP-harboring nanoscale clusters; and that these
effects are largely blocked by NTX [8]. Nanoscale cluster formation
is a common feature of plasma membrane receptors that is
necessary for their functions [9-11], in particular agonist-activated
receptors are shown to be prone to form nanoscale clusters,
probably also forming homodimers via the modulation of local
receptor density [12]. Our previous studies suggest that ethanol
modulates the functions of MOP and KOP via their cluster
formation and dimerization capacity. This may also be an
underlying molecular mechanism for the KOP supersensitivity
observed in a behavioral/neurochemistry analysis in mice [13].

An asset for drug development is the reported structural
characterization of the dynorphin/KOP system. The X-ray structure
of KOP with the antagonist JDTic was one of the first in the opioid
receptor family [14]. The dynamics of the interaction between
dynorphin and KOP were followed using nuclear magnetic
resonance (NMR) [15]. Membrane lipids have been seen as
catalysts for dynorphin-KOP interactions: ligand accumulation at
the plasma membrane by electrostatic attraction and direct
ligand-plasma membrane lipid interaction result in lower energy
needed for the ligand to bind to the receptor [16]. This is possibly
also relevant for NTX-KOP interactions: under normal physiology
(pH 7.4), NTX is neutral/protonated (literature findings for the acid
dissociation constant of NTX vary, 7.5<pK,ntx<8.6), and
moderately lipophilic (partition coefficient Log P=1.76 for n-
octanol/buffer pH 7.4 at 37 °C). Ethanol-induced reduction of the
dielectric constant of the surrounding water medium can affect
the interplay between electrostatic and lipophilic interactions,
thus affecting NTX partitioning into the lipid bilayer and NTX-KOP
interactions.

In this work, we used cells genetically modified to express KOP
fused with the enhanced green fluorescent protein (KOP-eGFP)
and employed fluorescence lifetime imaging microscopy (FLIM) to
quantitatively characterize in live cells EtOH effects on KOP-eGFP
in the plasma membrane by measuring eGFP fluorescence lifetime
(FL). FL, i.e., the lifetime of a fluorescent molecule in the excited
state, is an immanent property of the fluorescent molecule that
neither depends on the concentration, nor on the laser intensity
used for its excitation, nor on photobleaching of the fluorescent
molecule. It is, however, sensitive to changes in the immediate
environment, such as changes in temperature [17], pH [18],
molecular crowding [19], protein oligomerization [20] /aggrega-
tion [21]. Although FLIM is most often integrated with Forster
resonance energy transfer (FLIM-FRET) to assess molecular
interactions [22, 23] or conformational changes [24], we have
used it here to read out changes in the KOP-eGFP immediate
environment that are caused by treatment of PC12/KOP-eGFP cells
with EtOH or NTX. Fluorescence correlation spectroscopy (FCS)
was used to measure the lateral translational diffusion rate and
the cell surface density, i.e., concentration of molecules of interest,
such as KOP-eGFP, fluorescently labeled NTX and lipid probes, and
read out how they are affected by EtOH and NTX [20, 25, 26]. In
addition, FCS also measures molecular brightness, providing
information on homodimerization/oligomerization of KOP-eGFP.
We have also characterized EtOH effects on NTX-KOP interactions
using fluorescently labeled NTX (fNTX; Fig. S1) [27]. Finally, Ca*t
imaging was used to characterize the effects of the investigated
compounds on KOP-mediated signaling.

MATERIALS AND METHODS

Chemical reagents

Ethanol (EtOH, purity >99.5%) and NTX were purchased from VWR and
Tocris, respectively. Methyl-B-cyclodextrin (mBCD) and Nalfurafine (NFF)
were purchased from Sigma-Aldrich. Dynorphin A (1-17) peptide (DynA:
YGGFLRRIRPKLKWDNQ; >99.5% purity) was purchased from BIOMATIK. The
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NTX enantiomer (+)-NTX was kindly provided by Dr. Kenner C. Rice [28].
The fluorescent NTX derivative with Alexa Fluor 633 (fNTX) was synthesized
as detailed in the Supplementary Information (Fig. S1). The KOP-selective
antagonist, LY2444296 was supplied by Eli Lilly, and the KOP-selective
antagonist JDTic [29] was purchased from APExBIO. All chemical
compounds except for EtOH, DynA and (+)-NTX were suspended in
dimethyl-sulfoxide (DMSO). DynA and (+)-NTX aqueous solutions were
freshly prepared for each experiment. 1,2-dioleoyl-sn-glycero-3-phos-
phoethanolamine (DOPE) was conjugated with Abberior Star Red with a
polyethylene glycol (PEG) linker (ASR-DOPE) [30]. MemGlow Nail Red 12S
(NR12S) for lipid fluidity studies was purchased from Cytoskeleton, Inc. All
chemicals were p.a. grade and were used without further purification,
unless specifically described. Ultrapure water, resistivity 18.2 MQ-cm at
25 °C (Millipore Milli-Q lab water system) was used throughout.

Cell culture

PC12 cells (American Type Culture Collection), PC12/eGFP cells transiently
expressing eGFP, and PC12 cells stably expressing human KOP fused with the
enhanced green fluorescent protein (PC12/KOP-eGFP) [31] were maintained
in a humidified atmosphere containing 5% CO, at 37°C in RPMI1640
medium (Gibco) supplemented with 10% horse serum (Gibco), 5% fetal
bovine serum (Gibco) and 1% penicillin-streptomycin (10,000 U/mL, Gibco).
For fluorescence measurements, the cells were seeded in Lab-Tek 8-well
chambered coverglass (Thermo Fisher Scientific) with 4.0 x 10* cells/well.

For FLIM/FRAP measurements, PC12/KOP-eGFP cells were pre-treated at
37 °C with the antagonists NTX or (+)-NTX for 30 min, or LY2444296 for
15 min; or the agonists DynA or NFF for 30 min, and then treated with
EtOH + antagonists/agonist for 1 h. For treatments with EtOH alone, the
cells were pre-treated with vehicle for 30 min, then with EtOH for 1 h.

For cholesterol depletion studies, the cells were treated for 3 h with
2.5mM mpBCD in serum free medium at 37 °C [32]. Antagonists, agonists,
mpBCD and EtOH were diluted with the FluoroBrite RPMI1640 (Gibco).

For Fluorescence Correlation Spectroscopy (FCS) measurements of lipid
fluidity or KOP-eGFP dynamics, PC12/KOP-eGFP cells were treated with the
antagonists/EtOH or DynA as described above. The cells were further stained
with ASR-DOPE for 5 min. To obtain eGFP brightness, PC12/eGFP cells were
used. PC12/eGFP cells were generated by transfecting PC12 cells with 100 ng
of the plasmid encoding eGFP, peGFP-N1, using 0.2 pL of lipofectamine 2000
(Thermo Fisher Scientific). After the transfection, PC12/eGFP cells were
cultured for 24 h and then subjected to FCS measurements.

For Ca®" imaging, PC12/KOP-eGFP cells were stained with 10 uM Fura
Red in non-serum FluoroBrite RPMI1640 with 0.1% Pluronic F-127
(Invitrogen) for 3 h. Antagonists, DynA and EtOH were diluted with
Dulbecco’s Phosphate Buffered Saline supplemented with 2.2 mM CaCl,,
and 3.5 mM KCl. PC12/KOP-eGFP cells were treated with antagonists/EtOH
or DynA/NTX as described above.

For total internal reflection fluorescence microscopy-integrated FCS (TIR-
FCS), we specifically used another cell line, the adhered human
osteosarcoma cell line, U20S (ATCC). U20S cells were maintained in a
humidified atmosphere containing 5% CO, at 37°C in McCoy's 5A
modified medium (Gibco) supplemented with 10% FBS. One day before
transfection, the U20S cells were seeded on the 8-well chambered
coverglass. U20S cells on the chambered coverglass were transfected with
100 ng of plasmid DNA encoding human KOP-eGFP in N1 vector (pKOP-
eGFP-N1) and ViaFect (Promega). At 24 h after the transfection, the
medium was replaced with a phenol-red free medium, Opti-MEM (Gibco),
for TIR-FCS experiments.

Microscopic techniques and corresponding data analyses
Detailed description of the instrumentation for FCS, TIR-FCS and FLIM,
optical settings, data acquisition and analysis is provided in the
Supplementary Information. Briefly, confocal laser scanning microscopy
(CLSM) imaging and conventional, single-point FCS measurements were
performed using the LSM880 (Carl Zeiss) microscope system. TIR-FCS
measurements [33-35] were performed using the Nikon Eclipse TE2000-E
inverted microscope with a TIRF unit. FLIM was performed using our home-
built scanning-free confocal microscope based on massively parallel
fluorescence correlation spectroscopy (mpFCS) [22].

RESULTS

Live PC12/ KOP-eGFP cells are functional

To ascertain that KOP-eGFP is functional, PC12/KOP-eGFP cells were
treated with DynA (Fig. S2). CLSM imaging showed that in
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Fig. 1

eGFP fluorescence lifetime (FL) measured in live PC12/KOP-eGFP cells changes in response to ethanol treatment in a dose-

dependent way. A Fluorescence images/photon counts map acquired using a high-resolution (2 mega pixel) CMOS camera (left column) and a 2D
spc3 SPAD camera (middle column). FL map (right column) generated by fitting analysis of FLIM curves shown in B. Black squares indicate plasma
membrane positions assigned by photon count map. Scale bar: 10 um. B FLIM curves and corresponding fit residuals. Black: Untreated. Red: 40 mM
EtOH. Blue: 2.5 mM mpCD. C Dose-response curve showing the magnitude of change in eGFP FL as a function of EtOH concentration. Best fit of dose-
response curve determined 10.3 mM and —0.89 as ECs, value and allosteric factor (p), respectively. D eGFP FL, given as average * standard deviation,
under the treatment with 40 mM EtOH and 2.5 mM mpCD. Statistical analysis was performed using the two-tailed Student’s t-test against untreated.

untreated PC12/KOP-eGFP cells, KOP-eGFP is largely localized in the
plasma membrane, with some trafficking vesicles binding visible in
the cytoplasm (Fig. S2, upper left corner). Massive KOP-eGFP
internalization is observed after 30 min treatment with 100 nM
DynA (Fig. S2, upper right corner). Treatment with NTX does not
alter KOP-eGFP distribution (Fig. S2, lower left corner), but efficiently
blocks DynA-induced internalization (Fig. S2, lower right corner).

We have also characterized using FCS the mobility of DynA-
activated KOP-eGFP in the plasma membrane (Fig. S3). The
observed slow lateral diffusion and its further lowering following
treatment with DynA is indicative of KOP-eGFP localization in
nanoscale clusters, a common feature of plasma membrane
receptors [10-12].

FLIM measurements (Fig. 1A, B), performed using our in-house
instrument [22, 36], showed that treatment with 100 nM DynA
significantly decreases eGFP FL (Fig. S4). Importantly, both NTX
and the KOP-selective antagonist JDTic blocked this effect,
suggesting that DynA binds to KOP-eGFP in the plasma
membrane and that the observed change in eGFP FL is due to
KOP-eGFP-mediated effects.

Translational Psychiatry (2024)14:477

Finally, Ca®" imaging was performed following extracellular
K*-induced membrane depolarization of cultured PC12/KOP-eGFP
cells (Fig. S5). Ca*™ imaging showed that treatment with 100 nM
DynA decreased the Ca®" influx induced by the abrupt increase in
extracellular K, in line with the notion that DynA-activated KOPs
released G-protein subunits, inhibiting the Ca?" ion channel via
the released Gg, subunits. 200 nM NTX blocked the 100 nM DynA-
induced change in Ca*" influx (Fig. S5).

Taken together, these data indicate that KOP-eGFP in PC12/
KOP-eGFP cells is functional and that changes in eGFP FL are
reliable indicators of KOP-eGFP activation status.

Ethanol induces dose-dependent changes in eGFP
fluorescence lifetime

Ethanol is known to affect membrane lipid structures [37-39] and
the lateral organization of KOP in the plasma membrane [8]. To
determine whether these ethanol-induced changes can also lead
to KOP activation, we have performed FLIM on PC12/KOP-eGFP
(Fig. 1). As can be seen, KOP-eGFP fluorescence was localized in
the plasma membrane in untreated PC12/KOP-eGFP cells and in
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Fig. 2 Effect of ethanol on NTX interactions with KOP-eGFP. A, B Dose-response curve showing the magnitude of change in eGFP FL as a
function of the concentration of NTX recorded in untreated cells (A) and cells treated with 40 mM EtOH (B). Best fit of dose-response curves
yielded ECso and allosteric factor (p) values of 7.6 nM and —1.0 (A) and 730 nM and —0.66 (B), respectively. C Correlation between the ECs,
value measured using FLIM with literature binding affinity values of agonist/antagonist to KOP: Nalfurafine (NFF), naltrexone (NTX) and
(+)-NTX. Plotted binding affinity values are taken from [40, 42, 43]. Binding affinity of (+)-NTX to KOP was estimated from binding affinity of
(+)-NTX to MOP and the ratio of binding affinities of NTX to MOP and KOP. Black: Vehicle. Red: 40 mM EtOH. D, E Dose-response curve
showing the magnitude of change in the fluorescence intensity ratio in the plasm membrane (Fytx/Fkop-ecrp) @s a function of the
concentration of fNTX recorded in untreated cells (D) and cells treated with 40 mM EtOH (E). Best fit of the dose-response curves yielded ECs,
and allosteric factor (p) values of 15.4 nM and 1.56 (D) and 93.0 and 1.0 (E), respectively. F Changes in the immobile fraction of KOP-eGFP in the
plasma membrane assessed by FRAP. Black: Untreated. Red: treated with 25 nM fNTX. Green: treated with 25 nM NTX; Blue: treated with
200 nM NTX. Statistical analysis was performed using the two-tailed Student'’s t test.

cells treated with 40 mM EtOH (Fig. 1A, top and middle rows),
showing that EtOH treatment does not induce receptor inter-
nalization as observed with the DynA agonist (Fig. S2). Further-
more, FLIM curves recorded in the plasma membrane showed
measurable differences in eGFP FL in response to different
treatments (Fig. 1B). For ethanol treatment, the change in eGFP
FL depended on the ethanol concentration, showing a dose-
dependent change with a half-maximal effective concentration
(ECs0) of 10.3 mM (Fig. 1C). Since dynamic properties of plasma
membrane lipids and the lateral organization and size of
nanoscale clusters harboring KOP-eGFP are influenced by
cholesterol-enriched membrane domains [32], FLIM measure-
ments were also performed under cholesterol depletion by
2.5mM mBCD. As can be seen, eGFP FL significantly decreased
upon cholesterol depletion from the plasma membrane (Fig. 1D),
suggesting that EtOH affects dose-dependently the KOP-
surrounding membrane environment including a change in the
cholesterol-enriched plasma membrane domains.

EtOH affects NTX binding to KOP

We have previously observed that NTX enhances the formation
of larger nanoscale clusters harboring KOP [8], blocks DynA
binding (Figs. S2 and S4) and DynA-induced KOP-eGFP-mediated
actions (Fig. S5). To assess whether EtOH affects NTX binding and
actions in the plasma membrane, FLIM was performed on
PC12/KOP-eGFP cells treated with NTX or NTX+EtOH (Fig. 2). Our
data showed that NTX decreased eGFP FL in a dose-dependent
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manner, with an ECsy value 7.6 nM (Fig. 2A). To confirm that
these changes in eGFP FL are KOP-eGFP-mediated, we also
assessed the effects of two related compounds: the inactive
optical isomer of NTX, (+)-NTX [40] (Fig. S6) and the KOP-
selective agonist nalfurafine (NFF) [41] (Fig. S7). Each compound
caused changes in eGFP FL, with an ECs, value of 19 uM for
(+)-NTX (Fig. S6A) and 0.15 nM for NFF (Fig. S7B). Interestingly,
the binding affinity measured using FLIM agreed well with the
binding affinity of these compounds to KOP determined in other
studies [40, 42, 43] (Fig. 2C). Given that PC12 cells endogenously
express DynA, albeit at very lower levels [44], the good
agreement between ECsy, values measured by FLIM with
literature findings suggests that endogenously expressed DynA
exerts negligible competing binding effects. Finally, in line with
what is expected, treatment with 200 nM NTX efficiently blocked
1nM NFF binding (Fig. S7C), further corroborating our inter-
pretation of the FLIM data.

Importantly, under treatment with 40mM EtOH the dose-
response curve for NTX shifted to higher NTX concentrations, as
reflected by a change in the ECs, value from 7.6 nM, measured in
untreated cells, to 730 nM, measured in cells treated with 40 mM
EtOH (Fig. 2B). 40 mM EtOH disrupted the dose-response activity
of (+)-NTX (Fig. S6B, C). In contrast, 40 mM EtOH did not change
the ECso value of NFF (Fig. S7D).

To further examine whether the high ECsy value for NTX
blndlng in the presence of 40 mM EtOH measured by FLIM,

ECSONTX+40mMEr0H*73O”M is indeed due to EtOH-induced
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lowering in NTX binding affinity, fNTX was synthesized and its
binding to PC12/KOP-eGFP cells was characterized by CLSM (Fig.
S$8). As can be seen, fNTX binding to KOP-eGFP in live PC12/KOP-
eGFP cells is significantly reduced in the presence of 40 mM EtOH
and was efficiently blocked by a large excess of non-labeled NTX
or by the KOP-selective antagonist LY2444296 (Fig. S8). This not
only verified the observations by FLIM that EtOH lowers NTX
binding affinity to KOP, but also confirmed that fNTX specifically
binds to KOP-eGFP. Dose-response curves showing changes in the
fluorescence intensity ratio (Fentx/Frop-ecrp) @s a function of fNTX
concentration showed ECs, values of 15.4 nM for fNTX treatment,
and 93nM for fNTX+40 mM EtOH treatment (Fig. 2D, E). NTX
binding affinity to KOP was lower under combined treatment with
40 mM EtOH (Fig. S8B, black vs red line), in agreement with our
FLIM data (Fig. 2A-C).

FRAP analysis (Fig. 2F) suggests that both NTX and fNTX
increase the immobile fraction of KOP-eGFP in the plasma
membrane, presumably by sorting the KOP-eGFP receptors to
KOP-harboring clusters. This data confirmed that fNTX retained
functionality similar to that of NTX.

NTX reduces EtOH effect on lipid dynamics

Taken together, our data presented above suggests that EtOH
affects the KOP-eGFP surrounding lipid environment, including a
change in the lateral organization and diffusion of cholesterol-
enriched membrane domain (Fig. 1). To further investigate EtOH
effects on the lipid environment in the plasma membrane, we
selected the lipid marker Abberior Star Red-labeled DOPE (ASR-
DOPE) probe. ASR-DOPE clearly stained the plasma membrane
and colocalized with KOP-eGFP in untreated PC12/KOP-eGFP cells
(Fig. 3A) and EtOH-treated PC12/KOP-eGFP cells (Fig. S9).
Fluorescence Correlation Spectroscopy (FCS) measurements were
performed on both, ASR-DOPE (Fig. 3B,, C;, C;) and KOP-eGFP (Fig.
3B,, Dy, D). FCS measurements on ASR-DOPE yielded autocorrela-
tion curves (Fig. 3B;) with two distinct decay times that reflect
ASR-DOPE diffusion in the cell culture medium (short decay time)
and in the plasma membrane (long decay time). The counts per
particle (CPP), i.e., brightness of the ASR-DOPE probe was not
significantly changed under any treatment tested (Fig. 3C,);
whereas ASR-DOPE diffusion in the plasma membrane was
significantly increased in PC12/KOP-eGFP cells treated with
40 mM EtOH (Fig. 3C,). Pretreatment with 200 nM NTX warded
off the EtOH-induced effects (Fig. 3C,). To address whether this is
an NTX-specific or general effect of KOP antagonists on EtOH-
modulated effects on lipid dynamics, we also characterized the
effects of treatment with (4)-NTX and the KOP-selective
antagonist LY2444296 (LY) [45, 46]. In line with the results by
FLIM (Fig. S6), we observed that treatment with 200 nM (+)-NTX
did not ward off the EtOH-induced effects on lipid dynamics. Of
note, treatment with (+)-NTX at a very large, 500-fold excess
compared to the effective NTX concentration, 100 uM (+)-NTX,
shows NTX-like effect on the lipid dynamics (Fig. S10). Warding off
EtOH-induced effects were not observed for treatment with
100 nM LY2444296 (Fig. S11). Taken together, these data suggest
that NTX effects are not KOP-mediated only. Finally, we confirmed
the effects of EtOH and NTX by examining in wild type PC12 cells
their effects on ASR-DOPE diffusion (Fig. S12) and plasma
membrane fluidity using General Polarization (GP) analysis (Fig.
S13). Our data suggest that EtOH enhances lipid fluidity in the
plasma membrane, as reflected by increased ASR-DOPE diffusion
and a statistically significant decrease in plasma membrane GP,
and that NTX wards off these EtOH-induced effects.

NTX wards off EtOH-induced decrease in KOP homodimer
population in the plasma membrane

FCS analysis showed that the apparent average brightness of KOP-
eGFP, as reflected by counts per particle (CPP), was significantly
higher than that of eGFP, which is a good proxy for monomeric
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KOP-eGFP, but less than twice this value (Fig. 3D,). This is
indicative of partial KOP-eGFP homodimerization, which is
common in GPCRs [47-49]. EtOH significantly reduced the CPP
of KOP-eGFP, lowering it down to the level of eGFP (Fig. 3D,). This
suggests that in EtOH-treated PC12/KOP-eGFP cells KOP-eGFP
homodimers dissociate to the monomeric state. In contrast, NTX
increased the CPP (Fig. 3D,), presumably enhancing KOP-eGFP
homodimerization and warded off the EtOH-induced dissociation
of KOP-eGFP homodimers. Interestingly, this effect was also
observed in cells treated with (+)-NTX, unless it was used in a very
large excess (100 pM), but not at concentrations that are relevant
for NTX actions (200 nM; Fig. S10D). Unlike NTX, the KOP-selective
antagonist LY2444296 did not interfere with EtOH-induced
dissociation of KOP-eGFP dimers (Fig. S11C) and neither affected
the lateral diffusion of lipids in the plasma membrane (Fig. S11B),
nor KOP-eGFP dimerization, as reflected by CPP values that were
not statistically significantly different from the value measured in
untreated cells (Fig. S11Q).

To further characterize KOP-eGFP lateral organization, we
performed TIR-FCS [50, 51], using diffusion law analysis to assess
KOP-eGFP confinement in membrane domains (Fig. S14). The
diffusion law analysis examines the relationship between KOP-
eGFP diffusion time (tp) as a function of the observation area (Acf).
For free diffusion, the diffusion time linearly increases as the
observation area increases and the intercept of the linear
regression is 0. For KOP-eGFP, a positive intercept is observed,
which is an indication that KOP-eGFP is confined in domains (Fig.
S14). In PC12/KOP-eGFP cells treated with 40 mM EtOH, the
intercept of the linear regression tp=f(Ae) was significantly
lower (Fig. S14D), suggesting that EtOH reduces the fraction of
KOP-eGFP confined in domains. While conventional, single-point
FCS could not observe treatment-related differences in KOP-eGFP
diffusion coefficient (DC) in PC12/KOP-eGFP cells (Fig. 3D,), a
significant difference was observed by TIR-FCS in U20S cells
transiently expressing KOP-eGFP (Fig. S14C). We attribute this
difference to differences in sensitivity between TIR-FCS and
conventional FCS, rather than to differences in cell type. TIR-FCS
uses total internal reflection to illuminate the sample, thus
confining the excitation light into a thin (100-200 nm) region
near the basal plasma membrane of the cell. This significant
decrease in the observation volume reduces significantly back-
ground fluorescence and leads to a higher signal-to-noise ratio
(SNR) and therefore greater sensitivity of TIR-FCS as compared to
conventional FCS.

Since FCS can only observe the mobile pool of KOP-eGFP
molecules in the plasma membrane and cannot give any
information about the immobile fraction, we resorted to FRAP
to assess to what extent the immobile pool of KOP-eGFP is
affected by the investigated treatments. Our data show that
EtOH reduced the immobile fraction of KOP-eGFP, whereas NTX
increased it and warded off EtOH-induced changes (Fig. S15). In
line with our published observation of KOP-harboring nanoscale
domains [8], we propose that KOP-eGFP sequestered into
domains constitute the immobile receptor pool; that EtOH
redistributes KOP-eGFP between the domains and the surround-
ing lipid bilayer, shifting the equilibrium towards the mobile
fraction. In contrast, NTX shifts the equilibrium towards KOP-
eGFP sequestration in protein- and lipid-enriched plasma
membrane domains, thereby counteracting EtOH-induced KOP-
eGFP reorganization. In FRAP experiments, this is observed as
EtOH-/NTX-induced rescinding/retention of the immobile KOP-
eGFP fraction.

Taken together with FCS brightness analysis, our data suggest
that EtOH and NTX affect KOP-eGFP association with surrounding
lipid environment, modulating nanoscale cluster formation and
the number of KOP-eGFP molecules in the cluster, followed by an
EtOH-induced decrease/NTX-induced increase of KOP-eGFP
homodimers.
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significance, p < 0.01, for comparisons against eGFP.

EtOH and NTX modulate Ca®>" signaling via KOP-dependent
and independent pathways

To assess how EtOH and NTX affect the function of KOP-eGFP, we
performed Ca®" imaging in PC12/KOP-eGFP cells using the Ca"-
sensitive fluorescent dye Fura Red (Fig. 4A). After K™ depolariza-
tion, fluorescence intensity of Ca®"-bound Fura Red dramatically
increased while fluorescence intensity of Ca?*-unbound Fura Red
decreased (Fig. 4B,). The Fura Red ratio was calculated as the ratio
of Ca®"-bound intensity and Ca®>"-unbound intensity, which is
reflecting on the intercellular Ca*" ion concentration (Fig. 4B,). We
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assessed changes in the amplitude of Fura Red ratio generated by
K" depolarization as a proxy for Ca®" influx induced by the
depolarization. EtOH-treated PC12/KOP-eGFP cells showed a
gradual, dose-dependent increase of the amplitude of Fura Red
ratio for EtOH concentrations of up to 80 mM EtOH. For EtOH
concentrations = 100 mM, a sudden drop was observed (Fig. 4C;).
The ECso value was determined to be 13.1 mM EtOH (Fig. 4C,), in
good agreement with the ECs, value determined by FLIM
(10.3 mM) (Fig. 1C). Cholesterol depletion caused similar changes
of the amplitude of Fura Red ratio (Fig. S16), suggesting that EtOH

Translational Psychiatry (2024)14:477
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induces Ca®" influx by modulating the lipid surroundings of KOP-
eGFP, including formation/deformation of cholesterol-enriched
KOP-eGFP harboring plasma membrane domains. To ascertain if
this is a KOP-mediated pathway or not, Ca’>" imaging was
performed in untransfected, wild-type PC12 cells, showing a
higher Fura Red ratio in untreated PC12 cells (1.3 £ 0.2; Fig. S17,
black dashed line) compared to untreated PC12/KOP-eGFP cells
(1.0 £0.2; Fig. 4C,, black dashed line) and a gradual decrease of
the amplitude of Fura Red ratio, rather than its enhancement (Fig.
S17). This is in good agreement with previous studies showing
that the L-type channel is inhibited and the non-L-type channel is
partially inhibited by EtOH [52]. Furthermore, EtOH did not affect
the baseline of Fura Red ratio before K depolarization (Fig. 518),
suggesting that pharmacologically relevant concentration of EtOH
(~10 mM) does not affect the intercellular Ca®>* ion concentration
and also does not induce endoplasmic reticulum (ER) stress, as
reported in pancreatic acinar cells using extremely high EtOH
concentration [53]. Considering the lower effect of endogenous
DynA in PC12 cells, which is described in the section “EtOH affects
NTX binding to KOP”, this suggests that KOP activated by thermal
fluctuations, which may be localized in cholesterol-enriched
membrane domains, partially exists even in the absence of
agonists, inhibiting Ca®" influx at the basal level and that EtOH
treatment affects components in the plasma membrane, enhan-
cing Ca*" influx through a KOP-mediated pathway.

Translational Psychiatry (2024)14:477

To clarify the impact of NTX on Ca®" influx, we pre-treated
PC12/KOP-eGFP cells and wild type PC12 cells with 200 nM NTX.
NTX-treated PC12/KOP-eGFP cells showed higher amplitude of
Fura Red ratio (Fig. 4C,), which is opposite to the change observed
in DynA-treated cells (Fig. S5). Likely, this suggests that NTX
downregulates the inhibition of the Ca®" ion channels via KOP
activation and the subsequent release of Gg, subunits. Interest-
ingly, a constant amplitude of the Fura Red ratio was observed
even for treatments with EtOH concentrations >100 mM (Fig. 4C;).
The constant amplitude of Fura Red ratio was also confirmed in
wild type cells (Fig. S17). This may suggest that EtOH-induced
disruption of the Ca®" influx for EtOH concentrations >100 mM
and the gradual decrease of Ca®" influx observed in wild type
PC12 cells are due to changes in the plasma membrane, including
membrane domains, and that NTX blocked this EtOH-induced
effect, thereby retaining constant amplitude of Fura Red ratio
across all EtOH concentrations tested.

In summary, our data suggest that NTX actions in live PC12/
KOP-eGFP cells are complex; occurring through two principal
pathways: 1) direct binding to KOP-eGFP and 2) KOP-
unmediated modulation of cholesterol-enriched membrane
domains, which is in good agreement with our FCS data (Fig. 3)
and previous work [8].

To further characterize the contribution of these two pathways,
effects of NTX on Ca®" influx were tested using (+)-NTX (Fig. $19)
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and LY2444296 (Fig. S20). 200 nM (+)-NTX clearly showed no
effect on Ca®" influx (Fig. 519, red), while 100 uM (+)-NTX slightly
increased Ca®" influx without EtOH treatment, following a similar
pattern under co-treatment with EtOH (Fig. S19, blue). LY2444296
(100nM) was found to enhance Ca?* influx, a direct KOP
antagonistic effect achieved via binding to KOP-eGFP (Fig. S20),
but did not show any KOP-unmediated effect (Fig. S11).

Taken together, our FLIM data (Figs. 1 and 2) and FCS data (Fig.
3), suggest that EtOH modulates Ca?" influx via changes of
membrane environment, in particular deformation of cholesterol-
enriched membrane domains. NTX does not only show the KOP-
mediated antagonistic effects on Ca*" influx, but also KOP-
unmediated effects on lipid dynamics in the receptor surrounding
lipid environment, which is related to KOP-harboring nanoscale
cluster formation.

DISCUSSION

Alcohol abuse and dependence remain the most significant
substance abuse problems worldwide and in the US alone more
than 140,000 people are dying from alcohol-related causes
annually [54]. While there is an ongoing debate whether
psychotherapy or medication have superiority for treatment, it is
a fact that the majority of individuals with AUD receive no
treatment at all.

Earlier studies of medication in AUD have been subjected to a
meta-analysis, showing the NTX and acamprosate are superior to
placebo; NTX is particularly effective in heavy drinking and
prevention of recurrence [55]. A more recent survey supports the
efficacy of NTX. Moreover, effectiveness of extended-release NTX
medication was recently demonstrated [56]. However, NTX-based
prescriptions were primarily given to higher income males with
private insurance, leaving women and minorities without such
intervention [57]. A certain rise in AUD have been recorded during
the covid-19 pandemic [58], prompting an editorial advocating
higher rate of NTX prescriptions [1].

Behavioral effects mediated by KOP differ markedly from those
of the other opioid receptors, MOP and the delta-opioid receptor
(DOP). Kappa-agonists are not self-injected and clinical use is
compromised by psychotomimetic side effects. It has even been
proposed that the overt euphorigenic effects of MOP and DOP
pathways are related to positive reinforcement whereas effects on
KOP are balancing and related to the negative reinforcement
(craving) [59]; both effects have been related to AUD.

NTX has found a therapeutic niche for the treatment of AUD
and is one of the very few medications that can be prescribed for
this indication. One characteristic of AUD in humans is that
dependent subjects will consume alcohol to relieve or avoid
withdrawal symptoms. Similarly, in preclinical studies, alcohol
postdependent rats exhibit an alcohol dependence syndrome that
is characterized by both somatic and motivational withdrawal
symptoms that usually begin after 6 to 8h of abstinence and
engage in excessive drinking when alcohol is made available
again. Using a rat model of alcohol dependence (i.e, chronic
intermittent alcohol vapor exposure) we showed that NTX
decreased alcohol intake in nondependent rats, regardless of
sex and abstinence time point [60]. In postdependent rats, NTX
significantly decreased the exaggerated alcohol intake only at a
delayed abstinence time point (i.e., 6 weeks) in males, whereas it
similarly reduced alcohol drinking in females at 8 h, 2 weeks, and
6 weeks abstinence time points. These findings further support
targeting the endogenous opioid system to prevent excessive
drinking that is characteristic of AUD, even after long periods of
abstinence and further suggest that alcohol dependence causes
neuroadaptation [60].

The access of a fluorescent derivative of NTX was a priority in
the study. While fluorescent NTX derivatives have been described
before [27], the strategy here was to extend the separation of the
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fluorescent marker to NTX by a longer linker, considering the X-ray
analysis data showing that the JDTic, a KOP antagonist, binds in a
deep pocket [14] and NMR analysis of the KOP/dynorphin
interaction [15].

NTX has been reported to have a lower affinity for KOP as
compared to MOP and may therefore not be considered a KOP
antagonist. However, under our conditions, affinity is strong and
more in line with previous studies using competition assays in
transfected cell cultures that identified approximately equal
affinity of NTX for KOP and MOP [61]. Constitutive activity and
inverse agonism were also observed, which increased after
agonist pretreatment [61]. To approach the effects of alcohol on
both MOP and KOP at a molecular level, we introduced high-
resolution molecular imaging with FCS to follow the dynamics in
cell culture of MOP and KOP labeled with fluorescent tags. The
addition of pharmacologically relevant concentrations of EtOH
influenced their lateral movements in the plasma membrane [62].
Significantly, EtOH-induced effects showed differences between
MOP and KOP, with higher presence of MOP in the membrane,
whereas KOP presence declined. Differences related to EtOH-
induced effects were also observed with super-resolution micro-
scopy [8].

In our studies, we have also used high-resolution technologies
to investigate the effects of EtOH on both MOP and KOP in cell
culture. As expected, NTX blocks the activation of MOP. At the
ultrastructure, nanoscale level, EtOH affects the distribution of
both MOP and KOP (induces the formation of smaller and less
occupied MOP and KOP nanodomains) [8]. These studies also
revealed that NTX induces formation of larger and more occupied
KOP nanodomains and that NTX pretreatment has protective
effects against EtOH-induced changes in nano-organization of
both receptors [8].

Another approach to the specificity of the studies effects is the
use of stereoisomers. The (+) isomer of NTX ((4+)-NTX) was
available to us. This isomer has its own pharmacologic profile and
shows equipotent binding for MOP and the toll-like receptor TR4,
and interacts with opioid (morphine) analgesia [63, 64] as well as
drug reward [65]. The results are clear, the (+) isomer is much less
active demonstrating that the NTX effects we observe are
mediated by interaction with KOP and not due to off-target
effects (Fig. 2).

Based on our data, we have developed a model to describe
EtOH, and the direct and indirect actions of naltrexone (NTX) on
KOP function (Fig. 5). In untreated cells under normal culture
conditions, KOPs exist partly as monomers and partly as
homodimers. They are distributed between the lipid bilayer and
nanoscale clusters within the plasma membrane. Under these
conditions, thermal fluctuations can activate the fraction of KOPs
localized in clusters, resulting in a basal level of KOP activity even
in the absence of a specific ligand. This basal KOP activation leads
to the release of Gg, subunits, which inhibits Ca®>* channels. EtOH
disrupts the plasma membrane organization, causing deformation
of the cholesterol-enriched membrane domains that harbor KOP,
thereby promoting the dissociation of KOP homodimers into
monomers. This reduces the number of KOPs that can be
activated by thermal fluctuations, thereby diminishing KOP-
mediated Ca?" channel inhibition. Consequently, Ca®" influx is
enhanced, as observed with lower concentrations of EtOH
(1~80 mM). In contrast, higher EtOH concentrations (>100 mM)
cause significant distortion of the plasma membrane organization,
leading to inhibition of Ca?* channels.

Under treatment with NTX, larger nanoscale KOP-harboring
clusters are being formed and the population of KOP homodimers
increases. NTX also exerts its antagonistic effect through its action
on KOP, which results in the enhancement of Ca>™ influx. These NTX
effects are sustained even under combined treatment with EtOH.
Under combined treatment, both NTX and EtOH affect the KOP-
harboring-cholesterol-enriched membrane domains, as observed in
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our previous study [8]. Under combined treatment with EtOH,
cholesterol-enriched membrane domains of intermediate size form,
and the KOP homodimer population is still decisive, albeit lower
than under treatment with NTX alone. As a result, the Ca®" influx
remains the same in the whole EtOH concentration range. In other
words, the EtOH-induced enhancement and distortion of Ca*" influx
are suppressed by NTX. Considering the lipid dynamics/membrane
fluidity and KOP clustering, NTX shows a protective effect against
EtOH, possibly through the retention of membrane-anchored actin
fibers and membrane domains.

Comparative studies were performed using the known KOP
antagonist LY2444296 that is a homolog of JNJ-67953964 (a.k.a.
CERC-501 and LY2456302) and a NTX-related agent, and
nalfurafine, a KOP agonist recently introduced for the treatment
of itch (as developed in patients receiving opiates chronically) [66].
We confirm that nalfurafine, like the natural ligand DynA, induces
KOP internalization (Fig. S7). But, unlike DynA (Fig. S2) nalfurafine
leads to the formation of large cytoplasmic vesicles with a clear
KOP-eGFP harboring rim (Fig. S7), that are significantly larger (can
be readily distinguished by confocal microscopy) than the
typically observed KOP-eGFP trafficking vesicles the size of which
is below/at the resolution limit defined by the diffraction of light.
The observed activity of the LY2444296 confirmed KOP antagon-
ism and as is shown here, NTX and LY2444296 share binding sites
(Fig. S8).

It can be noted that KOP has been identified as one of the
strongest genetic linkages in major depressive disorder along with
dopamine receptor 2 (D2R) [67]. It is noticeable that there is a
striatonigral dynorphin pathway reciprocal to the classic nigros-
triatal dopamine pathway [68, 69]. The close connection between
two potentially relevant neurotransmitter systems may be an
indication of a functional relationship. A recent “fast-fail” study of
JNJ-67953964 in major depressive disorder showed activity in
anhedonia [70]. It is now in Phase Il trial as Aticaprant. Another
chemically distinct KOP antagonist BTRX-335140, Navacaprant is in
Phase Il clinical trial in depression [71]. To our knowledge, there
are so far no clinical studies of KOP antagonists in AUD. Our
research using an alcohol-dependent rat model demonstrated
that LY2444296 significantly reduced alcohol self-administration in
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both male and female rats. These findings suggest that KOP-
selective antagonists could be promising candidates for develop-
ing medications to treat AUD [72].

CONCLUDING REMARKS

NTX, an analog of naloxone-a well-known opiate antidote in
emergencies, was developed as a long-acting MOP antagonist
to protect against further intoxication. Its activity in AUD,
initially thought to be limited to its antagonistic action on
MOP, is multifaceted, involving its potent antagonistic action
on KOP, also shown here. Our data suggest that in addition to
these systemic effects, alcohol also exerts its effects on KOP
function at the cellular level. By changing KOP distribution
between the lipid bilayer and nanoscale clusters within the
plasma membrane, alcohol changes cellular KOP-mediated
signaling. While NTX is blocking both constitutive and alcohol-
induced KOP-mediated activity, it is important to note that it is
much less active at KOP when alcohol is abound. This is an
obvious caveat for NTX use in binge drinking (to intoxication),
which is of medical concern and is very different from social
alcohol use [73].

The interactions of alcohol, NTX and the opioid receptors,
particularly MOP, have been studied with a variety of technologies
[6, 74]. The current data illustrate that the KOP receptor and KOP-
lipid interactions are also a relevant target.

DATA AVAILABILITY

Raw data can be provided for investigations from SO.
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ABSTRACT

Hemoglobin (Hb), a life-sustaining and highly abundant erythrocyte protein, is not readily fluorescent. A few
studies have already reported Two-Photon Excited Fluorescence (TPEF) of Hb, however, the mechanisms through
which Hb becomes fluorescent upon interaction with ultrashort laser pulses are not completely understood. Here,
we characterized photophysically this interaction on Hb thin film and erythrocytes using fluorescence spec-
troscopy upon single-photon/two-photon absorption, and UV-VIS single-photon absorption spectroscopy. A
gradual increase of the fluorescence intensity, ending up with saturation, is observed upon prolonged exposure of
Hb thin layer and erythrocytes to ultrashort laser pulses at 730 nm. When compared to protoporphyrin IX (PpIX)
and oxidized Hb by H,O2, TPEF spectra from a thin Hb film and erythrocytes showed good mutual agreement,
broad peaking at 550 nm, supporting hemoglobin undergoes degradation and that same fluorescent specie(s)
originating from the heme moiety are generated. The uniform square shaped patterns of the fluorescent
photoproduct exhibited the same level of the fluorescence intensity even after 12 weeks from the formation,
indicating high photoproduct stability. We finally demonstrated the full potential of the formed Hb photoproduct
with TPEF scanning microscopy towards spatiotemporally controlled micropatterning in HTF and single human
erythrocyte labelling and tracking in the whole blood.

1. Introduction

Human adult hemoglobin (Hb) is an iron-containing metalloprotein
in erythrocytes, the primary function of which is to transport oxygen
from the lungs to all other organs and tissues. It is made up of two a- and
two p-polypeptide chains, each associated with one hem prosthetic
group [1]. While the absorption spectrum of oxyhemoglobin (oxyHb)
shows several bands, as the intense Soret or B band in the region of 370
nm - 450 nm and the so-called Q-band in the region of 500 nm — 650 nm
in the porphyrin ring [2], the conventional single-photon excitation
fluorescence (SPEF) of Hb is not or hardly detectable due to the fast non-
radiative decay that dominates over spontaneous fluorescence emission
[3-5]. In contrast, the intense two-photon absorptivity of Hb in the near-

infrared range [6] followed by strong fluorescence emission, have made
Two-Photon Excited Fluorescence (TPEF) imaging possible [4] and
applicable in a number of studies: for erythrocytes imaging [7,8],
analysis of residual Hb distribution in empty erythrocytes membranes (i.
e., erythrocyte ghosts) [9], in vivo imaging of microvasculature
[10-12], and even time-resolved diagnostic imaging [13]. Of note, Hb
excitation through a two-photon absorption process, which is governed
by significantly different selection rules than single photon absorption,
is described in detail in [3,5], while the corresponding single and two
photon absorption spectra are given in [6].

Due to high absorptivity of Hb in the VIS and near infrared (NIR)
region, erythrocytes are also readily imaged using absorption-based
techniques, such as photo-acoustic microscopy [14]. Photo-acoustic
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microscopy is an imaging technique that leverages the non-radiative
decay of Hb, which happens to be the most frequently used contrast
agent for this modality [15-17]. Another type of label free imaging
techniques, used for erythrocytes imaging is the nonlinear Third Har-
monic Generation (THG) microscopy. This method has demonstrated
efficacy in imaging erythrocytes contained within transfusion bags.
[18].

The significance of photochemical manipulation of proteins is
especially boosted by the discoveries of their optogenetics, photo-
biomodulation and bioimaging applications in recent years [19,20].
Understanding the photophysical and photochemical processes during
the interaction of Hb with ultrashort laser pulses is of great importance
for the development of functional imaging aimed for the assessment of
erythrocytes functional status [21], where hemoglobin is the main
intracellular protein of these cells. Besides, a better understanding of the
interaction of Hb with ultrashort laser pulses could contribute to the
development of new methods for the characterization and tracking of
extracellular Hb presence. This implies extracellular Hb from endoge-
nous sources due to hemolysis (in all diseases where in common feature
is hemoglobinemia, such retinopathy, neuropathy, nephropathy and
brain hemorrhages) [22], or exogenous sources, such in the cases of use
of hemoglobin-based oxygen carriers [23] and hemoglobin-based drug
delivery system, which have great potential in cancer therapy
[22,24,25]. So far it was only shown that upon ultrashort laser pulses
interaction with Hb, there is relation between TPEF spectra of heme and
hemoglobin, as stated in [3].

However, despite already established, as well as emerging applica-
tions of Hb-based TPEF microscopy, the origin of generated fluorescence
still needs to be completely understood. While it was initially proposed
that the origin of the observed Soret fluorescence (420-460 nm) with a
fluorescence emission peak at 438 nm originates from Hb [3], it was
shown that TPEF does not directly originate from Hb, but rather from a
photoproduct created upon the interaction of ultrashort laser pulses
used in this nonlinear imaging technique with Hb [26]. This lack of basic
understanding motivated us to deeper study ultrashort laser pulses
interaction with Hb, with a particular focus on characterizing the
durability of the Hb photoproduct and experimental conditions under
which it is being formed. Since we efficiently demonstrated utility of
TPEF microscopy to image the erythrocytes, the ultrashort laser pulses
interaction with Hb was further photophysically characterized on thin
Hb films using fluorescence spectroscopy upon two-photon absorption,
UV-VIS single-photon absorption spectroscopy, and spectral fluorescent
imaging. To examine whether degradation of the heme moiety occurs
when ultrashort laser pulses used in TPEF microscopy imaging interact
with Hb, spectroscopic properties of heme precursor protoporphyrin IX
(PpIX), a heterocyclic organic compound that consists of four pyrrole
rings, were analyzed. In addition, photophysical properties of the Hb
photoproduct were compared to photophysical properties of compound
(s) formed under Hb oxidation with hydrogen peroxide (H202) [27,28]
to determine whether there are differences in the optical response of
products formed under chemically induced Hb degradation. Finally, we
examined the potential of the Hb photoproduct to be used for micro-
patterning and single erythrocyte tracking.

2. Materials and methods
2.1. Sample collection and processing

Venous blood from healthy human volunteer was collected at the
Institute for Transfusiology and Hemobiology, Military Medical Acad-
emy, Belgrade, Serbia. The protocol was approved by the Institutional
Ethical Review Board (No 9/2021). In conformance with the World
Medical Association Declaration of Helsinki, informed consent was ob-
tained from potential participants. The blood was drawn using vacu-
tainer tubes (10 mL plastic vacutainer (BD Vacutainer® EDTA Tubes)
with BD Hemogard™ lavender closure containing 18 mg K2EDTA). To
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prepare slides for direct TPEF microscopy imaging of erythrocytes, 10 puL
of whole blood was diluted in isotonic saline solution (0.9 % NaCl, Natrii
chloridi infundibile 9 g/L, Hemofarm, Serbia) in the volume: volume
ratio 1:30. 3 pL of diluted whole blood sample was smeared onto a
microscope slide, covered by a No. 1.5 coverslip and sealed.

2.2. Hb isolation

To isolate hemoglobin, human erythrocytes were precipitated by
whole blood centrifugation. To this aim, 10 mL of whole blood was
centrifuged at 1811 xg for 20 min at 4 °C (Megafuge 1.0R, Heraus
centrifuge, Langenselbold, Germany). The supernatant, consisting of
leucocytes in plasma, was carefully removed by aspiration and dis-
carded. The precipitated erythrocytes were resuspended in isotonic sa-
line solution (0.9 % NaCl, Natrii chloridi infundibile 9 g/L, Hemofarm,
Serbia) in a volume:volume ratio of 1:4 and the suspension was ho-
mogenized by fine twisting the test tube. The remaining plasma proteins
were removed by centrifugation of the erythrocyte suspension at 1257
x g for 10 min at 4 °C. These steps were repeated three times. Finally, the
precipitated erythrocytes (packed) were resuspended in the isotonic
phosphate buffered saline solution (PBS; 0.8 % saline buffered with 10
mM sodium phosphate, pH 7.2-7.4) in the volume: volume ratio of 1:4.

The hemolysis of erythrocytes suspension was performed using hy-
potonic 5 mM sodium phosphate buffer, pH 7.2, at 4 °C. Specifically, in
1 mL of erythrocytes suspension in PBS, 9 mL of 5 mM sodium phosphate
buffer was added, and the tube was slightly mixed and then left at 4 °C
for 1 h. The suspension was centrifuged at 3220 xg for 40 min at 4 °C.
After centrifugation, the supernatant fluid containing released Hb mol-
ecules was collected, and the aliquots were filtered through 0.2 pm sy-
ringe filter. If not used immediately, the samples of Hb were aliquoted
and stored at —20 °C for future use. Just before the experiment, a Hb
aliquot would be thawed, and its concentration checked. Only one
freeze-thaw cycle was allowed so the aliquots were discarded after
experiment performed. All tests were done with Hb stored for less than
two years from Hb isolation, since our previous results showed that it
remains intact-undecomposed and non-aggregated under these storage
conditions [29].

2.3. Hb thin film preparation for TPEF microscopy imaging

Thin Hb films were prepared by smearing 5 pL of Hb on the micro-
scope slide, air-drying for 3 min and covered by No. 1.5 coverslip and
sealed. The film thickness was <50 pm, as measured by confocal laser
scanning microscopy, i.e., scanning along the z-axis. The smallest step of
motorized the microscope stage stepper motor was 0.3 pm.

2.4. Protoporphyrin IX (PpIX) thin film preparation for TPEF microscopy
imaging

Protoporphyrin IX (PpIX) in the form of a disodium salt was pur-
chased from Sigma Aldrich (USA) and used without further purification.
20 pM stock solution of PpIX was prepared by dissolving 0.1 g of PpIX in
1 M HCI to the total volume of 50 mL. The stock solution was stored at
25 °C protected from light, to minimize photo-induced degradation of
PpIX. To prepare slides for TPEF spectroscopy and spectral imaging, the
PpIX stock solution was diluted in 1 x PBS (Sigma Aldrich, 140 mM
NaCl, 10 mM phosphate buffer, and 3 mM KCl, pH 7.4) to the final
concentration of 5 pM. 5 pL of this solution was placed on a microscope
slide and treated in the same way as for Hb thin film preparation
described above.

2.5. TPEF imaging of Hb treated with H202
The 22.5 M H05 was diluted using PBS (Sigma Aldrich, 140 mM

NaCl, 10 mM phosphate buffer, and 3 mM KCl, pH 7.4) to a concen-
tration of 250 pM. Further, 1 mL of Hb at a concentration of 22.3 g/L,
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was incubated with 0.5 mL of 250 pM H,05 for 30 min at room tem-
perature (= 21 °C). After incubation, 5 pL of this mixture was placed on a
microscope slide, smeared, dried, covered by a #1.5 coverslip and
sealed.

2.6. TPEF scanning microscopy, micropatterning, and micro-spectroscopy

The experimental setup and home built TPEF microscope have been
previously reported [30,31]. In this work, we upgraded it for micro-
patterning and micro-spectroscopic experiments. Schematic drawing
of the experimental setup is shown in Fig. 1. The Ti:Sapphire laser
(Coherent, Mira 900-F), pumped by a frequency-doubled Nd:YVO4 laser
(Coherent, Verdi V10), was used to generate ultrashort laser pulses with
the repetition rate of 76 MHz and pulse duration of 160 fs. Galvo-
scanning mirrors (Cambridge Technology) are used for raster scanning
and micropatterning. Two microscope objectives were used in this
study: EC Plan-NEOFLUAR 40x /1.3 N.A. oil (Carl Zeiss) for erythrocyte
imaging and Plan-Apochromat 20x /0.8 N.A. air (Carl Zeiss) for Hb
micropattering. The laser beam was expanded to fulfill the back aperture
of the objective lens. A short-pass dichroic mirror was used to reflect the
laser beam towards the objective lens and transmit the signal to the
15.1-megapixel digital single-lens reflex (DSLR) camera (Canon, EOS

Camera
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50D) and the Photomultiplier Tube (PMT) (RCA, PF1006). The DSLR
camera was used for taking bright-field images. We removed the
infrared filter from the camera to see the back reflection of the laser
beam from the cover glass for the purpose of system alignment and to
facilitate axial positioning of the thin Hb layer. Band pass filters (VIS
and/or 450 nm short pass) were placed in front of the PMT to collect Hb
photoproduct fluorescence. A 700 nm long pass filter was used to
remove parasitic laser lines shorter than 700 nm. A short pass 700 nm
filter was placed in front of the PMT detector to additionally remove
back scattered laser light. The Hb photoproduct formation and eryth-
rocytes imaging were performed at 730 nm ultrashort laser pulses. This
wavelength is chosen as optimal according to the optical setup and
properties of Hb molecule, whilst details are given in our previous study
[9].

In addition, we were able to record in situ TPEF emission spectra of
the Hb photoproduct and erythrocytes using fiber-coupled, thermo-
electrically (TE) cooled charge-coupled device (CCD) spectrometer with
reduced thermal noise (Glacier X, BWTEK). To collect the TPEF emission
from arbitrary chosen excitation point, the fiber was attached to the
adapter plate (Thorlabs, SISMA) mounted on the precise translation
stage (Thorlabs, ST1XY-D/M). Henceforth, we refer to the in situ
acquisition of TPEF emission spectra from an arbitrarily chosen point in

Two - photon micro spectral
measurement adaptation

v
%{W
%

Fig. 1. Schematic 3D drawing of the home-built TPEF microscope with specific adaptations for in situ emission spectra measurement (inset). The TPEF microscope
comprising the: Ti:Sa, Ti:Sapphire laser; 700 LP filter, 700 nm long pass filter; P.P.P., plan parallel plate; PD, photo-diode; VNDF, variable neutral density filters;
GSM, galvo scanning mirrors; L1 and L2 lenses; AC, acquisition card; DM, dichroic mirror (short pass); Bulb, bulb for bright-field imaging; TL, tube lens; BS/M, beam
splitter or mirror; PMT, photomultiplier tube. Inset: The module for micro spectral measurements comprises: 700 SP filter, 700 nm short pass filter; X-Y F, functional
X-Y stage controller, Spec, compact high-performance CCD spectrometer with TE cooling.
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the sample as micro-spectroscopy. Square-shaped TPEF emission pat-
terns were inscribed by raster-scanning of the sample, whereas arbitrary
patterns were inscribed by scanning the beam along a corresponding
line. The latter is enabled by a specially written program that recognizes
arbitrary figures in both vector, and bitmap formats, and controls the
dwell time, power and writing speed of the fs laser beam.

2.7. Single-photon excitation fluorescence (SPEF) and confocal laser
scanning microscopy (CLSM)

Hb photoproduct lastingness was assessed by single-photon excita-
tion fluorescence (SPEF) using a confocal laser scanning microscope
(LSM 510, Carl Zeiss), equipped with an Ar multi-line (458 nm, 488 nm,
and 514 nm) laser and a Plan Apochromat 40 x 1.3 N.A. oil-immersion
objective (Carl Zeiss). Optical slice thickness was set to <4.3 pm, by
choosing the pinhole diameter of 5.65 Airy units, to collect as much as
possible fluorescence light from the photoproduct and to increase Signal
to noise ratio (SNR). The best signal-to-noise-ratio in the SPEF images of
the Hb photoproduct in the square-shaped patterns was at 488 nm
excitation wavelength. Emission was collected using the main dichroic
beam splitter, HFT 488 nm and long pass filter LP 505 nm.

2.8. Absorption spectra measurements

Absorption spectra of Hb and TPEF irradiated Hb in the intact thin
Coulter

film were measured using the Beckman DU700
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spectrophotometer. A special aluminum holder was designed to hold the
microscope slide with Hb specimen, to mimic a cuvette for the spec-
trophotometer. The dimensions of the holder were 45 mm x 10 mm X
10 mm. The mask with the round hole was placed over the cover glass
with Hb layer and photoproduct square pattern. The hole matches the
Hb photoproduct enabling the portion of incident light from the spec-
trophotometer to pass only through the region where the Hb photo-
product is. Prior to the absorption measurements, necessary calibration
was performed for the overall transmission.

2.9. Spectral imaging

Spectral confocal Laser Scanning Microscopy (CLSM) imaging was
performed using an LSM880 (Carl Zeiss) instrument, equipped with
several lasers: three diode lasers (543 nm and 633 nm), and an Ar-ion
laser (lines: 458 nm, 488 nm and 514 nm); objective lens (Plan-Apo-
chromat 20x/0.8 N.A.); and gallium arsenide phosphide (GaAsP)
spectral array detector. The pinhole size was adjusted to 33 pm (1 Airy
unit at 488 nm). The fluorescence (single-photon excitation fluorescence
(SPEF)) was spectrally split by a diffraction grating and detected in the
418 nm - 723 nm range with a 3 nm wavelength resolution using the
GaAsP spectral array detector. For all wavelengths, the laser power was
9.4 uW at the objective lens. SPEF emission spectra are displayed only
for wavelengths that are longer than the wavelength of the excitation
laser.

Erythrocyte 1
b —e— Erythrocyte 2
0.010 —a— Erythrocyte 3
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Fig. 2. TPEF microscopy enables both selective erythrocyte photolabeling and imagining in the whole blood. (a) Label-free TPEF microscopy images (6 out of 10) of
erythrocytes. The image pixel size is 1024 x 1024 pixels; it is averaged out from 30 scans with the pixel dwell time is 8.53 e s. In total, each image took 26.1 s to be
recorded, which represents a single unit of exposure. The image intensity is represented by pseudocolor code of PMT voltage values for each pixel (dark blue — lowest
TPEF signal, red — highest TPEF signal); (b) Mean pixel values of PMT voltage proportional to the TPEF intensity for each ROI (yellow, red and blue square box)
shown in (a)), presented with the curve of the corresponding colour. Mean pixel values were calculated from region of interest (ROI), (yellow, red and blue squares)
and for each image, the square size is 100 x 100 pixels; (c) Black curve is average of three erythrocytes shown in (b), standard error was presented for the ordinate
(voltage); (d) TPEF spectrum recorded in an arbitrarily selected point in a single erythrocyte, using micro-spectral measurement adaptation. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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3. Results and discussion

3.1. Photo-labeling of erythrocytes using TPEF microscopy and micro-
spectroscopy analysis of erythrocytes fluorescence emission

To confirm already demonstrated feasibility of TPEF microscopy for
erythrocytes imaging [8,9], we initially performed an analysis on
diluted human whole blood. The blood was diluted in order to get sparse
erythrocytes that are not stacked to each other and clearly distinguish-
able at the image. TPEF microscopy allowed us to selectively photo-label
individual erythrocytes in a whole blood specimen. Here, photo-labeling
refers to the process of rendering fluorescent individual erythrocytes
using ultrashort 730 nm laser pulses. The gradual increase of TPEF from
the irradiated erythrocytes as the laser beam scans over them is shown in
Fig. 2a. This result was in accordance with the already demonstrated
increase of the fluorescence intensity in the erythrocytes upon illumi-
nation with ultrashort laser pulses and formation of a so called Hb
photoproduct [26]. Herein, the increase of TPEF signal has been proven
through the PMT voltage dependence on the number of exposures
(Fig. 2b), since PMT voltage is directly proportional to the fluorescence
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intensity. The abscissa shows the number of exposures whereat one
exposure refers to a series of 30 consecutive image frames acquired by
raster laser scanning, the acquisition of which lasted ~26.1 s. The
ordinate shows the mean PMT voltage per exposure per pixel of the
rectangular regions given in the last image (no.6) at Fig. 2a. The average
PMT voltage i.e., fluorescence intensity curve is presented in Fig. 2c. In
addition, the TPEF emission spectrum was acquired (Fig. 2d) using a
CCD array fiber optic spectrometer mounted on the nonlinear micro-
scope (Fig. 1 inset).

3.2. Hb photoproduct formation using 730 nm ultrashort laser pulses

To ascertain that the observed increase in TPEF intensity comes
solely from the Hb photoproduct that was formed upon erythrocytes
illumination with ultrashort 730 nm laser pulses, but not from other
molecules, we performed experiments using isolated Hb. To this aim,
square-shaped patterns were inscribed in the thin Hb film in a spatio-
temporally controlled manner: 1024 x 1024 pixels at average laser
power of 20 mW (Fig. 3a). Both SPEF (Fig. 3b) and TPEF images (Fig. 3c)
were acquired. The acquisition procedure was repeated 10 times

TPEF microscopy
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Fig. 3. SPEF spectra of the Hb photoproduct formed upon Hb thin film exposure to ultrashort 730 nm laser pulses. (a) Bright-field microscopy image of the specimen
shown reveals that the Hb photoproduct (dark grey square) is less optically translucent than Hb (light grey surrounding); (b) Single-photon excitation fluorescence
(SPEF) emission image of the specimen shown in (a) reveals that Hb photoproduct SPEF can be excited at 488 nm (plum square) whereas Hb cannot (black sur-
rounding); (c) Representative TPEF microscopy image showing intense emission in the yellow-green square-shaped area where the Hb photoproduct was formed, in
comparison to the non-fluorescent Hb in the surrounding (black); (d) The Hb photoproduct is lasting and its SPEF emission properties are preserved over extended
time, as evident from the mean SPEF intensity per pixel (measured in the yellow rectangular area in the inset); (e) TPEF spectrum of the Hb photoproduct recorded in
an arbitrarily selected point in the thin layer. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this article.)



M.D. Radmilovi¢ et al.

(number of exposures) after 8 scanning times the maximum TPEF in-
tensity was reached, after that the TPEF intensity started to decrease due
to photobleaching (see Fig. 2b). To demonstrate that strong TPEF
emission is observed only from the region that was exposed to ultrashort
730 nm laser pulses, the field of view, i.e., the scanned region was
expanded, the average laser power was lowered down to 2.5 mW and a
TPEF image was acquired (Fig. 3c). In addition, bright field imaging
clearly showed that transmission properties of the extensively illumi-
nated square-shaped area have become less transparent (Fig. 3a).
Finally, using single-photon excitation at 488 nm, we detected SPEF
emission from the Hb photoproduct formed only in the region exposed to
ultrashort 730 nm laser pulses, but not in the surrounding region
(Fig. 3b, plum). Here, it is worth reminding that Hb is not naturally
fluorescent [26], which is obvious from the dark region around the
fluorescent square (Fig. 3a and c). The photoproduct formation depends
on exposure time and laser average power, among other parameters that
are fixed in our experiment (wavelength, repetition rate, pulse duration
etc.). The fluorescence intensity signal starts to increase even after the
first exposure. For Hb isolated as stated in previous Section 2.2, TPEF
intensity of the Hb photoproduct becomes detectable at a laser excita-
tion power of approximately 10 mW after the first exposure, which
corresponds to the deposited energy of 261 mJ on the square area
62,500 pm?.

Similarly, to erythrocytes, the increase in fluorescence intensity was
gradual with the number of scanning times (i.e., number of exposures)
across the square area which is proportional to the total absorbed dose/
energy (plot is equivalent to the plot shown in (Fig. 2b). This suggests
that ultrashort laser pulses interact directly with Hb to form photo-
product in the erythrocyte. Longitudinal SPEF recordings showed that
the Hb photoproduct is stable over a considerably long time (Fig. 3d).
The TPEF spectrum of the Hb photoproduct in the thin film showed
maximum at (550 + 2) nm (Fig. 3e), the same to the TPEF emission
spectrum recorded from a single erythrocyte (Fig. 2¢). This observation
suggests that ultrashort laser pulses interact solely with Hb in the
erythrocytes from the whole blood, forming the same photoproduct. Or,
at least, one could say that the interaction of the ultrashort laser pulses
with other molecular species in erythrocytes is negligible, at the given
conditions. The dynamic of Hb photoproduct formation is also the same
in erythrocytes and Hb thin film: gradual increase of the fluorescence
intensity with number of exposures that end up with saturation plateau.
We might anticipate that interaction of ultrashort laser pulses with Hb is
mainly followed up with an intensive Hb degradation, due to the
increasing fluorescence intensity over time and the eventual saturation
of the fluorescence when the majority of Hb in focal volume is degraded.

3.3. UV-VIS absorption spectroscopy of TPEF irradiated and non-
irradiated thin Hb layer

To characterize the single-photon absorption spectra of Hb and the
TPEF irradiated Hb in the intact thin film, measurements were per-
formed outside and inside the illuminated square-shaped region (Fig. 3a-
c), respectively. The term irradiated Hb was used because of the mea-
surement procedure of the absorption spectra. Since photoproduct was
formed in a thin layer of Hb film so that both Hb and the photoproduct
are on the same optical path. In addition, some Hb remains unconverted
into the photoproduct even in the treated volume. That's why the
recorded absorption spectrum is not solely from the photoproduct, but
from both, photoproduct and Hb together.

As expected, the UV-VIS absorption spectrum of Hb thin film showed
spectral bands that are characteristic of oxyHb: an absorption band in
the UV region with a maximum at A%/, ~ 275 nm due to & — =n* transi-
tions; and several absorption bands, such as the A% 350 nm attributed
to the absorption of the non-covalent bond between iron and histidine in
the Hb protein part; the Soret or B band /If,f’a’j‘at (410 £ 2) nm and the Q

band with two transitions, the A% f band at 539 nm and 1% a band at
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577 nm [32] (Fig. 4, blue line). Similarly, the UV-VIS absorption spec-
trum of the TPEF irradiated Hb thin film showed the same bands, but
clear differences in band intensity and/or peak position were noted
(Fig. 4, red line). The observed differences and important relations be-
tween them are summarized in Table 1.

A 7 nm bathochromic shift of the Soret band was noted in the irra-
diated Hb with a significant decrease in Soret band intensity (Fig. 4,
Table 1). The bands in the VIS part of the Hb absorption spectrum
originate from the heme group, and changes in their positions and in-
tensities are indicators of displacements along the normal coordinates of
the porphyrin ring [33]. The ratio of Aa/Ap was <1 for both Hb and Hb
after irradiation with fs laser pulses (Fig. 4, Table 1). Still, this ratio in
irradiated Hb was significantly lower than untreated Hb indicating the
degradation of Hb upon the interaction with fs laser pulses. The
mentioned 7 nm bathochromic shift of the Soret peak in the irradiated
Hb, indicates the transformation of oxygenated to oxidized Hb species
[33-35]. Reduced ratio A,S,fgj‘ /Aseo ratios of irradiated Hb in comparison
to intact Hb indicate free heme presence and breakdown of Hb molecule
[33].

3.4. Single-photon excitation fluorescence (SPEF) emission spectra of thin
film Hb photoproduct by confocal microscopy spectral imaging

The Hb photoproduct square shape patterns are imaged using single-
photon excitation confocal microscopy (Fig. 5a), and square shape
patterns (Fig. 5b) were formed previously by the exposure to the ultra-
short laser pulses as explained in Section 2.9. SPEF emission spectra
were recorded for different excitation wavelengths (Fig. 5¢) from the Hb
region of interest 1 (ROI1, dashed circle) and from the photoproduct
region of interest (ROI 2, solid circle). Excitation efficiency dependence
was constructed by extracting emission maxima at different excitation
wavelengths (Fig. 5d). The SPEF emission spectrum acquired using the
shortest excitation wavelength, Aexc = 458 nm, showed a fluorescence
emission maximum at Ay, = 550 nm and a broad emission band (red
curve), being good agreement with TPEF emission spectrum (Fig. 3e).
The emission spectra acquired using excitation wavelengths longer than
458 nm, Aexe > 458 nm, showed emission maxima that are slightly red
shifted to one another, possibly suggesting that the Hb photoproduct
may comprise several spectrally distinct molecules. The existence of
more than one molecular species is confirmed by the absorption spec-
troscopy (Section 3.3) and it is in accordance with the results given in
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Fig. 4. Absorption spectra of Hb and the irradiated Hb thin layers. UV-VIS
absorption spectra of intact Hb thin layer (blue) and irradiated Hb that con-
tains the photoproduct (red line). All characteristics of absorption spectra are
given in Table 1. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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Table 1

Characteristics of Hb and Hb photoproduct UV-VIS absorption spectra. The
mean and standard deviation of four separate absorbance measurements is
represented.

Absorption band maximum Hb
position / intensity

Irradiated Hb region containing
the photoproduct

%Y./ nm 273 +2 272+ 2
e/ nm 351 42 351 + 2
5t/ nm 410 + 2 417 £ 2
2%/ nm 539 + 2 538 + 2
22/ nm 577 £2 576 + 2
AUV 0.226 + 0.237 + 0.001
0.003
Alls 0.179 + 0.200 + 0.002
0.008
ASoret 0.671 + 0.438 + 0.001
max
0.002
A 0.082 + 0.139 + 0.003
0.007
A 0.079 + 0.134 + 0.003
0.001
Aseo 0.063 + 0.132 + 0.005
0.002
AAqu/AAgp 0.804 + 0.371 + 0.014
= (A%, Asgo)/(Afex — Aseo) ~ 0:027
ASoret 7 AQe 8.506 + 3.254 + 0.007
0.046
ASoret / AUV 2.962 + 1.848 + 0.014
0.042

[33-35]. In addition, excited by the different wavelengths one molec-
ular species would give just the change in the fluorescence intensity
while keeping the position of the spectral maximum fixed.

3.5. TPEF emission of PpIX

To characterize the Hb iron ion role in Hb photoproduct formation,
TPEF spectra of PpIX were investigated. The obtained TPEF emission
spectrum of PpIX (Fig. 6a black line) shows both distinctions and simi-
larities to TPEF spectrum of the Hb photoproduct (Fig. 3e). Most
notably, unlike Hb, PpIX is easily excited and TPEF emission is readily
observed even at low irradiation intensities (Fig. 6a, black curve).
However, the TPEF emission observed at low irradiation intensities
originated predominantly from unaltered PpIX molecules, as evident
from previously published data [36]. When using higher laser power (e.
g., 16.5 mW), the TPEF emission spectrum of PpIX is considerably
changed: becoming broader and with a maximum peak around 550 nm
(Fig. 6a, blue curve), resembling the TPEF emission spectrum of the Hb
photoproduct (Fig. 3e). This, in turn, suggests that intense irradiation of
PpIX leads to the generation of PpIX photoproduct that is similar to the
Hb photoproduct, so that iron atom is not necessary for the formation of
Hb photoproduct.

3.6. TPEF emission of Hb treated with H202

It has been shown that Hb treatment with HyO, also leads to the
formation of a fluorescent product [27,28]. To determine whether
similar photoproducts are formed under Hb treatment with HyO, as
upon its interaction with 730 nm ultrashort laser pulses, we compared
how the TPEF intensity changed when increasing the exposure time
(Fig. 6b) and TPEF spectra (Fig. 6¢). Unlike for Hb thin film, where in-
crease of fluorescence intensity and saturation were eventually observed
(Fig. 6b, light green squares), the fluorescence of the HyOo-treated Hb
shows a high TPEF emission intensity immediately upon excitation, even
at the first exposure (Fig. 6b, olive dots). The increase of fluorescence in
Hb film (Fig. 6b, light green) has the same trend as in erythrocytes
(Fig. 2b). The slight discrepancy is due to different number of graph
points and concentration of Hb in erythrocytes and thin Hb film.
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Moreover, the observed TPEF intensity was independent on the number
of exposures, i.e., absorbed dose, of 730 nm ultrashort laser pulses. This
confirms the hypothesis of the photodegradation of Hb involved in the
photoproduct formation, since interaction between Hb and a 10 (or
more) fold excess HyO5 leads to Hb degradation according to the [28].
Finally, the TPEF spectrum of HyOo-treated Hb thin film showed very
good agreement with the TPEF spectra of Hb thin film treated with ul-
trashort laser pulses, the erythrocytes and the PpIX layer under high
laser power, 16.5 mW (Fig. 6¢).

Taken together, this suggests that upon Hb reaction with H,O5 and in
the photochemical interaction of ultrashort laser pulses with Hb, the Hb
photoproduct shows, at least with regard to TPEF emission, similar
features. The overlap between the TPEF emission spectra of PpIX and Hb
thin film suggests that heme, i.e., porphyrin rings photoexcitation
playing a significant role in the Hb photoproduct formation. This could
even include heme degradation, as already demonstrated within
diseased so-called Koln erythrocytes', where observed fluorescence does
not resemble that of porphyrins, chelated or otherwise, but does reveal
some characteristics of dypirolic compound spectra [37]. Since dipyr-
rolic urinary pigments in patients with unstable hemoglobin disease are
characterized and support the previous assumption regarding fluores-
cent Koln erythrocytes, it is more likely that under ultrashort laser pulses
the heme's porphyrin ring breakage is enhanced. Importantly, fluores-
cent heme degradation products are already recognized as markers of
red blood cell (RBC) oxidative stress [38], based on the original work of
Nagababu and Rifkind, 1998, who have found that even small portion of
the non-neutralized hydrogen peroxide in erythrocytes degrades the
protoporphyrin and produce stable fluorescent heme degradation
products. Nagababu and Rifkind 1998 reported two heme degradation
products, one with an excitation wavelength of 321 nm and emission
wavelength in the region of 465 nm and the second one with the exci-
tation wavelength of 460 nm and emission wavelength in the region of
525 nm, based on the results that the same fluorescent bands were ob-
tained after hydrogen peroxide treatment of heme or hemin. The broad
emission spectra of a Hb photoproduct obtained in our study indicates
that there are probably more than one Hb photoproduct species as well.
The same authors [39] revealed that the mechanism for the generation
of heme degradation products needs an initial reaction with hydrogen
peroxide, producing Fe (IV) ferrylhemoglobin (ferrylHb) species, which
further reacts with the second molecule of hydrogen peroxide producing
superoxide radical, that can be retained longer in heme pocket than the
superoxide formed during Hb autoxidation, and consequently initiating
degradation of heme [28]. Namely, even in physiological conditions,
RBCs are continuously exposed to both endogenous and exogenous
sources of reactive oxygen species (ROS) (i.e., superoxide and hydrogen
peroxide (H203)), which are mainly neutralized by the RBC antioxidant
system. However, the autoxidation of Hb bound to the membrane is
unavailable to the RBC antioxidant system which is mostly cytosolic.
This process is especially pronounced when Hb is partially oxygenated,
resulting in an increased rate of autoxidation and increased affinity for
the RBC membrane, eventually affecting RBC deformability [38]. Even
in fresh RBC samples heme degradation products can be found, and the
amount of heme degradation increases in older RBCs [38]. Taking all
these findings together, the interaction of ultrashort laser pulses with
hemoglobin more likely accelerates the deoxygenation of hemoglobin
and generation of superoxide radical, which affects heme, inducing the
formation of stable fluorescent photoproduct.

3.7. Applications

3.7.1. Selective photo-labeling and live tracking of photo-labeled
erythrocytes

Thanks to the high stability of the Hb photoproduct obtained upon
interaction of the 730 nm ultrashort laser pulses with Hb molecules
(Fig. 3d) and high spatiotemporal selectivity of our TPEF scanning mi-
croscope, we performed live tracking of individually labeled erythrocyte
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Fig. 5. Spectral imaging of Hb photoproduct patterns. (a) Single-photon excitation (SPEF) fluorescent image of the Hb photoproduct patterns recorded at 458 nm excitation, dashed circle represents region of interest
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ROI 2 (solid line); (d) Excitation efficiency: the emission intensity maxima at the different excitation wavelengths from ROI 1 Hb (untreated Hb) and ROI 2 (Hb photoproduct).
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Fig. 6. TPEF spectra of PpIX and H,O,-treated Hb. (a) TPEF spectra of PpIX irradiated using different ultrashort pulsed laser powers (1.0 mW, black; 6.6 mW, yellow;
16.5 mW, dark blue); (b) Dependence of TPEF intensity vs. number of exposures in Hb thin film and H,O»-treated Hb thin film; (c) Overlapped TPEF spectra of Hb
photoproduct (obtained in thin layer of Hb, green), the erythrocyte (red), thin layer PpIX under the laser power conditions (16.5 mW, blue), H,O»-treated Hb thin
layer (cobalt blue) and Hb photoproduct SPEF spectrum (dashed purple). (For interpretation of the references to colour in this figure legend, the reader is referred to

the web version of this article.)

(s) in vitro in the whole blood (Fig. 7 a-d). We present four timelapse
images from the video (Supplemental Information) in which one
erythrocyte is labeled by focused fs laser beam and then traced during its
random motion. This was inspired by [11] where flow of the erythro-
cytes was shown in the vasculature of a whole, live animal but only with
statical images, while we bring the dynamics of movement (Fig. 7 and
corresponding video). Although the photo-labeling and tracking were
performed in vitro, this method based on TPEF microscopy will enable to
track with long-term period individual erythrocyte in a tissue [40] and
blood vessel in laboratory animals, for instance in zebra fish [11] or even
in mouse brain vasculature [41 — 43]. According to [41 — 43], where
shadows of erythrocytes were traced in the blood flow in live animals
through the cranial window using TPEF imaging, erythrocytes could be
fluorescently activated by a fs laser beam and tracked through the ves-
sels. In addition to selective photo-labeling of solely and deliberately
chosen erythrocytes, that can be achieved by spatiotemporal control of
the laser beam, but not by bulk HyO, treatment, there are some more
advantages of the presented method. Namely, treating the erythrocytes
with HyO» is rather uncontrollable in terms of targeted transformation of
Hb only into the fluorescent molecule(s). HoO, interact with other
molecules in the erythrocytes' membrane and other structures which
might be damaged or altered. Also, erythrocytes' morphology and
related Hb distribution would be altered. Using the method of the laser
photo-labeling presented in this work, only Hb molecules would be
affected, and the erythrocytes would preserve their original morphology
as well as its original Hb distribution which was already shown in [9].
The erythrocytes morphology and internal Hb distribution are one of
key markers indicating the cell adaptation to physiological processes
and their response to pathological conditions [9]. Eventually, the pro-
posed method might have application for erythrocytes tracing in the
blood vessels of the live animals even in imaging of highly bloodied and
low transparent organs such as kidneys, since TPEF microscopy is
extensively used nowadays for those purposes [41]. Prior investigations
have unequivocally demonstrated that the morphology of erythrocytes
can be studied using Two-Photon Excitation Fluorescence (TPEF) im-
aging, which enables examination of their oxygenation status [15], as
well as distribution of Hb [9]. However, it is unclear whether the ul-
trashort laser pulses interferes with Hb's ability to perform its primary
function of binding and releasing oxygen. In our present study, we
establish that Hb undergoes alterations as a result of such interaction.
Having in mind the relationship of oxidative stress and hemoglobin,

hemoglobin-based TPEF methodology is an emerging platform for the
assessment of redox status of erythrocytes and their deformability under
both physiological and pathophysiological conditions and even a
broader spectrum of diseases that share the common feature of the
appearance of extracellular hemoglobin or early cancer progression in
means of neoangiogenesis. In this respect, photo acoustic microscopy
can be employed for tracking of erythrocytes as suggested in [11] but
with higher repetition rate lasers. Also, this technique can be used for
investigation of oxygen saturation in the blood vessels [15].

3.7.2. Pattern inscription (micropatterning) in Hb layer

The long-term stability of the Hb photoproduct, its fluorescence and
spatial precision of TPEF emission microscopy, enabled one more
application — micro patterning of the Hb layer (Fig. 8). The inscribed
patterns can stay fluorescent even for several months after being
inscribed. In Fig. 8 a-d simple, spot-wise, patterns are presented in
addition to the uniform square area. The spots were obtained from the
diffraction limited focal volume and demonstrate the method limitation
in terms of the spatial resolution. At each figure, a new spot-wise pattern
was added, while the previous ones are still clearly visible. To demon-
strate possibility and versatility of the method, as well as potential ap-
plications, we further wrote the letters “HEMMAGINERO” (dimensions
60 pm x 6 pm) in the Hb layer (Fig. 8e).

In terms of optical and spectroscopic response to the treatment with
ultrashort laser pulses all mammalian [4,9,12,44,45] or even other
vertebrates [46] Hb and erythrocytes are the same [47]. On the other
hand, the slaughterhouses mammalian blood is a waste material from
which Hb can be isolated in relatively low cost and relatively simple
technological processes [48,49]. This might be a starting point for uti-
lization of the Hb as the material for optical memories [50],
hemoglobin-based therapeutics [51], intravital microscopy [52], con-
version of micro fluorescent information into the document security or
mass production of calibration samples in fluorescent microscopy
[53-55]. Microscopic slides with fluorescent patterns are already
commercially available [56] and broadly used for calibration and res-
olution measurements. While the fluorescence durability of the patterns
in the existing materials remains unknown, we suggest Hb as a material
for long lasting fluorescent patterns. In addition, the utilization of Hb
from wasted slaughterhouse blood as the widely available material will
be nature friendly since this material is considered to be severe pollutant
[49].
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Fig. 7. Timelapse TPEF emission images of a single erythrocyte (encircled white). (a-d) Photo-labeled erythrocyte tracking in whole blood. The white dashed lines
represent erythrocyte's trajectory with starting position (blue square) and final position (red square). (For interpretation of the references to colour in this figure

legend, the reader is referred to the web version of this article.)

4. Conclusion

Using different spectroscopic techniques, in this study, we presented
a novel insight into the photophysical properties of the fluorescent
product emerged after exposure of Hb to 730 nm ultrashort laser pulses
(hence Hb photoproduct) and its possible applications. We suggest that
the interaction of the Hb with the ultrashort laser pulses in NIR region
leads to the degradation of the Hb molecules and release of the iron,
ending up with iron-free fluorescent species comparable to those
emerged from the interaction of Hb with HyO5. Unlike the chemical
interaction of Hb with HyO, that occurs in bulk solution, using the
tightly focused ultrashort pulsed laser beam the Hb photoproduct can be
formed in spatiotemporal controllable manner without interaction with
other molecules and erythrocytes structures (e.g. membrane). In other
words, we can irradiate selected erythrocytes solely, and the laser pulses
will alter primarily Hb, but not the other molecules. We inscribed sub-
micrometer fluorescent patterns on a Hb thin film by the spatiotem-
poral control, of ultrashort pulsed laser beam. We have also induced the
Hb photoproduct formation in a single human healthy erythrocyte
making them fluorescent in the sample of whole blood and track their
movement in space and time. The present study could contribute to-
wards understanding photophysical properties of photoproduct, formed
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by the interaction of ultrashort laser pulses with Hb and erythrocytes,
establishing a foundation for the future progress in the field of bio-
derived biomaterials.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.ijbiomac.2023.125312.
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Fig. 8. Micropattering in Hb layer by fs laser pulses. (a-d) Arbitrary uniform and spot-wise patterns (red arrow pointed) inscribed in the thin Hb film by ultrashort
laser pulses. The patterns exhibit increased TPEF signal (marked by red arrows). (e) Fluorescent Hb photoproduct in the form of letters pattern. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this article.)

manuscript. This article is a part of M. Radmilovi¢'s PhD thesis.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Data availability

Data will be made available on request.

Acknowledgement

We would like to thank to Milan Mini¢, Institue of Physics Belgrade
for the technical support and to the staff of the Center for Laser Micro-
copy, Faculty of Biology, University of Belgrade, Serbia. This work was
supported by the Science Fund of the Republic of Serbia [program
PROMIS, project HEMMAGINERO, grant number 6066079] and Qatar
National Research Fund [grant number PPM 04-0131-200019]. The
authors acknowledge funding provided by the Institute of Physics Bel-
grade, through the grant by the Ministry of Education, Science and
Technological Development of the Republic of Serbia and the Institute
for Medical Research University of Belgrade, National Institute of the
Republic of Serbia, through the contract No. 451-03-47,/2023-01/
200015.

References

[1] L. Kiger, C. Vasseur, E. Domingues-Hamdi, G. Truan, M.C. Marden, V. Baudin-
Creuza, Dynamics of a-Hb chain binding to its chaperone AHSP depends on heme
coordination and redox state, Biochim. Biophys. Acta - Gen. Subj. 2014 (1840)
277-287, https://doi.org/10.1016/j.bbagen.2013.09.015.

M. Weissbluth, Hemoglobin, Springer, Berlin, 1974, pp. 10-26.

Q. Sun, W. Zheng, J. Wang, Y. Luo, J.Y. Qu, Mechanism of two-photon excited
hemoglobin fluorescence emission, J. Biomed. Opt. 20 (2015) 105014, https://doi.
org/10.1117/1.JBO.20.10.105014.

W. Zheng, D. Li, Y. Zeng, Y. Luo, J.Y. Qu, W.R. Zipfel, R.M. Williams, R. Christie, A.
Y. Nikitin, B.T. Hyman, W.W. Webb, Two-photon excited hemoglobin fluorescence,
Biomed. Opt. Express 2 (2011) 71-79, https://doi.org/10.1364/BOE.2.000071.
G.O. Clay, A.C. Millard, C.B. Schaffer, J. Aus-der-Au, P.S. Tsai, J.A. Squier,

D. Kleinfeld, Spectroscopy of third-harmonic generation: evidence for resonances

[2]
[3]

[4

=

[5

—

11

[6]

[71

(8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

in model compounds and ligated hemoglobin, J. Opt. Soc. Am. B. 23 (2006) 932,
https://doi.org/10.1364/josab.23.000932.

G.O. Clay, C.B. Schaffer, D. Kleinfeld, Large two-photon absorptivity of hemoglobin
in the infrared range of 780-880 nm, J. Chem. Phys. 126 (2007) 01B609, https://
doi.org/10.1063/1.2404678.

N.L. Garrett, A. Lalatsa, I. Uchegbu, A. Schétzlein, J. Moger, Exploring uptake
mechanisms of oral nanomedicines using multimodal nonlinear optical
microscopy, J. Biophotonics 5 (2012) 458-468, https://doi.org/10.1002/
jbi0.201200006.

G.D. Vigil, S.S. Howard, Photophysical characterization of sickle cell disease
hemoglobin by multi-photon microscopy, Biomed. Opt. Express 6 (2015)
4098-4104, https://doi.org/10.1364/boe.6.004098.

K. Bukara, S.Z. Jovani¢, I.T. Drvenica, A. Stanci¢, V. Ili¢, M.D. Rabasovié, D.

V. Panteli¢, B.M. Jelenkovi¢, B. Bugarski, A.J. Krmpot, Mapping of hemoglobin in
erythrocytes and erythrocyte ghosts using two photon excitation fluorescence
microscopy, J. Biomed. Opt. 22 (2017) 026003, https://doi.org/10.1117/1.
jb0.22.2.026003.

D. Li, W. Zheng, Y. Zeng, Y. Luo, J.Y. Qu, Two-photon excited hemoglobin
fluorescence provides contrast mechanism for label-free imaging of
microvasculature in vivo, Opt. Lett. 36 (2011) 834-836, https://doi.org/10.1364/
OL.36.000834.

Y. Zeng, J. Xu, D. Li, L. Li, Z. Wen, J.Y. Qu, Label-free in vivo flow cytometry in
zebrafish using two-photon autofluorescence imaging, Opt. Lett. 37 (2012)
2490-2492, https://doi.org/10.1364,/0L.37.002490.

D. Li, W. Zheng, S.K. Teh, Y. Zeng, Y. Luo, J.Y. Qu, Time-resolved detection enables
standard two-photon fluorescence microscopy for in vivo label-free imaging of
microvasculature in tissue, Opt. Lett. 36 (2011) 2638-2640, https://doi.org/
10.1364/0L.36.002638.

R. Podlipec, J. Mur, J. Petelin, J. Strancar, R. Petkovéek, Two-photon retinal
theranostics by adaptive compact laser source, Appl. Phys. A Mater. Sci. Process.
126 (2020) 1-9, https://doi.org/10.1007/500339-020-03587-2.

R.L. Shelton, S.P. Mattison, B.E. Applegate, Volumetric imaging of erythrocytes
using label-free multiphoton photoacoustic microscopy, J. Biophotonics 7 (2014)
834-840, https://doi.org/10.1002/jbio.201300059.

Y. Wang, S. Hu, K. Maslov, Y. Zhang, Y. Xia, L.V. Wang, In vivo integrated
photoacoustic and confocal microscopy of hemoglobin oxygen saturation and
oxygen partial pressure, Opt. Lett. 36 (2011) 1029, https://doi.org/10.1364/
01.36.001029.

J.J. Yao, L.V. Wang, Photoacoustic microscopy, Laser Photonics Rev. 7 (2013)
758-778.

G.J. Tserevelakis, M. Pavlidis, A. Samaras, G.D. Barmparis, K.G. Mavrakis,

1. Draganidis, A. Oikonomou, E. Fanouraki, G.P. Tsironis, G. Zacharakis, Hybrid
confocal fluorescence and photoacoustic microscopy for the label-free
investigation of melanin accumulation in fish scales, Sci. Rep. 12 (2022) 1-14,
https://doi.org/10.1038/541598-022-11262-0.

1. Saytashev, R. Glenn, G.A. Murashova, S. Osseiran, D. Spence, C.L. Evans,

M. Dantus, Multiphoton excited hemoglobin fluorescence and third harmonic
generation for non-invasive microscopy of stored blood, Biomed. Opt. Express 7
(2016) 3449-3460, https://doi.org/10.1364/boe.7.003449.

M.E. Reinhard, M.W. Mara, T. Kroll, H. Lim, R.G. Hadt, R. Alonso-Mori, M. Chollet,
J.M. Glownia, S. Nelson, D. Sokaras, K. Kunnus, T.B. van Driel, R.W. Hartsock, K.
S. Kjaer, C. Weninger, E. Biasin, L.B. Gee, K.O. Hodgson, B. Hedman, U. Bergmann,


https://doi.org/10.1016/j.bbagen.2013.09.015
http://refhub.elsevier.com/S0141-8130(23)02206-7/rf0010
https://doi.org/10.1117/1.JBO.20.10.105014
https://doi.org/10.1117/1.JBO.20.10.105014
https://doi.org/10.1364/BOE.2.000071
https://doi.org/10.1364/josab.23.000932
https://doi.org/10.1063/1.2404678
https://doi.org/10.1063/1.2404678
https://doi.org/10.1002/jbio.201200006
https://doi.org/10.1002/jbio.201200006
https://doi.org/10.1364/boe.6.004098
https://doi.org/10.1117/1.jbo.22.2.026003
https://doi.org/10.1117/1.jbo.22.2.026003
https://doi.org/10.1364/OL.36.000834
https://doi.org/10.1364/OL.36.000834
https://doi.org/10.1364/OL.37.002490
https://doi.org/10.1364/OL.36.002638
https://doi.org/10.1364/OL.36.002638
https://doi.org/10.1007/s00339-020-03587-2
https://doi.org/10.1002/jbio.201300059
https://doi.org/10.1364/ol.36.001029
https://doi.org/10.1364/ol.36.001029
http://refhub.elsevier.com/S0141-8130(23)02206-7/rf0080
http://refhub.elsevier.com/S0141-8130(23)02206-7/rf0080
https://doi.org/10.1038/s41598-022-11262-0
https://doi.org/10.1364/boe.7.003449

M.D.

[20]
[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

Radmilovi¢ et al.

E.IL Solomon, K.J. Gaffney, Short-lived metal-centered excited state initiates iron-
methionine photodissociation in ferrous cytochrome ¢, Nat. Commun. 12 (2021)
1-8, https://doi.org/10.1038/541467-021-21423-w.
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3822757/.

J.G. Mohanty, E. Nagababu, J.M. Rifkind, Red blood cell oxidative stress impairs
oxygen delivery and induces red blood cell aging, Front. Physiol. 5 (2014) 1-6,
https://doi.org/10.3389/fphys.2014.00084.

S. Sun, A. Lv, S. Li, C. Zhao, Q. Chen, Z. Li, Y. Wang, A. Wu, H. Lin, Biomolecule-
based stimuli-responsive nanohybrids for tumor-specific and cascade-enhanced
synergistic therapy, Acta Biomater. 152 (2022) 484-494, https://doi.org/10.1016/
j.actbio.2022.08.038.

A.L Alayash, Oxygen therapeutics: can we tame haemoglobin? Nat. Rev. Drug
Discov. 3 (2004) 152-159, https://doi.org/10.1038/nrd1307.

D. Chakraborty, S. Sarkar, P.K. Das, Blood dots: hemoglobin-derived carbon dots as
hydrogen peroxide sensors and pro-drug activators, ACS Sustain. Chem. Eng. 6
(2018) 4661-4670, https://doi.org/10.1021/acssuschemeng.7b03691.

S. Li, W. Sun, M. Ouyang, B. Yu, Y. Chen, Y. Wang, D. Zhou, Hemoglobin-related
biomaterials and their applications, Adv. NanoBiomed Res. 2200103 (2022) 1-12,
https://doi.org/10.1002/anbr.202200103.

E.A. Shirshin, B.P. Yakimov, S.A. Rodionov, N.P. Omelyanenko, A.V. Priezzhev, V.
V. Fadeev, M.E. Darvin, Formation of hemoglobin photoproduct is responsible for
two-photon and single photon-excited fluorescence of red blood cells, Laser Phys.
Lett. 15 (2018), 075604, https://doi.org/10.1088/1612-202X/aac003.

E. Nagababu, J.M. Rifkind, Formation of fluorescent heme degradation products
during the oxidation of hemoglobin by hydrogen peroxide, Biochem. Biophys. Res.
Commun. 247 (1998) 592-596, https://doi.org/10.1006/bbrc.1998.8846.

E. Nagababu, J.M. Rifkind, Reaction of hydrogen peroxide with ferrylhemoglobin:
superoxide production and heme degradation, Biochemistry. 39 (2000)
12503-12511, https://doi.org/10.1021/bi992170y.

A.Z. Stanci¢, I.T. Drvenica, H.N. Obradovi¢, B.M. Bugarski, V.L. Ili¢, D.S. Bugarski,
Native bovine hemoglobin reduces differentiation capacity of mesenchymal
stromal cells in vitro, Int. J. Biol. Macromol. 144 (2020) 909-920, https://doi.org/
10.1016/j.ijbiomac.2019.09.167.

M.D. Rabasovi¢, D.V. Panteli¢, B.M. Jelenkovi¢, S.B. Cur¢ié¢, M.S. Rabasovi¢, M.
D. Vrbica, V.M. Lazovi¢, B.P.M. Curcié, A.J. Krmpot, Nonlinear microscopy of
chitin and chitinous structures: a case study of two cave-dwelling insects,

J. Biomed. Opt. 20 (2015) 016010, https://doi.org/10.1117/1.jb0.20.1.016010.
T. Lainovi¢, J. Margueritat, Q. Martinet, X. Dagany, L. Blazi¢, D. Panteli¢, M.

D. Rabasovié¢, A.J. Krmpot, T. Dehoux, Micromechanical imaging of dentin with
Brillouin microscopy, Acta Biomater. 105 (2020) 214-222, https://doi.org/
10.1016/j.actbio.2020.01.035.

N.S. Selim, S.M. El-marakby, Radiation-induced changes in the optical properties
of hemoglobin molecule, Spectrochim. Acta A Mol. Biomol. Spectrosc. 76 (2010)
56-61, https://doi.org/10.1016/j.saa.2010.02.046.

E.K. Hanson, J. Ballantyne, A blue spectral shift of the hemoglobin soret band
correlates with the age (time since deposition) of dried bloodstains, PLoS One 5
(2010) 1-11, https://doi.org/10.1371/journal.pone.0012830.

L.T. Drvenica, A.Z. Stanci¢, A.M. Kalusevi¢, S.B. Markovi¢, J.J. Dragisi¢
Maksimovi¢, V.A. Nedovi¢, B.M. Bugarski, V.L. Ili¢, Maltose-mediated, long-term
stabilization of freeze- and spray-dried forms of bovine and porcine hemoglobin,
J. Serb. Chem. Soc. 84 (2019) 1105-1117, https://doi.org/10.2298/
JSC190513067D.

C. Bonaventura, R. Henkens, A.I. Alayash, S. Banerjee, A.L. Crumbliss, Molecular
controls of the oxygenation and redox reactions of hemoglobin, Antioxid. Redox
Signal. 18 (2013) 2298-2313, https://doi.org/10.1089/ars.2012.4947.

H. Lu, F. Floris, M. Rensing, S. Andersson-Engels, Fluorescence spectroscopy study
of protoporphyrin IX in optical tissue simulating liquid phantoms, Materials (Basel)
13 (2020) 7-16, https://doi.org/10.3390/mal3092105.

S.M. Waugh, P.S. Low, Hemichrome binding to band 3: nucleation of Heinz bodies
on the erythrocyte membrane, Biochemistry. 24 (1) (1985) 34-39, https://doi.org/
10.1021/bi00322a006.

J.G. Mohanty, E. Nagababu, J.M. Rifkind, Red blood cell oxidative stress impairs
oxygen delivery and induces red blood cell aging, Front. Physiol. 5 (2014) 1-6,
https://doi.org/10.3389/fphys.2014.00084.

12

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

International Journal of Biological Macromolecules 244 (2023) 125312

E. Nagababu, S. Ramasamy, J.M. Rifkind, Y. Jia, A.I. Alayash, Site-specific cross-
linking of human and bovine hemoglobins differentially alters oxygen binding and
redox side reactions producing rhombic heme and heme degradation,
Biochemistry. 41 (2002) 7407-7415, https://doi.org/10.1021/bi0121048.

U.N. Shroff, .M. Schiessl, G. Gyarmati, A. Riquier-Brison, J. Peti-Peterdi, Novel
fluorescence techniques to quantitate renal cell biology, Methods Cell Biol. 154
(2019) 85-107, https://doi.org/10.1016/bs.mcb.2019.04.013.

D. Sardella, A.M. Kristensen, L. Bordoni, H. Kidmose, A. Shahrokhtash, D.

S. Sutherland, S. Frische, .M. Schiessl, Serial Intravital 2-photon Microscopy and
Analysis of the Kidney Using Upright Microscopes, 2023, pp. 1-17, https://doi.
org/10.3389/fphys.2023.1176409.

E. Gutiérrez-jiménez, H. Angleys, P.M. Rasmussen, M.J. West, L. Catalini, N.

K. Iversen, M.S. Jensen, S. Frische, L. @stergaard, Disturbances in the control of
capillary flow in an aged APPswe/PS1AE9 model of Alzheimer’s disease,
Neurobiol. Aging 62 (2018) 82-94, https://doi.org/10.1016/].
neurobiolaging.2017.10.006.

E. Gutiérrez-jiménez, C. Cai, 1.K. Mikkelsen, P.M. Rasmussen, H. Angleys,

M. Merrild, K. Mouridsen, S.N. Jespersen, J. Lee, N.K. Iversen, S. Sakadzic,

L. @stergaard, Effect of electrical forepaw stimulation on capillary transit-time
heterogeneity (CTH), J. Cereb. Blood Flow Metab. 36 (2016) 2072-2086, https://
doi.org/10.1177/0271678X16631560.

T. Wu, J. Liao, J. Yu, Y. Gao, H. Li, J. Wu, X. Xia, K. Shi, W. Zheng, In vivo label-
free two-photon excitation autofluorescence microscopy of microvasculature using
a 520 nm femtosecond fiber laser, Opt. Lett. 45 (2020) 2704-2707, https://doi.
org/10.1364/0L.394242.

S. He, C. Ye, Q. Sun, C.K.S. Leung, J.Y. Qu, Label-free nonlinear optical imaging of
mouse retina, Biomed. Opt. Expr. 6 (2015) 2459-2465, https://doi.org/10.1364/
BOE.6.001055.

Y. Zeng, J. Xu, D. Li, L. Li, Z. Wen, J.Y. Qu, Label-free in vivo flow cytometry in
zebrafish using two-photon autofluorescence imaging, Opt. Lett. 37 (2012)
2490-2492, https://doi.org/10.1364/0L.37.002490.

J.F. Ortas, P. Mahou, S. Escot, C. Stringari, N.B. David, L. Bally-Cuif, N. Dray,

M. Négrerie, W. Supatto, E. Beaurepaire, Label-free imaging of red blood cells and
oxygenation with color third-order sum-frequency generation microscopy, Light
Sci. Appl. 12 (2023), https://doi.org/10.1038/s41377-022-01064-4.

LT. Kosti¢, V.L. 1li¢, V.B. Dordevi¢, K.M. Bukara, S.B. Mojsilovi¢, V.A. Nedovi¢, D.
S. Bugarski, D.N. Veljovi¢, D.M. Misi¢, B.M. Bugarski, Erythrocyte membranes from
slaughterhouse blood as potential drug vehicles: isolation by gradual hypotonic
hemolysis and biochemical and morphological characterization, Colloids Surf. B
Biointerfaces. 122 (2014) 250-259, https://doi.org/10.1016/j.
colsurfb.2014.06.043.

C.S.F. Bah, A.E.D.A. Bekhit, A. Carne, M.A. Mcconnell, Slaughterhouse blood: an
emerging source of bioactive compounds, Compr. Rev. Food Sci. Food Saf. 12
(2013) 314-331, https://doi.org/10.1111/1541-4337.12013.

L.A. Frolova, Y. Furmansky, A.F. Shestakov, N.A. Emelianov, P.A. Liddell, D. Gust,
1. Visoly-Fisher, P.A. Troshin, Advanced nonvolatile organic optical memory using
self-assembled monolayers of porphyrin-fullerene dyads, ACS Appl. Mater.
Interfaces 14 (2022) 15461-15467, https://doi.org/10.1021/acsami.1c24979.

P. Charoenphol, K. Oswalt, C.J. Bishop, Therapeutics incorporating blood
constituents, Acta Biomater. 73 (2018) 64-80, https://doi.org/10.1016/].
actbio.2018.03.046.

W. Choe, A.P. Acharya, B.G. Keselowsky, B.S. Sorg, Intravital microscopy imaging
of macrophage localization to immunogenic particles and co-localized tissue
oxygen saturation, Acta Biomater. 6 (2010) 3491-3498, https://doi.org/10.1016/
j.actbio.2010.03.006.

1. Begemann, A. Viplav, C. Rasch, M. Galic, Stochastic micro-pattern for automated
correlative fluorescence - scanning electron microscopy, Nat. Publ. Gr. (2015)
1-12, https://doi.org/10.1038/srep17973.

L. Benedetti, E. Sogne, S. Rodighiero, D. Marchesi, P. Milani, M. Francolini,
Customized patterned substrates for highly versatile correlative light-scanning
electron microscopy, Sci. Rep. 4 (2014) 7033, https://doi.org/10.1038/srep07033.
A.D. Corbett, M. Shaw, A. Yacoot, A. Jefferson, L. Schermelleh, T. Wilson,

M. Booth, P.S. Salter, Microscope Calibration Using Laser Written Fluorescence 26,
2018, pp. 21887-21900, https://doi.org/10.1364/0F.26.021887.
https://www.psfcheck.com/psfcheck-slides.


https://doi.org/10.1038/s41467-021-21423-w
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3822757/
https://doi.org/10.3389/fphys.2014.00084
https://doi.org/10.1016/j.actbio.2022.08.038
https://doi.org/10.1016/j.actbio.2022.08.038
https://doi.org/10.1038/nrd1307
https://doi.org/10.1021/acssuschemeng.7b03691
https://doi.org/10.1002/anbr.202200103
https://doi.org/10.1088/1612-202X/aac003
https://doi.org/10.1006/bbrc.1998.8846
https://doi.org/10.1021/bi992170y
https://doi.org/10.1016/j.ijbiomac.2019.09.167
https://doi.org/10.1016/j.ijbiomac.2019.09.167
https://doi.org/10.1117/1.jbo.20.1.016010
https://doi.org/10.1016/j.actbio.2020.01.035
https://doi.org/10.1016/j.actbio.2020.01.035
https://doi.org/10.1016/j.saa.2010.02.046
https://doi.org/10.1371/journal.pone.0012830
https://doi.org/10.2298/JSC190513067D
https://doi.org/10.2298/JSC190513067D
https://doi.org/10.1089/ars.2012.4947
https://doi.org/10.3390/ma13092105
https://doi.org/10.1021/bi00322a006
https://doi.org/10.1021/bi00322a006
https://doi.org/10.3389/fphys.2014.00084
https://doi.org/10.1021/bi0121048
https://doi.org/10.1016/bs.mcb.2019.04.013
https://doi.org/10.3389/fphys.2023.1176409
https://doi.org/10.3389/fphys.2023.1176409
https://doi.org/10.1016/j.neurobiolaging.2017.10.006
https://doi.org/10.1016/j.neurobiolaging.2017.10.006
https://doi.org/10.1177/0271678X16631560
https://doi.org/10.1177/0271678X16631560
https://doi.org/10.1364/OL.394242
https://doi.org/10.1364/OL.394242
https://doi.org/10.1364/BOE.6.001055
https://doi.org/10.1364/BOE.6.001055
https://doi.org/10.1364/OL.37.002490
https://doi.org/10.1038/s41377-022-01064-4
https://doi.org/10.1016/j.colsurfb.2014.06.043
https://doi.org/10.1016/j.colsurfb.2014.06.043
https://doi.org/10.1111/1541-4337.12013
https://doi.org/10.1021/acsami.1c24979
https://doi.org/10.1016/j.actbio.2018.03.046
https://doi.org/10.1016/j.actbio.2018.03.046
https://doi.org/10.1016/j.actbio.2010.03.006
https://doi.org/10.1016/j.actbio.2010.03.006
https://doi.org/10.1038/srep17973
https://doi.org/10.1038/srep07033
https://doi.org/10.1364/OE.26.021887
https://www.psfcheck.com/psfcheck-slides

a polymers m\py

Article
Characterization and Optimization of Real-Time Photoresponsive
Gelatin for Direct Laser Writing

Branka D. Murié¢ **, Dejan V. Panteli¢ !, Mihajlo D. Radmilovié¢ !, Svetlana N. Savi¢-Sevié¢ ! and Vesna O. Vasovié 2

Institute of Physics, University of Belgrade, Pregrevica 118, 11080 Belgrade, Serbia; pantelic@ipb.ac.rs (D.V.P.);
mihajlor@ipb.ac.rs (M.D.R.); savic@ipb.ac.rs (S.N.S.-S)

Western Serbia Academy of Applied Studies, UZice Department, Trg Svetog Save 34, 31000 UZice, Serbia;
bolex65@yahoo.com

Correspondence: muric@ipb.ac.rs

Abstract: There is an abundance of plastic materials used in the widest range of applications, such
as packaging, machine parts, biomedical devices and components, etc. However, most materials
used today are non-decomposable in the environment, producing a huge burden on ecosystems. The
search for better, safer alternatives is still on. Here we present a detailed analysis of a simple, cheap,
non-toxic, even edible, eco-friendly material, which can be easily manufactured, laser patterned
and used for the fabrication of complex structures. The base substance is gelatin which is made
photoresponsive by adding plasticizers and sensitizers. The resulting films were analyzed with
respect to their optical, thermal and mechanical properties, which can be modified by a slight
variation of chemical composition. The material is optimized for rapid laser-manufacturing of elastic
microstructures (lenses, gratings, cantilevers, etc.) without any waste or residues. Overall, the
material properties were tailored to increase photothermal responsivity, improve the surface quality
check for and achieve material homogeneity, transparency and long-term stability (as verified using electron
updates microscopy, infrared spectroscopy and differential scanning calorimetry).
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The mechanical strength, low production cost and manufacturability of petroleum-

Academic Editor: Oh Seok Kwon based plastics established them as the most popular packaging materials [1]. Unfortunately,
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to solve the problem of plastic waste, they are rarely used, considering that their production
is relatively expensive and they do not possess all the other properties (e.g., mechanical,
optical, and electrical) required by various end-applications [3]. Additionally, such ma-
terials may have quite variable properties. For example, tensile strength, strain at break
and elasticity (Young’s modulus) depend on the raw material source, additives, molecular

structures, etc. [4,5].
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climatic conditions during plant growth, strongly influences the bioplastic gelation temper-
ature and mechanical and rheological properties [9]. Nevertheless, significant research and
technological work invested in the development of starch-based polymers in the packaging
sectors of food, cosmetics, pharmaceuticals, etc. [10-12].

Gelatin, yet another biocompatible and biodegradable polymer, is widely used in
photography, food, pharmaceutical, biomedical and many others applications [13-17]. It
has poor mechanical properties that limit its potential applications. A variety of chemical
agents (formaldehyde, epoxy, glutaraldehyde and some others) are capable of crosslinking
gelatin, consequently overcoming the brittleness of gelatin films, improving its flexibility,
reducing the degree of swelling and enhancing its thermal stability. Glutaraldehyde [18] is
usually used but is being replaced with genipin because of its lower cytotoxicity [19,20].

Besides gelatin, many other natural polymers (such as albumen, alginate, cellulose,
chitosan, pullulan, etc.) can be used too [21,22]. We emphasize that the photoresponsiveness
and photosensitivity of most materials stem from harmful and poisonous chemicals (such
as dichromate compounds).

Also, gelatin is often mixed with other substances, e.g., chitosan, poly(vinyl alcohol),
alginate and carbon nanotubes. These hybrid materials are specifically of interest in
biomedicine for drug delivery, wound healing, cell culture and tissue engineering [23-25].

Gelatin hydrogels are photosensitized by various dyes, making them suitable for laser writ-
ing of microstructures (such as microfluidic channels, microlenses, micro-optoelectromechanical
systems (MOEMS), lab on a chip, etc.) intended for a wide variety of applications [26-28]. Gelatin
was widely used previously in optics, primarily as a photosensitive material for holography.
Photo-crosslinking was achieved by adding ammonium dichromate or potassium dichromate,
which resulted in holograms of excellent quality. It is known that gelatin doped with ammonium
dichromate (dichromated gelatin—DCG) represents an almost ideal high-resolution holographic
photosensitive material [29]. Additionally, DCG can be used as a material for the production of
micro-optical components [30,31]. Most of them are toxic, difficult to manufacture and require
complex chemical postprocessing. Various silicate-based materials (silicones, silica glass, etc.)
were used for the fabrication of micro-optical components [32,33]. Compared to gelatin, they
have higher thermal and chemical stability, but the fabrication processes are manly complex,
multistep, time-consuming and costly, frequently including the use of poisonous chemicals.

Emerging applications in biomedicine, micro-mechanics, micro-optics, energy storage,
and sensors require new materials, simultaneously possessing advanced optical, electro-
chemical, mechanical and biological properties [34-36]. Previously, we have described
photosensitive tot’hema-gelatin as a good candidate material for applications requiring real-
time manufacturing of micro-optical and micro-mechanical components [37-40]. Gelatin
was modified with a complex aqueous mixture of various salts, plasticizers, humectants
and preservatives (commercially sold under the trade name tot’hema, which is used to treat
iron anemia). The material is simple to prepare, low-cost, non-toxic, biodegradable and
can be patterned by direct laser writing (DLW—widely used non-contact high-precision
processing technique [41,42]). Here, a variety of micro-optical and microfluidic structures
were fabricated using DLW, and threshold laser energy was established. This kind of
microprocessing is neither additive nor subtractive as the material is only redistributed
without any waste.

Therefore, in order to fully explore and optimize the capabilities of tot’hema-gelatin
films for real industrial applications, the physicochemical characteristics of the film were
studied in more detail and disclosed in this paper. We correlated the applied concentration
of tot’hema with the film properties, such as color, thickness, light transmission, mechanical
(tensile strength, elongation at break and Young’s modulus), thermal properties, moisture
content, swelling, the functional group on the film surface as well as surface morphology.
These properties are essential for establishing optimal conditions of material used as an
elastomer for adaptive, rapid prototyping of micro-optics and micro-mechanics.
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2. Materials and Methods
2.1. Materials

All chemical components were analytical grade, well known, easily available, cheap
and non-toxic. Commercial gelatin from bovine skin (gel strength ~225 g Bloom, Type B)
and NaCl (puriss, p.a.) were purchased from Sigma Aldrich. Tot’hema, an oral solution for
the treatment of human anemia, was manufactured by Laboratoire Innotech International,
France. According to the manufacturer’s data [43], this is a complex water solution of
gluconate (iron, manganese and copper) and excipients (glycerol, glucose liquid, saccharine,
citric acid, polysorbate 80, etc.). Saline solution was purchased from Hemofarm (Serbia).

2.2. Film Preparation

A 5% water solution of gelatin with added NaCl (20% by weight of dry gelatin)
was prepared as described in previous papers [37,38]. The tot’hema (ranging from 0% to
30% v/v) was mixed with gelatin solution by a magnetic stirrer. The series of five solutions
(denoted as TG_X, where the letter X indicates the tot’hema percentage in solution) were
prepared and centrifuged in order to remove all remaining impurities.

TG_X films were prepared by the gravity settling method [39]. Namely, the accurately
measured volume of TG_X solution was pipetted onto a very clean, horizontally leveled
microscope glass slide and dried in a stable environmental condition over the night.

2.3. Mechanical Properties

A film thickness was determined using a digital micrometer (an accuracy of 0.01 mm)
at eight randomly selected points in the center and edges of the films. Measurements were
averaged and taken as the film thickness.

The surface morphologies of the tothema-gelatin films were analyzed using a high-
resolution scanning electron microscope equipped with a high brightness Schottky field emission
gun (FEGSEM) and using non—contact profilometry (3D optical surface profiler—Zygo New
View 7100).

The mechanical properties of the films were determined using a tensile testing machine,
at a strain rate of 20 mm/min, as previously described for photosensitive tot’hema-gelatin,
with minor modifications [44]. The dried film was cut by a brass mold, designed accord-
ing to the ASTM standard [45], into a dog-bone-shaped specimen (see Figure 1). Three
measurements were made for each film, and the average value was calculated. The tensile
strength, elongation at break and Young’s modulus were determined.

Figure 1. Optically transparent TG_20 film is used for tensile testing with dimensions according to
the ASTM standards (gauge length 25 mm, width 6 mm).

2.4. Optical Properties

The transmittance of the TG_X films was analyzed using a fiber-type spectrometer
(Ocean Optics) with a tungsten-halogen light as an illumination source in the wavelength
range from 200 nm to 800 nm at room temperature.

A home-made direct laser writing system was used to fabricate microfluidic, micro-
mechanic and micro-optical components on tot’hema modified gelatin film. A laser beam
(488 nm wavelength, up to 100 mW power-iBEAM SMART, manufactured by Toptica)
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was focused through the long-working-distance microscope objective. The samples were
mounted on an xyz-coordinate stage to enable precise movement of the material along
with the arbitrary pattern. The system was computer-controlled using G-code (standard
programming language for CNC machines). More details about the system are given in a
previous publication [46].

2.5. Physicochemical Properties

To determine how the number of water changes during the drying-dehydration of
the film, the water content (WC) was measured. The TG_X films were weighted (w),
then dried for 24 h at normal laboratory conditions, and weighted again (w;). The WC
for each film was determined as an average value of three measurements by the equation:
WC((VO) = [(Wl — Wz)/Wl]'l()O [47].

In order to determine the influence of tot’hema concentration on the film swelling,
TG_X films were immersed in saline solution for different intervals at laboratory conditions.
Wet, swollen samples, after wiping with filter paper to remove excess liquid, were weighted
again (wy). The swelling factor (SF) of the films was calculated as the average value of three
measurements by the equation: SF(%) = [(ww — wgq)/wgq]-100 where (wq) corresponds to
the weight of TG_X films before immersion [48].

Functional groups on the films were inspected by Fourier transformed infrared (FTIR)
spectroscopy. The spectra were recorded on a Nicolet i510 FTIR Spectrometer (Thermo
Scientific Instruments) equipped with an attenuated total reflectance (ATR) accessory.
ATR/FTIR measurements were done in the wavenumber interval from 500 to 4000 cm !
with a resolution of 4 cm .

The thermal stability of the films was analyzed by differential scanning calorimetry
(DSC). An amount of about 2.5 mg of each film sample was packed in an aluminum pan
(30 pL). The pan was sealed and analyzed using a DSC 131 EVO (SETARAM Instrumenta-
tion) differential scanning calorimeter previously calibrated with indium. An empty sealed
pan was used as a reference. Both pans were placed in a chamber under the nitrogen flow
of 20 mL/min, kept at 20 °C for 5 min and subsequently heated from 20 to 250 °C with
a heating rate of 10 °C/min. To construct a baseline, two empty pans were placed in the
chamber and measured under the same experimental conditions. The baseline subtraction
was performed using the CALISTO Processing software (SETARAM Instrumentation).

3. Results

The pure gelatin film (TG_0) has a uniform, relatively smooth and flat surface, which
indicates that the gelatin has a good film-forming ability. We have found that there is no
noticeable difference in the gelatin film surface after tot’hema adding. Films still keep a
rather smooth, uniform and homogeneous surface (without pores or cracks), indicating that
there is good compatibility between tot’hema and gelatin molecules. Smoothness remains
high after laser processing, as verified by SEM analysis of hexagonal concave microlenses
array fabricated on photoresponsive tot’hema-gelatin film (Figure 2a). The lens-shaped dip
is very symmetric (verified by the concentric shape of the corresponding interferogram in
Figure 2b), and its roughness is of the order of several tens of nanometers (see Figure 2c).
This makes photoresponsive tot’hema-gelatin an excellent material for the fabrication of
micro-optical components.

To study mechanical properties, equal volumes of solution were used to prepare all
TG_X films. An increase in tot’hema concentration resulted in the film thickening from
25 um (pure gelatin) to 200 um (30% of tot’hema) as a result of the plasticizer’s interaction
with the polymer chains. Tot’hema added to gelatin increases the distance between protein
chains, increasing the film thickness. It can be noticed that the highest tot’hema concen-
tration (30%) results in the thickest film due to the fact that most tot’hema ingredients are
hydrophilic molecules that retain water and further increase the film thickness. Moreover,
increased tot’hema content in gelatin film decreases the stress at break (reaching a minimum
of 0.72 MPa at 30% of tot’hema) and increases the strain at break (turning tot’hema-gelatin
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into an elastomer—maximum elasticity of about 220% was obtained). Mechanical proper-
ties of TG_X films, as a function of the concentration of tot’hema, are summarized in Table 1.
The tot’hema addition (which is a mixture of different plasticizers and humectants) to the
gelatin matrix improves the film flexibility and, consequently, makes it less rigid. Namely,
glycerol is well known as a plasticizer. As a hydrophilic molecule with low molecular
weight, glycerol can easily fit into protein chains creating hydrogen bonds [49]. Further-
more, tot’hema provides additional mobility of protein chains by increasing their distance,
influencing a significant decrease of Young’s modulus of elasticity, from 1933 MPa for pure
gelatin (TG_0) to 948 MPa for the 5% tot’hema concentration (TG_5). As the tot’hema
content increases further, Young’s modulus value decreases even more (see Table 1). As
demonstrated, the TG_30 film has Young’s modulus of 0.32 MPa (which is very close to
0.35 MPa for PDMS), making it suitable for contact copying. Elastic properties of TG_X
films are very important for the production of adaptive micro-optical components.

Height (um)
P

~ 30 T T T T T T T T
— 0 0 20 30 40 S50 60 70
(b) (C) Distance (um)

Figure 2. (a) SEM image of hexagonal microlenses array; (b) Interference fringe pattern of a microlens;
and (c) 2D surface profile of a microlens.

Table 1. The film thickness, stress at break, strain at break and Young’s modulus.

Film Tot’hema (%) Thickness (um) Stress at Break (MPa) Strain at Break (%) Young's Modulus (MPa)
TG_0 0 25410 58 +1 2401 1933 £ 40

TG_5 5 35+ 10 37.92 +£0.76 4402 948 + 10

TG_10 10 50 + 10 4.89 +0.10 40+£2 12.23 + 0.06
TG_20 20 100 £ 10 1.71 +£0.03 140 £ 6 1.22 £0.02
TG_30 30 200 =10 0.72 £0.01 224 +10 0.32 £0.01

G D

Results are expressed as mean value =+ standard deviation.

The change of color and transparency of the films varied from transparent (pure
gelatin) and slightly yellow to yellow with increasing tot’hema content (see Figure 3).

TG 5 TCR10 TG_20 TG_30

Figure 3. Colors of TG_X films — (gelatin with 0%, 5%, 10%, 20%, and 30% of tot’hema).

The corresponding spectral light transmittance of the TG_X films as a function of
wavelength is presented in Figure 4. Light transmission (in the visible range of 350-800 nm)
of the pure gelatin (TG_0) film was above 80%, and the transmission increased with
increasing wavelength (see Figure 4). By adding tot’hema, a layer is transformed into a
spectral filter whose characteristics strongly depend on the concentration. In all cases, UV
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radiation is strongly suppressed, making tot’hema-gelatin films an excellent filter for UV-
sensitive applications. As we see, pure gelatin film transmits light very well at wavelengths
from 350 nm to about 800 nm, but this can be changed at will using appropriate colorants.

100 - TG_O

-

90 4

80
70 4

Transmittance (%)

T T T
600 700 800

Wavelength (nm)

T v T
400 500

Figure 4. Spectral transmittance of the TG_X films (X— 0, 5, 10, 20, and 30% of tot’hema).

It was noticed that, after the initial rapid decrease of water content for all TG_X films
during the drying process (see Figure 5a), the water content remains constant after 24 h
of drying. After that, all the other properties remain stable, and the film is ready for
further use (e.g., direct laser writing). Pure gelatin film had the lowest water content that
exponentially increased with tot’hema content (see Figure 5b). This behavior is consistent
irrespective of film thickness. The increase in water content in the presence of a tot’hema
can be attributed to the additional hydrogen bonds formed between water molecules and
gelatin chains. Water content can influence the physical properties of films (low-humidity
films are generally stiff, while films with increased humidity are flexible and malleable).
However, relatively high water content does not necessarily mean better physical properties
in films [50] but makes the material suitable for a range of applications in biomedicine.

The influence of tot’hema concentration on the swelling of TG_X films during 1 h, 4 h
and 24 h are shown in Figure 6. The longer the film is immersed in the saline solution,
the higher swelling (without deterioration) was observed (after 24 h, the film is fully
saturated). Water content and swelling factor of the films were correlated. Opposite to
the water content, the film swelling (see Figure 6) decreases with increasing concentration
of tot’hema: pure gelatin film has the highest swelling factors (around 220%), while the
tot’hema addition reduces the film swelling. This might be due to the limited spaces in
film (gelatin network) for absorbing water as already occupied by tot’hema (plasticizer)
molecules. The lowest swelling factor for TG_30 is correlated with the largest water amount
in the film. Namely, in contact with the film, water diffuses into it, which results in the
movement of polymer chains, incorporating between them and the dissolving of added
ingredients. In this way, swelling enhances the release effect of some ingredients added
to the film, which later diffuse into the system, manifesting different roles (for example,
protective) [51].
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Figure 5. (a) Influence of drying time on the water content of TG_X films (X — 0, 5, 10, 20, and 30% of
tot’hema); (b) The equilibrium water content as a function of tot’hema concentration.

250

200 1

150 +

Swelling factor (%)

100 +

50

-

—————r——
0 5 10 15 20 25 30 35
Tot'hema concentration (%)

Figure 6. TG_X film (X— 0, 5, 10, 20, and 30% of tot’hema) swelling (during 1, 4 and 24 h) as a function
of tot’hema concentration.

FTIR analysis was performed to study the interactions between tot’hema and gelatin
matrix, i.e., to illustrate possible conformational changes in the gelatin films containing
tot’hema. FTIR spectra of TG_X films are presented in Figure 7. A wide band in the range
of 3500-3000 cm ! can be attributed to O-H stretching and N-H bending, which are able
to form a hydrogen bond with the carbonyl group of the peptide bond in the gelatin, as
suggested by a literature review [52,53].
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Figure 7. FTIR spectra of TG_X films (X— 0, 5, 10, 20, and 30% of tot’hema).

Wavenumber (cm™

The FTIR spectrum of the pure gelatin film contains characteristic peaks at 3297 cm !

and 2963 cm~!, which can be attributed to -OH and —~CH vibration stretching peaks.
Further, it showed the characteristic amide I, amide II and amide III bands [54]. It is
observed that the main absorption of the gelatin film such as C=O stretching at 1629 cm™!
(Amide I), N-H bending at 1542 cm~! (Amide II), C-H deformation at 1403 cm~!, and C-N
stretching (Amide III) at 1237 cm ™! remains present in all films.

Compared to pure gelatin film, it was noticed that there are no new peaks in the
spectrum of TG_X films. At the same time, the addition of tot’hema caused noticeable
changes in the intensity of the Amide I, Amide II, and Amide III band. The peaks char-
acteristic of C-H stretching of CH; and CHj at 2963 em~! and 2876 cm~! in TG_X films
vary significantly in intensity relative to the TG_0. Further, there is a slight shift in the
peak’s position, which can be explained by the formation of hydrogen bonds. The shift
of these bands to a lower wavelength can be explained by the crosslinking between the
components of TG_X films. These data indicate that the polar groups of tot’hema solution
interact with the amino acids of the protein chains via inter-and intra-molecular hydrogen
bonding and hydrophobic interaction. Therefore, tot’hema adding does not change the
chemical composition of gelatin, but it changes the structure of gelatin due to intermolecular
hydrogen bonding.

DSC is used to establish thermal stability due to changes in the physical and chemical
properties of a material as a function of temperature or time [55]. It is well known that
heat can cause structural transitions in protein networks that break chemical bonds [56].
The thermal properties of the film are closely related to their applications. The DSC
thermograms of the TG_X films up to a temperature of 250 °C are shown in Figure 8.
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Figure 8. DSC curves of the TG_X films (X— 0, 5, 10, 20, and 30% of tot’hema). Tg and Tm — Endother-
mic peaks (denoted for pure gelatin film —TG_0) represent glass transition and melting temperature,
respectively.

The first endothermic peak of pure gelatin film (TG_0) is recorded at a temperature
of about 40 °C (see Figure 8). This endothermic peak represents glass transition (Tg) and
is attributed to the transition from the glassy state to rubber. The endothermic peak that
follows Tg, at a temperature around Try,~70 °C is attributed to the melting and dissociation
of arranged polymer parts. Some authors attribute this peak to the overlap of various
processes such as the water evaporation, melting and recrystallization of small and/or
imperfect gelatin crystals [57,58].

It was found that the peak temperatures and the enthalpies of these endothermic
processes depend on the film preparation and drying conditions [57]. The endothermic
peak at about 160 °C represents the gelatin decomposition temperature. It was observed
that by adding and increasing the tot’hema content, the endothermic peaks become sig-
nificantly wider and larger than that of the pure gelatin film. In addition, DSC analysis
demonstrated that tot’hema addition, depending on its content, improves gelatin thermal
stability. The melting temperature (Tr,) increased when compared to pure gelatin film for
all concentrations of tot’hema. T, is typically associated with thermal stability: a high
value of Ty, corresponds to high thermal stability. It is already established that the thermal
stability of polymers is related to crosslinking density [59]. In Figure §, it is noticed that pure
gelatin film (TG_0) has the lowest melting temperature (Tr,). This temperature increases
after crosslinking gelatin by tot’hema. The highest value of Ty, was obtained for TG_5 film,
while the Ty, for films prepared with 10-30% of tot’hema show lower values. This behavior
is attributed to the hydrophobicity of the gelatin molecular structure resulting from the
addition of a large quantity of tot’hema. The improved thermal stability of TG_X films
indicates that the temperature range of the use has been extended to about 100 °C, which is
very important for practical applications.

To summarize—tot’hema is added to gelatin in order to increase the light absorption,
modify its melting temperature and make it permanently elastomeric. Tot’hema concentra-
tion was optimized in order to make a compromise between gelatin thermal (e.g., melting
temperature), mechanical (flatness) and optical (transparency) properties.
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4. Discussion

The gelatin-based material described above has a number of useful optical, thermal
and mechanical properties, which can be modulated by slight variations of its chemical
composition. In this way, it becomes suitable for a range of applications, primarily dealing
with micro-mechanics, microfluidics and micro-optics.

The most important property is photoresponsiveness. The photoresponsive gelatin
studied here belongs to the class of waste and natural biopolymers (such as alginates and
eggshells already reported for the electronics industry [35,36]), which is very important
for developing non-toxic, eco-friendly materials. In contrast to the classical photosensitive
materials (for example, silver-halide films, photoresists, dichromated gelatin), the response
of tot’hema modified material is a consequence of physical, rather than chemical, processes.
Here, absorbed light locally heats the material above the melting point, and surface tension
pushes the fluidized layer, thus producing a dip (concave, lens-shaped recess), as can be
seen in Figure 2. After the light is turned off, rapid cooling “freezes” the surface shape.
Due to the low melting point of the gel (approximately 50 °C), the effect is easily achieved
by a few milliwatt laser beams and millisecond irradiation times. Depending on the focal
point size, micron-sized structures are easily formed. It is important to note that there is
no material ablation because the melting point is much higher, and the material is simply
displaced [60].

This makes the material extremely useful for rapid fabrication of micron-sized features
using direct laser writing (DLW)—see Video S1 in a Supplementary Material of this paper
demonstrating manufacturing of a complex array of microlenses. By controllably guiding
the laser beam across the surface, virtually any shape can be formed (see Figure 9), where
a rather complex microchannel structure (with three Tesla valves) is shown [61,62]. The
whole pattern was fabricated in less than a minute using a 488 nm laser with 10 mW power
(focused by 0.4 NA microscope objective).

Figure 9. Complex microfluidic channels, with three Tesla valves formed on a tot’hema-gelatin.

Physicochemical processes during interaction with light depend strongly on the laser
beam power and focus. The sensitivity threshold is reached at approximately 7.5 nJ/pm? of
laser energy, which is easily achieved by focusing the laser beam through the long-working-
distance microscope objective (Mitutoyo 20x, 0.4 NA). By appropriately controlling the
laser beam size and power, irradiation time and writing speed, features can be fabricated
with characteristic widths between 10 pm and 1000 pm and depths up to several hundred
micrometers. By using high-power lasers, fabrication time can be significantly reduced



Polymers 2022, 14, 2350

11 0f 14

to milliseconds for the fabrication of individual microlenses or seconds for more complex
structures like the one in Figure 9. Of course, the scanning speed of the laser beam must be
increased to prevent material destruction. In most cases, there is no postprocessing, so the
optical structures are usable immediately after fabrication.

We have mostly studied optical applications of the material [37,38], which simulta-
neously offers several key features—optical homogeneity, transparency, surface quality,
easy fabrication and environmental friendliness. We have found that tot’hema ingredients
mostly determine the material properties. As shown above, spectral absorption and melting
point enable tailoring of the material to efficiently absorb the DLW beam.

The concept of microfabrication using meltable gels can be easily extended by replac-
ing tot’hema with a suitable combination of plasticizers, humectants, preservatives and
sensitizing dyes (e.g., betanin, eosin, anthocyanin, etc.) to achieve improved characteristics
(faster melting, improved sensitivity, optical transparency after laser processing), which
we described elsewhere [37]. In this way, we were able to fabricate a range of optical
components, such as diffraction gratings and arrays of positive and negative microlenses.

Gelatin-based materials are biocompatible, and additional chemicals used in this
research are non-toxic (even food grade), giving the advantage of quick and natural
biodegradability. We have covered a piece of the material with a few centimeters of
soil and found that it was completely absorbed, without a trace, within a few days. For
some applications, this might be a problem as we observed fungi growing on the material
after some time (several days). To prevent that, we added table salt (NaCl), which made it
durable and usable over a long period of exposure time to normal room conditions. Normal
laboratory conditions (humidity, temperature) do not affect the material properties, and
laboratory illumination does not diminish the material sensitivity (i.e., the material does
not have to be kept in darkness). Dust is the major problem because of the stickiness of the
film, and the material surface must be protected by an additional cover glass.

Softness is yet another possible disadvantage. Surfaces should not be scratched or
punched with hard objects as this will certainly damage the structure. On the positive
side, films can be easily cut, peeled from the substrate, stacked together and transferred.
Mechanical hardness can be further significantly increased by removing the plasticizer (by
submerging the films in cold water and letting the plasticizer diffuse out) or by hardening
(tanning) with, e.g., alum [63]. In addition, we have been able to use tot’hema-gelatin as a
template for contact copying into harder materials (epoxies, photopolymer composites).

The usable temperature range is limited by the melting point to somewhere between
50 °C and 100 °C, depending on tot’hema concentration. For the majority of applications,
this is quite satisfactory and makes the material usable in the widest range of applications:
lab on a chip, sensors and micro-optics. We have also found that above the critical power
density of the laser beam, material locally carbonizes and can be used as a blocking filter [39]
and, possibly, as an electrical conductor.

Finally, the fabrication cost is really low. Materials used here are cheap and ubiquitous.
Most of them can be found in the kitchen, while the fabrication of layers is straightforward
and simple. Production methods are well known in the film industry and can be used both
in low- and large-scale production.

5. Conclusions

To conclude, here we disclosed an innovative combination of well-known substances
producing really versatile material for safe, real-time, low-cost, rapid microfabrication.
Physicochemical properties of the material have been thoroughly studied, aiming to es-
tablish operational limits and optimize properties for the desired application. Application
potential is high due to the simplicity of fabrication of highly complex structures, good
optical properties, and manufacturability by direct laser writing without any further post-
processing, micrometers resolution, elastomeric characteristics, environmental friendliness,
and non-toxic character—a rare combination of properties concentrated in a single material.
Elasticity, uniform and homogeneous surface and optical transparency were achieved,
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making the material suitable for the production of adaptive micro-optical components
and protective filters. The temperature range of the material’s applicability is extended up
to 100 °C.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/polym14122350/s1, Video S1: Microoptics fabrication.

Author Contributions: B.D.M.: Conceptualization, methodology, investigation, visualization, writ-
ing original draft, reviewing, editing, resources, project administration; D.V.P.: Software, supervision,
writing, editing, reviewing; M.D.R.: Software, data curation, reviewing; S.N.S.-S.: Investigation,
editing, reviewing; V.O.V.: Editing, project administration. All authors have read and agreed to the
published version of the manuscript.

Funding: The authors acknowledge funding provided by the Institute of Physics University of
Belgrade through the grant by the Ministry of Education, Science and Technological Development of
the Republic of Serbia.

Data Availability Statement: Not applicable.

Acknowledgments: We thank Smilja B. Markovi¢ from the Institute of Technical Sciences of the
Serbian Academy of Sciences and Arts, Belgrade, Serbia for help with FTIR and DSC measurements.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Chaudhary, V.;; Bangar, S.P,; Thakur, N.; Trif, M. Recent advancements in smart biogenic packaging: Reshaping the future of the
food packaging industry. Polymers 2022, 14, 829. [CrossRef] [PubMed]

2. Tokiwa, Y.; Calabia, B.P.; Ugwu, C.U.; Aiba, S. Biodegradability of plastics. Int. J. Mol. Sci. 2009, 10, 3722-3742. [CrossRef]
[PubMed]

3. Vroman, I; Tighzer, L. Biodegradable polymers. Materials 2009, 2, 307-344. [CrossRef]

4. Shamsuddin, LM,; Jafar, J.A.; Shawai, A.S.A.; Yusuf, S.; Lateefah, M.; Aminu, I. Bioplastics as better alternative to petroplastics
and their role in national sustainability: A review. Adv. Biosci. Bioeng. 2017, 5, 63-70. [CrossRef]

5. Rosenboom, J.G.; Langer, R.; Traverso, G. Bioplastics for a circular economy. Nat. Rev. Mater. 2022, 7, 117-137. [CrossRef]
[PubMed]

6. Hassan, M.M.; Le Guen, M.].; Tucker, N.; Parker, K. Thermo-mechanical, morphological and water absorption properties of
thermoplastic starch/cellulose composite foams reinforced with PLA. Cellulose 2019, 26, 4463-4478. [CrossRef]

7. Souza, C.R.; Andrade, C.T. Processing and properties of thermoplastic starch and its blends with sodium alginate. ]. Appl. Polym.
Sci. 2001, 81, 412-420. [CrossRef]

8. Abe, M.M.; Martins, J.R.; Sanvezzo, P.B.; Macedo, J.V.; Branciforti, M.C.; Halley, P.; Botaro, V.R.; Brienzo, M. Advantages and
disadvantages of bioplastics production from starch and lignocellulosic components. Polymers 2021, 13, 2484. [CrossRef]

9.  Rivadeneira-Velasco, K.E.; Utreras-Silva, C.A.; Diaz-Barrios, A.; Sommer-Marquez, A.E.; Tafur, J.P.; Michell, R M. Green nanocom-
posites based on thermoplastic starch: A review. Polymers 2021, 13, 3227. [CrossRef]

10. Onyeaka, H.; Obileke, K.; Makaka, G.; Nwokolo, N. Current research and applications of starch based biodegradable films for
food packaging. Polymers 2022, 14, 1126. [CrossRef]

11. Jiang, T.; Duan, Q.; Zhu, J.; Liu, H.; Yu, L. Starch-based biodegradable materials: Challenges and opportunities. Adv. Ind. Eng.
Polym. Res. 2020, 3, 8-18. [CrossRef]

12.  Estrada-Monje, A.; Alonso-Romero, S.; Zitzumbo-Guzman, R.; Estrada-Moreno, I.A.; Zaragoza-Contreras, E.A. Thermoplastic
starch-based blends with improved thermal and thermomechanical properties. Polymers 2021, 13, 4263. [CrossRef] [PubMed]

13. Chauhan, S; Bansal, M.; Khan, G.; Yadav, S.K;; Singh, A K.; Prakash, P.; Mishra, B. Development, optimization and evaluation of
curcumin loaded biodegradable crosslinked gelatin film for the effective treatment of periodontitis. Drug Dev. Ind. Pharm. 2018,
44,1212-1221. [CrossRef] [PubMed]

14. Yang, ] Sun, X,; Kang, Q.; Zhu, L.; Qin, G.; Chen, Q. Freezing-tolerant and robust gelatin-based supramolecular conductive
hydrogels with double-network structure for wearable sensors. Polym. Test. 2021, 93, 106879. [CrossRef]

15. Liu,J; Li, Y; Hu, D.; Chao, X.; Zhou, Y.; Wang, J. An essential role of gelatin in the formation process of curling in long historical
photos. Polymers 2021, 13, 3894. [CrossRef]

16. Lu, Y; Luo, Q; Chu, Y,; Tao, N.; Deng, S.; Wang, L.; Li, L. Application of gelatin in food packaging: A review. Polymers 2022,
14, 436. [CrossRef]

17.  Maiti, S.; Khillar, P.S.; Mishra, D.; Nambiraj, N.A; Jaiswal, A.K. Physical and self-crosslinking mechanism and characterization of
chitosan-gelatin-oxidized guar gum hydrogel. Polym. Test. 2021, 97, 107155. [CrossRef]

18. Farris, S.; Song, J.; Huang, Q. Alternative reaction mechanism for the cross-linking of gelatin with glutaraldehyde. J. Agric. Food

Chem. 2010, 58, 998-1003. [CrossRef]


https://www.mdpi.com/article/10.3390/polym14122350/s1
https://www.mdpi.com/article/10.3390/polym14122350/s1
http://doi.org/10.3390/polym14040829
http://www.ncbi.nlm.nih.gov/pubmed/35215741
http://doi.org/10.3390/ijms10093722
http://www.ncbi.nlm.nih.gov/pubmed/19865515
http://doi.org/10.3390/ma2020307
http://doi.org/10.11648/j.abb.20170504.13
http://doi.org/10.1038/s41578-021-00407-8
http://www.ncbi.nlm.nih.gov/pubmed/35075395
http://doi.org/10.1007/s10570-019-02393-1
http://doi.org/10.1002/app.1453
http://doi.org/10.3390/polym13152484
http://doi.org/10.3390/polym13193227
http://doi.org/10.3390/polym14061126
http://doi.org/10.1016/j.aiepr.2019.11.003
http://doi.org/10.3390/polym13234263
http://www.ncbi.nlm.nih.gov/pubmed/34883765
http://doi.org/10.1080/03639045.2018.1439501
http://www.ncbi.nlm.nih.gov/pubmed/29429364
http://doi.org/10.1016/j.polymertesting.2020.106879
http://doi.org/10.3390/polym13223894
http://doi.org/10.3390/polym14030436
http://doi.org/10.1016/j.polymertesting.2021.107155
http://doi.org/10.1021/jf9031603

Polymers 2022, 14, 2350 13 of 14

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.
44.

45.

46.

47.

Bigi, A.; Cojazzi, G.; Panzavolta, S.; Roveri, N.; Rubini, K. Stabilization of gelatin films by crosslinking with genipin. Biomaterials
2002, 23, 4827-4832. [CrossRef]

Zhao, Y,; Sun, Z. Effects of gelatin-polyphenol and gelatin—genipin cross-linking on the structure of gelatin hydrogels. Int. ]. Food
Prop. 2017, 20, S2822-52832. [CrossRef]

Savi¢, S.; Panteli¢, D.; Jakovijevi¢, D. Real-time and postprocessing holographic effects in dichromated pullulan. Appl. Opt. 2002,
41, 4484-4488. [CrossRef] [PubMed]

Haniffa, M.A.C.M,; Ching. Y., C.; Abdullah, L.C.; Poh, S.C.; Chuah, C.H. Review of Bionanocomposite Coating Films andTheir
Applications. Polymers 2016, 8, 246. [CrossRef] [PubMed]

Salahuddin, B.; Wang, S.; Sangian, D.; Aziz, S.; Gu, Q. Hybrid gelatin hydrogels in nanomedicine applications. ACS Appl. Bio
Mater. 2021, 4, 2886-2906. [CrossRef] [PubMed]

Rakhshaei, R.; Namazi, H.; Hamishehkar, H.; Kafil, H.S.; Salehi, R. In situ synthesized chitosan—gelatin/ZnO nanocomposite
scaffold with drug delivery properties: Higher antibacterial and lower cytotoxicity effects. J. Appl. Polym. Sci. 2019, 136, 47590.
[CrossRef]

Afnas, VM.; Unnikrishnan, G.; Budhe, S.; Manaf, O.; Ameen, ]J. PVA/gelatin/chitin ternary blend as a humidity sensing material.
J. Mater. Sci. Mater. Electron. 2022, 33, 2031-2043. [CrossRef]

Nawroth, J.C.; Scudder, L.L.; Halvorson, R.T.; Tresback, J.; Ferrier, ].P.; Sheehy, S.P.; Cho, A.; Kannan, S.; Sunyovszki, I.; Goss,
J.A.; et al. Automated fabrication of photopatterned gelatin hydrogels for organ-on-chips applications. Biofabrication 2018, 10,
25004. [CrossRef] [PubMed]

Liu, J; Su, C,; Chen, Y;; Tian, S.; Lu, C.; Huang, W.; Lv, Q. Current understanding of the Applications of photocrosslinked
hydrogels in biomedical engineering. Gels 2022, 8, 216. [CrossRef]

Pinto-Iguanero, B.; Olivares-Perez, A.; Mendez-Alvarado, A.W.; Fuentes-Tapia, I.; Trevino-Palacios, C.G. Non-hydroscopic vanilla
doped dichromated gelatin holographic material. Opt. Mater. 2003, 22, 397-404. [CrossRef]

Panteli¢, D.; Muri¢, B. Improving the holographic sensitivity of dichromated gelatin in the blue-green part of the spectrum by
sensitization with xanthene dyes. Appl. Opt. 2001, 40, 2871-2875. [CrossRef]

Yao, J.; Cui, Z.; Gao, F; Zhang, Y.; Guo, Y.; Du, C.; Zeng, H.; Qiu, C. Refractive micro lens array made of dichromate gelatin with
gray-tone photolithography. Microelect. Eng. 2001, 57-58, 729-735. [CrossRef]

Calixto, S.; Scholl, M.S. Relief optical microelements fabricated with dichromated gelatin. Appl. Opt. 1997, 36, 2101-2106.
[CrossRef] [PubMed]

Pan, A.; Gao, B.; Chen, T; Si, J.; Li, C.; Chen, F; Hou, X. Fabrication of concave spherical microlenses on silicon by femtosecond
laser irradiation and mixed acid etching. Opt. Express 2014, 22, 15245-15250. [CrossRef] [PubMed]

Marcinkevicius, A.; Juodkazis, S.; Watanabe, M.; Miwa, M.; Matsuo, S.; Misawa, H.; Nishii, ]J. Femtosecond laser-assisted
three-dimensional microfabrication in silica. Opt. Lett. 2001, 26, 277-279. [CrossRef] [PubMed]

Calixto, S.; Ganzherli, N.; Gulyaev, S.; Figueroa-Gerstenmaier, S. Gelatin as a photosensitive material. Molecules 2018, 23, 2064.
[CrossRef]

Minakshi, M.; Higley, S.; Baur, C.; Mitchell, D.R.G.; Jonesd, R.T.; Fichtner, M. Calcined chicken eggshell electrode for battery and
supercapacitor applications. RSC Adv. 2019, 9, 26981-26995. [CrossRef]

Wickramaarachchi, K.; Minakshi Sundaram, M.; Henry, D.J.; Gao, X. Alginate Biopolymer Effect on the Electrodeposition of
Manganese Dioxide on Electrodes for Supercapacitors. ACS Appl. Energy Mater. 2021, 4, 7040-7051. [CrossRef]

Muri¢, B.D.; Panteli¢, D.V,; Vasiljevi¢, D.M.; Pani¢, B.M. Properties of microlenses produced on a layer of tot’hema and eosin
sensitized gelatin. Appl. Opt. 2007, 46, 8527-8532. [CrossRef]

Muri¢, B.; Panteli¢, D.; Vasiljevi¢, D.; Pani¢, B. Microlens fabrication on tot’hema sensitized gelatin. Opt. Mater. 2008, 30, 1217-1220.
[CrossRef]

Muri¢, B.D,; Panteli¢, D.V.; Vasiljevi¢, D.M.; Savié-Sevié, S.N.; Jelenkovi¢, B.M. Application of tot’hema eosin sensitized gelatin as
a potential eye protection filter against direct laser radiation. Curr. Appl. Phys. 2016, 16, 57-62. [CrossRef]

Muri¢, B.; Panteli¢, D.; Vasiljevi¢, D.; Zarkov, B.; Jelenkovi¢, B.; Pantovi¢, S.; Rosi¢, M. Sensitized gelatin as a versatile biomaterial
with tunable mechanical and optical properties. Phys. Scr. 2013, T157, 14018. [CrossRef]

Krmpot, AJ.; Tserevelakis, G.J.; Muri¢, B.D.; Filippidis, G.; Panteli¢, D.V. 3D imaging and characterization of microlenses and
microlens arrays using nonlinear microscopy. J. Phys. D Appl. Phys. 2013, 46, 195101. [CrossRef]

Wu, Z.-L.; Qi, Y.-N.; Yin, X.-J.; Yang, X.; Chen, C.-M.; Yu, ].-Y; Yu, J.-C,; Lin, Y.-M.; Hui, F; Liu, P-L.; et al. Polymer-Based Device
Fabrication and Applications Using Direct Laser Writing Technology. Polymers 2019, 11, 553. [CrossRef] [PubMed]

Available online: www.vidal.fr/medicaments/tot-hema-sol-buv-en-ampoule-16626.html (accessed on 10 February 2022).
Keinonen, T.; Riihola, P.; Huttu, K.; Parkkonen, S. Dye films for optical demonstrations in the undergraduate laboratory. Opt.
Mater. 1998, 11, 79-86. [CrossRef]

ISO 527-3:2018; Plastics—Determination of Tensile Properties—Part 3: Test Conditions for Films and Sheets. ISO: Geneva,
Switzerland, 2018. Available online: https://www.iso.org/standard /70307.html (accessed on 12 March 2022).

Radmilovi¢, M.D.; Muri¢, B.D.; Gruji¢, D.; Zarkov, B.; Nenadi¢, M.Z.; Panteli¢, D.V. Rapid direct laser writing of microoptical
components on a meltable biocompatible gel. Opt. Quantum Electron. 2022, 54, 361. [CrossRef]

Tabatabaei, S.D.; Ghiasi, F; Gahruie, H.H.; Hosseini, SM.H. Effect of emulsified oil droplets and glycerol content on the
physicochemical properties of Persian gum-based edible films. Polym. Test. 2022, 106, 107427. [CrossRef]


http://doi.org/10.1016/S0142-9612(02)00235-1
http://doi.org/10.1080/10942912.2017.1381111
http://doi.org/10.1364/AO.41.004484
http://www.ncbi.nlm.nih.gov/pubmed/12153075
http://doi.org/10.3390/polym8070246
http://www.ncbi.nlm.nih.gov/pubmed/30974522
http://doi.org/10.1021/acsabm.0c01630
http://www.ncbi.nlm.nih.gov/pubmed/35014383
http://doi.org/10.1002/app.47590
http://doi.org/10.1007/s10854-021-07406-z
http://doi.org/10.1088/1758-5090/aa96de
http://www.ncbi.nlm.nih.gov/pubmed/29337695
http://doi.org/10.3390/gels8040216
http://doi.org/10.1016/S0925-3467(03)00003-X
http://doi.org/10.1364/AO.40.002871
http://doi.org/10.1016/S0167-9317(01)00555-X
http://doi.org/10.1364/AO.36.002101
http://www.ncbi.nlm.nih.gov/pubmed/18253179
http://doi.org/10.1364/OE.22.015245
http://www.ncbi.nlm.nih.gov/pubmed/24977615
http://doi.org/10.1364/OL.26.000277
http://www.ncbi.nlm.nih.gov/pubmed/18040300
http://doi.org/10.3390/molecules23082064
http://doi.org/10.1039/C9RA04289J
http://doi.org/10.1021/acsaem.1c01111
http://doi.org/10.1364/AO.46.008527
http://doi.org/10.1016/j.optmat.2007.05.051
http://doi.org/10.1016/j.cap.2015.09.014
http://doi.org/10.1088/0031-8949/2013/T157/014018
http://doi.org/10.1088/0022-3727/46/19/195101
http://doi.org/10.3390/polym11030553
http://www.ncbi.nlm.nih.gov/pubmed/30960537
www.vidal.fr/medicaments/tot-hema-sol-buv-en-ampoule-16626.html
http://doi.org/10.1016/S0925-3467(98)00014-7
https://www.iso.org/standard/70307.html
http://doi.org/10.1007/s11082-022-03681-0
http://doi.org/10.1016/j.polymertesting.2021.107427

Polymers 2022, 14, 2350 14 of 14

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Gahruie, H.-H.; Eskandari, M.H.; Meeren, P.V.; Osseini, S.M.H. Study on hydrophobic modification of basil seed gum-based (BSG)
films by octenyl succinate anhydride. Carbohydr.Polym. 2019, 219, 155-161. [CrossRef]

Rivero, S.; Garcia, M.A.; Pinotti, A. Correlations between structural, barrier, thermal and mechanical properties of plasticized
gelatin films. Innov. Food Sci. Emerg. Technol. 2010, 11, 369-375. [CrossRef]

Blanco-Pascual, N.; Ferndandez-Martin, E.; Montero, M.P. Effect of different protein extracts from Dosidicus gigas muscle co-
products on edible films development. Food Hydrocoll. 2013, 33, 118-131. [CrossRef]

Siepmann, J.; Streubel, A.; Peppas, N.A. Understanding and predicting drug delivery from hydrophilic matrix tablets using the
“Sequential layer” model. Pharm. Res. 2002, 19, 306-314. [CrossRef]

Queiroz, M.E; Rachel, K.; Melo, T.; Sabry, D.A.; Sassaki, G.L.; Alexandre, H.; Rocha, O. Does the use of chitosan contribute to
oxalate kidney stone formation. Mar. Drugs 2014, 13, 141-158. [CrossRef]

Farahnaky, A.; Dadfar, S.M.M.; Shahbazi, M. Physical and mechanical properties of gelatin—clay nanocomposite. J. Food Eng. 2014,
122,78-83. [CrossRef]

Coates, J. Interpretation of infrared spectra, A practical approach. In Encyclopedia of Analytical Chemistry: Applications, Theory and
Instrumentation; John Wiley & Sons, Ltd.: Hoboken, NJ, USA, 2006; pp. 1-23. [CrossRef]

Lin, S.-Y.; Wang, S.-L. Advances in simultaneous DSC-FTIR microspectroscopy for rapid solid-state chemicalstability studies:
Some dipeptide drugs as examples. Adv. Drug Deliv. Rev. 2012, 64, 461-478. [CrossRef] [PubMed]

Liu, F; Majeed, H.; Antoniou, J.; Li, Y.; Ma, Y,; Yokoyama, W.; Zhong, F. Tailoring physical properties of transglutaminase-modified
gelatin films by varying drying temperature. Food Hydrocoll. 2016, 58, 20-28. [CrossRef]

Dai, C.A.; Chen, Y.-F; Liu, M.-W. Thermal properties measurements of renaturated gelatin using conventional and temperature
modulated differential scanning calorimetry. Appl. Polym. Sci. 2006, 99, 1795-1801. [CrossRef]

Mendieta-Taboada, O.; Sobral, PJ.A.; Carvalho, R.A.; Habitante, A.M.B.Q. Thermomechanical properties of biodegradable films
based on blends of gelatin and poly(vinyl alcohol). Food Hydrocoll. 2008, 22, 1485-1492. [CrossRef]

Skopinska-Wisniewska, J.; Tuszynska, M.; Olewnik-Kruszkowska, E. Comparative Study of Gelatin Hydrogels Modified by
Various Cross-Linking Agents. Materials 2021, 14, 396. [CrossRef]

Muri¢, B.; Panteli¢, D.; Vasiljevi¢, D.; Pani¢, B.; Jelenkovi¢, B. Thermal analysis of microlens formation on a sensitized gelatin layer.
Appl. Opt. 2009, 48, 3854-3859. [CrossRef]

Hong, C.-C.; Choi, ].-W.; Ahn, C.H. A novel in-plane microfluidic mixer with modified Tesla structures. Lab Chip 2004, 4, 109-113.
[CrossRef]

Tesla, N. Valvular Conduit. U.S. Patent 1329559, 3 February 1920. Available online: https:/ /www.freepatentsonline.com/1329559.
html (accessed on 12 March 2022).

Muri¢, B.D.; Pani¢, B.M. Microlenses with focal length controlled by chemical processes. Phys. Scr. 2012, T 149, 14071. [CrossRef]


http://doi.org/10.1016/j.carbpol.2019.05.024
http://doi.org/10.1016/j.ifset.2009.07.005
http://doi.org/10.1016/j.foodhyd.2013.02.019
http://doi.org/10.1023/A:1014447102710
http://doi.org/10.3390/md13010141
http://doi.org/10.1016/j.jfoodeng.2013.06.016
http://doi.org/10.1002/9780470027318.a5606
http://doi.org/10.1016/j.addr.2012.01.009
http://www.ncbi.nlm.nih.gov/pubmed/22300653
http://doi.org/10.1016/j.foodhyd.2016.01.026
http://doi.org/10.1002/app.22711
http://doi.org/10.1016/j.foodhyd.2007.10.001
http://doi.org/10.3390/ma14020396
http://doi.org/10.1364/AO.48.003854
http://doi.org/10.1039/b305892a
https://www.freepatentsonline.com/1329559.html
https://www.freepatentsonline.com/1329559.html
http://doi.org/10.1088/0031-8949/2012/T149/014071

Optical and Quantum Electronics (2022) 54:361
https://doi.org/10.1007/511082-022-03681-0

®

Check for
updates

Rapid direct laser writing of microoptical components
on a meltable biocompatible gel

Mihajlo D. Radmilovi¢' - Branka D. Muri¢' - Dusan Gruji¢' - Boban Zarkov? -
Marija Z. Nenadi¢® - Dejan V. Panteli¢'

Received: 15 November 2021 / Accepted: 20 March 2022 / Published online: 17 May 2022
© The Author(s), under exclusive licence to Springer Science+Business Media, LLC, part of Springer Nature 2022

Abstract

Microoptical components are coming of age in a wide range of applications: lab-on-a-chip,
imaging, detection... There are a large number of fabrication technologies capable of pro-
ducing high quality individual components and their arrays. However, most of them require
high-end and costly equipment, complex and time-consuming fabrication, harmful chemi-
cals, resulting in expensive final products. Here we present a technology capable of pro-
ducing high quality microoptical components, using low-end direct laser writing on a bio-
compatible, environmentally friendly hydrogel, without any waste substances. The gel is
locally and controllably melted while surface tension forces shape the optical component,
following the laser beam profile. The process is so quick that a single microlens is fabri-
cated in less than a second, and can be used instantly without any further processing. The
technology is neither subtractive nor additive, and the base material is simply displaced
producing a smooth surface. We have been able to fabricate individual microlenses and
their arrays (positive, negative, aspheric), gratings and diffractive components. The tech-
nology is tested by generating unique, difficult to counterfeit QR-codes. Turnaround time
is fast and makes the technology suitable both for rapid prototyping and serial production.
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1 Introduction

There is a growing need for complex microoptical devices (Kemme 2009) and their use
for micro-optoelectromechanical (MOEMS) and lab-on-a-chip applications. However,
their fabrication is usually a complex, time consuming, multistep process, requiring
several high-end technologies: microlithography (Grigalitinas et al. 2016), embossing
(Moore et al. 2016), femtosecond direct laser writing (Deng et al. 2019), diamond turn-
ing (Zhou et al. 2011; Zhang et al. 2020). These are the reasons why prevailing micro-
fabrication methods are not suitable for individualized production or rapid prototyping.
Also, materials used for microfabrication are complex and usually toxic. A huge volume
of fabricated devices enhances the problem of safe and environmentally friendly dis-
posal of microfabricated devices.

Among other materials, gels have attracted attention as a candidate material for
MOEMS. There is a wide variety of gels with characteristic solid-liquid transition
induced by coil to helix transformation (Taylor et al. 2017). The transition can be
induced by temperature, chemicals or electric field. Not so many of them have good
optical properties and only a few appropriate ones are easy to fabricate, nontoxic and
environmentally friendly. Optical gels (Duarte-Quiroga and Calixto. 2000; Li et al.
2019) have been used to manufacture dynamical and responsive microlenses. However,
their response is slow and chemistry complex (Guan and Zhang 2011).

Microlenses have found application niches for illumination (Lee et al. 2013), imaging
(Zhang et al. 2020) and, in particular, security (Walger et al. 2020). Applied technolo-
gies are advanced and complex favoring mass production and precluding individualiza-
tion of security features (Jiang et al. 2019).

Previously (Krmpot et al. 2013), we have analyzed optical properties of negative
microlenses using NLM. Here we present a technology based on nontoxic, environ-
mentally friendly gels which are locally melted by direct laser writing. Our aim was to
develop a material that is optically transparent, easily and instantly meltable by local-
ized irradiation, durable and made from ordinary “kitchen” chemicals (by E number
classification of food additives). We describe material properties, its biocompatibil-
ity, analyze the process of local laser-induced melting, demonstrate its capabilities for
security purposes and envision their further use for microfluidic and lab-on-a-chip
applications.

2 Materials and methods
2.1 Preparation of photo-meltable gel

Previously we have used gelatin plasticized with tot’hema (an oral solution for anemia
treatment) and sensitized with eosin Y (a red fluorescent dye with absorption maximum at
530 nm) to produce microoptical components (Muri¢ et al. 2007, 2008). We were able to
manufacture negative (concave) microlenses, but the problem was gradual darkening of the
material. That is why we replaced a commercial tot’hema with a water solution composed
of several ingredients acting as plasticizers, humectants, and preservatives. This solution
(designated PS for brevity) consists of: 0.2 ml of glycerol, 0.3 g of sucrose, 8 mg of glu-
cose, 2 ul of polysorbate 80.6 mg of citric acid, and 2 mg of sodium benzoate (everything
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is expressed per 1 ml of solution). The addition of PS improves mechanical and optical
properties of the gelatin layer (elasticity, durability and stability, optical transparency...).

After swelling of gelatin in deionized water for one hour, and heating at 50 °C in the
water bath (Vela™, Cole Parmer), 5% aqueous gelatin solution was prepared. Following,
0.01 g of sodium chloride and 0.16 ml of PS were further added (with stirring) to prevent
gelatin layer crystallization and breaking. The preparation of photo-meltable gel (PMG)
is concluded by adding 20 pl of eosin (2% aq. sol.). Quantity of all added components is
expressed per 1 ml of gelatin solution. Finally, the PMG solution was centrifuged (Cole
Parmer 17250-10 at 3400 rpm/min) to remove all particulates and impurities.

A PMG layer was prepared by the gravity settling method i.e., by pouring a constant
volume of the prepared solution onto precisely leveled and well cleaned microscope glass
slide bounded by a Plexiglas frame. After gelation, layers were left in the dark overnight,
under ordinary environmental conditions (T =25 °C, RH=50-60%). During that time, a
certain amount of water evaporated from the layer, as verified gravimetrically. After reach-
ing the equilibrium value, the water content remains constant. The thickness of the dried
layer depends on the amount of poured solution and can be chosen anywhere between sev-
eral tens of microns up to several millimeters or even centimeters. In our experiments, layer
thickness was kept at 100 um.

2.2 Direct laser writing system

We used a home-made laser writing device (Zarkov et al. 2012) operating at 488 nm laser
(Toptica iBEAM SMART with a maximum power of 100 mW). The laser beam is focused
by the long working distance objective (Mitutoyo, 20X 0.42 NA). Compact, color scientific
CMOS camera (Thorlabs CS505CUS5 Megapixel), was used to position the PMG layer at
the desired position with respect to the focal point. A coordinate stage (Ludl BioPoint2,
resolution 50 nm, repeatability 2 um) with G-code enabled Arduino microcontroller was
used to move the layer with respect to the laser beam. G-code (a standard programming
language for CNC machines (Walger et al. 2020) was used to control movement with
adjustable speed. Appropriate software was written to coordinate and synchronize the layer
movement with laser switching and intensity adjustment.

2.3 Nonlinear microscopy of microoptical surfaces

To characterize the structure of microoptical components, we used a home-made nonlin-
ear microscope (NLM) (Rabasovi¢ et al. 2015) equipped with a femtosecond Ti: Sapphire
laser (Coherent, Mira, 900F). The pulse duration is 160 fs with a 76 MHz repetition rate
and average power of 100 mW. A galvo-mirror scanning system was used for raster-scan-
ning of the samples in a commercial microscope (Leica). In order to fill the entrance pupil
of microscopic objective (Carl Zeiss, 20x 0.8 air) the laser beam was expanded. A tube
lens produces an image on the photomultiplier tube (PMT). Images were acquired and pro-
cessed using dedicated software. The spatial resolution of scanning system was 0.6—-0.9 pm
in lateral direction, while the axial resolution was 2.1 um. The device turned out to be par-
ticularly suitable for analysis of generated microstructures due to its ability to “see” internal
structure of the material. Here we used two-photon excited fluorescence (TPEF) modality
of NLM, which was particularly suitable due to the large penetration depth of infrared exci-
tation beam and reduced laser damage. We were interested primarily in the surface shape
of microoptical components when refraction effects do not introduce significant distortion.
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2.4 Thermal analysis of micro-component manufacturing process

Throughout the research we used a thermal imaging to monitor thermal effects of the laser
radiation during micro-component manufacturing. A commercial thermal camera (FLIR
A65) with 640x 512 pixels spatial resolution, 30 fps speed, thermal resolution/NETD 50
mK and 7.5-13 pm spectral range was utilized to record temperature and its spatial distri-
bution. We used an additional IR (ZnS) lens, placed in front of the germanium camera lens,
to further magnify the thermal image of a laser-melted zone.

2.5 In vitro biocompatibility testing

Cytotoxicity of tested PMG was determined on spontaneously immortalized keratinocyte
cell line (commonly referred as HaCaT) using crystal violet assay as described previously
(Stojkovi€ et al. 2020) with some modifications. A high capacity to differentiate and pro-
liferate in vitro makes HaCaT cell lines extremely useful for the purpose (Schiirer et al.
1993)). HaCaT cells were grown in high-glucose Dulbecco’s Modified Eagle Medium
(DMEM) supplemented with 10% fetal bovine serum (FBS), 2 mM L-glutamine and 1%
penicillin and streptomycin (Invitrogen), at 37 °C in a 5% CO, incubator. Forty-eight hours
before treatment, cells were seeded in a 96-well microtiter adhesive plate at a seeding den-
sity of 4 x 103 cells per well. PMG was dissolved in 0.01 mM PBS to a final concentration
of 8 mg mL~!. After 48 h, the medium was removed and the cells were treated for next
24 h with various concentrations of the dissolved gel in triplicate wells. Subsequently, the
medium was removed; the cells were washed twice with PBS and stained with 0.4% crystal
violet staining solution for 20 min at room temperature. Afterwards, crystal violet stain-
ing solution was removed; the cells were washed in a stream of tap water and left to air
dry at room temperature. The absorbance of dye dissolved in methanol was measured in
a plate reader at 570 nm (ODs,). The results were expressed as relative growth inhibi-
tion (GIs,) rate (%) indicating 50% inhibition of proliferation of HaCaT cells when com-
pared with untreated control. Experiments were performed in triplicate for each concen-
tration of the samples and three independent experiments were performed. The criterion
used to categorize the antiproliferative activity of PMG to HaCaT cell line was as follows:
IC5(, <20 pg mL ™" =highly cytotoxic, IC, ranged between 31 and 200 pg mL ™" =mod-
erately cytotoxic, ICs, ranged between 201 and 400 ug mL~'=weakly cytotoxic, and
IC5,>401 ug mL~" =no cytotoxicity (Stojkovié et al. 2020).

3 Results
3.1 Material characterisation

PMG is designed to be sensitive to the wavelength of the laser used in this research
(488 nm) in order to enable photo-induced melting. The focused laser beam locally heated
the PMG above its melting temperature and surface tension produced a concave dip.
The process was observed using a thermal camera. Temperature field is localized to the
vicinity of a laser beam. Within 1/5 s, the temperature reaches a maximum and decays
in spite of the material being still irradiated. This is due to the bleaching of eosin and the
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corresponding reduced absorption. This is associated with the layer turning transparent
instead of red.

As can be seen in Fig. 1a (recorded using TPEF), the laser-produced shape is a concave
asphere, while its diameter and optical characteristics depend on the laser power, irradia-
tion time and the laser beam size (Fig. 1b). The surface of the dip is quite smooth (rough-
ness is of the order of few nanometers) and can be faithfully approximated with a cubic
polynomial, as verified by atomic force microscopy. As a result, the dip acts as a high-
quality negative-power microlens (Krmpot et al. 2013).

The sensitivity threshold for a 100 um thick PMG layer is 10* W/cm?, which we
achieved with only 7.5 mW of laser power. This limit depends on the layer thickness, PS
and dye concentrations, focus depth. It is important to mention that layer is also sensitive
below 7.5 mW, but the material is only bleached (without lens formation).

As can be seen, exposure and bleaching are intertwined. We have observed the process
by measuring the decrease of PMG fluorescence during irradiation i.e., energy absorbed by
the material is dissipated through fluorescence (see Fig. 2). As a consequence, after a cer-
tain irradiation time, the layer bleaches so much to drop the temperature below the melting
point. In that case, material cannot remain liquid and “freezes” its lens-like shape.

We have developed a simplified thermal model which describes temperature 7" and its
dependence on initial temperature 7}:

A

B
T=T,+—+
" Kme  C-A

B + i)exp(—Ct) ¢))

rexp(=An) = ( C—-A Kmc

The model includes constants A, B and C which depend on PMG layer properties: con-
ductivity, specific heat and thickness. Additional constant K describes bleaching speed,
while m is mass of the irradiated gel and c is specific heat (see Appendix).

Calculations have shown close correspondence with experimentally recorded tempera-
ture variation (compare Fig. 3a and b) and correctly describe initial temperature rise with
subsequent exponential temperature drop (Eq. 1).

It is important to note that if the laser radiation is too intense it might occur that material
can be bleached to fast so that melting temperature cannot be reached. We have experimen-
tally observed this particular behaviour, which leaves material bleached without microlens
being produced.

Fig. 1 a 3D image of a microlens
shape recorded by NLM, b Opti-
cal microscope image showing
how the size of a microlens
strongly depends on the size of
the laser beam.
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Fig.3 a A temperature profile during constant-power irradiation (5 s, 15 mW laser power) of PMG layer,
recorded by a thermal camera. Temperature decreases due to bleaching of eosin. After turning the laser
off, temperature quickly drops to that of the environment. b Theoretically calculated temperature variation
(using Eq. 1).

That is why we were forced to closely control the exposure in order to preclude this
kind of memory effect. The effect is important if optical micro-components are too
close, because the first one bleaches a certain space in its vicinity. If we try to write the
next micro-component, exposure must be increased to compensate for a significant drop
of absorption due to bleaching.

However, in the following we describe how more complex surface shapes can be
manufactured by carefully controlling the laser focal position, beam pattern and expo-
sure. We have manufactured good quality positive microlenses by making an arrange-
ment six polygonally positioned spots. The material left in the center of a polygon
acqures spherical surface which acts as a positive (convex) microlens. This can be seen
in a NLM image of a material (Fig. 4).
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Fig.4 A NLM image of a
positive microlens produced by
irradiating the PMG layer at the
vertices of an octagon. 3D view
together with its orthogonal cross
section (inset) is shown

(a) 100 pm (b) 100 pm (c)

Fig.5 a Reflection image of an array of 3X3 positive power microlenses produced by irradiating PMG
layer at the vertices of an octagon, b Transmission images produced by the array, ¢ A resolution chart as
seen through the microlens

We were able to efficiently manufacture arrays of microlenses (Fig. 5a) with rather good
imaging properties (Fig. 5b and c).

The best results were obtained with the octagonal arrangement of dots. Their radius of
curvature and the corresponding focal length can be controlled by the diameter of a poly-
gon (Fig. 6). We have measured the spatial resolution of the PMG layer by writing a series
of gratings and found that we can manufacture up to 120 lp/mm.

3.2 Positive and negative microlenses for security

Microlenses have significant security applications for document protection (Walger et al.
2019, 2020; Seidler et al. 2014). In standard implementation, their effectiveness is based on
Moiré effect between a microlens array and a, suitably designed, micro-pattern or another
microlens array. Superposition of two overlaid arrays produces dynamic effects similar to
holograms — i.e., the resulting image varies with respect to observation direction.
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Difficulty of counterfeiting such a pair of arrays stems from tight tolerances of micro-
lens parameters and the necessity of their strict alignment. While this seems to be an
attractive security feature it is technologically complex to achieve in practice. That is
why the corresponding technologies are economically viable only through mass produc-
tion (usually by printing or embossing). Production of individualized, unique, hard-to-
copy security elements is thus difficult and impractical.

Here we show that the technology presented here offers another way to produce
unique security elements quickly and easily (on the fly) by changing microlens param-
eters (position, sag, diameter, focal length, mutual position). We demonstrate the princi-
ple by producing a microlens-based QR-code (see Fig. 7(a) and (b)).

Each dot of a standard 21 x21 QR-code is a negative microlens, except for one or
several selected, which are a positive. Security features are focal lengths of individual
microlenses (either positive or negative) of a QR-code.

Focal length of each microlens is revealed by placing a closely positioned micro-
sized object while detecting the size of its image. Here we used a butterfly wing scale as
such object, positioned on the other side of a microlens substrate. Due to the wide view
field of negative microlenses, image of an object is seen across several microlenses in
shifted positions — yet another, difficult to copy, feature (Fig. 7(c) and (d)).

(a) - (b) (c) (d)

Fig.7 a, b A microlens-based QR-code in two focal positions. ¢ An image of butterfly wing scale observed
through one of a QR-code lenses. d Multiple images of butterfly wing scale from Fig. (c) produced by QR
code microlenses.
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3.3 In vitro cytotoxicity of hydrogel samples towards HaCaT cells

Cytotoxic effects of PMG were investigated using HaCaT cell culture. To evaluate the cyto-
toxic effect of the PMG dissolved in 0.01 mM PBS on HaCaT cells, the crystal violet assay
was performed. Relative growth rate of HaCaT cells in the presence of different concentra-
tions of tested sample compared to untreated control is presented in Fig. 8. Tested sample
was evaluated as non-toxic to the HaCaT cell line with respective ICs, values of ~ 400 mg/
mL., a concentration which is considered as the limit of toxicity (Stojkovi¢ et al. 2020).

4 Discussion

Microlens fabrication enables efficient control of each individual microlens by controlling
a number of process parameters: laser beam size, shape, power, angle, speed and exposure,
as well as physical/chemical properties of the PMG layer. There are certain limitations,
drawbacks and possibilities which will be discussed in this section.

Manufacturing speed of microlenses is limited by the laser energy density (determined
by the laser power and focal point size), absorbance, viscosity and surface tension of
melted gel. This is a complex process difficult to model in a simple way. However, we were
able to find appropriate conditions experimentally. Laser powers above 7.5 mW and expo-
sure times longer than 100 ms gave us complete control of the process and production of
predictable lens size and profile.

The material is soft and elastic due to the presence of a plasticizer. Its stress—strain
behavior depends on the PS concentration, as shown earlier in the case of commercial
tot’hema, when the corresponding Young’s moduli were between 1 and 10 MPa (Muri¢
et al. 2013). Also, for high-concentration (30%) of tot’hema, more than 200% elongation
was achieved. In the case of PMG, the above properties are retained. Elasticity and stretch-
ability can be utilized to manufacture tunable optical components.

On the other hand, the softness makes material sensitive to mechanical scratching and
damaging. That is why it must be protected by an additional mechanically resistant layer.
Alternatively, the material can be hardened by simply placing in water to let plasticizer dif-
fuse out.

We observed the layer’s surface under the polarizing microscope and noticed that there
were no internal, residual stresses (material is homogeneous).

Fig. 8 Relative growth rate of 120
HaCaT cells in the presence of
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The material remains photosensitive for a long time even if exposed to normal lab-
oratory conditions. Its shelf life is mainly determined by slow evaporation of water
and photo-bleaching of sensitizer. If the atmosphere is too dry, concentration of water
diminishes and constituent chemicals start crystallizing and the layer attains a milky
appearance. In that sense, it is preferable to keep material in a humid and light-tight
container. From the practical experience, material processing can be performed under
normal lighting without special precautions or dimmed light. However, we have a few
years old gelatine layers, stored under normal laboratory conditions, which are still pho-
tosensitive and we were able to produce good quality microlenses. They are very stable,
too, and the image quality remains constant during many months and even years under
normal conditions. Of course, material has to be protected from scratches and dust as in
the case of all the other optical surfaces.

The material presented here is not unique. Instead of eosin, we have tried gelatin
sensitization with several natural fluorophores: anthocyanin, betanin and several other
food dyes with excellent results. Additionally, we have tried other gels based on chi-
tosan and pectin with very promising results. That is why we can claim that many other
gels, humectants and sensitizers can further enhance microlens production speed and
surface quality.

Depending on how material is prepared, buckling induced by evaporation of solvent
produces unpredictable surface pattern. Even then, re-melting of material by the laser beam
flattens the surface and produces good optical components. As a result, a combination of
random buckling surface structure and regular optical components produce uniquely and
nonreproducibly complex security features.

Yet another possibility stems from photo damage of the material, which occurs above
certain power density threshold. In that case, material carbonizes, producing strongly local-
ized damage zone in a center of the laser spot. Interestingly, this does not preclude micro-
lens imaging, but adds a new feature to a security component.

Here we emphasize that the technology described here is neither additive nor subtrac-
tive because no material is added or removed. It is important to note that all the substances
used are not volatile and the melting temperature of the material is below 50 °C, so that
water evaporation is negligible. However, do to the melting, surface tension compresses
and densifies the material. This is witnessed by the increased intensity of fluorescence at
the circumference of the cavity. That is why the volume of the laser-induced dip is larger
than the volume on the edge (Muri¢ et al. 2009).

The material is complex mixture of nontoxic chemical aiming to fulfill several require-
ments: preventing crystallization, retention of constant amount of water, reducing the melt-
ing point of the gel, to enable efficient flow during laser melting, retaining plastic and elas-
tic properties of the material, increasing the laser energy absorption. Proper composition
was found experimentally and found to be stable before and after microlens fabrication.

Material has certain drawbacks too. It is soft, and can be easily damaged if unprotected.
On the other hand, this property can be used to detect tampering and produce tamper sensi-
tive tags. Material surface is sticky and dust particles easily adhere to its surface. There-
fore, cleanliness is important factor in practical usage of the material.

We used gelatin as a base material, but the working principle is universal and can be
applied to any material which can be locally melted, without damage on a sufficiently low
temperature (preferably below 100 °C). In that respect we tested chitosan, too with quite
good results which will be presented in the future publications.

Applications are not limited to microlenses and arbitrary structures can be manufactured
such as microchannels, diffraction gratings, holograms (see Fig. 9).
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Fig.9 A range of microoptical
structures which can be fabri-
cated on the PMG layer — retinal
vessel model (center), QR-code
(top left), negative microlens
array (top right), positive micro-
lens (bottom right) array, grating
(bottom left)

5 Conclusions

We have presented a new, gel-based, material suitable for the fast and efficient genera-
tion of a wide range of microoptical and micromechanical components.
There are several advantages of the proposed method:

— Cheap lasers can be used as long as they have a circular laser beam profile and 2%
power stability within the millisecond time interval.

— Chemicals used to produce the PMG are non-poisonous at the stated concentrations,
as verified by biocompatibility tests.

— Fabrication time is fast enough to enable rapid prototyping of on-demand compo-
nents.

— A variety of optical and micromechanical components can be fabricated within a
single manufacturing operation.

— Components require no further processing and can be used immediately following
fabrication.

Supplementary Information The online version contains supplementary material available at https://doi.
0rg/10.1007/s11082-022-03681-0.
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Y1AHOBU KOMUCHUIE 3A OABPAHY NOKTOPCKE ANUCEPTALMIE:

MeHTOpMU:

YnaHoBU KOoMuUcKje:

Datym op6paHe:

Ap AnekcaHgap KpmnoT, HayYHU CaBeTHUK
YHusep3suteta y beorpaay, UHCTUTYT 33 dU3UKY

Ap WeaHa pseHnua, BULWIKX HAYYHWN CapagHUK
YHusep3uteta y beorpaay,
NHCTUTYT 32 MeguLMHCKA UCTPaXKUBakba

ap BecHa Unuh, Hay4yHM caBeTHUK
YHuBep3uteTa y beorpaay,
UHCTUTYT 32 MeAULIMHCKA NCTPAXKMBAHA

ap Muxanno Pabacosuh, BULWKN HayYHU capagHUK
YHuBep3uteta y beorpaagy, MHCTUTYT 33 PU3MKY

Ap ApeHka TpueaHoBMh, BULWM HayYHU capagHUK
YHuBep3uTeTa y beorpaay,
UHCTUTYT 32 MegMUNHCKa UCTPaXKUBakba



OBa pOKTOpCKa gucepTaumja ypaheHa je y capagru gse UHCTUTYUMje, MHCTUMTYTa 3a
¢un3mKy YHmBep3uteTa y beorpagy n MHCTUTYTa 32 MeAMLMHCKA UCTPAXKUBatba YHUBEP3UTETA Y
Beorpagy, WHcTUTYTa 04 HaumoHanHoOr 3Hauvaja 3a Penybamky Cpbujy, Kpo3 ucTparkMBahba
npegnoxeHnx y NMPOMMUC npojekty nog akpoHumom HEMMAGINERO "Hemoglobin-based
spectroscopy and nonlinear imaging of erythrocytes and their membranes as an emerging
diagnostic tool," Koju je dMHaHcKpao PoHA 3a HayKy Penybanke Cpbuje y nepmogy oa 2020. go
2022. roguHe, a umnjun je pykosogunay, ap AnekcaHgap Kpmnor.

EkcnepumeHTaNHU Ae0 paga oBe AOKTOPCKe AucepTauuje je ussedeH y Jlabopatopumju 3a
6unoodunsnky, MHcTuTyTa 33 dM3KUKy YHMBep3uTeTa y beorpaay, rae je kopuwheHa nabopaTopujcka
onpema aenom Habass/beHa M Kpo3 npojeKkaT Koju puHaHcupa PoHA 3a HayKy Penybaunke Cpbuje
Yy OKBMpY 3eneHor nporpama capagr€e Hayke v npuspege 3a nepuopg 2022-2024 "Advanced
BioPhysical Methods for Soil Targeted FUNgi-Based Biocontrol Agents", nog aKpoHMMOMm
BioPhisFUN (pykoBoamnay, ap AnekcaHgap Kpmnot), Kao u nabopatopujama MHcTUTYTa 3a
MeaMLMHCKA UCTparknearba YHUBep3uTeTa y beorpagy. [leo ekcnepumeHTanHUX pesynTtaTa Koju
Ce OOHOCM HA CMEKTPaNHO OC/MKaBake XeMornobuHckor d¢oTonpoaykta p[obujeH je y
denapTmeHTy 3a HeypoHayKe, KaponuHcka uHcTuTyTa, CTokxonm, Lsepcka. KoHdokanHa
MUWKpPOCKOMNKja xemMornobunHckor GoTonpoayKTa je CHUMaHa y LleHTpy 3a nacepcKy MUKPOCKOMW)y,
BuonowkKor pakynteTta YHMBep3uTeTa y beorpaay.



3axsanHuya

Henum 0Oa ce 3axseanum meHmopuma Op AnekcaHopy Kpmnomy, HAy4YHOM CA8eMHUKY
MHcmumyma 3a  ¢u3uky, YHusepsumema y beoepady Ha Hecebu4yHoj nodpwuyu y
Ucmpaxcusaykom pady u npymceHoj npuauyu oa bydem Oeo Hez2o8e 2pyne, u Op MeaHu
ApseHuyu, suwem HAYYHOM CapadHUKYy MWHcmumyma 3a MeOUUUHCKO UCMpaXuearsa,
YHusep3zumema y beoe2pady Ha ceemy Wmo Me je Hay4usaa Kaoa cy y numary epumpoyumu u
XemoenobuH, U HEHOM O02POMHOM cmprsberby U nocgeheHocmu 0a Me ycmepasa Ha
UCMpaxcusa4ykom nymy uspaoe Hay4HuUx padosa u oee 00KMopcKe oucepmayuje.

n3yzemHy 3axeanHocm Oyeyjem Op Muxauny Pabacosuhy Ha npymeHoj nomohu y
eKcrnepumMmeHmasnHom pady U MpeHeceHoM 3Hamy U3 0baacmu (homoHUKe U Wmo Me je Kao
MosieKynapHoe 6uon02a HAy4yuO KOAUKO je 6aMHO pa3ymesare MpuHuyuna pada mepHo2
UHCMpPYyMeHmMa y mymavery ekcriepumeHmanHux pesyamama.

lMocebHo »eenum Oa ce 3ax8anum Op AnekcaHopy Kpmrnomy Ha npymeHoj npuauyu 3a 00a1a3aK
Ha cmpyYHo ycaspuwasare Ha KaponuHcka MHcmumym y LLleedckoj u Xokaudo YHusepaumem y
Janany. Xeana Ha Hecebu4yHO npeHeceHOM 3Harby KaAda Cy y numary @ayopecueHmHa
MUKPOCKoOMNuja u ¢payopecueHmHa KopesnayuoHa CekmpocKonuja u UCKycmay Koje je 3a C8aKO
nowmoesarbe.

3axsasvyjem ce Op BecHu Mauh ca UHcmumyma 3a MeGUUUHCKA UCMpaxusara, YHugsepsumema
y beoepady Ha Hecebu4yHOj nomohy y caum hazama Hay4Ho padaes u CMpPy4YHOCMU HA KOjy cam ce
y8€eK M02a0 0C/I0HUMU.

3axsasvyjem ce Op [peHKu TpusaHosuh Ha HecebuyHOj Nodpwyu y usgohery ekcriepumeHama u
casemuma Koju Cy ce y8eK Mokasasau Kao 6e0Ma KOPUCHU.

Xsana maadum Kosnezama u KoneauHuuama: op Tarbu lNajuh, JosaHu Jeauh, Mapmu bykymupu,
MusbaHu lMureesuh u Anekcu [leH4e8CKOM Ha Kosez2ujanHocmu, Opyxcerby U Uudejama Koje Hawy
2pyny YuHe jeOHUHCMBEeHOM U U3y3eMmHOM Yy CBAKOM 1027€e0Yy.

lMocebHy 3axsanHocm Oyzyjem ceojoj majyu CeemaaHu U 0cCmasnum 47aHO8UMA c8oje nopoduue
6e3 yuje nodpuwke He bux 6uo osoe.

OzpomHy 3axsanHocm Oyayjem cynpy3u AHU Koja je ysek buna y3 meHe MOKOM C8UX MeuKUx
MpPeHYymMaKa u npyxana mu HecebuyHy noopuwky.

bobu, uako Hucu umao nojma wma padum Kada cam nucao o8y mesy, ysek cu 6uo my oa mu
csojum monaum ncehum oyuma uckaxcew ceojy b6e3ycnosHy roybas.

MaezdaneHa, uako jow Hucu Oowsna HA ce8em, meoje NMpucycmeo Mu je ysek 0agsaso Hady u
momusucasno me 0a Hacmasum 0asbe YrpPKoC C8UM rpernpexkama, 8osau me mama/!



MHTepaKLl,Mja YATPAKPATKUX /1aCEePCKUX MMMYyJiCa Ca MOJIEKY/IOM XemornobuHa u npumMmeHa
CcaBpemMmeHUX TeXHUKa HeJInHeapHe MMKpOCKOﬂMje Y OC/IUKaBakby eputTpoLmuTa

Pe3snme

OBa AOKTOPCKa AncepTaLnja UCNUTYje MHTePaKLUMjy YATPaKpaTKUX NacepCkMxX MMMyca ca
MOJIEKY/IUMA XeMor/niobMHa KOju ce Hanase yHyTap epuTpouMTa, Kao M Ca MONEKYIMMA
xemornobvHa BaH epuUTPOLLMTA, Ca acneKTa reHepucarba GayopecueHTHor GoTonpoaykTa. HakoH
onTMMM3aLMje NPOTOKONA 3a reHepucarbe GOTONPOAYKTA, U3BpLEHA je Herosa ¢poTodmsnyKa
KapaKTepu3saumja npumeHom TPEF n SPEF mukpockonuje, UV/VIS ancopnumoHe cnekTpockonumje
n TPEF emncnoHe cneKkTpocKonuje.

JobunjeHn pesynTaTu yKasyjy Ha TO Ja Ce MNPUIMKOM WHTepaKuuje xemorsobuHa c
YNTPAKPATKMM  lacePCKUM  umnyncuma  ¢dopmupa  dayopecueHTHU  GoTonpoayKT  y3
doToperpagaumjy xemornobuHa. [MokasaHo je 3a dopmuparbe doTonpoaykta notpebaH
noppupuH, ann He n Fe?* joH, 1 Aa okcugaumja Tj. TpeTuparbe xemornobuHa H.02 gosoau oo
dopmupatba GAYopecLEHTHUX MOJIEKYICKMX BPCTa. YCTAaHOB/bEHO je Aa je moryhe u3BpNTH
NPOCTOPHO  NOKanuM3oBaHO  dopmuparbe  GOTONPOAYKTa  laCepCKOM  cKeHupajyhom
MUKPOCKOMNKUjOM Ha TaHKOM dUAMY XemMornobumHa.

dnyopecLeHTHU GOTONPOAYKT je NOKa3ao BUCOKY GOTOCTabUNHOCT U nckopuwheH je n 3a
CENEKTUBHO nacepcko obenexkaBarbe epuTpoLMUTa Yy MyHOj KpBKU, Yume je omoryheHo
oapehuBate NPOCTOpPHE pacnoaene XxeMornobuHa. In vitro HAYKOBaHM OKCUMAATUBHM CTPEC KOA,
epuTpouMTa [0BEO je [0 jaCHMX MNpOMeHa Yy MnapamMeTpMma pacejaHe CBEeT/IoCTU M
dnyopecueHumje y aHaAN3U NPOTOYHOM LUTOMETPUjOM, Kao M AePpopMabuaHOCTU Yy aHaANU3K
eKTauntomeTpmjom. WHTErpucaHnm ONTUYKM NPUCTYN WHUUMjaIHO je BaauAupaH Ha
epuTpouuTama nauujeHara ca gnjabetecom.

Pe3yntaTn oBe AOKTOPCKe gucepTauumje, YMja je oKocHMUa Aobujarbe dpnyopecueHTHOr
doTonpoayKkTa xemornobuHa, ponpuHoce yHanpehewy TeXHWKA HeAMHeapHe nacepcke
MUWKPOCKONUje y aHann3nm eputpoumnTa, yjeaHo npyxajyhu Hose moryhHOCTM 3a MHTerpucaHy
OVjarHOCTUKY 3aCHOBaHY Ha ONTMYKMM MeToaama 6e3 kopuwhewa obenerkmBaya Kog
Pa3NMUNTUX NATOGUINOIOLIKNX CTakba EPUTPOLMTA.

KmyuHe peun: xemornobwH, eputpoumnTn, Gotonpoaykt, ABODOTOHCKA NlacepcKa ckeHupajyha
MUKPOCKOMKja, NPOTOYHA UnMTomeTpuja, aedbopmabunHocT, ekTaunuTomeTpuja

HayuHa obnact: buodpusunka
Y3Ka Hay4yHa obnact: bUopoToHMKa
YOK 6poj:



Interaction of ultrashort laser pulses with hemoglobin molecule and application of advanced
nonlinear microscopy in imaging of erythrocytes

Summary
This doctoral dissertation examines the interaction of ultrafast laser pulses with
hemoglobin molecules inside erythrocytes and with hemoglobin molecules outside erythrocytes
from the perspective of generating fluorescent photoproducts. After optimizing the protocol for
generating photoproducts, their photophysical characterization was performed using TPEF and
SPEF microscopy, UV/VIS absorption spectroscopy, and TPEF emission spectroscopy.

The results indicate that when hemoglobin interacts with ultrafast laser pulses, a
fluorescent photoproduct is formed alongside the photodegradation of hemoglobin. It was
shown that the photoproduct formation requires porphyrin but not Fe?* ion and that oxidation,
or treatment of hemoglobin with H,0,, leads to the formation of fluorescent molecular species.
It was established that spatially localized formation of photoproducts is possible using laser
scanning microscopy on a thin film of hemoglobin.

The fluorescent photoproduct demonstrated high photostability and was also used for
selective laser labeling of erythrocytes in whole blood, which allowed for determining the spatial
distribution of hemoglobin. In vitro induced oxidative stress in erythrocytes led to clear changes
in light scattering and fluorescence parameters in flow cytometry analysis, as well as
deformability in ektacytometry analysis. The integrated optical approach was initially validated
on erythrocytes from diabetic patients.

The results of this doctoral dissertation, centered around obtaining fluorescent
hemoglobin photoproducts, contribute to advancing nonlinear laser microscopy techniques in
erythrocyte analysis while also providing new possibilities for integrated diagnostics based on
optical methods for various pathophysiological states of erythrocytes.

Keywords: hemoglobin, erythrocytes, photoproduct, two-photon laser scanning microscopy;
flow cytometry, elongation index, deformability, ektacytometry

Scientific field: Biophysics
Scientific discipline: Biophotonics

UDC number:
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1.Ye00

1.1. Epwurpouutu: pyHkuMje H (PU3HOIOIIKH/MATOPU3HOJIOMIKH 3HAYA]

IIpBena kpBHa 3pHLA (EPUTPOLMTH) Cy HajOpojHUje hemnuje KpBU CBUX KWUMEmaka. bpoj
epuTponuTa ce kpehe oxo 5 Munnona henuja mo mm?® kpsu. Ilpoceuan KUBOTHH BEK €pUTPOINTA
je oko 120 mana xox seyau (Adewoyin u cap., 2019). Hopmanau xymanu epurpouutu cy henuje
OMKOHKAaBHOT 00JiMKa, nMpeyHuka 5-8 um. Crnenuduyan 001MK OMKOHKABHOT JUCKA PE3YiTaT je
aKTUBHOCTH M OpTaHU3allfje KOMIUIEKCHE IIMTOCKEJIETHE MPOTEHHCKE MPEXE U eNaCTUYHOCTH
wmuxoBe henmjcke memOpane (Barger u cap., 2022). JeauHCTBEHO CBOjCTBO €IaCTHYHOCTH,
OJTHOCHO JedopMaOMIIHOCTH, oMoryhaBa epUTPOIMTHMA Jla PEBEP3UOMIHO MEHAjy CBOjY
MOpP(OJIOTHjy U HEOMETAHO ce Kpehy Kpo3 TaHKYy MpPEeXY KPBHHX CYJOBa, YaK M KaJia je MPEYHHK
Kamuiiapa MamH 0] IPEYHUKA SPUTPOINTA, TIpeHOocehn KHCEOHUK y cBe AeioBe Tena (Chien u cap.,

1987).

3axBasbyjyhu ri1aBHOM yHyTaphenujckoM HNpOTEHHY-XEMOTJI00MHY, KOJU YMHM BHIIE O
95% cyBe Mace epUTPOLIUTA, EPUTPOLMTH OCTBAPYjy CBOjY OCHOBHY OHOJOHIKY (QYHKIHU)Y
TpaHcropTta kuceonuka o ruiyha mo nepudepuux tkuBa (Klinken 2002, Kuhn u cap., 2017).
JlogaTtHO, TIPEKO BE3MBama 32 CTPYKTYPY XeMa y XeMOTJIOOHHY, EPUTPOLUTH TPAHCIOPTYjYy H
npyre racose, NO u yribeH-monokcug CO. Eputponutu npenoce u CO», anu kpo3 peakuujy CO2
ca  aMUHCKMM  TrpymnamMa  [JIOOMHCKMX  JlaHanma  XxemoriobouHa U (opMmupame
kapbamuHoxemornoouna (Jensen 2004). Cxiamumresse NO y epUTpOIMTHMA U HETOBO
KOHBEPTOBAWKE Y JIpyre MOJEKyJICKe (opMe peryiaucaHo je xemorioomHom. Ha oBaj HauuH
CPUTPOLIUTH YUECTBY]Y y 3aIITHTH TKUBA M XOMEOCTa3U KPBHUX cynoBa (Su u cap., 2020). NO ce
MO’K€ B€3aTH 332 OKCH-XEMOIJIOOMH /i€ 10J1a3H J10 OKCUAAIIN]€ XEMOIJIOONHA Y METXEMOTJI00MH, a
takohe NO Moxe MHTepearoBaTu ca JEOKCH-XEMOITIOOMHOM Yy XHUIIOOKCHMYHHM YCIOBHMA H
bopmupaTH HUTPO3MI-XeMorioouH (Su u cap., 2020). [Tpunukom oBux uaTepakmnuja NO ce Bexe
3a Fe?" jon y oxBupy xemorno6una. NO ce Takolje MoXke KOBAaIeHTHO BE3MBATH 3a ITUCTEHH HA
no3unuju 93 y B maniy rpaaehu mputom S-HUTpO30THOI-XeMOTIT00UH (enen. S-nitrosohemoglobin
— SNO-Hb) (Allen u Piantadosi 2006). buosoriku 3Hayaj METXEMOIJIOOMHA M HHTPO3MUI
XEeMOTJIOOMHA, Kao JIOMHHAaHTHE (OpME XEMOTJIIOOWHA Y YCIOBHMA ITOBHIICHOT IMapIIHjaTHOT
nputucka NO ornena ce y ToMe Aa XeMOITIOOMH YHYTap epUTPOLMTA CIIYKU Kao CEKBEHCTPATOp
NO (Helms u cap., 2013) nok je 3a MeTXeMOIJIOOMH TOKa3aHo Ja MMa Behu aQUHUTET 1a BEKe
cyndune Hero okcuxemorioous (Bianco u cap., 2018).

300r HepocTaTKA jeipa U opraHena, Iyro ce CMaTpaio Aa epUTPOIIUTH UMajy caMo 3HaYaj
3a pecniupanujy. MelyTum, epuTpoLUTH UMajy U BasKHE METa0OIMYKE U HIMYHOJIOIIKE yJIore, Koje
ce y Hajeehoj Mepu ocTBapyjy 3axBasbyjyhu mosekyny xemoriobuny (Ren u cap., 2023). Ha
pUMep, IPEKO CrelUPUUHUX PEeLenTopa Ha CBOjO] MOBPLIMHHU, €PUTPOLIMTH BE3Y]y pa3IHuUTe
aHTUreHe u crumynumry Qaromurosy (Burger u cap., 2012). EputpouuTtn uHTEparyjy ca
epexTopckuM henmujama MMyHCKOT cucteMa Makpodaruma, npeko CD47 peuentopa u SIRPa
perenTopa KOju ce eKCIpuMHpa Ha moBpirHA Makpodara (Burger u cap., 2012). Oa peakiija
MOX€ OWTH CTUMYJAaTOpHA W HMHXMOUTOpPHA Yy OJHOCY Ha CTapoOCT EpPUTPOLUTA U HHUXOBY
BujabmiHocT (Burger m cap., 2012). Ha oBaj HaumH epUTPOIUTH AMPEKTHO HHTEpaAryjy ca
Makpodaruma rjie ce BpUIM CelIeKlrja BUXOBOT KBajuTera. HoBHja nCTpakuBama Mokasyjy Aa
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XEMOTJIOOMH M H-ETOBH JEpUBATH, KAaO T3B. MOJIEKYJIM ajJapMHHHU, MMajy BEIMKH 3Ha4aj y
Moaynanuju (QyHKIMOHUCAaWma ypoheHor mmyHckor cucrema (Anderson u cap., 2018). Cse
HaBEJCHO MOTBphyje Na epUTPOLUTH HMMajy W YIOTYy Yy OJApKaBamby XOMEOCTa3e YHTaBOT
OpraHuzMa.

VY cMmucity ouyBama (YHKIIMOHATHOCTH €PUTPOIIMTA TOKOM JKUBOTHOT BeKa, Hamehy ce Tpu riaBHa
OmoJomKa ,,M3a30Ba* : a) EPUTPOLIUTH caapke OpojHe M3BOpe OKcHaaHara (YKJbydyjyhu BHCOKE
HUBOE MOJICKYJICKOT KHCEOHHMKAa BE3aHOT 3a XEMOTJIOOMH); 0) €pUTPOIMTH WMajy BHCOKE HHBOE
rBoxha y OKBUPY XeMOIJoOMHa, KOje Yy CJI00OJHOM pacTBOPJbMBOM OOJHKY IpEACTaBba jak
KaTaJn3aTop MPOU3BOIE PEaKTUBHUX — KHCCOHNUHUX dopmu (enen. Reactive oxygen species-ROS)
myrem ®enronose peaknuje (Rifkind u cap., 2013) u 11), epUTPOIUTH UMAjy OTPAaHHUYEHY CIIOCOOHOCT
3a oOHaBJbame omreheHnx mpoTerHa 300r ryOuTKa reHeTHuke MHpopMalyje MPIIKKOM Mpolieca
ca3peBama.

Ycnen nejcta pa3nuuutux (pakropa, 107a3u 10 MHAYKOBAaHUX MPOMEHA O0JIMKA EPUTPOIUTA
(Mopdorolike KapaKTepUCTHKE) U 10 U3MEHE MPOCTOPHE TUCTPUOYIIHje XEMOTJIOOMHA Y IbUMa, IITO
MOKE 3HA4YajHO yTUIATH Ha (yHKIMOHaTHOCT oBuX henmja (Bukara m cap., 2017), kao mTo cy
BE3UBamE U J0ONpeMame racosa o rryha no nepudeprnux Tkusa. [lokazaHo je 1a epuTpOLUTH UMajy
EXUHOIMTHY MOP(OJIOTHjy KO/ MalijeHaTa 00oenux o XxpoHuuHor xenarutuca (Turchetti u cap.,
1997). YoueHo je aa 10 npomMeHe MOPQOIIOTHje epUTPOLIUTA 013U U KO METaOOJIMYKOT CHHAPOMA,
amy ¥ 0OJIeCTH Kao WITO Cy MUCIUIMITUAEMH]ja, TojasHoCcT U xuneprensuja (Gyawali u cap., 2012).
HenagHo je, nopen TpajuiuOHaIHOT OMOXEMM]jCKOT UCTIUTUBAA TTIMKO3MIIOBAHOT XEMOTIIO0MHA KO
narnujenata ca Jlujaberec menmurycom tuma 1 (DMTL), xao wuaeanman Ouomapkep 3a mpahembe
nporpecuje OojecTd HMIACHTU(UKOBAHO OMO(DU3NYKO CTamke MeMOpaHe epUTpoLMTa MNalMjeHaTa
(Maulucci u cap., 2017). Y3umajyhu y 003up npeTxoHO HABEACHO, Y3 YMECHHILY JIa j¢ )KUBOTHHU BEK
xymaHux eputpormra o 100 no 120 gana, oBe henuje npeacraBibajy 3HauajHe OMOMapkepe KOju
00e36elhyjy momatke o yTuIa)y pa3IMuMTUX €HIOTCHHX U €r30reHuX (pakTopa Ha pa3BOj BEIUKOT
Opoja 6onectu (Manurae 6onectu u OpojHe uH(IamMaTopHe u ayroumyHcke 6onectu (De Franceschi
u cap., 2011a, Sakaguchi u cap., 2016, Tsakanova u cap., 2017, Lam u cap., 2021, Wu u cap., 2010).
[lokazaHo je Ja epUTPOLMTH UMajy €XMHOLMTHY MOP(}OJIOTHjy KOJ MalujeHata o0OJenux O
xponunyHor xernarutuca (Turchetti u cap., 1997). YoueHo je 1a 10 mpoMeHe MOPQOIIOTHje EPUTPOIIUTA
707131 ¥ KOJI MEeTaOOJIMYKOT CHHAPOMA, ajai M O0JIECTH Kao LITO Cy: TUCIUIMIHNAEMH]ja, T0ja3HOCT U
xuneprensuja (Gyawali u cap., 2012). HenmaBHo je, mopen TpaaMIHMOHATHOT OHOXEMHU]jCKOT
WCIHUTHBamka TIMKO3MIOBAHOT XeMOTJI00MHa Ko/ nanujenata ca DMT1, kao uneanan 6uomapkep 3a
npaheme mporpecuje 00JeCTH HIACHTU(PUKOBAHO OHOPU3MYKO CTamke MeMOpaHe epHUTpOIlUTa
nanujenara (Maulucci u cap., 2017).

360r OpojHUX QYHKIIHM]a EPUTPOIIUTA U XEMOTJIOOMHA KAa0 FlbUXOBOT IJIaBHOT yHyTaphenujckor
MPOTEMHA HEOMXO/IHO je pa3BUTH HOBE METOOJIOIIKE MPHUCTYIEe Oe3 MpuMeHe o0eIeKuBaya y uJby
OTKpUBama, Mpahema 1 kBaHTHGUKaLK]e QYHKINOHATHUX U MOP(OIOUIKUX MPOMEHA EPUTPOIIUTA Y
(bU3MOIOIKOM/TIATOJIOIKOM OKPYXEHY, KOju OH ce 3a pa3nuky ox Beh mocrojehux MeToza, Koje ce
3aCHUBA]y Ha OMOXEMH]CKUM CBOjCTaBUMa €PUTPOITUTA U XEMOTJIO0MHA (Ka0 KJbYYHOT MOJIEKYJIa 3a
OCTBapuBame (PU3HOJIOIIKE yJOre €pPUTPOLUTA), 3aCHUBAIM HAa HOBOOTKPHUBEHUM CHEIM(PUYHUM
ONTUYKHMM CBOJCTBHUMAa XE€MOIJIOOMHA KOja Cy aKTyelHU MpeAMET HCTpakuBama BHILIE OJ jeIHe
neuenuje (Zheng u cap., 2010, Sun u cap., 2015).



1.2. CrpykTypa XeMOIJIO0MHA ¥ IPEHOC KHCEOHHKA KA0 OCHOBHA GyHKINja KOjy epUTPOLUTH
ob0aBJbajy 3axBa/byjyhn Mosieky/y xeMorjioo0uHa

XeMoryoOuH je TJIaBHU YHYTaphenwjcKH MPOTEHH €PUTPOLUTAa KOjU YMHHU BUIE o1 95%
IbUXOBE CyBe Mace. XyMaHU XEMOIJIOOMH HMMa CTPYKTypy TeTpaMepa U CacTOju ce O] YeTHUpU
cyOjenuHuIe, a CBaKy CyOjeIMHUIly YMHU XEeM U TMOJMIENTUIHH JaHal. XeM IMpeacTaBiba
(GYHKIMOHATIHY TPYIy XE€MOTJIOOMHA Yy 4YH]y CTPYKTYpPY yJa3u KOOpAMHAHTHO Be3aHU jOH T'BOokha
(Cnuka 1). Jeman monexyn xemorinoOuHa caapku 4 xeMm (pyHKOuoHIHE rpyne. Y (QHU3HONIOMKUM
yCIIOBUMA, MOCTOjU 6 BpCTa MOJMMNENTUIHUX JaHana. ToOKOM paHoOr eMOpuoHaNHOr pa3Buha
JOMUHHPAjy 2 BpCTE MOJHUIENTHAHUX JaHana(e, C), a 4 TOKOM (eTanHor )KMBOTa U HAKOH pohema
(o,B, v, 6). Kox ompacioux ocoba y epurpountuma cy npucytau xemornoounu (Hb): HbA (2a u 2p),
HbA2 (20 u 26) u HbF (20 u 2y), a Takohe je mOCTOju M HEKOJIMKO Mame 3aCTYIJbCHUX BapHjaHTH
xemornobuna A (HbAlal, HbAla2, HbA1b u HbAlc) (Hill u cap., 1962, Nagatomo u cap., 2015).

TIOJIMIICTUIHH JIAHIIHU
XEM

XeM XeMorno6uH epuTpoLuT

Cauka 1. CxemMarcku NpHKa3 CTPYKType XeMOIJIOOMHA U XeMa.

buonomky edexat Be3nBama KUCEOHMKA 332 XEMOTJIOOMH HCIIOJbaBa C€ KPO3 CTPYKTYpHE
MPOMEHE KpO3 KOj€ MOJIEKYJ XEMOTJIOOMHAa PEeBEP3MOMIIHO TPOJa3u TOKOM OBE HMHTEpakije. Y
OCHOBM OBOI' Tpolieca Hana3u ce (eHOMEH KOONEepaTHMBHOCTH, KOjU TNpejacTaBjba Be3dy u3Mmely
KMHETHYKE peaKIiije Be3MBama KUCEOHWKA 3a XEMOTJIOOMH U HETOBE TEpIlMjepHE M KBaTEepHApHE
crpykrype (Eaton u cap., 1999, Nagatomo u cap., 2015). Be3uBame KkuceoHuka ce ojBHja
KOOIIEPATUBHO MITO 3HAYM Ja aUHHUTET XEMOTTIOOMHA 32 KHCEOHUK PAcTe HAKOH BE3WBAmba CBAKOT
Monekyna kuceonuka (Perutz 1970, Nagatomo u cap., 2015). BesuBame KHCEOHHMKa JTOBOJH JI0
KOH(POPMAIIMOHUX TPOMEHA TepIjapHe W KBaTepHAPHE CTPYKTYpPE XEMOTJIOOHWHA, OJHOCHO
peBep3uOmIIHUX npena3aka u3 T koHpopManyje (koja iMa HU3aK apUHUTET 3a KUCEOHUK, eHen. Tense-
T) y R konpopmarroHo crame (Koje nMa BUCOK ahUHHUTET 3a KuceoHuk enen. Relax-R). Ha nuBoy
CTPYKTYpE, o 1 [} cy0jennHuIe rIIo0MHCKUX JIaHalla, youaBajy ce CTpyKType F — xenukca (Ha cinumm
2.2 m 2.0 mpuKazaHe Kao 3€JCHEC NWIMHJIPUYHE CTPYKType), KOje Cy KOBAaJCHTHO BE3aHe 3a
aMMHOKHMCENTMHY XUCTHIMH Ha no3uuju 58 (Nagatomo u cap., 2015). OxBajame F—xenukca ox xema
y B cybjenunune nosehaBa apuHUTET XEMOIJIOOMHA 32 BE3UBAKE KHCEOHUKA y O a CyOjeIMHULIN
(Nagatomo u cap., 2015). ITpunkoM Be3HBama KHCEOHNKa 3a joH rBoxkha (Fe*) y okBupy crpykType
XeMa, JIoJa3u J0 mpoMeHe KoHpopmalje XxeMorao0uHa U 10 packuaama oJpeheHnx BOJOHHMIHHUX
BE€3a Kao IITO je Be3a KUCEOHUKA Ha MO3ULUjU | mOppUPHHCKOT MPCTeHA U XUCTUANHA Ha MO3UIUjH
58 F xenmkca (Cnuka 2.06). BaxHo je TOMeHyYTH J1a ce po0JieMy Be3WBamkha KHCEOHNKA 33 XEMOTJIOOWH
MOK€ TPUCTYNUTH Ha JIBa OCHOBHA HAauWHA, NMPBU MPHUCTYI IOJApPa3yMeBa KHUHETUYKY OCHOBY
BE3MBamba KHUCEOHUKA, JOK APYrd 00yxBaTa M pa3syMeBame CTPYKTYpHUX IIPOMEHA KOje IpaTre OBe
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KHHETHYKE Tmporece. Moaen Kkoju oOjalrmaBa alOCTEPUUKE MPOMEHE MYITHUCYOjeTMHUYHUX
nporenna je Monod-Wyman—Changeux (MWC) mozen. OBaj Mojen ce 3acHMBa Ha XEMH]jCKO]
paBHOTeX)KM wuMel)y pasmuuuMTHX apaHkMaHa cyOjeauHuIa mnporewHa. llpemasak w3 jemHe
KoH(popManrone hopMe y Apyry je CTOXaCTUYKH U HE 3aBUCH 0J Beh Be3aHHX MOJIEKYJIa KHCEOHHUKA
(Eaton u cap., 1999). OBo ummIHIHpa 1a C€ MOJICKYJI XeMOIIOOWHA Hajla3u Y XEMHUJCKO] PaBHOTEXH
m3melhy pazmumuutux Moryhux KOH(QOpPMAIMOHUX CTamkba Y KOjuMa ce Mema aUHUTET BE3MBamba
KuceoHnka. BaxkHo je ucrahu na o6e koHpopmanrone popMe XeMorio0MHa MOTY Ja BEKY KUCEOHHK,
HapaBHO ca pasnuuutuM adpuuuteroMm (Cruka 3a). MWC Mmonen He objamiambaBa y MOTITYHOCTH
(heHOMEH KOOIEepaTUBHOCTH Ha MPUMEPY XEMOTIIOOWHA, C 003UPOM J1a He y3UMa y 003Up CTPYKTYpHE
MIPOMEHE KOje ce JIelIaBajy Ha HUBOY o ¥ [} cy0jeqHuIIa, a Koje cy mpaheme pacKuaameM U CTBAPAHEM
XEMHjCKHX Be3a MPHIMKOM Be3HBama KUCEOHMKa 3a xemoriaooun (Eaton u cap., 1999).

[penazak u3 jenHe y apyry KoHpopmanuony GopMy XeMOTJI00HHA MOApa3yMeBa PaCKUIambe
u popmupame COHUX MocToBa M3Mely cy6jennnuia xemorinoouna (Perutz 1970, Perutz u cap., 1998,
Eaton u cap., 1999). [lokazano je ga cy cy0jenunuiie Meh)ycoOHO moBe3aHe MPEKO COHUX MOCTOBA,
Mel)yTHM COHM MOCTOBH Cy NMPUCYTHU caMo y T kBaTepepHoj cTpykTypu (Perutz u cap., 1998), mox
NPWIMKOM TIpeniacka y R KBaTepHapHy CTPYKTYpy J0Jjia3dl J0 HHXOBOT PacKuIama M IPOMEHE
KBaTepepHe CTpyKType xemorioouHa (Cnuka 30). OBo packugame omoryhaBa eukacHuje Be3UBAHE
kuceonnka 3a (Fe %) jou n m3memrame F xemmkca y omgHocy Ha xeM (Perutz u cap., 1998, Eaton n
cap., 1999).

AQUHNTET 32 Be3WBAMmHE KHMCEOHMKA 3a XeMcko reoxhe y ¢epo obmuky (Fe?) y okBupy
XEMOTJIOOMHA PETYIIHIIE Ce TAPIIHjaTHUM IPUTUCKOM KrceoHuka (pO2), Kuceno-6a3HoM paBHOTEIKOM
(pH) u HuUBOOM 2,3-mudocdornuuepara. C apyre crpane, Tpancnopt CO2 3aBUCH 0J] aKTUBHOCTH
KapOOHUJIHE aHXUApa3e W JAUPEKTHO j€ YKJby4eH y KoHTpoiay pH u mydepckor kamanurteTa
eputponmta (Jensen 2004, Hilpert u cap., 1963). JonaTtHa okcunarnmja reoxha (Fe?*) y depu hopmy
(Fe**) nmoBomm 10 opMHpama METXEeMOTJIOOMHA, IITO 33 PE3yNTaT MMa JPACTHUHO CMAmbCH-E
aduHHuTeTAa MEeTXEMOTIIOOMHA MpemMa kuceonuky (Mansouri u cap., 1993, Darling u Roughton 1942).
Jla 6u ce 3ampxkana GuoNOmKa (yHKIMOHATHOCT, depo jon reoxha (Fe?*) y cacraBy Monmekyna
XEeMOTJIO0MHA MOpa ce OpXKaBaTH y PeyKOBAaHOM CTamby.

PDB = 2dn2 0)

PDB = 2dn1l

Cauka 2. IIpoctopHu npuka3 xeMa—(pyHKIIMOHAIHE TPYyIE XeMOIJIo0nHa a) Je0KCH-XeMOTTI00uH, 0)
OKCH-XeMOTJI00MH. BoJoHMYHE Be3e Cy NMpencTaBibeHE >KYTOM HMCIPEKHAAHOM JIHMHHjOM. 3eJeHe
HWINHAPUYHE CTPYKType-o U B cyOjenuHuie ITOOMHCKHUX JIaHala. 3a u3pagy civke KopuuheH je
PyMOL codraep.



a) [

6) deoxy. T oxy. R
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eKCNnepumeHT

CaTypaumoHu yaeo

Mputucak O: (torr) 100

Cauka 3. a) Kunetnuke KpuBe Be3MBamba KMCEOHHMKA 32 XEMOIIOOUH , 3¢JieHa (CHTMOH/IHA) 1001jeHa
j€ eKCIIepUMEHTATHO U OCJIMKaBa KOOIEPAaTHBHOCT Y Be3aBalhy KHCEOHHMKA 33 XeMOTJIOONH, I[pBEeHA U
3eJieHa KpHBa MPEJCTaBJbajy Be3uBame KruceoHnka y R mwiu T cramy, 0) KoHPpOpMaIMoHa mpoMeHa

KBaTepHapHE CTPYKType XeMorjaoOuHa ycies npenacka y R popmy. Moaudukosano uz Eaton u cap.,
1999.

1.3. 3Hauaj MosieKyJia XeMOTJIOOMHA 32 HMYHOJIOIIKY YJIOTY epUTPOLHTA

Nako je mMame MO3HATO, CPUTPOLMTH MMAjy W OpOjHE 3HA4YajHE yJore kKoje omoryhamajy
ONTHMATHO (QYHKIIMOHUCakE UMYyHCKOT cuctema. (Anderson u cap., 2018) (Cnuka 4). OBa unmbeHUIA
Huje uzHeHalyyjyha ¢ 063upom aa cy eputporuti HajOpojauje henuje kpeu. Kox Bogozemaria, ntuma
U puba, EPUTPOIUTH MMAjy jeJJpO M aKTUBHO YYECTBY]Y Y UMYHOJIOIIKOM OJTrOBOPY MPOAYKIIHjOM
(dakTopa CIMYHUX IUTOKHHUMA, a KOjU JTUPEKTHO PETYJUIIY €KCIIPECH]y T'eHa BAKHUX 32 UMYHCKH
onrosop (Passantino u cap., 2004, Workenhe u cap., 2008, Jeong u cap., 2016).

st o581

TLRS

2N
Be3susare XxeMOKUHA @ q Be3uBake naToreHa

DARC/Duffy Glycophorin A

HIV
Ocnobaharbe xema

=

Cauka 4. CxeMaTcku IprKa3 UMyHOMOAYJIATOPHE yJIOTe epUTPOLUTA (JIMIUAHM JABOCIO] IpUKa3aH
je miaBom Oojom). Jleo-DARC/Duffy xeMOKHMHCKHM pelentop cXeMaTrcKkd je MpeACTaB/beH Kao
MeMOpaHCKH MPOTENH ca 4 WHTepMeMOpaHCKa JoMeHa (03HadeHa npBeHoM Oojom). ['ope — TLRY
pelenTop HyKJIEHMHCKUX KUCellMHa (03HAauyeHE IPBEHOM HCHPEKHUaHOM JIMHUjOM) MPUKa3aH je Kao
JIBO-TOMEHCKH HMHTEPMEMOpAHCKH MpOTenH (03HaueH XyTtoM Oojom), mecuo — Glycophorin A
MpUKa3aH Ka0 MOHO — JOMEHCKHM TPaHCMEMOpPAaHCKH MPOTEHH (O3HAUeH 3elieHOM 00joM), Joje —
ocnobahame xema (03HaueH ca 4 MpBeHa Kpyra) MPHKa3aHo je Kao HEroB MpoJia3ak Kpo3 pynTypy
henujcke memOpane. Moaudukoano u3 Anderson u cap., (2018).
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W kox XymMaHUX €pUTPOIMTA KOjU HE TOCEAy]y jelpo, jelHa OJ BOKHUX HMYHOJIOIIKHX
¢dyHKIIM]ja ce OCTBapyje MPEeKO Be3MBamba MMYHOJIOIIKY aKTUBHUX MOJIEKyna-xeMokuHa. [TokazaHo je
Ja epUTPOLUTH Henyjy kao "mydep" 3a BesuBame xemoknHa CXCL8 mpexo Duffy anturenckor
peuenrtopa ( Duffy antigen receptor; DARC) (Darbonne u cap., 1991) u Ha oBaj HauuH cripeyaBajy
KOOIIEpaTUBHY perpyTanujy Heyrpoduna u uHGIAMATOPHY PEakKiujy OJHOCHO omrTeheme TKHMBa
(Anderson u cap., 2018, Darbonne u cap., 1991). Ocum MOMEHYTOI' UHTEPJICYKUHA, CPUTPOLIUTH
Be3yjy B XxeMokuHe, kao mto ¢y SHS (a chemokines) u SS (B chemokines) (Darbonne u cap., 1991,
Lee u cap., 2006). Baxxuu MomynaTopu XyMOPaJIHOT HMMYHCKOT OATOBOpa y KOME YYECTBYjY
epuTponuTH, Tpukazanu cy y Tadeam 1. Mako epuTponté HE TOCEMY]y HACICAHH MaTepHjal,
MOKAa3aHo je Jia ce y lhuMa Hanase pa3nuanti MuKkpo — PHK monekynu (ener. mMiIRNA) (Mantel u cap.,
2015). ®yuknuja Hekux MIRNA Huje y MOTIYHOCTH pasjallibeHa, ak MOKa3aHo je 1a ePUTPOLIUTH
umajy u unpopmanuone PHK koje koaupajy Ago— npoteune (exen. Argonaute proteins), uuja ce
OuoJioniKa yiaora oriena y peHoMmeHy cMmamema excrnpecuje PHK unrepdepenijom (Mantel u cap.,
2016). Ipumukom uHpekuje eputponurta ca Plasmodium falciparum, koju uzasuBa manapwujy,
nonasu 10 (hopMHpama er3oMUTOTCKUX Be3uKy/aa o crpaHe eputpouuta (Mantel u cap., 2016).
[TokaszaHo je ma ce y oBuM BesuKyinama m3mely ocranor Haiaze komruiekcd MIRNA u apronayr
nporenna (Mantel u cap., 2016).

Tadena 1. Umynonomke ¢yHkuuje nmporenHa eputpouuta (MoaudukoBano u3z Anderson u cap.,
2018).

IIporennn NmyHos0mka

Bbuojsomika ¢pyHkumja
e€pPUTPOLIUTA yJjora

Besyje xemokune u

DARC CekBecTpaliija XeMOKHMHA M MTaTOT€HA
naToreHe
Besyje nHykienHcke .

TLR9 e ny CexBecTpalnyja HyKJIEUHCKUX KUCEINHA
KHCEJINHE

GYPA Besyje natorene JlecTpykiiija maroreHa (mManapuja)

XeM/XeMOrJ100MH I'enepume ROS [IpeBennmja pacra 6akTepuja v TJbUBa

Benuku 1onpruHOC KIMYHOJIOIIKO] YI03H €pUTPOIIMTA MTOPE]] IOMEHYTOI MEXaHU3Ma BE3UBambha
XEMOKHWHA, JIajeé U MOJIEKYJI XeMOTJIOOMHA OJTHOCHO H-eroBa IpocTeTnyHa rpymna xeM. Cobogan xem
ce MOXKe cMaTpaTH MOJICKYJICKMM oOpaciiom omirehema (enen. Damage-associated molecular pattern
molecules-DAMP), noBonehu Ha Taj HauuH J0 WH(IAMAI]e W MOTEHIMjAIHOT oliTehieha TKUBa
(Larsen u cap., 2010, Neal u cap., 2013). Baxan perynarop KOHIEHTpaIyje CI0OOJHOT XeMma y
TkuBUMa je xeM okcureHasza 1 (HO-1). OBaj eH3um ce 0a3aqHO €KCIpHUMHUpa y CIE3UHH, JETPH U
OyOpesuma (Otterbein u cap., 2000), noxk je Ha henujckoM HUBOY CKIAIUIITEH Y €HIO0IIa3MAaTHYHOM
PETUKYIyMy OJIaKJIe ce er3onuTo3oM m3baiyje y mehyhenujcku npocrop (Hooper u cap., 2019). V
xeMujckoj peakuuju xema 1 HO-1 monasu no npoaykiwmje yribeH Monokcuaa (CO) (Cnuka Sa). Mako
CO moxe Outu m3Bop mpoxayknuje ROS, y komOunammju ca HO-1 mma anTumHdIaMaTopHO
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nenoBame, peryaumyhu Huso uarepdepona 1, TNF-a u uarepneykuna 8 (IL-8) (Cherry u cap., 2015,
Wu cap., 2024). [IporenH XeMONEKCUH KOjH C€ HaJla3W y KPBHOj IUIa3MH Takohe je 3HadajaH 3a
BE3UBaWkE CIIO0OJHOI XeMma y HupKyaanuju. [loka3aHo je aa manujeHTH KOju MMajy CMameHy
KOHIICHTPALIKjy OBOT IIPOTEHHA Yy TJIa3MU UMajy roBehany BepoBaTHOhy o1 cmpTHOT ncxoza (Larsen
u cap., 2012). Kao mro je Beh momenyro, CO koju ce mpuMapHO MPOAYyKYje MPUITUKOM Pa3rpambe
xema ox ctpane en3zuma HO-1 u xem okcurenase 2 (HO-2), aktuBupa conyOMIIHY TyaHWI [IUKIIA3y
(Bogdanova u cap., 2013, Ramos u cap., 1989), koja renepuiie HUKINYHA-TYaHO3UH-MOHODOChaAT
(emen. Guanosine  3'5'-cyclic  monophosphate-cGMP),  cekynmapHuu riIacHUK — OpOjHHX
yHyTaphenujckux merabonmmukux mpomeca (Maines 2000). Excopecuja HO-1 enzuma Moke OUTH
WHAYKOBaHAa W HH(IAMalKjoOM, XHIIOKCHjOM, OKCHIATHBHUM CTPECOM Kao M XHUIIOTEPMHUjOM
(Beckman et al., 2009, Immenschuh et al., 2010, Kacimi et al., 2011). Excnpecuja HO-1 je
perynucana HeraTuBHOM moBpaTHoM crperom nomohy CO u came HO-1. Ocum Tora, NO takohe
aktuBupa excrpecujy HO-1. Apunutet BeauBamwa CO 3a xemornoOuH je Beoma BUCOK, yak 210-250
nyta Behu Hero 3a kuceonuk (Haldane, 1895, Nasmith u Graham, 1906, Amano u Camara 2013).
Naxko xemornoOuH ciyxu kao cekpectparop 3a CO, BeroBo Be3MBame 3a XeMOrJII00MH oHeMoryhasa
Be3MBamke KMCCOHUKA. DU3MOIOMIKY MponeHaT kapOokcu-xemornodnna (CO—xeMorio0uH) U3HOCH
oko 0,1-10% (Rudra u cap., 2010). Hajsehu npouenar npoaykimje CO je y Mo3ry 4oBeka, Kao
nocneauna aktuBaoctd HO-2, rne CO uma yiory akruparopa Bazoguinararopckux K' kananma y
aptepuioniama u aprepujama Mmosra (Leffler u cap., 2011). Veaen xemonmse Koja MOKe OUTH
WH/yKOBaHA Pa3IMYMTHM [ATOJIOTHjaMa KPBHUX CyJI0Ba MO3ra, JIOJIa3H 0 BE3uBama xema 3a ope K*
KaHaJIe yCIie/] uera OHM HHCY JOCTYIHH 3a BesuBame 3a CO. Ha oBaj HaumH, XeMOTJIOOMH MOXKe
WHIMPEKTHO YTHIIATH Ha Ba3OAWJIATallMjy KPBHHX CYZOBa MO3ra, IITO j€ OJ BEJMKOI 3Hayaja 3a
ucxemujy (Sata u cap., 2001). Kao mro je Beh ommcano, epuTpoluTH MMajy OpOjHE UMYHOJIOIIKE
yJIore Koje Cy AUPEKTHO WJIM WHIUPEKTHO MOBE3aHE ca XeMOorioowHoM, a uuja he doTodusznuka
CBOJCTBA, Ka0 MOTEHUUjAIHU JMjarHOCTUYKH IMapaMeTap OWTH Ipoy4yaBaHa Yy CKJIONY OBE
JucepTalmje.

1.4, MertadoauuKe yJjore epuTPOIUTA MOCPETOBAHE XeMOTTI00MHOM

XeMOoryno0uH yHyTap epUTPOLIUTA MOKE BE3UBATH Pa3IMUUTE CEKYHAApHE ePeKTope, Kao LITO
CYy XJIOPHMIHHU JOHH, IPOTOHH Kao u oprancku ¢ocdaru (Giardina u cap., 1995). OBu edexTopu cy
BaXHU Yy OJIpJKaBamby XOMEOCTa3e opraHusma. AQUHHTET Be3MBamba CEKyHJApHUX edeKkTopa je
OoOpHYT KaJ/ia je y MUTamky Be3UBalkhe KHCEOHUKa, e T kKoHpopmalrja xeMorjio0rMHa Koja iMa HU3aK
apUHUTET 3a KHCEOHUK, MMa BHCOK a(UMHUTET 3a BE3MBaWkE CEKyHIapHUX edekropa m oOpHYTO
(Perutz u cap., 1970, Giardina u cap., 1995). 13 oBe unmeHuUIIEe TPOU3UIIA3H [ Y EPUTPOLIUTHMA MOPa
nocTojatu O6ananc n3Mel)y mocrojama KoHpopMaMoHux GpopMu xemorinoduHa (cekuuja 1.2.).

®dopme xeMorobrHa Kao 1ITO je METXEMOIVIOONH Takol)e MoTry UMaTH 3HavyajHe (PU3HOJIOoLIKe
ynore (Cnuka 56). MerxemorinioOuH uma Behu apuHHUTET 12 Bexke cylpuae HEro OKCUXeMOTIIOONH
(Bianco u cap., 2018). Be3uBame cynduaa 3a METXEeMOTJIO0MH JOBOIU 0 TOTA J1a METXEMOTIIOONH
npenasd y MHTepMeaujep Koju uMma BesaHy cyinduany rpymy (SH), 3atum ce oBaj uHTEpMeaujep
pacraja Ha HeopraHcke mojucyinduae u okcuxemornooun (Bianco u cap., 2018).

Perynanuja auBoa NO takole je konTponucana xemornoouHom. duznononiku 31auaj NO je
Ipe CBera y peryJaiiju ToHyca KpBHUX cyaoBa u mpotoky kpsu (Vallance u cap., 1989). [Topen Tora
IITO TIPE/ICTAaBIJba IECHTPAJIHU CUTHAJHU MOJIEKYJT KaproBacKynapHor cucrema (Moncada 1997), NO
nMa 3Ha4ajHy yiory y nadaamarmju (Nathan 1995, Nathan 1997), a takolhe u kao HeypoTpaHCMHUTED
(Bredt u cap., 1994). Okcu-xemornobun Besyje cinoboaau NO, rae momasu 10 OKCHIAIMje jOHA
reoxha (Cnuka 50) (Cortese-Krott u cap., 2014). ITokasaHo je Takolje 1a EpUTPOIUTH HE CITYKE CAMO
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kao aenowu 3a ckiaaaumrere NO, Beh ma ce y muma oasuja Mmeradonms3am u karabonuzam NO, e
XeMOTJI00MH uMa IeHTpanHy ynory (Helms u cap., 2013). XemornoOuH je Beoma 3HadajaH 3a
XUIIOOKCHYHY ayTOperyyalujy TOKa KpBU. Y CIIy4ajy CMamCHE KOHICHTpallMje KHCEOHHUKa, Y
EpUTPOLIMTUMA TIOYMIbE Ja JOMUHUpPA JOMUHAHTHA (opMa JEOKCH-XEeMOIJI00MHA Koja MMma Behu
adpunurter na ornyctu NO ca mosunuje nucrenHa Ha no3unuju 93 y B manmuma (Premont u cap.,
2020). Ha oBaj HauMH Cce MOCTHXXE /1a Y XUITOOKCUYHUM KPBHUM CYZOBUMA JI0Ja3H JI0 OTIIYIITamba
NO ca xemorimobuHa, IPUIMKOM Yera OH UCII0JbaBa CBOJY Bazoamiaratopcky ¢pyHkunjy. Kako je NO
MOJICKYJI KOjH pEeryJiuiiie TOHyC KpBHHX cyaoBa u npotok kpsu (Vallance u cap., 1989), Mmexanuuke
ocobuHe MmeMOpaHe epuTponnTa Ouhe u3yuaBaHe y CKJIOINY OBE JUCEpTalije, Kao T0AaTHH, alk BeoMa
BakaH (haKTOp perylaiyje NpoToka KpBU Kpo3 Kamuiape.

a) 6) # Xem npoctenyHa rpyna
cGMP 1 «—JCIO HO-1 » Xem - okcureHasa 1

eNOS = A30T - OKCUA, CUHTEeTasa

- AOEHUN - UMKnasza

elvnewerdH
©
Q

NO2
NOs3

oxyHb —— deoxyHbNO

metHb ————— metHbSNO
NO2

Cauka 5. CxeMaTcKM NpuUKa3 MeTaO0ONMYKUX (YHKIHja XeMOTJIOO0MHAa U HErOBUX JepHBara. a)
[Ipukazan je ytunaj ociobahama XeM IpocTeruHe Ipyne Ha okoiHe hemuje. OBaj MexaHH3aM
noJipa3yMeBa aKTHBAINHWjy eH3uMa xeM—okcurenaza 1 (HO-1), koju ce Hamasu y MHTpaIenyIapHOM
npocropy. Kao mocnemuna aktuBHoctn HO-1 ocnobaha ce yriben monokcun (CO), mosehasa ce
KOHIIeHTpanuja natepieykuHa 8 (I1L-8) u cmamyje ce koHIeHTpanuja pakTopa HeKpo3e Tymopa (eHar.
Tumor necrosis factor o; TNF a). udyamoBame CO y oxonHe henmje m0BoaM 10 aKTHUBAIHje
uHTepIenynapHe ageHmn nuknase (ewen. Adenylate cyclase-AC), umja ce OHONOIIKA AKTHBHOCT
UCTOJbaBa MYTEM CHHTE3¢ MHMKIUYHOT — TyaHO3WH — Monodocdara (enen. Cyclic guanosine
monophosphate — cGMP), 6) npuka3ana je yiaora XeMOrJIOOWHA y YCIOBUMa CMambEHha MapIiujaIHOT
NPUTHCKAa KUCCOHMKAa W MeTabonmuke (yHkmnuje merxemornobuna (metHD). /Ieoxcuxemorinooun
(ToMuHaHTHA OpMa Y YCIOBHMA CMAEHOT MapIHjaHOT IPUTHCKA KUCEOHNKA) UMa Behu ahuHuTeT
na ormyctn NO Bazonuiaratop y OKOJHA TKWBA, TJIe OH KCIIOJbaBa CBOje OHMOJIONIKO JIEJCTBO Y
HIMpekY KPBHUX cynoBa. MeTrxemorioOuMH ca japyre crpaHe uma noehaH aduHHUTET /1a Bexe
cyndue, 94MMe Ce HCI0JhaBa HHETOBA YIIOTa Y lbHXOBOM METa00IH3MYy.

1.5. AHTHOKCHIATHBHA yJIOTa XeMOIJIOOMHA

Kon xnumemaka xeMOrimoOuH uma OpojHe 3HadajHe aHTHoKcuaaTuBHe yinore (Moleirinho u
cap., 2013). Kox seynm Ha 93. mo3unuju  1aHIIa HAJIa3u € aMUHOKUCEITNHA [IUCTEHH KOja MOTYJIUIIE
ayTOOKCH/IaTUBHY aKTUBHOCT xemoryioouna (Balagopalakrishna u cap., 1998). BesuBame ROS wu
BOJIOHHK IEPOKCH/IA 32 IUCTEHH Ha 93. Mo3uNMju [} TaHI[a MHXUOUPA PEaKTUBHOCT OBUX MOJICKYIIa
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yaytap epurpouuta (Bonaventura u cap., 1999, Vitturi u cap., 2013). Ha oBaj HaunH ciio6ogHu
enekTporn mopekioM oax ROS mory ce ca XemoriioOmHa TPEHOCHTH Ha OCTalie CHUCTEME
AHTHOKCHJATHBHE 3amTuTe y ecputpoumtuma (Harvey u cap., 1997). Mehyrtum, npuiakom
ayToKcHJanuje xemoriobuna moxe aohum no ¢dopmupama ROS, koje name mory mnpeBOIUTH
XEMOTJIOOMH y METXEMOTJIO0MH MM PEPHIIXEMOTIIOONH ca OKCHIAIIMOHUM CTamkeM reoxha +4 (Meng
u cap., 2017).

1.6. Iuctpudyumja u uzoopme XeMOr;j100MHa y ePUTPOLUTHMA

[IpocropHa pucTpuOyMja XeMOrjioOMHA y EpUTPOLUTHMA MOXE HMaTH YTHIA] Ha
¢bu3nonoIIKe MpoIece onucane y nperxoaaum nornasibuma (1.3, 1.4, 1.5). Kox 3apaBux gonopa, 0,5
— 12% xemornoOuHa ce Hajla3u BE3aHO 3a YHYTpalllky cTpaHy henujcke meMOpaHe, JIOK je ocTaTak
muctpuOyupan y nurocony (Kosmachevskaya u cap., 2019). KonnenTpanuja MeMOpaHCKH BE3aHOT
XeMOTJI001Ha moBehaBa ce y Ciiy4ajy pa3JIfUuTUX NaToJIOTHja, OKCHIATHBHOT CTpeca WM POMEHE
KoHIeHTpanuje xemorioouna (Welbourn u cap., 2017, Morabito u cap., 2017, Signorini u cap., 1995).
Wntepaknuja xemornoOuHa ca henwjckoM MeMOpaHOM IO CBOjoj MpUpoaud Moxke Outu 1)
€JIEKTPOCTATHUYKA, TJIE j€ TIOKa3aHO Jia Ha 0Baj HAUYMH JICOKCUXEMOTJIOOMH HHTEpearyje ca mMpoTeHHOM
Band 3, unTerpasinuM MeMOpaHCKUM aHjOHCKUM pa3memuBadeM (Rauenbuehler u cap., 1982, Datta
u cap., 2008), 2) koBaJeHTHa, BE3WBAKEM MpPeKo AUCYIPuIHUX MocToBa M 3) XuapodoOHa
MHTEepakiuja ca runuauma memOpane (Rauenbuehler u cap., 1982, Sega u cap., 2015, Datta u cap.,
2008, Shaklai u cap., 1978a).

Kon 31paBux MHAMBHUAYa Y €PUTPOLUTHMA TIOCTOje TPH OCHOBHE M30(OpME XEMOITIOOMHA
(Giambona u cap., 2009), HbAO, HbA2 u HbF. Bume ox 96% 3ampemuHe epuTpoLTa, 3ay3UMa
HbAO uzorum, 2-5% unau HHA2 uzodopma ok je y ¢eTaaHuM epuTponUuTHMA NPUCYTHA (eTaaHa
dopma xemornoduna (HbF) (Steinberg u cap., 2015). TToka3ano je na HbA2 nzodopma nma 3nauajny
yJ0Ty y MeTaboIn3My KalllijyMa y epuTPOLUTHMA, T/Ie OBa H30(opMa aKTHBHO IUPKYJIHIIE H3Mel)y
nurocoia u MemOpane (Livshits u cap., 2023). Mopdoioruja epuTponuTa yruie Ha AUCTPUOYLH)Y
xeMoryiobuHa ynyrap wux (Bukara u cap., 2017).

HcnutuBame nocTojama Kopenamuje u3melhy nuctpudyiuje xeMorioOuHa U OKCUIaTHBHOT
cTaryca epuTpOLUTa Ka0 M HHXOBHX MEXaHMYKHX KapaKTepUCTHKa Ouhe jemaH o mpeaMera oBe
JIOKTOPCKE AUCEpTaLH]e.

1.7. MapkepH OKCHAATHBHOI CTPeca KOJ €PUTPOIUTA

Eputponiti Cy TOKOM CBOT' XHBOTHOT BEKa KOHCTAHTHO W3JIOKEHH KHCEOHHWKY, IITO
noehaBa BepoBaTHOhy mojaBe okcupatuBHuX omrehema (Maurya u cap., 2015). Edexat
OKCHJATHBHOT CTpeca ce J1oJ1aHo rmoBehaBa ca ctapameM epuTpoInTa, OJHOCHO OH MocTaje moBehan
y KacHUjUM (hazaMa HUXOBOT KUBOTHOT BeKa, IITO MOXKE YTULIATH HAa OMOXeMHUjCKe U OHMOpU3NUKe
KapaKTepUCTUKE EPUTPOIMTA: BEIUYMHY, 1e(HOpMaOUIHOCT, EH3UMCKY AaKTHBHOCT, CTPYKTYpPY
MeMOpaHe Kao U KamaiureT pasmene jona (Maurya u cap., 2015, Mazzetti u cap., 2015).

3penu epuUTpPOLUTH HeMajy henujcke oprasesne Koje Ou cynpuMupanie J1e€jCTBO OKCUIATUBHOT
cTpeca YHyTap HhHX WIH CIY)KWIIE 3a pernapanujy omrehema y3poKoBaHUX OKCHUIATHBHUM CTPECOM
(Celedon u cap., 1998). Ca nmpyre crpaHe, epuTpoOLMTH Cy ,,00e30eheHn” aHTHOKCHIATUBHUM
010paMOCHIUM CHUCTEMOM Yy OOJIMKY €H3MMCKHMX W HECH3MMCKHX aHTHOKcuaaHaca (Kurata u cap.,
1993). EH3uMcKH aHTHOKCHUIAHCH YKJbYYY]y: CYIEepOKCUa aucMyTasy (ewnen. Superoxide dismutase -
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SOD), xoja cybmumupa edekar cynepokcuy peaktuBHOr pamukana (Oz-.), karanazy (CAT), koja
yuecTByje y koHBep3uju H202 y H2O, u apyre eH3uMcKe aHTHOKCHUAAHCE KAo IINTO Cy TIyTaTHOH
penykraza (GR), riyratnon mepokcuaasa (GPX) u riryratuon-S-tpancdepasze (GSTS) (Johnson u
cap., 2005, Nagababu u cap., 2003). I'nyraruon (GSH) npencraB/ba HEEH3UMCKH aHTHOKCHIAHC
eputpormra (Rizvi u cap., 2007). YoueHa je HeraTMBHa Kopenaluja omagama HuBoa GSH y
EpUTPOLIUTUMA ca CTapolnhy, a OBO CMameHke Takohe KOpenulle ca YKYIMHUM aHTHUOKCHUIAHTHUM
noreHiujaaoM KpBae miasme (Rizvi u cap., 2006). CHIKEHH TIIYTaTHOH CaJpPKA aMHHOKHCCITHHY
ucTenH npeko koje GSH momaxke y oapxaBamy SH rpyna MmemOpaHe epUTpPOIUTA Y PEAYKOBAHOM
CTamy, YKJby4yjyhu u MHOTE pyre 6mnomomke Gpynkiuje (Maurya u cap., 2015). OxkcunatuBHu cTpec
JOBOJM JI0 OKCHJAANMj€ OKCHaoBameM SH rpyma, mTo mpoBoam 1o nopemehaja MHOTHX (yHKIHja
henwmja.

Eputpoitu ¢y KOHCTAHTHO M3JI0XKEHHU MoTeHnujanHo mretHuM HuBouma ROS/RNS (enen.
Reactive Nitrite Forms-RNS), amu ®»HXOBM METa0OJMYKHA NPOIECH MOIY 1a ,,caBianajy’
okcungatuBHa omtehema y ¢usmonomkum ycinopuma. [lo3HaTo je Aa pa3nuyutu (HU3MOIOUIKU H
natosomiku (akropu mory noseharn HuBoe ROS/RNS Kkoju MHIYKYjy OKCHIATHBHH CTpEC, 0K
XeMOTJIOOMH MOYXKe CTUMYJIHCaTh Tiepokcuaanyjy aunuaa (Arashiki u cap., 2013).

Jemam ox Monekyma ToOKa3aTesha OKCHAATHBHOT  CTpeca KOJ epUTpOIHTa  je
Manonwiauanaexua (MDA), npousBoa mnepokcupanuje aumuna. OH MOXe HHTEpearoBaTH ca
aMHHOKHCeJIMHaMa, MEMOPAaHCKUM IPOTeUHUMa, (GochOoIUnuIMMa, MTO TOBOJAN A0 CTPYKTYPHHUX U
¢dbynkmonanHux npomena henuja (Maurya u cap., 2015). Mem0Opana eputpornuta cactoju ce ox 60%
dbochomunuma (koju cy OoraTh He3acmheHWM MAcCHHUM KHCelIHMHama). Xosectepod (TJIABHH
KOHCTUTYEHT PUTHIHUX MEMOpaHCKUX pernoHa) unHu oko 30% nunuaa epurpouura, a octanux 10%
yuHe rmkomunuaun (Maurya u cap., 2015). 30or npucyctBa He3acnheHHMX MacHUX KHCEJIHMHA,
MeMOpaHa epUTpPOLMTa je OCeTJbHBHMja Ha CI00OJHE pajuKaie M ,JlaKmie™ JoNa3u 0 HeHe
OKCHJAIHje, ITO 3a TMOCIEANIlY HMa JIerpaialiijy IBOCTPYKHX Be3a y OBUM MAacCHHM KHCEITMHAMA H
npoaykiujy MDA. TToehawe HuBoa MDA npumeheHo je koa nanujenata odonenux oa Beher 6poja
oonectu: [lujaberec Menurycy (DM), xunepreHs3uju, KOpoHapHO]j OosiecTu u 6osectu jerpe (Maurya
u cap., 2015). [IpoTerHu Ha CHOJBALIIHE0] MEMOPAHH EPUTPOLIKMTA JIaKa Cy METa 3a CJI000HE pauKaie
KOju pe3ynryjy y ctBapakby MDA. I[losehann HuBo MDA pe3ynTyje MHBEP3HOM MOJIapU3aLN]OM
MeMmOpane eputponura (Maurya u cap., 2015). JlogatHo moBehame nepokcuaanuje JuUnuaa je
MOBE3aHO ca noBehaHoM BepoBaTHOhOM JeHaTypaiuje nporenHa. [lokazaHo je nocTojame JUPEKTHE
Bese usMmel)y crapema u HuBoa MDA kox eputpouunta (Maurya u cap., 2015).

MemOpana xyMmaHHX epuTpouuTa je Oorarta -SH THONHMM (yHKIHOHAJIHUM TIpynama
(Reglinski u cap., 1988). -SH rpyre urpajy riaBHy yjiory y oapxaBamby OKCHIAIUOHO-PEAYKIIHOHOT
craryca henmje (Reglinski u cap. 1988). Oxcunarusau ctpec nzazsan ROS u RNS y epurporuruma
yThue Ha MeMOpaHy henuje U meHe MeXaHH4Ke KapakTepuctuke. CBakO OKCHUAATUBHO olITeheme
MeMOpaHCKuX -SH rpyma epuTpouura M3a3uBa U3MEHE Y MUKPO-€IaCTUYHOCTU Y MATOJOMIKOM H
¢dbusmonomkomM cramy okcumatuBHor crpeca (Wang u cap., 1999). Hsmene y Oamancy
OKCHJaIMje/pelyKIje TOKOM HOPMAJHOI CTapemha MOTY MOJIU(HUKOBATH AKTHUBHOCT HEKOJIHMKO
eH3MMa ¥ mpoTenHa yHytap eputpormra (Rizvi u cap., 2007). Behinna mpoTenHCKHX MoOJIeKysa
caJlp’)kKu aMMHOKHUCEIIMHE OCTaTKe KOjU CaJipyKe CyMIIOp, METHOHMH M IIMCTEHH KOjU CYy MOAJIOXKHH
MpOMEeHaMa y OKCHIAIMOHO-PEIYKIIHOHOM CTaTycy. EH3MMU U mpoTenHu Koju canpke-SH rpyme cy
takohe naka meta 32 ROS/RNS.

Kao mTo je Beh mpeTxoHO HaBeIeHO, MEXaHU3MHU OKCHIATHBHE 3aIITHTE BEOMA CY BaXKHU 3a
epUTpOLHTE C 003MPOM Ja OHU MPECTaBIbajy henuje Koje Cy TOKOM CBOT KHBOTHOT BeKa KOHCTATHO
M3JI0’KEHEe BUCKOKMM KOHIIEHTpIMjaMa KUCEeOHUKa. [IpoydaBame OKCHAATHBHOT CTpeca MPEeACTaBiba
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Ba)KaH acIeKkT oBe aucepranuje. OKCUIATUBHU cTpec Omhe M3ydyaBaH ca ONTHUYKOT acrekTa rae he
OuTH npeacTaBbeHe (QIYOpPECIEHTHE U MEXaHHUKe 0COOMHE OKCHIOBAaHUX €PUTPOLIUTA.

1.7.1. le¢opmMadHMIHOCT ePUTPOLIUTA

Kao mto je mperxolHO MOMEHYTO, EPUTPOIIMTH Cy TOKOM CBOT JKHBOTHOT BEKa H3JI0OKECHHU
Pa3IMYMTAM HUBOMMA OKCUIATUBHOT CTpeca, KOjU 3aBHCH 0 OpOjHUX (haKTopa Kao MITO Cy: CTapocT,
W3JI0KCHOCT Pa3IMYUTHM arcHCUMa, MPHUCYCTBO OojiecTd UTA. TOKOM CBOT' JKMBOTAa €PUTPOIUTH
MOJJIE)KY METabONMYKUM MPOMEHAMa Kao IITO Cy T'YOWTaK TPajujeHTa joHa, NeTHjcKo CcTapeme,
NPOMEHE Ha HUBOY JIMNHIA M TNPOTEeMHA MeMOpaHe IWITO YTHYe Ha HHXOBO CBOjCTBO
nedopMabIITHOCTH KOja je BeOMa 3HauajHa 32 HEOMETaHH MPOJIa3aK epUTPOIIMTA KPO3 YCKE Karuiiape
(Bartosz u cap., 1991, Catan u cap., 2019). 13 cBera HaBeaeHOr je jacHO aa aehOpMaOHIHOCT
MeMOpaHe epUTpPOINTA TpeACTaBba BakaH hennjcku OMOPU3NYKH MapaMeTap KOju MoXKe OUTH Of
KOPHCTH KaJia je y nuTamy npaheme OKHuCUIaTuBHOT cTpeca. [IpoMeHne Ha HUBOY 1e(hOpMaOUITHOCTH
MeMOpaHe epUTPOIINTA [TOBE3aHEe CYy ca OPOjHUM MATOJIOIIKKM CTamkbuMa Kao 1mto cy: DM (Kobayashi
u cap., 2022), kapauoBackyaapHe Oosectu, xematonomku nopemehaju (Huisjes u cap. 2020, Di
Giacinto u cap. 2020, Maeda u cap., 1996, Kobayashi u cap., 2022, Pretorius 2018)

OcurypaBame ehrkacHOT JocTaBJbamba KuceoHrka Tkusuma (Chien u cap., 1987, Kuck u cap.,
2020) je w3mely ocramor omoryheHo pedopmabuiHohy MeMOpaHEe €pPHUTPOIMTA, BAXKHOM
¢usnonomkoM 0ocoOMHOM Koja omoryhaBa epurpormuruMa na ce Kpehy Kpo3 KOMIUIEKCHU
MHUKpPOLMPKYJIATOpPHU cucTeM. EnmacTndHa cBOjcTBa MeMOpaHE EpUTPOLUTA U HEH OTIIOP TOKOM
MHOTOCTPYKHX IMpoJia3aka Kpo3 MHKpokamuiape obe3behenn cy cnennpuyHuM AMCKOUAATHO -
OMKOHKaBHUM OOJIMKOM M OpraHHU3aI[MjoOM ITPOTEHHA 1 TUnuaa y eputporruma (Pretini u cap., 2019,
Kuo u cap., 2021). Ocum Hensz0exHor (PU3MUKOT MPUTUCKA HA EPUTPOILIUTE, Y3POKOBAHOT 3U0BUMA
MHUKpPOKaITWJIapa TOKOM IPoJIacka epUTPOLUTa KPO3 HHX, IPOTEUHHU U JIUIHUIHU ABOCIO] MeMOpaHe
EPUTPOIIUTA TIOJICKY XEMHUJCKUM ITPOMEHaMa Kao IITO Cy: OKCHIaIMja, MeTaboaudku nopemehaju
Kao u ryourtak joHckor rpaaujenta (Catan u cap., 2019). Crora, medopmaOuiHOCT MeMOpaHe
EpUTPOIINTA TPENCTaBha BakKaH OMOMU3WYKH TapamMeTrap HHBOA OKCHAATUBHOT CTpeca WM Yak
nerpananuje xemornoouna (Hebbel 1990, Becatti u cap., 2016). ['yourak aehopMaOUIHOCTH IOBE3aH
J€ ca pa3InYUTHM NaTOJIOUIKUM CTalkbuMa, YKIbydyjyhu kapauoBackynapue 6onectu, DM u onpehene
xemaroJomke nopemehaje (Huisjes u cap., 2020, Di Giacinto u cap., 2020). Exranuromerpuja,
nacepcka TudpakiroHa TEXHUKA, KOPUCTHU ce 3a oApehuBame 1ehopMaOUIHOCTH EPUTPOLIUTA, KAKO
y HCTpaKHBauke Tako H KiuHuuke cBpxe (Piety u cap., 2021). Mebhyrum, crangapaHa
EKTaIMTOMETPH]ja MepH AePOpMaOUITHOCT TOMYJIaIlje epuTpoIuTa 1 He 00e30el)yjyhu nndopmaruje
o nedopmMaOUIHOCTH MOjennHauHuX henuja. PaznuuuTe onTHUke MeTone, Kao INTO CY ONTHYKE
nuHuere (ewen. Optical tweezers) wnm HOBO au3ajHUpaHu MHUKpo(IyHaudHu ypehaju, mory
00e30e1uTH nperr3Hnja Mepemba AehopMabuIIHOCTH NojeinHauHuX eputponuTa (Piety u cap., 2021,
Kang u cap., 2022). C apyre crpaHe, BaXXHO je je aHAIM3UpaTU JePOpMaOMIHOCT €pPUTPOIMTA Ha
M0jeIMHaYHOM HUBOY j€p Cy UCTpakHBamba MoKa3aia Ja MpUCyCTBO YaK U MaJIOT yJela ,,HeZJ0BOJbHO
negopmuiryhux epuTporuTa y KpBHOM TOKY MOXE OMETATH aJXe3Ujy JIEYKOIMTa 3a KPBHE CY/I0BE,
IITO yTHYe Ha epUKCAHOCT UMyHCKOT oaroBopa (Gutierrez u cap., 2018).

3a mpoy4aBame 1ehOpMaOMITHOCTA €PUTPOIMTA KAaKO Y KIMHHYKE TAaKO W HUCTPAKUBAYKE
CBpxe Hajyemrhe ce KOPUCTU JU(PPAKLIMOHA ONTHYKA TeXHUKa-ekTauuroMmerpuja. Ilopen OpojHux
MIPETHOCTH KOj€ OBa TEXHUKA MPYXKa, Kao IITO Cy PENPOIYIIHOMITHOCT U ONlEpaTUBHA jeTHOCTABHOCT,
OCHOBHM TpOOJIEM KOJ OBE TEXHHKE j€ IITO C€ HOME He MOXe NpaTUTH Ae(HOopMabUIHOCTH
MojeIMHAYHUX EPUTPOIUTA, Beh mene ananmm3upane momysnamnyje. EpUTporuTi Koju uMajy CMambeHy
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nehopMabMITHOCT KOja JOMPUHOCH OICTPYKIMJU MPOTOKAa KPBU KPO3 MHUKpOKANuiIape, MOTy OWUTH
y3pok merabosmykor crpeca (Cho u cap., 2014). [TokasaHo je 11a je ko1 MeTaboJIMIKHX 000beHha Kao
mrro je DM (mororoso Diabetes mellitus tum 2) npucyrHa je npomena aeopMaOHIHOCTH MeEMOpaHe
eputpormra (Shin u cap., 2007, Sokolova u cap., 2017, Babu 2021). Kommuukanuje uza3sane DM
JIOJIATHO MEHajy MEXaHW4Ke M peoJiomke ocoonne eputpouurta (Wang u cap., 2021, Lee u cap.,
2019). XemopeoJiolike IeTepMUHAHTE, Ko MITO je eJoHrainonu uHaekc (exen. Elongation index EI)
KOjU c€ H3pavyyHaBa HAKOH EKTAIATOMETPHjCKHX MEpEHa, MOTY IMpPEIBUACTH IaTOTCHE3y H
KOMILTHKaIMje y3pokoBaHe DM, npeBacxoHO peTuHonaruje, Hedponaruje u Heyponaruje (Schut u
cap., 1993a, Chasis cap., 1989, Lee u cap., 2015). [Toka3aHo je aa je cmameme El eputponnra ko
DM nmanujenara nmose3zaHno ca noBehaHuM HUBOOM TIMKO3WIIOBAHOT XEMOTJIOOMHA, BUIIIUM CaJIpKajeM
copbutona u nopehaHuM HHUBOMMAa OKCHAOBaHUX (HOPMU XEMOIJIOOMHA KOjU MO)Ke OWUTH Be3aH 3a
YHYTpAIlby CTPaHy MeMOpaHe epUTPOIUTA, INTO MOXKE CMABUTH OJHOC MOBPIIUHE W BOJTYMEHA
eputpornmra (Malandrino u cap., 2012, Mawatari u cap., 2004, Schut u cap., 1993a, Ercan u cap.,
2002). Ocum Tora, MoKa3aHa je IMpeKTHa Kopenaiyja n3mel)y MUKpOBacKyJIaTOHHX KOMIUIMKAILWja |
cMameHe nedopmabuinoct epurpormra (Kobayashi u cap., 2022). Jlakie, ElI nobujen u3 anamuse
EKTaI[MTOMETPHjOM TIPECTaB/ha BaKAH XEMOPEOJIONIKH IapaMmerap KOju Ce MOXKE MPUMEHUTH Y
KIMHUYKUM cTyaujama (Baskurt u cap., 2004, Baskurt u cap., 2009).

1.8. OcimkaBame epUTPOLIUTA M XeMOIIO0MHA

KonBeHnuonanan Ha4yuH ociukaBama (enen. Imaging) epurporurta moapa3ymeBa MPUMEHY
obenexuBava y IHJbY HBUXO0BE ajiekBaTHe Busyenusanuje (Mohanty u cap., 2008, Tokumasu u cap.,
2003), najuenthe Ha KoH(MOKATHOM (IIyOpeCeHTHOM MHUKpockomny. To moapasymeBa KopHInheme
cenn(puYHUX oOereKuBaya 3a epUTPOLUTE, KAo IITO je (IyOpeCHEeHTHO 00eIeKeHO aHTUTENO Ha
CD47 wmonexyn, nin Hecnenu(uyHo oOenekaBame OMOJIOMIKAX CTPYKTypa Kao IMITO Cy JIMIHUAA
henmmnjcke MemOpane, momohy pasznuuuTux ¢uyopodopa Koje ce Be3yjy 3a JUMHMIAE Kao IITO je
BODIPY, PKH67, wiu pa3Hux THOJ peakTHBHUX obenexuBaya (Abay u cap., 2019). Melyytum, Ha
OBaj Ha4YMH J10J1a3U 70 HEM30exkHe nepTypOalmje CTpykType o0eneXeHor MoJieKyJia ycien yBohema
dbayopodopa (obenexuBaya).

Kao jeman onm moceOHMX HaumHa 3a oOenexaBame EpUTPOIUTAa, HUCKOpHUITheHe Cy
botoduszruke 0cCOOMHE MOJIEKYIa XeMOTTIOOMHA OJJHOCHO CIeNU(UYHOCTH HETOBE UHTEPAKIHje ca
OJIMCKUM HMH(PALPBEHUM JaCEpCKUM 3pauemeM y 4HMjeM OICEry je IMOKa3aHa meroa nosehaHa
aricopriruBHocT (Clay u cap., 2007). Kao mocneauna mosehane arcoprimje XeMoOrjaoouHa y 0I1McKoj
HH(]panpBeHo] 001aCcTH, 32 OCIIMKABAKhe MUKPOBACKYJIATOPHUX CTPYKTYpa KO XpUKa, MPUMEHEH je&
MOJIUTET NBOGoTOHCKH moOyhena dayopeciienTHa MuKpockomnuja (enern. Two Photon Excitation
Fluorescence-TPEF) (Rappaz u cap., 2008, Zheng u cap., 2010). BaxxHo je ucrahu na MexaHuzam
TPEF emucuje y3opaka Koju caJpie XeMOINIOOWH HHje y MOTIYHOCTH oOjaurmeH. Mcnutupame
IBO(OTOHCKOT MexaHu3Ma nmodyae xemoriaoouHa o crpane Zheng u cap., 2010. je mokasano na cy
3a amncopnuujy aBa (oTroHa HCTOBpeMeHO (aBOPHU30BaHA EKCIMTAIMOHA CTama ca JIpYyradyujoMm
KMHETUKOM HEro KoJ jeqHopoToHCcKe modyae. O cTpaHe UCTOT HCTpakuBadkor tTuma (Sun u cap.,
2015) moka3zano je aa je 3a IBO(GOTOHCKY MOOyAy XeMOryoOMHA BaXKHa XEM MPOCTETHYHA
¢ynkunonanHa rpymna. be3 o03upa mTO MexXaHM3aM KOjU CTOjU H3a JABO(OTOHCKE MOOy/e
XeMOTJIOOMHA HHje y TIOTIYHOCTH pAacBeT/heH, Jajba NpPUMEHa OCJIHKaBamka CpPUTPOIUTA H
MHUKpPOBACKYJIATOPHUX CTPYKTYpa je HaCTaBJbeHA aHATTM30M MHUKpoBackyiaType petuHe muia (He u
cap., 2015) kao u cTpykType primoBa XxeMori100MHa KO TaIlijeHaTa 000JIeTuX 0/ aHEMH]€ CPITaCTUX
eputporura (enen. Sickle cell disease) (Vigil u cap., 2015). Ocum TPEF wmukpockomnuje, 3a
OCIIMKaBamke MHUKPOBACKYJIATOPHUX CTPYKTypa 0e3 obOenexkaBama MpUMEHEHA je (HOTOAKYyCTHYHA
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mukpockormja (Wang u cap., 2011, Shelton u cap., 2014). 3a BOIYMETpPHjCKO OCIHKABAHE
eputponmra 6e3 oOenexrBada MOXKE C€ yMoTpeOUTH Xosorpadcka MHUKPOCKOIHja 3aCHOBaHa Ha
MIPOMEHH MHACKCa IpesiaMama Marepujana (Rappaz u cap., 2008).

UctpaxuBame ypaheHo y capanmwu MHcTHTyTa 3a (hmsuky u MHCTUTYTa 332 MEIUIIMHCKA
UCTpaXuBama YHUBep3uteTe y beorpany mokasano je na ce kopumhemem TPEF mukpockomnuje Ha
HUBOY TOjeIUHAYHUX CPUTPOIIUTA U HHUXOBHUX NpPa3HUX MeMOpaHa MOXE MalupaTtd MpOCTOpHA
aucTpuOyirja xemoriioonHa 0e3 pukcupama u npuMene ooenexusaua (Bukara u cap., 2017). TPEF
MHUKPOCKOITH]jOM j€& TMOKa3aHo Ja MPOCTOpHA AUCTPUOYIHja XeMOTJIOOMHA HAa HUBOY IOje€AMHAYHOT
epuTpoIHTa MpaTu MOpPQOIOrHjy OBUX henmja, u Ja ce KOA M3MEHCHE, eXUHOLUUTHE, Mopdooruje
XEMOTJI00MH akyMmyJiupa y ¢GopMHpaHuM MpoTpy3ujama/maBaruHanujama (Bukara u cap., 2017).
ITopen TPEF, mo cama je omucaHo W ociukaBame Mopdosoruje epurpouuta 6e3 obernexuBaya
NPUMEHOM MHKPOCKOIHje reHepucama Tpeher xapmonuka (exen. Third Harmonic Generation-THG),
MIPUMEHCHOT Ha UCIUTHBAKC KBAJUTETA epUTpoLUTa 3a TpaHchysujcke cBpxe (Saytashev m cap.,

2016).

[Tomenyra WHTpUH3WYKA (DIYOpECICHIIMja Yy y30pIHMa KOjU CaJp)Ke XEMOTJIOOMH HAaKOH
IBO(OTOHCKE eKcUuTaluje (EMTOCEKYHIUM HMITYJICUMa y LPBEHOM M OJHMCKO HWHQPAIPBEHOM
peruony (600-750 nm) 10 gaHAc HUje TOBOJLHO UCTPaskeHa U onucana (Zheng u cap., 2010). Haunwme,
MeXaHH3aM Mpoleca mojase ¢uIyopecieHIije HUje Y TOTIYHOCTH 00jalllibeH y clydajy MOJeKyia
XEMOTJIOOMHA, jep NeTeKTOBaHHU (UIyOPECUEHTHH CHUTHAI HE HMCII0JbaBa HEKa OJl CBOjCTaBa Koja Cy
yoOuuajena 3a apyre ¢ayopecuentHe Monekyine. To ce mpe cBera OQHOCH Ha W30CTaHAK (eHOMEHa
¢doro-nzbespuBama (Shirshin u cap., 2018). Mehyrtum, TakBa ONTHYKa CBOJCTBA XEMOTJIOOHMHA
orBapwia cy moryhHoct npumene TPEF mmkpockomumje kao amara 3a aHanu3y mopdoioruje
EpUTPOIUTA Tj. BLUXOBO OCIIMKaBame 0e3 obeexuBaya, 4yak u y in vivo ycinosuma (Li u cap., 2011,
Garrett u cap., 2012, He u cap., 2015). Jlo caxa je mokasano ga moctoju Be3a usmeljy TPEF
eKCILUTAIHMje XeMa U XeMOTTIO0HMHA, KaKo je OMHCcaHo y paay Sun u cap., 2015 (Cruka 6).

Naxo je moryhHoct nmpumene TPEF mMukpockonuje 3a aHan3y XeMOrJao0MHa U €pUTPOLIUTA
MOTBpheHa, WIaK TOPEKJIo TeHepucaHe (IyopeclieHIMje MPUIMKOM HHTEpaKIiuje y30paka Koju
caJip>ke XeMOIJI00MH ca yATpaKpaTKUM JIACEpCKUM UMITyJcuMa Huje ofjammeHo. [TokazaHo je na je
GbyopecuieHTHO BpeMe noayxuBoTa (exen. Decay time) y3opaka Koju cajapike XeMOTJIOOMH Beoma
KpaTKo M J1a je Tpajame pela BeIMYMHE BPEMEHCKOT 0/13MBa CHCTEMa 3a JeTHO(OTOHCKY JETEKIH]y
(enen. Time Corelated Single Photon Counter-TCSPC) (Sun u cap., 2015). buno je morpe6HO
pasyMeTH NOpeKyIo MyITHU(OTOHCKE (IyopecleHIje KOJ XEeMOrjoioOuHa ¢ o03upoM J1a je
jenHodoTroHcka MoOyaa Owia HEU3BOAJbMBA WM HW3BOJJbMBA TNPUIMKOM BPEMEHCKH JIyXKEr
o3paumBama xemorinooduna (Shirshin u cap., 2018), mTo mpeacTaB/ba eKCTPEMHE EKCIIEPUMEHTAITHE
ycnose. Jla 6u ce paszymeno mopekio MyaTudoToHcke ¢uryopecieHIje XeMOorioonHa y 003up je
y3eTra CTpykTypa xemorinoOuHa. Kao mrto je ommcano y cexkuuju 1.1, Monekyn xemoriobuHa ce
cactoju OJf TJIOOMHCKMX JlaHalla W TPOCTeTHYHE Tpyrne XeM. Kako cy TJIOOWMHCKH JIaHIH
MOJIUMENTUAHNA O CBOjOj NMPHUPOAU U C€aACTOje Ce OJf aMUHOKHCENWHa, OWJIO je OYEeKHBAHO Ja
¢uryopectieHIIHja Koja MOTHYe O lbUX NMa KapaKTePHCTUKE IIUKINYHAX aMUHOKHCEIMHA Ko TITO je
tpuntodan. [Ipunukom TPEF exciuraiuje n3oioBaHux rI10OMHCKUX JIaHAIA TATACHOM JTYXKHHOM O
600 nm, makcumyMm duryopeciieHTHe eMucHje je 6uo Ha oko 350 nm (Cnuka 7, 3e7eHa KprBa), IITO
Huje oxarosapaio TPEF ¢ayopecieHTHOM MakcuMyMy y3o0paka KOjH cajpke XeMorjoouH (Sun u
cap., 2015). Bpeme nmomyxuBota (hiryopeciieHInje rIo0MHCKUX JIaHaIla je TyKe 0] BpeMeHa )KHBOTa
TPEF ¢nyopecuennuje y3opaka koju caapxe xemornooumH wiu xem (Sun u cap., 2015), mro
uMmIiuianupa na mnopekino TPEF emmcmje motmdye om xem mpoctetmune rpyne. Hako je
npernocraBbeHo na je TPEF emucuja Ha wW3BecaH HAayMH MOBE3aHAa Ca MOHOMEpPHUMA XEM
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(hyHKIIMOHATHE TPYIIe, a HE ca TIIOOMHCKHUM JlaHuMa, hoToduznuku Mexannzam | PEF emucuje Huje
OMO y IOTITYHOCTH jacaH.

[Tokazano je na oto-omreheme MoNIeKyIa MPUIMKOM MYITH(OTOHCKE EKCIIMTAIINjEe MOXKE
noBectd 1o mojaBe ¢ayopecuennuje (Ladner u cap., 2014, Sun u cap., 2015), anu Be3a ca
XEMOTJIOOMHOM jOIIl YBEK HHje 00jallmbeHa.

[IpBoOUTHO je mpemokeHo na (IyopecleHTHAa eMHCH]ja BOAM MOPEKJIO O XEMOITIOOMHA
(Zheng u cap., 2010, Sun u cap., 2015), a 3atum je mokaszaHo je na TPEF emucuja He moTHYE TUPEKTHO
o1 Xxemorjo0OuHa, Beh o GoTornpoaykTa Koju je GopMHpaH MPHWIMKOM MHTEPAKIHM]E YITPAKPATKUX
JacepCKUX UMIMysca (KOju ce KOPUCTE Y OBOj HETMHEAPHO) TEXHUIU OCIIMKABamkha Ca XEMOTIIO0MHOM)
(Shirshin u cap., 2018). OBo je yrpaBo MoBE3aHO ca IOMEHYTOM I10jaBOM ()JIYyOPECIEHITH]E TPUITHKOM
¢doto-omrehema. YoueHo je ma je (GayopeclieHTHO BpeMe IMOJIY)KHBOTA jeIMI-EHa KOje HacTaje
NPUJIMKOM WHTEPAKIMje YATPAKPATKHX HMMITyJica ca XEMOIJTIOOMHOM pejia BEIWYMHE O]l OKO 1 NS
(Cnuka 7 tutaBa KpuBa).

W3 cBera HaBeeHOT, jaCHO je 11 je JaJjhbe UCTIMTUBAKE HETOBOJHHO pasjanimene GpoToduznuke
NPUPOJIC HMHTEPAKIMje YIATPAKPATKUX JACEPCKUX HMITyJica Ca XEeMOIIOOMHOM, Kao TJIaBHOT
yHyTapheujcKor mpoTenHa epuTPOINTa OArOBOPHOT 3a BehuHy QyHKIHja Koje oe henuje 00aBibajy,
OCeOHO PEIEeBAaHTHO Ca acleKTa MUpe NpuMeHe (OTOHUYHUX TEXHUKA Y OHOMETUIIMHCKE CBPXE.
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Cauka 6. TPEF ontuuku oarosop xemorino6uHa (1iaBa KpuBa) U XeM MPOCTenYHe rpyme (IjpBeHa
kpuBa). [Ipeyszero u mogudukoano u3 Sun u cap., 2015.
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Hopmanu3oBaH UHTEH3UTET
HopmanusosaH MHTEH3UTET

312 338 364 390 416 442 468 494

TanacHa ay*uHa (nm)

Cauxka 7. TPEF emucuonu criekrap rI0OMHCKHX JlaHana (3ejieHa KpuBa), Ydja je TajJacHa AyKHHA
noOyzae m3Hocwina 600Nm, ¢ayopeclieHTHO BpeMe IMONY)KMBOTA TIOOMHCKHUX JIaHAlA TIIOOMHCKHX
naHara (Tu1aBa KpuBa), Ipey3eTo U MoaudukoBano u3 Sun u cap., 2015.
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2. Hluweeu u xunomese

OCHOBHU IMJb OBE JOKTOPCKE JAWCEpPTAIlMje je WCIHUTUBAKEC WHTEPAKIUjE YITPAKPATKUX
JACepCKUX HMITYJICA ca YHYTaphelujCKMM M BaHNENHMjCKUM MOJIEKYJIOM XEMOTJIOOMHOM TOKOM
cTBapama (IyopecleHTHOr jeaumberba ((portompomykra) (Shirshin u cap., 2018). Ilpupoma osor
(oTONpOoIyKTa KAa0 M jaCHHU YCJIOBH IOJI KOjUMa HAcCTaje MPUMEHOM TEXHHUKE HEeJIMHEeapHe JIacepcKe
mukpockoruje-TPEF Momanmurera HHMCY y NOTIIYHOCTHM TO3HATH M 300T TOra j& AM3ajHUPAHE
onroeapajyher mpoTokoja 3a reHepucame OBOr (DOTOmpoaykTa Kao U meroa (oTodu3myuka
KapakTepu3alyja IMpelCcTaB/ha OKOCHHUILy OBE TOKTOPCKE mucepTanuje. PazymeBame MexaHH3Ma
HacTaHKa (IyopecleHTHOT (OoTONnpoayKTa Xxemorioonna omoryhuhe 606y ocHOBY 3a yHarpeheme u
NPUMEHY TEXHHKA HEJIMHEapHE JIaCePCKe MHUKPOCKONHje 3a aHaiu3y (YHKIMOHAIHOT cTaTyca
CPUTPOLIUTA.

Henocpeanu nnusbeBu oBe nucepraiuje:

e AmnHanmu3a MHTEpaKIHje YITPAKPATKUX JACEPCKUX MMITYJIca ca M30JI0BaHUM (BaHheNnjcKuM)
MoOJIeKyIMMa XeMmorioouHa u Qorodusuuka u GoToxemHjcka KapaKTepH3alujy HacTajior
¢bnyopecuentHor ¢oronpoaykra, Mmepewem UV/VIS ancopmimonor u  aBO(OTOHCKOT
eMHCUOHOT criekTpa. CHeKTpaiHa KapakTepu3aluja J1aje yBH y CTPYKTYpPHE NMPOMEHE Koje
HACTajy yCJIe MHTEPAKIIH]j€ YITPAKPATKUX JJACEPCKUX UMITYJICA Ca XeMOTIIOOMHOM, a IIPOMEHE
Ha KapaKTePUCTUYHHUM CHEKTPaJIHUM JIMHHMjaMa XEeMOIJoOMHa (IpOMEeHa WHTEH3UTETa U
MOJI0’Kaja MaKCHMyMa Kao M MPOMEHE PEeaTUBHOT OJIHOCA IMHUKOBA) MOTY IOCIYKUTH Kao
MapKepH CTPYKTYPHUX ITPOMEHA MHIYKOBAHUX YATPAKPATKUM JIACEPCKUM UMITyJIcuMa. [la 6u
C€ YCTAaHOBWJIO KOJU ]J€ CTPYKTYpPHH JI€0 XEeMOrJoOWHa OATroBopaH 3a (opmupame
¢doronponykra 6uhe ucnurupane GoropuMUKe 0COOMHE MPOCTETUYHUX IPyNa KOjU yiase y
cacTaB XeMoIJI00MHa: XxeMa u npotonopdupuna IX.

o  dopmupame payopecrieHTHOT (HOTONPOAYKTA Ha TPOCTOPHO-BPEMEHCKH KOHTPOIMCAH HAauuH
NPUMEHOM PAcTEPCKOr CKeHHpama (ewen. raster scanning) taHkux (uiMoBa XeMOrIoOHHA
YATPAKpaTKUM JIACEPCKUM HMITYJICHMa, Ha OCHOBY IPHMEHE Ca3Hama CTEYEHHUX Kpo3
nperxoaHu b, Mako he mpuMmeHa oBUX ca3Hamba NMPBEHCTBEHO OUTH Y CEJICKTHBHOM
o0enexxaBamy M OCIMKaBamby €pUTPOLUTa, OHO he OMOryhHTH M Jacepcko TIpaBHpame
paznmuuuTUX QIIyopecleHTHUX oOpa3aria (exen. pattern) Ha ©30;10BaHOM XEMOTJIOOWHY, IIITO Y
CTBapH MOJpa3yMeBa MPOCTOPHO JOKaIM30BaHO (popmupame oronpoaykra. OBO 104aTHO
omoryhaBa ucnutuBame HoTocTabMIHOCTH GOTONPOAYKTA KA0 M MOTYNHOCT UCHIUTHBaba U
Kkopuihema (OTONPOIYKTA 3a pa3IMYUTe NMPUMEHE Kao IUTO Cy: Kpeupame OMO-ONTHUYKHX
MeMopHja, GOTOINHAMCKY Tepanujy, popMupame (pryopeciieHTHUX oOeeKnBaya.

e lcnutuBame u mnpaheme MNPOCTOPHE TUCTPUOYLMjE XEMOTJIOO0MHA Y EpUTPOLMTHMA
3aCHOBAHO HAa HWHTEPAKIMjU YIATPAKPATKUX JIACEPCKUX HMIIyJca ca XEeMOIJOOMHOM, Y
CUMYJIalUju (PU3MOJIOUIKUX U Pa3IMYUTUX MATOJOWKUX crama eputpouura. [lopen TPEF,
JAPYTH MOJIATMTET HEJTMHEeapHE MUKPOCKOIHje, CHUMame curHana Tpeher xapmonuka (THG)
npuMeHuhe ce y ociuKaBamby MeMOpaHa epuTpolnuTa. Pe3ynraTé HaBelIeHUX MeToja
HEJMHEApHE MHKpOCKomnHuje Ouhe pgomymeHe pe3ylaraTiMa JOOWjeHUM CTaHAapIHUM
1a0opaTOpHUjCKUM METOJaMa 3a aHalu3y Mop(dosoruje epuTpolrTa U XEeMOrJoOuHa, HITO
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YKJbyUyje CHEKTpOPOTOMETPHjCKE METOJE, Kao M METOoAa 3acHOBaHE Ha pacejamby U
TUGPAKIUU CBETIOCTH (IPOTOYHA [IUTOMETPHU]jA U CKTAIUTOMETPH]a).

Y okBUpY OBE JOKTOPCKE AMCEpTallMje MocTaB/beHe ¢y cieaehe xumorese:

1.

[IpernocraBsba ce na MPUIMKOM HHTEPAKIMje XEMOIJIOOWHA Ca YJITPAKPATKUM JIAaCEPCKHM
UMITyJIcUMa J0J7a3u 70 Qoroaerpagamuje XxeMmoraoOWHa, Koja HajBEpOBaTHHUjE MPETXOIU
dhopmupamy hiyopeciieHTHOT GOTOMPOIYKTA.

[IpernoctaBsba ce na je Moryhe W3BPIIUTH MPOCTOPHO JIOKAIU30BAaHO (POPMUpPAE
¢doronponykra (Jacepcko ymHucuBame (IYyOpeCcCHeHTHUX oOpasana) Ha TaHKOM (GUIMY
XEMOIJIOOMHA HEeTMHEAPHOM JIaCePCKOM CKEHUPajyhoM MUKPOCKOIIH]OM.

[IpernocraBiba ce ga  QuyopeclueHTHH  (OTONPOAYKT  KapakTepulle H3pakeHa
($oTOCTAOMITHOCT KOja C€ MOXKE JCTeKTOBAaTH W KopuiihemeM jeTHO(OTOHCKOT H3BOpa
nodyne.

[MpernocraBba ce aa ce Ha ocHOBY UV/VIS cHeKTpOCKONCKUX MojaTaka MOTY YOUHUTH
3Ha4yajHe pa3iuke u3Mel)ly xemorinobwHa u (GopMHpPaHOT (HOTONPOAYKTA y PEITaTUBHUM
OJJTHOCHMAa KAapaKTEPHCTHYHHX AalCOPILIUOHUX MAaKCUMyMa, HUXOBOM IIOJIOXKA)y H
WHTCH3UTETY.

IIpetnocraBiba ce ma je Moryhe CelneKTMBHO 0O€NekXaBame JIacepOM M OCIHKABaE
epuTponuTa ycnes gayopecueHnmje GoTonpoIyKkTa y lbuma.

Ipetniocrassba ce 1a je Moryhe nmpoydaBame Mop(hoJIoTHje epuTpoIHTa IN VItro u pacmosene
XeMOTJI00MHA Y ’hUMa Ha OCHOBY MOCTUTHYTE (hiryopeciieHIinje PoTompoIyKTa.

[IpernocTaBiba ce ga ce epUTPOLUTH KOjU TOcTajy (iyopecuieHTHH (0Oenexkenu) 300r
¢dopmupama (HOTONPOAYKTa MOTY NMPOYYaBATH IPYIMM ONTHYKMM TEXHHKaMma Kao IITO CYy
KOH(OKaIHa MUKPOCKOIH]ja, TPOTOYHA IIUTOMETPH]a UIH EKaTIIUTOMETPH]a.

[IpernocraBspa ce na je Moryhe youuTu 3Ha4ajHE pasiiuKe Y HHTEH3UTETY (IyopecleHITH]e
Kao M y TUCTPUOYIMjH XEMOTJIOOMHA Y €pUTPOIMTUMA 3IpaBUX JOHOpA KOju Cy in Vitro
M3JIOKEHU OKCHUIATUBHOM CTPECY WJIU epUTpolrMTUMa ocoba obonenux oxg DM, obomemem
MOBE3aHUM ca MoBehaHNM HUBOOM OKCHUJATHUBHOT CTpeca.
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3. Mamepujan u memooe

3.1. Marepujan

3.1.1 Cakymbame 1 00pajaa y30paka KpBHU 3IpaBHX JIOHOPa

Bencka kpB mopekiioM oIl 3apaBUX J00pOBOJbIIA CaKylbeHa je y WHcTHTyTYy 3a
Tpanchysuonorujy u xemoouosnorujy Bojuomenununcke akagemuje, beorpan, Cpouja. Ilpotokon je
ono0per on crpane MuctutynuwonamHor erudkor omoopa (bpoj 9/2021), a y carmacHoctn ca
Hexnapanujom CBeTCKe MEIMIMHCKE acoljanyje y Xencunkujy. Hakon u3aBajama npousBoja Koju
ce KOPHCTE y pa3jIMYUTHM BHJIOBHMA Tepamnuje (EpUTPOLUTH, KpBHA Tuia3Ma (TeyHa ¢asza KpBH) U
TpoMOOIHTH), 3a0cTaje ,,buffy coat” Tj. MaTepujas Koju ce ce y peloBHO] MPOIeAypH oadaIryje, a 3a
OBY JOKTOPCKY IHUCEpTallMjy W3 OBHX Yy30paka Cy HW30JIOBAaHH CPUTPOLUTH. Y H30J0BaHUM
epuTpoIHMTHMA CYy oapehBaHK MapaMeTpu KBAaJUTETa CPUTPOIIMTA: XEMATOKPUT M KOHIICHTpAIlHja
xemorjoouua. OBH mapaMatepu cy OWiM y (U3HOJOUIKUM TpaHHIaMa 3a 37paBe JoHope. HakoH
3aBpIICHE aHAIM3E HA CPUTPOLIUTHMA U3 Y3ETUX Y30paKa, y30pIlH CYy YHUIITCHHU Y CKJIIy ca 3aKOHOM
0 oiaramy meaunuHckor ornana (Ci. I'macauk 6p. 78/2010).

3.1.2. Y3opkoBame KpBH Hja0eTH4Yapa U KOHTPOJIHE rpyne

Bencka kpB o nanujenata obonenux oq DMT1 (n=7) u tuma Il (DMT2) (n=6) je y3era
kopuctehn BakytejHep empyBere 3ampemune 10 mL (BD Vacutainer® EDTA Tyb6e) ca BD
Hemogard™ koja cagpxxu 18 mg KoEDTA). Ilamujentn cy OwiM Ha pPEJOBHUM KOHTPOJIHHUM
nperyieauMa y KilmHuIm 3a eHJOKpUHOJIOTH]Y, AujabeTec U MeTaboaruKe 00JIeCTH Y HUBEP3UTETCKOT
Kmuanukor nentpa Cpouje. Etnuka moszsona 6p. 1332/VII-5, 7. jyna 2020. roguHe uzgara je o
crpane MenunuHckor ¢akyntera YHuUBep3uTeTa y beorpany 3a pan ca manujeHTUMa 000JIeNuX OJ
DM. Xowmorenoct yzopka DM mnamujenara ocurypana je myTeM au3ajHHUpama KpUTEepHjyma 3a
yKJbyUMBamWe MalldjeHaTa y CTyAHjy, Kao M ycarjiamiaBameM Opoja MYIIKHX U KEHCKUX ocoba. 3a
yKJbyunBame y rpyny DM, kpurepujymu cy 6unu: ocobe ca aujarnoctukoBanuM DM y3pacta uzmelyy
18 u 75 ronuHa, cTaOMIIHO 1Uja0ETHYHO CTame-AeQUHICAHO Kao CTame 0e3 3HauajHuX MPOMEHa y
peXUMY Teparnuje y nociema Tpu Mecena. U3 cryauje cy Ominm UCKJbydeHU: TPYJHUIIE, MalljeHTH
ca moctojehuM MeIUIIMHCKUM CTalkbUMa Koja OM MOTJIa 3Ha4ajHO YTHUIIATH HAa METa0OU3aM TITyKO3e
(amp. GoJyecTH MaHKpeaca, MAIMTHUTETH ), TPEHYTHA yroTpeda JIeKOBa KOJU C€ UCIUTY]Y WIH yderihe
y JIpYrUM KIMHHUYKUM HCIUTUBAKMMa KOja yKJbY4yjy UCTpaxuBamke DM. 3a KOHTpONHY rpyiy,
BEHCKa KpB je y3eTa o7 11 3apaBux moHOpa UCTOT y3pacTta (ocobe Koje HeMajy CUCTEMCKA 000Jherha)
kopuctehu Bakyrejaep Tyoe 3anpemune 10 mL (BD Vacutainer® EDTA Ty6e) ca BD Hemogard™
koja caapxu 18 mg K:EDTA). Kpurtepujymu ykibyunBama y KOHTPOJIHY TPYILy cy Ouian: ocode 0e3
nujarHoze DM, y3pact ycarnarien ca nujabetuunom rpynom (u3mel)y 18 u 75 roauna), TpeHyTHo 6€3
Tepamnvje JIEKOBMMa 3a KOje je TO03HATO Ja yTU4Yy Ha MeTabonusam riayko3e. Kpurepujymum 3a
UCKJbYUHBakhE€ U3 KOHTPOJIHE Tpyrne OWiM cy: ocobe ca HCTOpUjOM HapylleHe ToJepaHliuje Ha
TIyKO3y, TpyAaHoha, OWJIO KOjeé XPOHHYHO MEIAWIIMHCKO CTamke KOjeé OW MOrjo yTHIAaTH Ha
MeTabonu3aM TIIyKo3e (HIp. MONMUIKUCTUYHHA OBAPHjaIHA CUHAPOM, KYIIIMHTOB CHHAPOM), TPEHYTHA
ynoTpe0a JIeKOBa 3a KOje je TI03HATO J1a yTU4y Ha MeTabosm3aM Tiyko3e. [lceyno-anHoHuMu3upanu
y3opiu cy uyBaHu Ha 4°C (He ayxe oa 1 cara HaKOH y3uMama y30paka) JI0 MpeBo3a u o0paje y
HNHcTuTyTy 32 MEIMIIMHCKA HCTpaXKUBamka Y HUBep3uTeTa y beorpany.
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3.1.3. U30/10Bam-€ MAKOBAHUX €PUTPOLUTA

Eputponutu 3apaBux nonopa u DM nanujenara cy nzonoBanu u3 10 mL myne kpsu. Kps je
nentpudyrupana va 1811xg (3000 rpm) y Tpajamy ox 20 min Ha 4 °C, (uenrpudyra Megafuge 1.0R
Heraus centrifuge, Langenselbold, Hemauka). Hakon mpBor neHTpudyrupama CylepHaTaHT KOju
caapxu 1azmy ca seykomurtuma (Crnuka 8a) je maxJbMBO aclHUpHpaH M oja0adyeH. Y pacTBOp
MPELUNUTUPAHUX EPUTPOLIMTA J0JIaTO je oko 5 ML u3oronmyHor ¢usnonomkor pacrsopa (0,9 %
NaCl, Natrii chloridi infundibile 9 g/L, Hemofarm, Cp6uja) y Boixymerpujckom oxHocy 1:4 a 3aTum
j€ OBa CyCIeH3Hja MaKJbUBO XOMOT€HM30BaHa OKPETakhEM eIpyBeTe. Nennjcka CycrieH3Hja je TOHOBO
neHrpudyrupana 10 min ua 1257 xg (2500 rpm) ua 4 °C. Y 3aBUCHOCTH 0]] y30pKa M MPEIU3HOCTH
KOjOM Cy YKJIaFhbaHU TPOTEHHU IUIa3M€ U JICYKOIIMTH, OBaj TOCTYIIAK j€ IIOHOBJbEH TP WJIH BHIIE ITyTa.
Ha xpajy oBor mocrynka JOOHMjeHH Cy T3B. ITAaKOBAaHH EPUTPOLMTU KOJU CY PECYCIIEHIOBAaHU Yy
u3zotoHnyHoM (ocharHom nydepy (enen. Phosphate buffer saline-PBS) koju je mo cacrasy 0,8%
NaCl ca 10 mM pactBopom Hatpujym dochatHor mydepa y Boarymerpujckom oguocy 1:4, pH 7,2 -
7,4) (Cnuka 80).

3.1.4. In vitro okcuaanmja NaKOBaHNUX ePUTPOLNUTA 3IPABHUX JOHOpPA

In vitro okcuanuja epuTpOIIMTA 3APABUX JOHOPA U3BPIIICHA je mpeMa mpotokony Gutierez u
cap. 2018. [Toctymak moxpasymeBa TpeTMaH MAaKOBaHUX epuTporuTa pecycnernoBanux y 0,50 mM u
0,75 TBHP (enen. Tert-butyl hydroperoxide). IIporeaypa 3a in Vitro okcupaiujy moapasymeBaia je
nonaBamwe 100 puL makoBanux epurpouura y 2,4 mL 0,50 mM u 0,75 mM TBHP pactBopenor y PBS
U crnenctBeHo wHKyOupame Ha 37 °C. Hakon wuHKyOamuje CyclieH3Wja epUTpOIUTa je
nentpudyrupana 20 min, va 3000 rpm Ha cobHOj Temmeparypu. Ucranokenu epurpormta (Crnka
8B) cy pecycniennoBanu y PBS, HakoH yera cy MOHOBO MCTaJ0XEHU HEHTPU(DYTHPABEM Y Tpajamy
oz 15 min, Ha 3000 rpm. OBako NPUNPEMIbEHH EPUTPOLIUTH CYy KOPHUIITNEHH 3a 1abe aHAIU3E.

a)

Cauka 8. a) myHa KpB HaKOH MTPBOT IIEHTPH(YTUPHHA I C€ BUIU T1a3Ma (TaMHO KYTH CyTIEpPHATAHT)
U epUTPOLUTH (TAaMHO LPBEHH TAJOT), 0) KOHTPOJIHH MAaKOBAaHU €PUTPOLUTHU (JIEBO) U €PUTPOLIUTH
okcugoBanu 0,5 mM TBPH (mecno), B) ucranoxeHu ucnpaHu epuTpouutu okcugoanu 0,5 mM
TBPH (TamHM Tanor Ha THY €NpyBeTa).

3.1.5. looujame epUTPOLIMTHUX MEMOPAHA OCMOTCKOM JIN30M

MeMOpane epuTpouuTa (IyXOBH) CYy [OOHMjEHHM JIM30M TAKOBAaHUX EPUTPOLIUTA Yy
xunoocMorckoM SMM Na-docdarnom nydepy pH 7,2-7,4. Tanory nakoBanux epurporura (1 mL)
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nonarto je 9 mL 5mM Na-docharror mydepa, nperxonno oxiahenor va 4 °C. Enpysera je Memniana
U3BpTamkEM JOK C€ HHj€ YOUHO Mpena3ak 0oje pacTBopa M3 3aMyheHO IpBEHE Yy OHCTpPO, TaMHO
pBeHy. XeMonu3ar je octaBbeH Ha 4 °C y Tpajamy o1l caT BpeMeHa. HakoH oBor nepuo/ia XxeMoau3aT
je TIOHOBO XOMOTEHHM30BAaH MeEIIameM, OJHOCHO H3BPTalEM empyBeTe, a 3atuMm je mo 1 mL
xemoun3ata pacnopeheno y enengopd tyoe ox 2 mL. Xemonuzart je 3atum rieHTpudyrupad Ha 10000
rpm y tpajamy ox 20 min. CynepHaraHT je om0a4yeH, a Tajor CBake eneHaopduie IonymeH
xunoocMoTckuM 5 MM Na-dochatnom mydhepom pH 7,2-7,4, HaKOH dYera jeé XOMOTCHH30BaH
MemameM. Kopanu neHTpudyrupama, HCOHUpamka ¥ XOMOT€HU30Bamba Cy MOHOBJHEHH jOII TPH ITyTa.
[TocTymak je moHaB/baH JOK TaJOr HHje M00MO Oenmmuacty 00jy KoOja yKaszyje Ha YyKiIajbame
xemoriiobnHa u3 nyxoa eputpouuta (Cnmka 9a). Ha wcrtu HaumH ypaljeHa je m xemonusa u
M30JI0Bamke MeMOpaHe eputporuTa HakoH okcuaamnuje TBHP (Ciuka 96).

a) 6)

LV

Cauka 9. a) Cycnensuja u30j0BaHuX MeMOpaHa eputpouuta, 6) CycreHsuja n30J10BaHUX MeMOpaHa
epuTpormra in Vitro okcumoBanux TBHP.

3.1.6. U30s10Bam-€ XeMOIJIOOUHA

3a n30510Bambe XeMOrI00MHa cy KOpUIINeHN MaKOBAHU €PUTPOLIMTHU 3/IpaBUX JOHOPA KOJU CY
NI00WjeHr Ha HA4YMH OmucaH y cekuuju 3.1.3.

Xemonuza epuTponuTa je pahena tako mto je y 1 mL cycneHsuje makoBaHUX €pUTPOLUTA
noxasano 9 mL xunoocomorckor 5 MM Hatpujym-pocdarnor mydepa pH 7,2, nperxonno oxnaheHor
Ha Ha 4 °C, a 3aTuM je empyBeTa ca pacTBOPOM JIaraHO NPOMEIIaHA W3BPTAkEM W HAKOH TOTa
octaBibeHa Ha 1 cat Ha 4 °C. Cycnensuja je uenrpudyrupana 40 min va 3220 x g, va 4 °C. Hakon
LHeHTpudyrupama, CyrepHaTaHT KOjU caJip>ku ociio0oheHe MosieKysie XeMOTJIo0rHa je CaKylJbeH, a
3atuM punrpupan kpo3 0,2 um unrep. YKOIMKO HUCY 0AMax KOpUITheHH, y30pliK XeMOTrJI00MHA Cy
anMkBoTHpaHu u yyBaHu Ha-20 °C 3a kacHuje ananuse. [Ipe cBake aHaIm3e aTMKBOTH XEMOTTIOOMHA
Cy OZIpM3aBaHU M oJipel)eHa UM je KOHLEHTpalHja [I1jaHMETXEMOTIIOOMHCKOM METOJIOM. Y pajy je 3a
CBaKW aJMKBOT NMPHUMEHEH CaMO jelaH IHMKIYC 3aMp3aBamba W OJMp3aBama, IITO 3HAYMA Ja Cy
AJIMKBOTH 0J10AllMBaHU HAKOH 3aBpileHe aHanuse. [Ipe cBakor kopumihema pacTBopa XeMOTJI00HHA
3a ekcrepuMente cHuManu cy UV/VIS ancoprnuuonu crektpu na OM Ce HW3BPIIMIA ITPOBEpa
KBAJIUTETa XEMOTJIOOHMHA, U Yy CiIy4ajy mojaBe oacTynama o cranaapaHor UV/VIS ancoprnuumonor
CIEKTpa XeMorjao0ruHa 300T OKCHAANM]Ee WIIM Jerpajaliije MOJICKyJia, alHKBOTH Cy OACTpamHBaHHU.
3aMp3HYTH Y30pIH XeMOTJI00MHA YyBaHU Cy Mambe OJ JBE TOJAMHE OJ M30JI0Bama ¢ 003UPOM Ja Cy
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NPETXOJHN PE3yJITaTH TOKa3ald Jia HEeroBa CTPYKTypa OCTaje HEelMpoMermeHa-Heaerpajupana u
Hearperipasa 1oJji OBUM ycjaoBuMa dyBama (Stancic u cap., 2020).

3a moTpebe ycrocTaBibamba EKCIEPUMEHTAIHUAX MPOTOKOJA 32 HEIMHEapHY MHUKPOCKOIIH]Y,
kopuniheH je U rosehu xemoriaoOuH, noOujeH ca MHcTHTyTa 3a METUIIMHCKA HUCTPAKHBAMKba, 10
pa3BHjEHUM IPOTOKOJIMMA 32 M30JIOBAE OBOI' XEMOTJTIOOMHA U3 OTnajaHe KianuyHe kpBu (Kosti¢ un
cap., 2014, Stanci¢ u cap., 2020) (Ta6ena I11, mpuior). 3a HCIUTHBaE MEXaHU3MA KOjH j& YKIbYUYEH
y MHAYKOBame (IyopecleHIMje HaKOH O3pauuBamba XEMOTJIOOMHA, XeMOTJIOOMH jeé TPEeTUpaH H
npumenoMm H2O; Ha cneaehu Haunna: 1 ML xemorno6uHa koHueHnTpamuje 22,3 g/L, je nakyOupan ca
0,5 mL 250 uM H20O2 y PBS Tokom 30 min Ha codbHoj Temnepatypu (~ 21 °C).

3.2. EkcriepuMeHTAJIHH IU3ajH

3.2.1. M3o0s1anuja ¥ nmpunpeMa XxeMorjio0uHa 3a poropu3nuka HCNUTHBAKA

XeMOorI001H MOPEKIIOM OJ1 3[PaBUX JTOHOPA j€ U30J0BaH XEMOJIM30M ITAKOBAHUX €PUTPOIIUTA
Ha HauMH ommcaH y ceknuju 3.1.6. IlujaHoMeTXeMOTrIoOMHCKOM MeToioM oxapeheHa je
KOHIIEHTpallja U30JI0BaHOT XeMorjaoOuHa. M30710BaHn XeMOrIoOMH je 3aTUM HaHeT (pa3By4eH) Ha
MHUKPOCKOIICKO CTaKJIO Y TAHKOM CJIOjy M OCYIICH Ha Ba3AyXy HAKOH 4Yera Cy WCIUTHBAHE HETOBE
dorodu3nuke 0COOMHE yCiIe]] HHTEPAKIIM]jE ca YITPAKPATKUM JIACCPCKUM HMITYJICHMa, Ka0 M YCIOBH
noj kojuma ce ¢opmupa ortonponykr, o ([Ipumor Tadena I11). ExkciepumenTtaina mocraBka je
npukasana Ha ciunu 10. [Ipe caumama palena je ekciepuMeHTalHa ONTUMU3alja | TH ,,TIOKYIIaju‘
onTUMH3aNHMje cy npukazanu y Tademu I11 y mpuory.

W30510BaHM XeMOTI00MH je KopHIheH 3a:

e lciuTuBame MHTEPAKIIMjE Ca YITPAKPAaTKUM JACEPCKUM HMITYJICUMA y IHJbY pa3yMeBamba
¢doTodusnuke NpUpojie HacTaHKa (POTOMPOTYKTA.

e OppehuBame BpeMEHCKE CTAOMIHOCTH (OTONPOAYKTa KOpHUIIhemeM jeqHO(pOTOHCKE
OJIHOCHO KOH()OKaJTHE MUKPOCKOIIH]E.

e Mepemwe UV/VIS u TPEF emMucroHux criekTapa ca TaHKUX (pUIMOBA XEMOTJIOOMHA KOjH CY
MPETXOIHO TPETUPAHU YATPAKPATKUM JIACEPCKUM UMITYJICHMA B CaApKe (OTOTPOITYKT.

e [IpaBbeme TaHKHX (UIMOBAa XEMOTJIOOMHA 3a JIACEPCKO TpaBUpPAKE M YIPTABabEe
(b1yopecleHTHUX CTPYKTypa pa3IMuUuTHX IUMEH3H]a.

Eputpouuty u3 nyHe KpBu cy KopuitheHH 3a:

e CenexTuBHO QoTO-00€NIEKABABE U OCIUKaBamke nomohy TPEF mukpockonuje

e Mepeme TPEF emucuonux cnekrapa

e [IpocropHo npaheme y Manoj 3anpeMuHH (PU3HOJIOIIKOT PAcTBOpA Y IMJbY CUMYJIalllje
npahema KpeTama epUTPOLIUTA Y IPOTOKY KPBU
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Cauxka 10. Excnepumenranna nocraska TPEF ocnukaBama eputporura 1 xeMorioonHa.

3.2.2 OnpehuBame ONTHYKUX KAapAKATEePUCTHKA in Vitro OKCHI0BaHUX ePUTPOLUTA

[TakoBanu eputpouuTH cy u3ojaoBanu u Tpetupanu ca 0,5 mM TBHP u 0,75 TBHP. Ontuuku
OJITOBOP TPETUPAHUX EpPUTPOLUTA j€ aHAIM3HpaH KOpUIIhemeM MPOTOYHE IUTOMETpH]E,
exranuroMmerpuje u T PEF Mukpockonuje. EkcniepuMeHTalHa ocTaBka je nmprkasada Ha cinuiu 11, a

oOyxBaTaja je aHaJu3e:

o Jluctpubymuje FCS u SSC pacejane cBETIOCTH OKCHIOBAHUX M KOHTPOJIHHUX €PUTPOLIATA
POTOYHOM LIUTOMETPUjOM

e lHTeH3ureTa ayToduryopecleHIje OKCUI0BAaHUX U KOHTPOJIHUX €PUTPOLIUTA TPOTOYHOM
LIUTOMETPH]OM.

e MexaHMYKHUX OCOOMHA OKCHIOBAHUX U KOHTPOJHUX EPUTPOLUTA EKTAIITOMETPH]OM.

e Kapakrepuctrka ¢yopecieHTHOT MHKa, Tj. HOBPIIMHA (DIyOpECLEHTHOT KA, KO/
OKCHJIOBAHUX U KOHTPOJIHUX €PUTPOLHUTA.

e Hugoa arperaiiyje OKCHI0BaHUX €PUTPOLIUTA aHAIN30M MHUKporpaduja 1oo6ujeHux $pazHo
KOHTPACHOM MHUKPOCKOITH]OM.

e ATICOPIIIMOHUX CIIEKTpPA JIN3aTa HETPETUPAHUX U OKCHIOBAHUX EPUTPOIIHTA.

e Crenena okcunamnuje munuaa TBARS metogom.

e Jluctpubyiuje xeMorioOnHa y OKCHI0BaHUM U KOHTPOJIHUM epuTporutuma TPEF
MUKPOCKOIIH]OM
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Cmaisena gedopmaduinoct
OKCHJIOBAAFX ¥ OFTHOCY Ha
KOHTPOJIHE ePUTPOLIHTE

KOHTPOJIA
A \
S
N

o

Invitro
OKCUAATUBHKM
cTpec

Exranmnromerpuja

IpoTouna \ o/ '
HMHTOGIYOPHMETPH]a

Paznmke y onTHUKOM

ﬁ ‘ 0aroopy usmeljy

OKCHIOBAHHX W KOHTPOJIHHX
EPUTPOLIMTA

TIpocTopra nuTpudyIHja
XeMornoOuHa je Onnska

- McMOPaHH KOJT OKCHAOBAHMX
EPHTPOLIMTA.

TPEF mMukpocromuja

Camka 11. EkcnepumeHTaliHa IIOCTaBKa ONTUYKMX TEXHUKA KOPUIITNEHHX 3a TMpOydaBarmbe
OKHUCJIATUBHOT CTpPECca EPUTPOIIUTA.

3.2.3. OnpehuBame MeXaHMUYKUX 0COOMHA ePUTPOILUTA

JedopMabUITHOCT MaKOBAHUX EPUTPOLIMTA 3/IpaBUX JOHOpA M ManujeHara obonenux ox DM
je aHamm3upaHa IU(QPAKIHOHOM JACEPCKOM TEXHHKOM-EKTallMTOMETPUjOM. YBEICH je HOBHU
napamerap rpeu u3Bo El Ha nonoBunu makcumyma kpuse nepopmadunnoctu (AEI/ASS) 3a nporeny
OJIrOBOpA EPUTPOIINTA HA MEXaHHUKHU cTpec. EkcriepruMenTamHa mocTaBka je mpruka3aHa Ha ciumm 12,

AHanu3a MeXaHMYKUX OCOOMHA epUTpOLHMTa 3[paBUX JOHOpa M manujeHara odosenux ox DM
nojapasymeBaia je cienehe:

e Amnamu3y audpakIUOHUX CJIHMKa TOMyJalHje epUTPOLUTa CHUMJbEHHE TpPU Pa3InIUTUM
HaIllOHUMa CMUIIaBkA.

e U3zpauynaBame mpomere dEI/ASS Ha monoBuHM KpuBe 1eOPMaOUITHOCTH SPUTPOLIUTA MO
YTHIIAjeM Pa3THIUTOT HATlOHA CMUTIAha.
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Ilyna kpB nammjenata  Kontpona
obonenux o1 DM

¢ N__

Hentpudyrupame u
cenapaumja
henuja kpsu

\_/ ha® [TakoBaHu

E€PUTPOLIUTH

Kpsna
iasma

(—

'
-

» OnpehuBarbe MexaHHuKUX 0coduHa DM
Y KOHTPOJIHUX €PUTPOLIUTA HA OCHOBY

JU(PPAKLMOHUX CIINKA

» Ananuza EI na cneunduunum,
(DM3HOJIOIIKY PEBEJIAHTHUM HANIOHUMA
cMHLaKba

> Veohewe dEI/ASS

Cauxka 12. ExciepruMeHTaIHa TOCTaBKa EKTAIIMTOMETPHJCKUX MEPEHha SPUTPOIINTA 3PABHX JIOHOPA
u nanujeHara obonenux ox DM.

3.3. Meroae

3.3.1 OnpehuBame KOHIEHTPALMje XeMOIJIOOMHA IMjaHOMETXeMOIJI00MHACKOM MeTO/10M

Konnenrpanuja xemornoouta oapehena je kopumhemeM 111jaHOMETXEMOTII00MHCKE METOIE,
rne je y 3 mL JIpankunoBor pearenca (mydepuszoBaH xumnoocMoTcku pactBop KCN wu
K4Fe(CN)ex3H20) momaro 10 pl makoBaHMX epuTpolTa. PacTBOp je 3aTUM XOMOTCHHU30BaH U
arcopbania je uamepena Ha 540nm (Asso). Kao crena npoba xopuinheH je J[pankuHOB pearcHc.
Konmnenrpanuja xemornobouna (Hb) je uspauynara mo popmynu (jennaunna 1):

Hb (mg/mL) = Asso *1,465 * pazbnaxeme y30pka Q)

3.3.2. lIpunpema Tankux ¢puiiMoBa xemoryodonna 3a TPEF mukpockoncko ocinkaBame

Tanku GUIMOBH HATHBHOT XeMOTJIOOMHA B XeMoTI001Ha Tpetupanor H2O: cy nmpunpeMibeHn
HaHomIewkeM 5 pL pacTBopa XeMOrao0MHa Ha MUKPOCKOIICKO CTaKIIO, 3aTHM CYy CYIICHH Ha Ba3ayXy
3 Min u npeKpuBEHHU MOKPOBHUM CTakjIoM aebsbrae 170 um. Jle6spuna dunma je 6mma < 50 um, kako
je M3MepeHo KOH(OKATHUM JIaCePCKUM CKEHUPAmeM, OJTHOCHO CKEHUpameM M0 Z-ocu. Hajmamu
KOpaK KOPavyHOT MOTOpa MHUKPOCKOIICKOT cTasika u3Hocuo je 0,3 pm.

3.3.3. lIpunpema Tankux ¢puimosa nporonpdupuna IX 3a TPEF mukpockonujy

IMpotomopdupun IX (PpIX) y hopmu comu npousseaen ox crpane Sigma Aldrich (SAD) je
KopuiiheH 3a UCIUTHBAKE (OTOPHU3MUKUX OCOOMHA, KAO0 MOJEKYJ KOJU je€ CTPYKTYpHH JI€0 XeM
24



dbyakuroHanHe rpyne xemorioouna. Pactsop PplX je mpunpemssen tako na je 0,19 PplX pactBopen
y 50 mL 1M HCI. OBaj xoHILIeHTpOBaHM PacTBOP je YyBaH Ha TAMHOM MECTY, Kako Ou ce cripevmiia
eBeHTyanHa ¢otonerpamanrja PplX. 3a TPEF wMwumkpockonmujy © CHEKTpaTHO OCIIMKABambhe
KoHIIeHTpoBaHH pacTBop PpIX je pazomaxen PBS (Sigma Aldrich, 140 mM NaCl, 10 mM ¢odatau
nydhep u 3 mM KCI, pH 7,4) no ¢unanue konmenrpanuje ox 5 uM. ITo 5 uL. oBor pactBopa je
CTaBJbEHO HA MPEIMETHO CTAKJIO M TPETHPAHO HA UCTU HAYMH KA0 U TaHKH (PHIMOBH XEMOTTIOOMHA,
kopuctehu TPEF cucrem.

3.3.4. TPEF MUKPOCKOIIHjy epPUTPOLUTA U JIACEPCKO FPaBHpPambe XeMOI100MHA

CxeMarcku MpHKa3 eKCIIepUMEHTATHE MMOCTaBKe MpuKasaH je Ha ciuiy 13. Tutan-capupHu
nacep (Coherent, Mira 900-F), mymmnan ¢ppexsernujcku aymmpanum Nd:YVO4 nacepom (Coherent,
Verdi V10), kopumniheH je 3a reHepUCame YITPAKPATKUX JIACCPCKUX MMITyJICa YHdja je pereTHIIja
uzHocuaa 76 MHz nok je tpajame ummysca 6mmo 160 fs. TanBo-ckenupajyha ornenana (Cambridge
Technology) kopuiitheHa ¢y 3a pacTepCKO CKEHHPakhE U JIACEPCKO MUKPOTPABUPahE TAHKUX (HUIMOBA
XeMorjaoOuHa. 3a ekcrepuMeHTe SU KopuimheHa Cy JaBa MHKpockorcka obOjektmBa: EC Plan-
NEOFLUAR 40x /1.3 N.A. ysbanu (Carl Zeiss) 3a ociukaBame eputponuta u Plan-Apochromat 20x
/0.8 N.A. Ba3aymnu (Carl Zeiss) 3a macepcko MUKporpaBupame xemorinobuna. IIpe Hero mro gohe
JI0 Y30pKa, JIACEPCKU CHOM je MPOINUPEH Ja OU ce WCIyHIIA 3a/iikha anepTrypa 00jeKTUBA KOJH Ce
KOPUCTH 32 CHHMAame WIH JIACEPCKO MHUKporpaBupame. KopumheHo je muxpoundHo orienaio 3a
pediiekcujy nacepckor 3paka ka o0jektuBy. CurHan je masbe mpocieher ka 15.1-merammkcenHoj
(DSLR) xamepu (Canon, EOS 50D) u ¢poromynruminkaropckoj mesu (exern. Photomultiplier tube -
PMT), (RCA, PF1006). Kamepa je xopuiihieHa 3a CHUMabe CJIMKA Y PEKUMY CBETIIOT 1M0Jba. (eHer.
Brieghtfield), Mudpamnpsenu ¢uarep je yKIomeH ca KaMmepe Kako Ou ce Bumena pedrekcuja
JIACEepPCKOT' CHOTA ca TIOKPOBHOT CTaKJIa y30pKa a pajyl IMojelaBama (PoKyca CHCTEMA U OJIaKIIamba
aKCHjaJTHOT TO3ULMOHUPAaka TAHKOT clioja XxemornoouHa. Onruuku ¢unrep omncera: VIS (400 — 700
nm) nocraBsbeH je ucnpen PMT-a 3a cakymubame ¢uryopectieHije GoTonpoaykara XeMOrjI00HHa.
Kopumthen je (ewen. Long pass) ¢unrep 700 nm 3a ykiamame Mapa3UTHUX JIACEPCKUX JIMHUjA
kpahux ox 700 nm. Ontuuku ¢unrep (enen. Short pass) o 700 nm mocrasibeH je uctpen PMT-a na
OM J1oAaTHO YKIOHWJIA TOBPAaTHO pacejaHa Jjacepcka cBeriocT. PopMmupame QoTonpoaykara
XEMOTJIOOMHA M OCITMKABAEe EPUTPOIIUTA U3BPILEHH CY Y3 TOMON yITpaKpaTKUX JTACEPCKUX UMITYIICa
Ha TajacHoj aAyxuHu ox 730 nm. OBa TanacHa JyXuHa je u3aOpaHa Kao ONTUMAJIHA y CKJIaay ca
ONITUYKHM OCOOMHAaMa MHKPOCKOIICKOT CHCTEMa W ONTHYKUM CBOJCTBHMA MOJIEKYJIa XEMOTJIO0OMHA
(Bukara u cap., 2017). 3a npunpemMy MHKPOCKOIICKHX ciajaoBa 3a TPEF Mukpockomnujy epurponura,
10 pL myHe kpBH je pa3diaakeHo je y n30ToHuaHOM pactBopy 0,9 % marpujym xmopuma (0,9 % NacCl,
Natrii chloridi infundibile 9 g/L, Xemodapm, Cpouja) y onnocy 1:30. ITo 3 pL pa3dnaxkeHor y3opka
MyHe KPBU j€ HAaHOIIIEHO Ha MUKPOCKOTICKO CTaKJIO,  3aTHUM j€ Y30paK MIOKPUBEH IIOKPOBHUM CTAKIIOM
ne6spune 170 um (No. 1,5).
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Cauka 13. Cxemarcku npuka3 TPEF ckenupajyher cucrema.

3.3.5. JennooToHcKo ocinKaBambe GOoTONPOIYKTA XeMOII00UHA

CrabuiaHOCT GOTONPOAYKTa, HACTAIOT MHTEPAKLIMjOM YJITPAKPATKUX JIACEPCKUX MMITyJICa ca
xemorsiobnHoM onpeljeHa je momohy jemHodoroHcke ekcuuTanuje (ener. Single Photon Excitation
Fluorescence-SPEF) kopucrehu kondokainy ckenupajyhy nacepcky mukpockomnujy (ener. Confocal
Laser Scanning Microscopy-LSM 510, Carl Zeiss), k0jy kapakTepuiiie MoryhHocT kopuinhemna BUIle
nacepckux nunUja (458 nm, 488 nm u 514 nm). Kopumihen je yspanu o6jexktus 40 x 1,3 N.A (Carl
Zeiss). JleOspuHA ONTHUYKOT Ipeceka je MOCTaB/b€HAa Ha BpeIHOCT Mamy on 4,3 um, uzdopom
IjaMeTpa MUHXoJa of 5,65 AjpujeBux jeaununa (ewen. Airy unit), 1a 61 ce CakymHWJIO HITO BHIIE
(bITyopecieHTHOT CHTHAJIa MMOPEKIoM o1 GoTompoaykTa u moBehao ogHoC curnain / mym (exnen. Signal
to Noise Ratio-SNR). Hajoosbu ogHoc curnana u nryma Ha SPEF ciinkama dorompoaykra koju je 6uo
,HallpaB/beH’ 'y BHAY KBaJpaTHOI MHKpooOpacia, Ouo je mnpu excuuTanuju Ha 488nm.
dnyopeciieHTHA EMUCH]a je CaKyIJbeHa KopucTehy IJIaBHU TUXPOUYHH JienuTesb cHoma, HFT 488 nm
u ontruku ¢unrep (enen. Long Pass-LP 505 nm).

3.3.6. Mepeme ancopnuuOHHX CleKTapa (pOTONPOAYKTA XeMOIJI00MHA

Arnicopnumonu crekTpu xemorinoouna u TPEF o3padyenor xemorino6uHa y BUAY MHTaKTHOT
TaHkor (uiMa MmepeHu cy kopuctehm crnekrpodporomerap Beckman Coulter DU700. TToce6HO
JM3ajHUpaHK ATyMUHHU]YMCKH Hocad y3opka (Ciuka 14) je HanpaBsbeH Tako /1a IP>KU MUKPOCKOIICKO
CTaKJI0O ca HAaHECEHWM Yy30pKOM, Kako OW ,,MMHUTHpA0” KHUBETYy 3a criekTpodorometap. JumeH3uje
apxkava 6mre cy 45 mm x 10 mm x 10 mm. Macka ca OKpyrJiuM OTBOPOM j€ MOCTaBJhEHA MPEKO
MMOKPOBHOT CTaKJIa ca CJI0jeM XeMOTJIOOMHA 1 TI0Jha ca KBaJpaTHUM oOpacieM ¢ortorpoaykra. OTBop
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j€ TPEeKIOoIJbeH ca (HOTOMPOAYKTOM XeMOoryioOnMHa, oMoryhaBajyhm aemy yia3He CBETIOCTH Off
crniekTpooToMeTpa aa mpohe camo Kpo3 PeruoH Ije ce Haja3u (OTONMPOIYKT XEMOTJIOOHHA, TaKO
LITO je MPeTX0JHO oMohy ornenana oapehen momnoxaj cHona cetmioct (Cauka 15). Ilpe mepema
aTICOpIIINje, U3BPIIEHA j€ HEOMXO/IHA Kamuopalija 3a YKYIHY TPAHCMHCH]Y.

Cauxa 14. Hocau y3opka TaHkuX (puiamoBa xemoryioOunHa (2) Koju MMa JUMEH3Mje CTaHJapJHe
kuBete (1) 3a criekTpodoToMeTpHrjcKka MEpema, a) TIOTJIe] ca cTpane, 0) morien ogo3ro. OnpehuBame
MI0JI0%Kaja CHOIA CBETJIOCTH Ha CHEKTPO(POTOMETPY BpIIEHO je moMohy obesekeHOr MUIMMETapCKOor
nanupa, Kao mTo je MpHUKa3zaHo Ha ciaunu 15.

Cauxka 15. OxnpehuBame mosoxkaja cHOMa CBETJIOCTH Ha CHEKTPOodOTOMETpy MoMohy oberneskeHor
MIJIAMETApCKOT Tanupa. MuiIuMeTapcky mamup je ybadeH y Hocad y OOJMKY KHBETE, YMECTO
MOKPOBHOT CTakja ca y30pkoM. Tauka Ha MUJIMMETapCKOM Manupy NpeAcTaBiba BpeJHOCT 04 5 mm.
Cnuka je HampaB/beHa KaMepoM Ha MoOwmiHOM TenedoHy (ororpadumnryhu cHoOm CBETIOCTH Ha
MIJIMMETAPCKOM NaNupy y OrJeany.

27



3.3.7. CnexkTpauHo ocaukaBambe (enzn. Spectral imaging) gporonpoaykra xeMor;j100MHa

CrnekrpanHa koH¢oOKalHa Jlacepcka CkeHumpajyha mukpockonuja (enen. Confocal Laser
Scanning Microscopy-CLSM) kopurithena je 3a CrieKTpaiHo ociinKaBambe (orornpoaykra. Ciuke cy
caumibeHe kopuctehu uncrpyment LSMB880 (Carl Zeiss), koju uma tpu auojiHa jacepa cieaehux
TaJlaCHUX JyXuHa: 543 NM u 633 NM, 1 joHcku aproHcku yacep (imHuje: 458 nm, 488 nm u 514 nm).
Kopunihen je ob6jextuB (Plan Apochromat 20x /0.8 N.A.) U IBOJMMEH3HOHAIHH CIIEKTPAIHH
nerektop usrpahen on rammjym—apcenua-docdara (GaAsP). BennunHa nuHX0Ma je MOCTaB/beHA Ha
33 um (1 AjpujeBa jenmuuuma mpu 488 nm). dayopeciieHTHa €MHUCH]ja j€ CIEKTPAIHO pa3aBOjeHa
T(PaKIMOHUM PEIIETKOM M JIeTeKTOBaHa y omcery oa 418 nm mo 723 nm ca pesonynujom og 3 Nm
ynaszHe TanacHe nyxuHe kopucrehu momenytu GaAsP perextop. 3a cBe TallacHE JYKWHE, cHara
nacepa je o6una 9,4 uW u3mepena Ha o0jektuBy. SPEF eMUCHOHU CHIEKTpH Cy MpUKa3aHU caMo 3a
TayacHe Iy)KuHe Behe o1 TallacHe Ay KHHE T00Yy/Ie.

3.3.8. OnpehuBame 1eopMadUIHOCTH ePUTPOLUTA

Exramuromerpuja, nacepcka audpakmmoHa TEXHHKA je Op3a Meroma 3a TIPOICHY
nedopMaOMITHOCTH epUTPOLIUTA. 3aCHUBA CE HAa aHATH3HUPamky AU(PAKINOHUX 00pa3ala epuTpoIuTa
10J] KOHTPOJIMCAHUM HAIOHOM cMuIama (ewen. Shear stress-SS), omoryhaBajyhu KBaHTHTaTHBHY
npoueHy aedopmabmiHOCTH myTeM AW(ppaKIUMOHE CIUKe. EpuTpounTH cy HM30JI0BaHH Kako je
MPETXOIHO omnucaHo (oxesbak Matepujan u Meroxe 3.1.3), 3aTuM je npunpemMibeHa CyCcrieH3uja o1 6
ML makoBanux eputpormrta y 600 plL momumBunmnnuponuaona (PVP), u mepema cy H3BpIIeHA
kopuctehu exranuromerap RheoSCAN-D300 (RheoMeditech, Kopeja). Konkperno, 500 pL PVP
CyCIeH3HMje IaKOBAaHUX EPUTPOLUTA j€ CUIAHO Yy MHUKPOKAHAIHY KHUBETY M CTaBJbEHO Y
extanurometap. llluprna mukpokanana je uznocmia 200 pm. 3a cBaku crieruUIHN HAIIOH CMUIIaka
CHUMJbeHa je audpaximona ciauka (Criuka 16a u 6). Bpeme akBusunuje 3a jeHy qudpakiiuoHy CIHKY
n3Hocwio je 1S. M3 cBake cinuke (CHUMJbEHE NpU OApeheHOM HaloHy CMHIIalka) M3padyHaTa je
BpenHocT El. JenHo Mepeme Ha pa3nuuuTUM HalloOHUMa cMHIamka 3axTeBa 100 qudpakiinoHUX CIMKa
3a euKacHy KOHCTPYKIH]y Kpube nedopmadmimHoctu. Hakon 90 ciuka (CHUMJBEHUX TIO jJETHOM
Mepewy), BpeqHocTH El ce He Memajy npeBuie ca MpOMEHOM HallOHa CMUIIalkha U KOHBEPrupajy Ka
HeKoj BpeaHocTH. KpuBa neopMabUITHOCTH OCIIMKaBa MEXaHUYKe KapaKTEPUCTUKE EPUTPOIINTA KPO3
npoMeHy J1eGOopMaOMIIHOCTU MPHU Pa3IMYUTM BPEIHOCTMMA HAllOHAa cMMIama. 3a npoueny El u3
CHpOBUX TOjaTaka Moxe ce kopuctutu JluHeBep-BypkoB ¢ur (Baskurt u cap., 2009), koju
IpeJCTaB/ba JBOCTPYKH JIMHEApHU oONMK XwujoBe (yHKIMje, Ha KOjeM ce OBaj] (UT 3acHUBA.
Mehyrum, nynna iuHeapu3zanuja nopehasa rpemiky mnpoueHe peaaHux BpeaHoctd El u crora nHuje
HajTayHUje CPEACTBO 3a MpejacTaBbame KuHeTuke (Greco u cap., 1979) wnm Ouno kor apyror
nporeca. 13 npunarohenux xkpusa aepopmMabHIHOCTH opeheHu Cy CBU apaMeTpH Kao MITO cy: SS
Ha MOJIOBMHU MaKCHMyMa BpeIHOCTH KpuBe nedopmaduinaocta (Y2 SS), Bpennoct El Ha monoBuHM
MakcuMyMa kpuBe nedopmadunnoctu (72 El), Bpennoct El na nmputncky ox 3 Pa u npsu usBox El mo
SS (dEI/dSS), Takolhe Ha MONOBHHN MaKCUMaIHE BPEIHOCTH KpuBe nedopmadbuinHoctu. Popmyia 3a
n3padynaBamwe El nara je y Jenn. 1. (Shin u cap., 2005). El ce nuzpauyHaBa u3 auppakiimOHUX CITUKa
npu oapehenom SS (jemnaumna 2). dEI/ASS npu oapelenom SS ce m3pauynaBa kopuctehu meron
KOHAUHUX Pa3UKa.
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Cauka 16. /ludpakuone cnuke ycpeameHe MoIyaluje epuTporuTa CHUMIbEHE eKTallUTOMETPOM
a) epUTPOLUTH O€3 NMPUMEHEHOI HalloHa CMULIawka, 0) EpUTPOLIMTH CHUMIBEHU IIPU MAaKCHUMaJIHOM
HaroHy cmumnama (18 Pa). Enonranuonu unaekc El u3padyHat je Ha OCHOBY BenuvmHe oca a u b,
U3paKeHe y MUKCEINMa U JIaT j€ jeTHAYHMHOM 2.

El = 22 @)

3.3.9. IIpoTouHa nMTOMETPHja epUTPOINTA (€3 MpUMeHe 00esiesKuBaYa

[IpoTrounom mmTOMETpHjoM paljeHa je aHanmM3a HEOOENeKEHUX 3ApPaBUX JOHOpPA KPBH.
Eputponutu cy aHaau3upaHu WIK HETpeTHpaHH (Y CBOM (U3UOJIOLIKOM CTamkby) WM HAKOH TPETMaHa
okcugancom 0,5 MM TBPH. Ananusupame 1o0ujeHuX pe3ysirata u3BpIIEHO j€ Ha OCHOBY IMPOTOKOJIA
Drvenica u cap (2021). Jla 61 ce mpeBa3uILIo OrpaHUUCE TPOTOYHE IIMTOMETPHjE 3a aHATH3UPAHEe
epUTPOLINTA, KOJU 300r KapaKTEpUCTHYHOI OMKOHKaBHOI OOJIMKa, JaJy CHUTHal OMMOJaiHe
aucTpuOylnje, epUTPOLUTH Cy MHKYOMpaHM y XuUIoocMOoTckoM 93 mM Hatpujym ¢docdarnom
nydepy. ¥ oBoM nydepy epupouutu 0yope U Mewajy 00JUK U3 OMKOHKAaBHOT y C(EpUUHU alld HE
XEeMOJIU3Yjy, YCIe] yera ce MoIyaluja epuTporTa BUau kao yaumosaina (Drvenica u cap., 2021).
Mozen nmpoTouHOT IUTOMETpa Koju je kopuinheH y uctpaxkuamuma je BD FACSCalibur (Becton
Dickinson, Franklin Lake NJ, SAD). ExcuunTanmja je 6uia mogenieHa va 488 nm. ITapamerpu koju cy
aHAIM3UPAHU Cy: pacejaHa CBETJIOCT Koja ce MPOCTHUPE HAIPE U MPOJIa3u KPO3 epUTPOLIHUTE (eHer.
forward scatter FSC) u cBeTiocT K0ja ce ca ctpane oaouja o epurpormte Side scatter (exexn. Side scatter
SSC). Kao nonmatHy mapaMeTap 3a aHaJIM3y HEOOEIEeKEHUX EPUTPOIIUTA, YBEIU CMO U TIOBPIIHHY
(I1yOopecleHTHOT NMHKa HETPETHPAHUX EPUTPOLIMTA M EPUTPOLIUTA TPETUpaHUX okcuaancom |BHP
Kao M y30paKa epUTpPOINTa Yy KOME Cy ITOMEIIaHe jeTHAaKe 3alpeMHHE HETPETHPAHUX EPUTPOIIUTA U
eputponura uctor poHopa tperupanux 0,5 mM TBHP. Kopuctunu cMmo crnekrpainu kaHai ca
cienehuM TajJacHUM Ay)KMHaMa eKCIUTaluje u emucuje: exc =488 nm/em =525 nm. [ToBpuirHa nuka
¢byopecueniyje je kopuirheHa Kao HHAUMPEKTHA Mepa BearuunHe (iyopeciieHTHUX yecTHia (Kang u
cap., 2010). IlpoTouynn nuromMerap Mepu MHTEH3UTET (UIYOpPECIEHIIM]je ¥ BpeMEHY KOjU CE€ MOXKe
NPEJCTaBUTH Kao MMIIYJC, KapaKTepucaH U3Ja3HHUM CHUTHAJIOM JETeKTOpa TOKOM IpojacKa
(ryopeciieHTHE YeCTHIIe KPO3 JIACEPCKH CHOTL. IHTEH3UTET CUTHAJA pacTe Kako hemwja mposa3u Kpo3
Jacepcku 3pak W Bpaha ce Ha 0a3MYyHM HHMBO IO M31acKy M3 cHoma. CHUrHaql HMHTEH3UTETa
(bayopecrieHije je nerekroBad oa ctpane PMT koju je mHTErpaiqHu J1e0 MPOTOYHOT ITUTOMETPA.
PMT mepu npomeHy HaroHa reHepucaHy oJl cTpaHne (hoTo-eneKkTpoHa y BpeMeHy. Y cinenehoj dazu
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oOpaie, CUTHAJI ce AUCKPETU3yje u Kiacudukyje mpema oapeheHoMm mapameTpy Kao IITO je MOBPIIHHA
nuka ¢uayopecuennyje. [IpermocTaBmim cMo Ja je MOBpIIMHA MHKAa (DIYyOpEClEHINje AUPEKTHO
MpornopuroHanHa BenuunHu dyectuue. lto ce yectuna ayxe 3aapkaBa y JacepCKOM CHOILY TO je
Beha moBpirHa (ayopectentHor nuka. [loganm cy ananusupanu kopucrehu Flow Jo codrsep
(v10.8.1) u Graph Pad Prism 7. Hajmame 100.000 gorahaja (henuja u/vnu henujckux BE3uKy1a u/uim
arperupanux henuja) je 3a0eIeKeHO MO y30PKY.

3.3.10. da3H0-KOHTpPaCHA MUKPOCKOIHNja ePUTPOIIUTA

Mopdosorrja epuTpouTa Kao M CTENEH arperamuje yciea okcuaainuje npumeHom 1 BHP
onpehen je kopuirhewmem (a3sHo koHTpacHe Mukpockonuje. Kopumhen je mukpockorn Olympus
Europa Holding GmbH, Xam6ypr, Hemauka, ca momenom kamepe Quick PHOTO Camera 2.3
(PROMICRA, TIlpar, Yemka PemyOauka). OOpaga ciawka epurponuTta ca (asHO KOHTPACHOT
MHKpockorna ypaheno je kopumihemeM Fiji coptrepa (2.9.0). Ciiuke cy npBo Tpanchopmucane Phase
mask TpanchopmanujoM, a 3aTUM je M3pavyyHaTa MOBPIIUHA IPHUX PETMOHA Ca CIIHMKE, OJHOCHO
peruoHa Koju He caaprxke henuje, Kao IITo je mpuKazaHo Ha ciauim 17. 3a cBaky CIIMKY M3pavyyHara je
MOBPIIMHA IIPHUX PETHOHA HAa HE Mambe Off TPH PETUOHA, M CPellba BPEAHOCT MOBPIIMHE U3PAKEHA Y
um? je ysera y pasmarpame. OGpaljeHe cy 1o TpH cIIMKe Ha KOjUMa je aHATN3UPAHO BUIIIE PA3THIHTHX
peruoHa oJ] MHTepeca KojuMa je padyyHaTa MOBPIIMHA y TTHKCETUMA.

L

A€y

Cauka 17. OnpehuBame creneHa arperabunHocty henuja, MepemeM MOBPUIMHE PETHOHA KOJU HE
cajpxu henuje ()KyTd pernoHu o3Hauenu 1,2,3).

3.3.11. OnpehuBame konunentpamuje TBARS (enzn. Thiobarbituric Acid Reactive Substances)
Y OKCHIOBAHUM €PHTPOIUTHMA

TBARS mertonoM je aHanu3upaH HMBO OKCHJAlMje JUMuaa memOpane epurporura. Oa
METO/Ia ce 3aCHUBA Ha JIETEKIIM]HU CEKYHJIapHUX MpoJIyKaTa Iepokcuanyje aunuaa kao mro je MDA.
MDA ¢opmupa jenumema ca THoOapOuTypaTHOM KrcenuHoM— I BA (ewen. thiobarbituric acid) umje
MIPUCYCCTBO CE JETEKTYje CIEKTPO(HOTOMETPH]CKH. 3a EKCTPAKIH]Y JIMIIUTHUX MEPOKCUAA U3 y30paKa
JM3aTa EpUTPOLIUTA, TIPBO CY NMPHUIPEMIbeHU 48 myTa pa3diakeHu Ju3aTu epuporuTa memameM 100
ML y3opka ca 4,7 mL d¢wusunonomkor pacrBopa. [lo 100 uL pa3bmakennx nm3ata epuTpoOIUTA
nomernrano je 500 uL 28% tpuxnop-cupherna kucenune — TCA (enen. Trichloracetic acid). Y3opiu

30



cy uukyoupanu 35 min, Ha neay, y3 Melame Ha BOPTeKCy Ha cBakux 10 min. Hakon 3aBpimeHe
uHKyOanuje y3opuu cy uenrpudyrupanu 10 min, ma 15000 rpm, na 4 °C, a 3atum je o 200 pL
cylnepHaTaHTa npebdaluBaHoO y HOBY €npyBeTe y Kojy je nonaBano mo S0 pk 1% TBA y 0,05 M NaOH
(3anpemuncku oxHOC 4:1). OBaj pacTBop je nuKyOupan 30 min Ha 95°C y BoJiIcHOM KyMaTuity, a 3aTHM
cy oxmnahenu. ITo 100 YL pacTBopa je mpeHETO Y MUKPOTUTAPCKE IIOYE M MEPEHA je aricopOaHIia Ha
540 nm. Mcrtu noctynak npuMEmEH je U Ha cieny npo0y u Ha crangapane pactsope (0,16-5 nM)
MDA, a Ha ocHOBY n0o0WjeHUX pe3yiTaTa KOHCTpyHcaHa je craHmapana npasa (Ciouka 18) wm
u3padyHaTa KOHIEHTpAIHja JIUIUIHE TIEPOKCHIAIH]E Y Y30PIIHMA.

0.25

y = 0.0406x + 0.0118 .
o 0.20 R? = 0.9996
S o015
-
© 010 ¢
< .
0.05 .
000 °
0 1 2 3 4 5
MDA (nM)

Cauxka 18. Crangapana npaBa 3aBUCHOCTH As4o o KoHueHTpanuje MDA.

3.3.12. Tect ocMOTCKe (PParnIHOCTH

Tecrt je u3Benen Ha cnenehu HaunH: 20 pL cycneHsuje eputporuTa J01aTO je y enpyBeTe Koje
cy cagpkaiie 5 mL pactBopa ca onagajyhum konnentpanujama NaCl (0,90%, 0,80%, 0,75%, 0,70%,
0,65%, 0,60%, 0,55%, 0,50%, 0,45%, 0,40%, 0,35%, 0,30%, 0,25%, 0,20%, 0,10% u gectuioBaHa
Bosa). HakoH nmonmaBama CycrnieH3Hje, CBe empyBeTe Cy XOMOT€HH30BaHE MEIIAamheM M OCTaBJbEHE /1a
ce nHKYOHpajy 20 min Ha cOOHOj TeMIiepaTypy HaKOH Yera cy HeHTpudyrupane 5 min wa 2000 rpm.
CynepHaTaHTH, KOjU CaJp)Ke€ XEMOTJOOWMH W3 JIM3MpPaHUX EpUTPOLUTa MaXXJbUBO Cy OJIBOJEHU
MUIETUPABEM O] TAJIOTa ca HeJIM3UPaHUM epuTpolMTUMa U oapeheHa uM je arcopbania Ha 540 nm.
Arncopbaniia xemonu3ara J00HjeHa JU30M €PUTPOIUTA y JECTHIIOBAHO] BOJU je KopuiheHa Kao
pedepentHa BpenHocT o1 100% xemomu3e, 10K je mpoleHaT XxeMoiau3e y cBakoM of pactBopa NaCl
u3padyHar npema cienehoj jennaunnau (3):

A TEeCTHUPAHOT CyliepHaTaHTa

0 —
XeMoJinu3e =
% (A540 XeMOJIN3aTa ¥ leCTUI0BaHOj BOAU

Ha ocHoBy mo0ujeHHx mojaTaka KOHCTpyHCaHE Cy KPHUBE OCMOTCKE (parmjiHOCTH KOje
npezacTaBibajy 3aBucHOCT (%) xemommse ox koHueHTpanuja NaCl (%). Konnenrtpanuja NaCl npu
K0joj ce moctwxke 50% on MakcuMmaiaHe Xemonuse, o3HaueHa kao HS50, noOujeHa je Ha OCHOBY
BonrcmaHoBe curmMomjaniHe HETMHEApHE pErpecHOHEe aHalM3e eKCIEPUMEHTAIHO J00MjeHUX
nojaraka OriginPro 8 codteepom (OriginLab, SAD).
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3.3.13. CrarucTuyka aHa/u3a pe3yJrara

Behuna cratuctnukux ananmusa ypahena je y codptepy R, Bep3uju 4.3.2. OBaj copTBEepcKH
MaKeT uMa TJaBHy yrnoTpeOy y pauyHapckoj cratuctui (ewnen. Statistical computing). Pesynraru cy
MPEJCTaBIbEHU Kao CPe/iiha BPEAHOCT + CTaHIapAHa AeBujanuja. [I[puMemena je ananmusa 3a npoBepy
HOpMaJTHOCTH mojaraka, kopucrehu Shapiro-Wilk tecr. Craructuuke pasnuke usmel)y rpymna 3a
aHaJIM3y eJIOHTallMOHOT MH/ICKCa 3[PBUX JOHOpa 1 Aujabetnyapa oapehene cy kopucrehu two-tailed
t-rect wim two-tailed t-test wim Mann-Whitney U Tect y 3aBHCHOCTH 0l pe3yiTaTta MPEeTXOIHE
aHaJM3e HOPMAJTHOCTH mojaraka. Pasmuke y p Bpeanoctu < 0,05 cy mpukazaHe Kao CTaTUCTHYKU
3HauajHe. 32 KOpEeNalnoHy aHaIu3y Takohe je ypal)eH TecT HOpMaIHOCTH MoJjaTaka U y 3aBUCHOCTH
0J1 pe3yJsiTata TecTa Kopeianuja u3Mel)y MCIUTUBAHUX TapameTapa ojapeheHa je momohy Pearson
tecta (r — Pearson xoedunujent) uinu nomohy Spearman rank-order correlation tecra. CraTuctuuke
aHaJM3e pe3y/aTara MpoTovHe nutomerpuje ypahene cy kopucrehu copreep Graph PadPrism 9. ¥V
CKJIaay ca rmpotokosioM Drvenica u cap. (2021) uspauynaru cy ckjyHuc (enen. SKEWNESS) u KypTo3uc
(enen. xurtosis) 3a FSC muctpubyimjy. Ananusupanu omncer 6uo je 400-1000 morahaja, unme cy u3
aHaJM3e MCKJbYueHM arperatd u hemmjckm aedpuc. CraTuCTHUKe aHanHM3e U3Mel)y HeTpeTUpaHuX
eputporTa u eputporuta tpetupanux 1BHP je pahena two-tailed paired t-tect, p Bpemoct < 0,05
je y3era Kao Mepa CTaTUCTHYKE 3HAYajHOCTH.
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4. Pezynmamu

4.1. OcaukaBame epUTPOLMTA U Mepemhe eMUCHOHUX criekTapa npumeHom TPEF
MHMKPOCKOIHje

TPEF wmukpockonujy pa3OnakeHe IyHE KpPBH CMO Ypaauiud Yy mNpBuM (a3ama oOBOT
UCTpa)KMBama J1a OMCMO Yy HAIlUM EKCHEPUMEHTAJIHHM YCIOBHMAa IMOTBPAWIN paHHje IMOKa3aHy
npumMemuBocT TPEF Mukpockonuje 3a ocnukaBame eputporura (Vigil u cap., 2015, Bukara u cap.,
2017). Ilyna xpB je pa3zbnakeHa Kako Ou ce 100uIIa CyCIieH31]ja y KOjOj EpUTPOIIMTH HUCY arperupaHu
U TJIe Ce T0jeIMHAYHH EPUTPOIIUTU MOTY jacHO younTtu (Cruka 19a).

Eputpouut 1

—e— Eputpouut 2

0.010 —a— Eputpouut 3
0,009
0,008
0,007
0,006
0,005
0,004
0,003
0,002
0,001

Cpeawsu PMT Hanon no nukceny (V)

0 2 4 6 8 10
I') 18000 Bpoj excnoauuuja
16000
14000
12000
10000

8000
6000

0,009
0,008
0,007
0,006
0,005
0,004
0,003 4000
0,002 / 2000
0001{ * 0

0 2 4 6 8 10 400 500 600 700 800
Bpoj ekcnosuuuja TanacHa ayxuHa (nm)

Cpeatou PMT HanoH (V)
TPEF uHTeH3uTeT (a.y.)

Cauxa 19. TPEF mukpockonuja epurporura. a) Cinuke epurporura (1 go 6) nodujene TPEF
MukpockonujoM. Pesonyuuja cnuka je 1024 x 1024 nukcena, Hactana je u3 30 ycpenmaBama ca
BpPEMEHOM 3aJIp/KaBakba Jlacepa y CBakoM IHKcely off 8,53 X 10 s. YkynHo BpeMe 3a CHUMAambe CBake
ciuke 6wio je 26,1 s, mTO MpeacTaB/ba OCHOBHY JeIMHUIly eKcro3uuuje (0poj ekcrnoszunuje 1
O3Ha4aBa BpeMe 32 CHUMaIE jeIHE CIIMKE, OHOCHO 26,1 s). MHTEeH3uTET piyopeciieHyje je npuKasan
nceyno6ojama PMT BpenHocTH HamoHa 3a CBaku MUKcen (TamHO TaBa — HajHwku TPEF curnan,
upseHa — HajBuu TPEF curnan). 6) Cpeame BpennocTu nukcena PMT HammoHa mponopiinoHanHe ¢y
TPEF unten3utety 3a cBaku perioH o] HHTepeca (KyTH, [IPBEHH U TJIABH KBAIPaT) MPUKa3aHu y (3s),
NpeJCTaBJbeHE Cy KpUBOM oJiroBapajyhe 0oje. Cpeliibe BpeIHOCTH MHUKCeNa Cy U3pauyyHaTe 3a perujy
on untepeca (enen. Region of Interest-ROI), (kyTH, IpBeHH M IUTaBU KBaJpaTH) M 3a CBAKY CJIHKY,
BennunHa kBazapata je 100 x 100 mumkcena, B) LlpHa KpuBa mpejacTaBiba CpeAme BPEAHOCTU
WHTEH3UTETa TTUKCeNa 3a TpU epuTponrTa npukasana y (0), r) TPEF emMucuonu criekrap CHUMJBEH y
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MPOM3BOJEHO 0/1a0pPaHO] TAYKH Y JETHOM EPUTPOLIUTY, KOPUITNEHEM aJanTaIije MUKPOCIIEKTPaTHOT
Mepema.

[Toctenenu nmopact TPEF duyopecuiennmje o3padyeHnx eputpomnuTa ca OpojeM eKCIIO3HIIHja
N0OHjeH MPUIMKOM JIACEPCKOT CKEHHpama y30pKa, Mpukaszad je Ha ciunu 19 B. OBaj pesynrar je y
ckiany ca Beh pemoncrpupanum noBehameM WHTEH3UTETA (IIYOPECUECHIIM]E Y EPUTPOIIMTUMA TIPH
03pavMBay YITPAKPATKUM JACEPCKHM HMMITYJICUMa B (OPMHUPAmEM TaKO3BaHOT XEMOTJIOOMHCKOT
dorompoaykra (Shirshin u cap., 2018). Osxe je mopact TPEF curnama mpukazan Kpo3 3aBHCHOCT
PMT namnona ox 6poja excniozunuja (Cnuka 19 6), jep je PMT HanoH qupeKkTHO MpOmOpIOHATIaH
MHTEH3UTETY (IyopecieHIr]je HacTalor (OTONMpoAyKTa, YUME je MOTBphEeHo na ca mopactoM Opoja
excniosunuja pacre unteHsuter 1PEF emucuje. Ilpoceunn PMT HamoH 3a cBaku MojeIUHAYHH
EPUTPOIIMT, OJHOCHO KPHBa MHTEH3UTETA (IIyopecIIeHI]je je mpuKkazaHna Ha ciuiu 196. [Topex Tora,
nobwuje je TPEF emucuonu criekrap (Cnuka. 19 1) xopumhemem CCD criektpomerpa ca ONTHYKUM
BJIAKHMMa MOHTHUPAHOT Ha HEJIMHEAPHU MUKPOCKOII, CXEMATCKH MPUKa3aHOT Ha ciuiu 13 (y OKBHPY
O3HAYEHOT IIPABOYTAOHUKA).

4.2. ®opmupame (pOTONPOAYKTA ycjle] HHTePaKIHje YITPAKPATKUX JACEPCKUX HMITYJIca
ca TAHKMM (PUJIMOBHMMA XeMOIJIOOMHA

Y muspy nmotBpae xunorese na TPEF dbayopecuenuja, kao u nopehame mEeHOT HHTCH3UTETA
notuye o GoTONPOYKTa KOJH j€ HacTao MPU MHTEPAKLM]H epUTPOLIUTA Ca YITPAKPATKUM JaCePCKUM
UMIyJICUMa, TajacHe AyxuHe 730 NM, a He oI APYTHX MOJEKYJa, YPaIiId CMO €KCIIEpUMEHTE Y
KOjUMa Cy aHaJU3UpPaHU, HE €pUTPOLUTH Beh M3010BaHM XeMOMJIOOWH. Y Ty CBpPXY, KBaJpaTHH
oOpazail je Jlacepckw YrpaBUpaHM y TaHak (UIM XeMOTrjJoOMHA Ha TMPOCTOPHO BPEMEHCKH
KoHTposcaH HauuH: 1024 x 1024 nukcena nmpu cpeawoj cHasu jacepa o 20 mW (Cauxa 20 a).
CaumibeHe cy 1 jeqHodortoncke (SPEF mukporpaduje) (Cnuka 20 6) u TPEF mukporpaduje (Cnuka
20 B). Iloctynak cHuMama je moHOBJbeH 10 myta (Opoj eKcro3uiija) HAaKOH IITO j€ MaKCUMaJIHU
untensuteT TPEF nocturnyr nocne 8 ckennpama, HakoH 4era je uHTeHsuter | PEF moueo na omana
ycaen goto uzbesbuBama (Ciuka 19 B). [la 6ucmo nemoncrpupanu aa ce TPEF emucuja onsuja camo
Yy PETHOHY KOjH j& OMO M3JI0XKEH YyATPAKPAaTKUM JIACEPCKUM HMMITYJICUMA, BETMYMHA BUAHOT 110JbA j€
MPOIIMPEHA, Tj. CKEHUPAHU PErHOH je MPOLIMPEH, CPeba Jacepcka cHara je cMambeHa Ha 2,5 MW u
caumibeHa je TPEF cnuka (Cauxa 20 B). Ilopen Tora, cHUMame y peKUMY CBETJIOr IoJba (ewen.
brieghtfield) je jacHo moka3zasno 1a je CKeHUpaHU PErMOH MOCTA0 Makbe TPAHCIIAPSHTAH Y OJHOCY Ha
oxosHu xemorinoouH (Cauka 20 a). Konauno, kopuirthemeM je1HO(OTOHCKE ekciuTaluje Ha 488 nm,
nerekroBanu cMo SPEF emucujy xemornoOuHCKOr (GOTONpoaykTa (GOPMHUPAHOT CaMO y PErHOHY
U3JI0KEHOM YATPAaKpaTKUM JIACEPCKUM HMITYJICUMA, ajll HEe U y OKOJIHOM pernony (Cnmxa 20 0),
JbyOnvactu oOpasan). OBne je 3Ha4ajHO HANOMEHYTH Ja XEMOIVIOOMH HHje MPUPOIHO
dbnyopecuentan (Shirshin u cap. 2018), mto je u moTBpheno y Hamum excriepumenTrma (Cruke 20
6 u 20 B Ha KOjUMa TaMHM PErHoH OKO (piyopeceHTHOr KBajpara ((OTOMpPOIYKTa) MpelCcTaBiba
MOBPILIKHE Ca HEO3PaUE€HUM XEMOTTIOOUHOM).
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Mwukpockonuja
CBET/IOF No/ba
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Cauxka 20. @opmupame GOTONPOAYKTa HA TAHKUM (PUIMOBUMA XeMOIJIoOMHA. a) Mukpockonuja y
PEeXUMY CBETJIOT IOJba IMpHKa3yje Aa je (GoTonpoayKT (opMHpaH HEIMHEAPHOM MHUKPOCKOIH]OM
(TaMHO CHBHM KBaJlpaT) Mame ONTUYKU TPAHCIAPEHTaH O] XeMOIJIOOMHA (CBETJIO CMBa OKOJIMHA), 0)
Jennodoroncka emucuja SPEF ¢goronpoaykra nmokasyje aa ce GoTOnpoayKT Moxke jeAHO(POTOHCKH
noOyauti Ha 488 nm (JbyOMYAcTH KBaJApaT), OK XEMOTJIOOMH He MOXe (I[pHa MOBPIIMHA OKO
JbyOuvacror kBazapata), B) TPEF mukporpaduja nokaszyje MHTEH3UBHY €MHCH]y Y >KYTO-3€J€HO]
KBaJpaTHO] oOmactu trae je ¢dopmupan GOTONPOAYKT, y mopehemy ca HedIyopecleHTHUM
XEMOTJIOOMHOM y OKOJHMHM (LpHO), T) DPOTONPOAYKT je cTaOmiaH TOKOM BpEMEHAa U HEroBe
(bmyopeciieHTHE 0COOMHE Cy OYyBaHE TOKOM JYy>KET BPEMEHa, IITO je BHJBbMBO U3 cpeamer SPEF
MHTEH3MUTETA 110 NMUKCEeTy (MEPEHO Y JKYTOj MPaBOYraoHOj 00JaCTH MpUKa3aHoj Ha yMeTKy), 1) TPEF
cniekTap (GOTOMpPOayKTa XEeMOTJIOOMHA CHUMJBbEH Y TIPOM3BOJFHO M3a0PaHO] TAYKU Y TAHKOM CJIO]Y.

dopmupame (HOTONPOTYKTA 3aBUCH OJT BpeMEHa €KCIO3HIIN]je U CPEIhe CHAre Jlacepa, alid 1
OJl APYruX Mapamerapa KOju Cy OWIM KOHCTAaHTHH Y HaIlleM EKCIEPUMEHTY. TajacHa Iy>KWHa,
YYE€CTaHOCT U Tpajame umiysica. MHTeH3uTeT ¢QuryopecieHiyje mounmkbe 1a pacTe YaKk U Ha CaMOM
MOYETKY U3JIarama XeMOTrJI00MHa yATPaKpaTKUM JIACEPCKUM UMITYJICHMA. 32 U30JI0BaHH XEMOTJIOOUH,
TPEF unTEeH3uTET XeMOTTIOOMHCKOT (hOTOMPOIYKTA IOCTaje AETEKTa0MIaH MPU JIACEPCKO] CHA3U O
npuomkHo 10 MW HakoH mpBe €KCTMOo3uIlMje, MITO OATrOBapa JEMOHOBAaHO] eHepruju oa 261 mJ Ha
KBajpaTy nospmmHe of 62500 um? CIMYHO Kao INTO je J0OMjeHO NpH aHATM3M EpPUTPOLMTA,
noBehame WHTEH3WTETa (UIyopecleHIMje ce TocTerneHo moBehaBamo ca OpojeM CKEHHpama, Tj.
Opojem ekcmosuiuja, Tako je rpadguk Ha ciaunu 20 1 (XeMOTJIOOWH) EKBHBAJICHTAH Trpaduky
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npukazaHoM Ha ciunu 19 1 (eputpouutn). OBakaB pe3ynTar ykasyje Aa YATPAaKpaTKd JacepCKu
UMIYJICH JUPEKTHO HMHTEParyjy ca XeMOIJIOOMHOM, MPHJIMKOM 4Yera Jaojiazu 10 (opMupama
dboTonpoaykra y eputporuty. Caumame SPEF ciuka mokasao aa je XxeMorioOMHCKA (DOTOIPOIYKT
crabmian TokoMm BpemeHa (Cmuka 20 1). TPEF cmekrap ¢oronpoaykra CHUMJbEH y TaHKOM
XeMOTJIOOMHCKOM (hUIMY je TTokazao MakcuMyM Ha (550 £+ 2) nm (Cnuka 20 1), 1 610 je UCTH Kao U
makcumyM TPEF emucuonor cmekrpa eputponurta (Crnuka 19 1). OBaj pesyarar roBopu Jna
YITpaKpaTKu JacepcKh HMITYJICH HMHTEparyjy HUCK/bYYHMBO Ca XEMOIVIOOMHOM Yy €pUTPOLUTHMA,
dbopmupajyhu uctu QGOTONPOAYKT, WIM Ja je Yy JaTUM YCIOBHMA HHTEPAKIHMja YITPAKpaTKUX
JACepCKUX MMITYJICa ca JPYTMM MOJIEKYJIICKMM BpcTama y epUTpOIUTHMA 3aHeMapJbuBa. JlnuHaMuka
dbopmupama poTompoaykTa je Takohe UcTa y epUTPOLUTUMA U TAHKOM (UIMY XeMOTJIO0WHA, IITO
nmojpa3syMeBa IOCTENeHo MmoBehame MHTEH3UTETa (PiryopecleHIrje ca OpojeM eKCITO3HIIMja Koje ce
3aBpIllaBa ca IIaTooM 3acuhema.

4.3. UV/VIS ancopnuuona cnexkTpockonuja TPEF o3pavyeHor n Heo3payeHOTr XeMOIJIOOMHA

UV/VIS ancopnuuoHu criekTap ,,HaTuBHOr xemornoOuna (Cnuka 21; miaBa KpuBa) mpu
jenrogoroHckoj arncopmiuju u TPEF o3pauenor xemornobuna y tankom uamy (Cruka 21; nipBeHa
KpHUBa) cy N0OWjeHH MEPEeHhEeM W3BaH M YHyTap (pOpMHUpaHOT KBaJIpaTHOT pEerHoHa MPHKa3aHUX Ha
cimkama 20 6 m 20 B. TepMmuH 0O3padeHH XeMOTJIOOMH je KopumrheH 300T MOCTyNKa Mepema
aricoprnionux crekrpa. Kako je hotornpoaykT Gpopmupan y TaHKOM CJI0jy XeMOTTIOOMHCKOT (huma,
M XeMOTJIOOMH U (POTONPOIYKT CE€ Hajla3e Ha UCTOM onTH4KoM myTy. [lopen Tora, neo xemoriaoOnHa
ocTaje HEKOHBEPTOBaH Yy (DOTOMPOAYKT, YaK M y TPETUPAHO] 3alpeMUHU. 300r TOra CHUMJbCHH
aTICOPIITMOHU CIIEKTap HE MOTHYE UCKIbYYMBO O]l (hOTONpoayKTa, Beh o1 00e mMomekyicke Gopme,
¢doTonpoIyKTa U XeMorJ100MuHa 3ajeTHO.

XemornobuH
——— doToNpoAYKT

0,7
0,6
0,5
0,4
0,3

0,2

Ancop6aHua

0,1

0,

O%0 300 400 50 600 700 800

TanacHa ay>kuHa (nm)

Cauka 21. UV-VIS ancoprnimonn criekrap xemorjioOnHa (TuraBa KpuBa) W (DOTONPOIYKTA Tj.
03paueHor XeMOTJ00rHa (I[pBEHA KPUBA).
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Kako je u ouekuBano, UV/VIS ancopnunonu criekrap XeMOorio0nHa y TaHKOM (QHIMY je ©Mao
CIIEKTpaJIHE KapaKkTepucTHKe okcuxemorioouna (0XyHb): ancoprimonu makcumymu y UV pervony
ca MaKCMMYMOM Ha ~ 275 nm 300r T — 7* mpesna3a 1 HEKOJIMKO allCOPIIIMOHUX MaKCUMyMa, Kao IITO
je MakcumyM Ha 350 NM KoOju ce TPUIKCYje arCOPIIUjU HEKOBaJeHTHE Be3e m3Mmel)y rBoxha u
XUCTUAMHA Yy TIIOOMHCKUM JlaHuMa; Soret wim B nuk Ha (410 £ 2) nm u Q nuk ca aBa npenasa, 3
nuk Ha 539 nm u o nuk Ha 577 nm (Hanson u cap., 2010) (Cauka 21; mnaBa kpusa). ¥ UV/VIS
ancopruonoM criekTpy TPEF o3paueHor xemorioOnHa cy youeHe jacHE pa3jiMKe Yy OJHOCY Ha
HEO3pavyeH XEMOIJIOOWH y MHTEH3UTETy OIcera W/WiM mojioxkajy makcumyma (Cnuka 21, npBena
KpHuBa). YOUEH je moMepaj Ka IPBEHOM JeJy CIIEKTpa y BPEIHOCTH 07 7 NM SOoret-oBor MakcuMyma y
03paueHoM Jieny (uaMa ca 3Ha4ajHUM CMamemheM MHTeH3uTera (Tabena 2). [IukoBu y BUIJBUBOM
JIeNTy anCOPIIIMOHOT CIIEKTPAa XEMOIJIOOMHA IMOTUYY OJf XeM TIpyle, a MPOMEHE Y HHHXOBUM
MOJIOKAjIMa M MHTEH3UTETUMA Cy MHANKATOPY TIOMepamba Ty KOOpAUHATa MOP(GUPHHCKOT ITpCcTeHa
(Hanson u cap., 2010). Oxunoc Ao/AB je 6uo < 1 u 3a XeMOIJIOOMH M 3a XEMOIJIOOMH HAKOH
03paunBama YITPaKpaTKUM JIacepcKuM umimyincuma (Tabdena 2). Mnak, oBaj 0JHOC Y 03padeHOM JIeTy
TaHKor (unma je OMO 3HAYajHO HUKM HEro y HETPETHPAHOM XEMOIVIOOMHY IITO yKa3yje Ha
JeTpajannjy XeMoTJI00MHa HAKOH HHTEPAKIMje ca YATPaKpaTKUM JIaCepCKUM uUMITysicuMa. HaBeneHo
noMmepame Soret-opor MakcuMyma o 7 NM Ka IPBEHOj 00JIaCTH Y TPETHPAHOM JIelTy TaHKOT (pruima
yKa3yje Ha TpaHchopMalnjy OKCUTeHUCAHNX y OKCHJI0BaHE XxeMorioOuHcke Bpere (Hanson u cap.,
2010, Drvenica u cap., 2019, Bonaventura u cap., 2013). Cmamen omnoc Ao/AP o3padeHor
XeMOTJI00MHa y mopel)ery ca HeTpeTUPaHUM XeMOTTIOOMHOM YKa3yje Ha IPUCYCTBO CI000IHOT XemMa
U pacmaj Mojekyna xemornobuna (Hanson u cap., 2010).

Ta6ena 2. Kapakrepuctuunu ancopOuuonn wmakcumymu UV/VIS ancoprnimonux —crekrapa
¢doronpoykra u xemoraoouHa. [IprukazaHne cy cpefmba BpeAHOCT U CTaHAap/IHa AeBHjalllja 32 YETUPH
HE3aBUCHA MEpEma.

ANCOPNUIMOHM MAaKCHUMYMH XeMorio00uH O3payeHn XeMOIJI00MH KOjH
NMO3MIMja / HHTEH3UTeT caap:xxu  GOTONPOAYKT
AUV Inm 273+2 272 +2
AHIS [ nm 351+2 351+ 2
Asoret [ nm 410 + 2 417 +2
2% Inm 539 + 2 538 + 2
,121‘flx /nm ST %2 576+ 2
AUV 0,226 + 0,003 0,237 + 0,001
Alis 0,179 + 0,008 0,200 + 0,002
Asoret 0,671 + 0,002 0,438 + 0,001
A%flx 0,082 + 0,007 0,139 + 0,003
A%« 0,079 + 0,001 0,134 + 0,003
max
Aseo 0,063 +0,002 0,132 + 0,005
AAQu/AAQp 0,804 + 0,027 0,371 +0,014
= (A Asen)/ (A — Asto)
ASoret | A0 8,506 * 0,046 3,254 + 0,007
max max
Asoret | AUV 2,962 + 0,042 1,848 £ 0,014
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4.4. EMucHOHN crnekTpu (oTonpoaykra mnpu jenHoporoHckoj excuutamuju (SPEF)
A00ujeHN MOMONY CIIeKTPAJHOI 0CINKABAKA-KOHPOKAIHOM MHUKPOCKOINHjOM

KBanpatau ¢payopectienTHu 00pa3zan ¢poronpoaykra (Cnuka 22 a u 0), mperxoHo hopMUpaH
U3JlarakbeM XEMOTJOoOMHAa YATPAaKpaTKUM JIACEPCKUM HUMITYJICHMMa CHUMJBEH je KOopHIIhemeM
KoH(oKaTHe MUKpOCKomHje Tj. jeqHodoToncke ekcuuranuje (Cnuka 22 a). SPEF emucnonu criektpu
XEMOIUIOOMHA Cy CHUMJBCHH 3a Pa3IMuuTe eKCHUTAIMOHe TajacHe nyxkuHe (Ciuka 22 B) y Ta4HO
NeUHUCAHUM PETHOHMMA OJ1 MHTEepeca: U3 peruoHa rjae ce Hanasu xemornoous (ROI 1, ucnpexkunan
Kpyr) U u3 peruoHa rjae ce Hanasu poronpoaykt (ROI 2, myHu kpyr). 3aBUCHOCT e(DUKACHOCTH
eKCIUTAIMje je KOHCTPyHCaHa H3/BajarbeM MaKCHMyMa €MHUCH]je Ha Pa3IMYUTHM EKCIUTAIMOHUM

TamacHuM ayknHama (Crnuka 22 ).

) TPAHCMUCUIA

Chh S

50 um

—=— PernoH 1 xemornobuH
—e— PernoH 2 potonpoayKr

SPEF uHTeH3urer (a.j.)

—
450 500 550 600 650 ~ 700 750 250 500 550 600 650

TanacHa ay»kuHa (nm) TanacHa ayxwuHa (nm)

(=)

Cauka 22. CrniekTpajHO OCIHMKaBambe KBaJpaTHOI oOpacua (OTONpOoIyKTa HACTAIOr 03padlBambeM
xemoryioounHa. a) @iryopecieHTHa ClIMKa KBaJpaTHOT obpacia (oTonpoIyKTa CHUIMIbEHA IpU Mo0yAH
on 458 nm: mcnpekuaaHu Kpyr mpencraBiba peruoH on uHrepeca 1 (ROI 1) xoju mpencraiba
XEMOIJIOOMH KOjU HUJ€ U3JI0XKEH YITPAKPATKUM JIACEPCKUM HUMIyJCHMa MPH yCIOBHUMA MOTPEOHUM
3a ¢opmupame (OTONPOAYKTa, JOK MyHU Kpyr mpexacraBiba peruoH uHrepeca 2 (ROl 2) xoju
MPEJCTaBIba XEMOTIIOOMH W3JIOKEH YATPAKPATKUM JIACEPCKHUM HMMITYJICHMa M jaCHO C€ Pa3IIuKyje
¢nyopecuenujom ¢oronponaykra, 6) Cnuka ¢OTONPOAYKTa U HETOBE OKOJUHE CHUMIbEHA
MHUKpPOCKOIIHJOM Yy peXuMy cBemior mnosba B) Emucuonu crnektpu jeaHodoToHcke molOynae 3a
pasnuuuTe TanacHe nyxune, u3asojeHu u3 ROI 1 (ucnpexnnana nmuuuja) u u3 ROI 2 (myna nuHuja),
r) EdwukacHoct jegHOpOTOHCKE MOOYyJAE, MaKCUMadHU HMHTCH3UTET EMHCH]E TPU Pa3IndUTUM
noOyJHUM TaJacHUM AyKMHaMa, TJie [ipHa JIMHUja MpeicTaB/ba XeMOTIJI00MH, a I[pBeHa (POTOMPOIYKT.

38



SPEF emucuonu cniektap CHUMJbEH KOpHIINEHEeM eKCIMTAlMOHE TajacHe AY)KWHE, AeXC =
458 nm, moka3ao je MakcuMyM (IyopeciieHTHEe eMucHje Ha Aem = 550 nm U MUPOK EMUCUOHHU OTICeT
(upBeHa kpuBa ca ciuke 22 B), mTo je 6uio y carinacHoct ca TPEF emucnonum criekrpom (Crmka
20 ). EMEUCHOHM CTIEKTPH CHUMJbEHH KOPUIINECHEeM eKCIUTAMOHNX TaJlaCHUX AyKWHa Behux o1 458
nm, Aexc > 458 nm, UManK cy MaKCUMyMe €MHCHje KOju Cy 0J1aro moMepeHu Ka PBEeHO] 00J1acTH ca
noBehambeM TallaCHUX MAy)KHHA EKCIHUTalHWje, IITO MOXJAa Cyrepuile Ja je XeMOTJIOOMHCKH
(OTOMPOIYKT 3arpaBo CaApP KU HEKOJIUKO CIEKTPaIHO pa3luyuTUX Mosiekyna. [locTojame Buie ox
jemHe MOJIEKYJICKE BpPCTE je MOTBphEHO arcopriroOHOM CIEKTPOCKONHUJOM M Yy CKJIaay je ca
pesyaratuma u3 auteparype (Hanson u cap., 2010, Bonaventura u cap., 2013). [Topen Tora, ako 6u
ce noOyhuBasa pa3IMYUTUM TaJaCHUM AY)KMHAMa, jeJTHa MOJIEKYJICKa BpCTa OM Jlajia caMo MPOMEHY
Yy UHTEH3UTETY (IIyopeciieHIIH]je, 10K O M0JI0Ka] CIIEKTPaTHOT MaKCUMyMa 0CTa0 HEIIPOMEH-EH, ITO
Ko/ (hOTONPOIyKTa HACTAJIOT O3paunBameM xemoraoouna TPEF Huje cinyyaj.

4.5. TPEF cnekrpockonuja mporonopdupuna 1X (enzn. Protoporphyrin X, PPIX)

Jla 6u ce okapakTepucaina (MOTBpMIa WM OMOBPIJIA) yjora joHa rBoxkha Koju ce Hallazu y
cactaBy Xema, NPOCTETHYHE Tpyle XeMOrIoOWHAa TPWIMKOM QopMupama (OTOMPOIYKTa,
UCIHUTHBAHA j€ MHTepaKIHja yITpaKpaTKUX JJacepcKux umiyiica ca PplX, jenumemeM Koje ce cacToju
O]l TeTpa — MUPOJIOBHX TPCTEHA, KOje YJIa3u y cacTaB XeMa, ajli y YhjeM cacTaBy Ce HE Halla3H jOH
reoxkha. Jlooujenu TPEF emucuonu cnekrap PpIX (Cnuka 23 a; miaBa KpuBa) MOKa3yje CIMYHOCTH
amm u oncrynama o1 TPEF criekrpa doromponykra (Crnuka 20 ). 3a pa3nuky o1 XeMOTJIOOHHCKOT
dotompoaykra, PpIX ce nako nmodyhyje u TPEF emucuja ce oqmax IeTekTyje 4yak W MpPU HUCKUM
uHTeH3uTeTnMa sacepa (Cnuka 23 a; upna kpusa). Mehyrum, TPEF emucuja youena npu HUCKHM
MHTEH3UTETHMA Jlacepa MOTHYE YIIaBHOM Of Hem3MewmeHux PpIX mMonekyna, kao mTo ¢y HOTBPANIH
u Lu u cap., (2020). Kana ce xkopuctu Beha cHara sacepa (oxo 16,5 mW), TPEF emucuonu criekrap
PpIX ce 3HauajHO Mema: MOCTaje LIMPHU U ca MO3UIMjOM MakcuMyMa oJ oko 550 nm (Cnuka 23 a,
KyTta kpuBa), mto nojaceha na TPEF emucuonu cniekrap ¢poromnpoaykra xemorioouna (Cruka 20 7).
OBakaB pe3yiTar yka3yje 1a MHTeH3UBHO 3paueme PplX noBoau no ctBapama PpIX doronponykra
KOJU je ciau4daH (POTONMPOIYKTY HACTaJIOM HHTEPAKIMJOM YITpPaKpaTKUX HMMITYJICa ca MOJIEKYJIOM
XEeMOTJI00MHA, TaKo Jia JOH rBojkl)a HajBepOBAaTHHUjE HUje HEOMIXOAaH 3a (POPMUPAHE XEMOTTIOOMHCKOT
dboTonpoayKTa.

4.6. TPEF cnexkTpockonuja xeMor;100MHa TpeTHpPaHoOr BogoHuK-nepoxcuaom (H202)

Pesynrtatu npeTxoaHUX CTyAMja Cy MOKasaje Ja TpeTMaH xemoriobuHa ca H,O, noBoau no
bopmupama (ayopectieHTHUX MosieKyinckux ¢dopmu (Nagababu u cap., 1998, Nagababu u cap.,
2000). /1a 6ucmo yTBpIMIIM Ja JTU CITMYHH (POTOMPOIYKTH HACTAjy MPUIMKOM TPETMaHa XeMOTI00nHA
ca H,O, ka0 u nmpuiImKoM MHTEpaKIyje ca yATPaAKPaTKUM JIACEPCKUM HMMITYJICHMAa, YITOPEIHIN CMO
kako ce TPEF wmnTeHsurer mema ca moBehamem Bpemena ekcnosunuje (Cnmka 23 6) u TPEF
emucuone criektpe (Cnuka 23 B) eputporura, xemoriaoouna u PplX. 3a pasnuky o TaHkor ¢puima
XEeMOTJI00MHA, T/ je YOUeHO noBehame HHTEeH3UuTeTa QuIyopecleHIrje U 3acuheme Ha Kpajy yOoueHO
(Cnuka 23 6; cBeTsI03€7eHH KBaApaTH), GIryopeciieHIija XxeMorioouHa Tpetupanor ca H202 ykasyje
Ha BUcoK TPEF eMucronn MHTEH3UTET 0/IMaxX HAKOH 1MOOYyie, YaK U MpH NpBoj ekcriozuiuju (Ciauka
23 0; MacMHACTO 3esieHu Kpyrosu). [loBehame ¢uryopeciieHIuje y TAaHKOM XeMOTJIOOMHCKOM (PHIMy
(Cnuka 23 0;, CBETJI03€JICHH KPYroOBH), MOKa3yje UCTH TpeHJ kao u moBehame (ayopecieHie y
eputporutuMa (Cruka 23 B). Mano oacTyname Koje je BUIJbUBO j€ HajBEPOBATHH]E MOCIEIUIIA
pasnuuuTor Opoja Tauaka Ha rpadUKy U KOHLEHTpAIMje XEMOITI00MHa Y epUTPOLIUTHMA U TaHKOM
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xemoraoourckom ¢unmy. Youenu TPEF wunTenHsuter xemormobuna tpetupanor H>Oz Huje
MOKa3MUBa0 3aBHCHOCT OJi Opoja eKCIO3MIMja, OJHOCHO OJ arcopOoBaHe [03€ YITPaKpaTKUX
nacepckux umiynca. OBo moTBphyje xumore3y o ¢GoToaerpaganyju XeMoriioonHa, yKJbY4eHO] Y
dbopmupame (HOTONpoayKTa, jep UHTepaknuja u3mely xemornoouna ca 10 (wim Bume) myta H,O, y
BHIIIKY JIOBOJIH JI0 JAeTpajaalije xemorinoonna mpema Nagababu u cap. 2000. Konauno, TPEF cnekrap
TaHKOT ¢uiMa xemorjoouHa Tperupanor ca H202 mokazao je moknamame ca TPEF cnektpuma
(boTOmpoayKTa HA TAHKOM XEeMOIJIOOMHCKOM (uiMy, y eputpountuma u PpIX crojem mpu cHasu
nacepa o 16,5 mW (Crnuka 23 B).

a) 6) B)
— PplX(16,5mW) = XemornobuH — TPEF o3paueHu epuTpoLuT
PplX (6,6 mV) E - — TPEF o3payenu PplX
— PplX{1mW) g XemornoGuk Tperpan ca H:0z — XemornoBun TpeTnpaH ca Hz0:
3 0012 TPEF o3payenm xemornobux
8000l g ;; 180004 = = SPEF (excuuTaumja. 488 nm)
5 -
= 7000 2 001 2, 10 (poronpopyira
S i
E 8000 E z 140004
£ 5 0008 ._./0—0—0 g 12000
2 50004 T g
] g 9 10000
R o 000 £ e
m 30004 w 5
o o £ 600
" 20004 : 0.004 2 40004
g
1000 N\ g o2 i
- 0 o
500 600 700 8o 1 2 3 4 5 6 80
TanacHa AyXuWHa (nm) Bpoj excnosuuvja TanacHa gy»uHa (hm)

Cauka 23. CriekTpanHe KapakTepUCcTUKe (POTOMPOIYKTa U CTPYKTYPHO CIMYHHUX jeiumbema. a) PplX
TPEF emucHoHU CHEKTpU CHUMJBEHU Ha Pa3jIMUMTUM CHarama jiacepa, 0) 3aBUCHOCT MHTEH3UTETa
(bayopeciieHIje y oAHOCY Ha Opoj €KCIO3HIMja, TAHKOT CJI0ja XeMOrIo0rMHa (CBETIIO 3eJieHa KpUBa
u xemornobuHa Tperupanor ca H202 (TamHo 3eneHa kpuBa), B) [IpekiobeHr eMUCHOHU CIIEKTPH.
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4.7. llpocropHo npahemwe GoTo-00es1e:KeHUX ePUTPOLUTA Y IYHOj KPBH

3axBasbyjyhu BHCOKO] (orocTtabmnHOCTH  (PoTOnmpoayKTa JOOHJEHOT HHTEPAKIIH]OM
YATPAKPATKUX JIACEPCKUX UMITyJica ca xemorinoonHoM (Cirka 20 T') ¥ BUCOKO] IPOCTOPHOBPEMEHCKO]
pesonyuuju Hamer TPEF ckenupajyher mukpockona, u3Benu cMo npahemwe mHAMBUAYaTHO (OTO-
00CNIe)KEHUX SPUTPOIMTA y IYHOj KpBH, IN Vitro (Cnmka 24 a-r). Ilpukazane cy 4 ciuke Koje
MIPeJICTaBIbajy KpeTame JeTHOT CeIEKTUBHOT 00enekeHor eputpouuTa. OBaj IPUCTYII j€ MHCTIUPUCAH
panom Zeng u cap. (2012), y koMe je nprKa3aH IpOTOK €PUTPOLIUTA Y BACKYJIATypH )KUBOT OpraHU3Ma
(zebrafish), anu camo ca craTHuHUM ciIMKaMa, JOK c€ Y OBOj CTYIHjH yBOIH U mpaheme THHaAMUKE
kpetama (Ciuka 24).

Cauxka 24. Bpemencko npaheme jeHOT epuTponuTa y IMMyHOj KpBHU (00€Ne)KeH0 OenM Kpyrom) (a-
r). bene ncnpekugane IuHUje MpeaCTaB/bajy MyTamby €pUTPOLIUTA A TIOYETHOM MO3UIMjOM (TIJIaBH
KBa/IpaT) U KOHAYHOM IO3UIIHM]OM (LIpBEHU KBaJpar).

4.8. YupraBame o0pa3ana MUKPOHCKHX JHMMeH3Mja y TaHKe (PUJIMOBE XeMOIJI00HHa

Jyropouna (oTocTabuiIHOCT (OTOMPOIYKTa XEMOIJIOOMHA, OMOTYhmiaM Cy jour jeaHy
MOTEHIIMjaJIHy MIPUMEHY, T3B. JJACEPCKO — MUKPOIpaBUpamke TaHKUX cliojeBa xemoriaoOuHa (Criuka
25). YrpaBupaHu MUKpOOOpaciy MOTy OCTaTH (IyOpECEHTHH YaK M HEKOJIMKO MECELM HAKOH LITO
Cy yrpaBHpaHd y TaHak cjoj xemorjoowHa. Ha cimmm 25 a-7 cy mpeacTaBibeHH j€THOCTaBHU,
TauyKacTH obpacuu nopen yHu(popMHe KBaJpaTHe MOBpIIMHE XemorinoouHa. Tauke cy noOujeHe u3
nudpakirjoM orpaHnydeHe POKyCHE 3alpeMHHE jacepa U MOKa3yjy OrpaHUuCHe METOJIC Y TIOTIeay
npocTopHe pe3onynuje. Ha cBakoj ciuiy je noaaT HOBM TadykacTh oOpasall, JOK Cy MPEeTXOTHH
oOpaciy 1 1ajbe jacHO BUIJbHMBH. Jla Ou ce meMoHCTpupaia MOryhHOCH U CBECTPAHOCT METOJE, Kao
U TIOTEHIIMjaJIHe TpUMeHe, yrpaBupana cy ciosa ,,HEMMAGINERO® (numen3uja 60 um x 6 um) y
CJI0jy TaHKOM cJ10jy xemorsoouHa (Cnuka 25 ). Ctora ce Ha MPOCTOPHO — BPEMEHCKH KOHTPOJIMCAH
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HayuH ycrnemHo ¢GopMupajy ¢IIyopecleHTHH MHUKPOHCKHM 00paciy Ha TaHKHUM CJI0jeBUMa
xeMorioonHa. MUKporpaBupame Ha TAHKUM CJIOjeBUMa XeMOTTIOOWHA ce TT0Ka3ajlo Kao NHOBAaTHBAH
Ha4MH GOopMHparba MPOU3BOJBHUX (PIYOPECIICHTHUX CTPYKTYpA.

a) 6)

Cauka 25. MUuKpo-rpaBupame y TaHKOM CJIOjy XEMOTJIOOMHA TOMONY YITpakpaTKUX JIACEPCKUX
umnynca. (a-1) [Ipon3BosbHU YHHU(DOPMHU M TauKacTH MaTepHU (O3HAUCHH L[PBEHOM CTPEIMIIOM)
yIHCaHM y TaHaK cioj xemornobuHa. [latepuu nokasyjy nosehan TPEF curnan (o3nauen npeenum
crpenunama). r) @nyopecuieHTHH (HOTONPOLYKT y OOJUKY aTepHa ciIoBa (11).

4.9. JTedropMaGMIIHOCT MeMOpaHe epUTPOLUTA — iN VItr0 cUMyJIanuja OKCHIATHBHOT CTpeca

VY nnsby HCIUTHBAaKkA TIOCTOjakba Be3e u3Mel)y okcuanuje xeMorioonHa u 1epopMaduIHOCTH
MeMOpaHe epUTPOLMTa, U3BPIIEHA je iN VItro okcuaanuja epuTporuTa npuMeHoM okcuianca TBHP.
Kao mocneagmma oxcupanuvje XeMorjioOMHa HACcTajeé METXEMOIVIOOMH W JI0JIa3u 10 HHTpa-
MOJIEKYJIApHOT yMpexaBama H3Melhy MeTXeMOornoOWHa U CHEeKTPUHA, IITO Pe3ylTHpa CMamEeHEM
¢bnekcubmmHoctu mMembpane (Chen u cap., 2007, Maruyama u cap., 2022). Jour npe HEKOJIUKO
JeleHnja JoKa3aHo je naa TpermaH eputpouurta H,O, moBehaBa purHIHOCT W JOBOAU IO
MOpP(}OIOIMIKMX M TMOBPIIMHCKUX IPOMEHA EpUTPOIUTa, IITO je HajBehuM [eI0oM Y3pOKOBAaHO
OKCH/IallMjOM XEMOTJIO0MHA M ’beTOBUM YMPEKABAKHEM Ca IIUTOCKEIETHUM MPOTEMHIMA, JOMUHATHO
criekTpuHOM 1 akTHHOM (Snyder u cap., 1985, Shaklai u cap., 1978b), kao u ca HUTOMIA3MATCKHUM
komroHneHToMm Band 3 nporeuna.

VY oBoj cryamju, ytunaj okcuganca | BHP na nedopmabunHOCT MeMOpaHe epuTpouura je
npaheH Ha OCHOBY Kb HXOBOT OJI'OBOPa HA MEXAaHUYKH CTPEC MEPEHEM Ha EKTAIUTOMETPY, a JOOUjeHU
pe3ynTaT ¢y mpuka3zaHu Ha ciauiy 26. Kao 1mto je mpeTxo1HO IOMEHYTO, Wb TpeTMaHa epUTPOLIUTa
ca OKCUJIATUBHHUM areHCOM je OMo CUMYyNHpamke 0J1aror OKCUIaTHBHOT CTpeca, a je 300r Tora npahex
yTuIa] HWKe KoHueHTpauuje TBHP kao crabumHor okcumanuonor arerca (konkperHo 0,5 mM
TBHP-a (Cnuka 26; ipBeHu KpyroBH).
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Konnentpanuja TBHP ox 0,5 mM je u3a3zBana Buaad maja BpeAHOCTH 1e(HOpPMAOMITHOCTH Y
nopehemy ca kKoHTposioM. YTBplheHo je na HakoH TperMana eputporurta 0,5 mM TBHP, crekrpu
arcopOaHIIMje XeMOJIu3aTa yKa3yjy Ha nmpucyctBo Mmerxemorioonna (Cnuka 31 a). [Topen Tora, youen
je moBehaH HMBO TUMHUIHUX MEPOKCHUIIA Y TPETUPAHUM EPUTPOIMTUMA Y TIopeherhy ca KOHTPOIHUM
(Cnuka 31 0), mto cyrepuiie na je Jouuio 10 okcuaanuje. Tperman eputporuta 0,75 mM TBHP
JI0BEO je 0 cMamema nedopmadunroctu (Cnuka 26, 3el1eHH KBaapaTH), ¥ JTu3e henwja, mTo je
noTBpheHo tectom ocMoTcke dparunHocT (Ciauka 27). BakHO je HaIIOMEHYTH J1a je aHaIM3a cMece
HETPETHPAHHUX epUTpUIUTa U eputpounta Tperupanu 0,5 MM TBHP y jeanakoj 3anpemunn (Ciuka
26 , upHH POMOOBH) Jaa pe3yiTaT WHACKCA CIACTHYHOCTH Yy OICETY CIMYHOM HIIU MPUOIMKHOM
OHOM KOJU je YO4YeH 3a KOHTPOJHE Y30pKe, IITO je Takohe ciaydaj ca CMECOM HETPETHPAHUX
epuTponMrTa U epurpouuta Tperupanux Behom konneHrparmjom (0,75 mM) TBHP (Crnuka 26,
HapaHpactu TpoyrioBu). OBakaB pe3ynaTaT yka3yje Ha jeIHO OJl OTpaHHYCHa EKTAlluTOMETPH]e-
M3pauyHaBamke KPUBE MHJICKCA €JIACTHYHOCTH KAao CPEIbe BPEJAHOCTU 3a ILEJIOKYIHY IOIYJIAIHjy
EpUTPOIINTA, TAaKO JIa METOJIa HE IpYyKa MOAATKE O MPOMEHEHO] NeOpPMaOMIHOCTH T10jeIMHAYHUX
eputporura win oapehene cyononymaruje (Kim u cap., 2015), kao 1mTo ¢y OKCHIOBaHU €PUTPOLIUTH
W3YYaBaHH Y OBOj CTYIH]H.

0,6
—— 0,5 mM TBHP
04
—+— KoHTpona
o &= 0.75 mM TBHP
0,2 1:1 oaHoC KOHTpOne 1 0,75
mM TBHP
0 1:1 ogHoC
) ! ! | —— koHTpone v 0,5
5 10 15 20 mM TBHP

HanoH cmuuama (Pa)

Cummka 26. Kpuse nedopmMabHIHOCTH MEMOpaHe HETPETHPAHUX EPUTPONUTA (KOHTpoa) U in Vitro
okcugoBanux epurporura 0,5 MM TBHP u 1 mM TBHP, u y3opaka koju caapike HeTpeTUpaHe H
OKCHJI0BaHE epuTpouute y ogHocy 1:1.
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Cauka 27. Kpuse ocMOTCcKe (pparniHOCTH KOHTPOJHHUX U €pUTPOLIMTA OKCHJIOBAHUX NpUMeHoM 0,5
u 0,75 mM TBPH. Ilpuka3ane cy cpeame BpeIHOCTH + CTaHJap/Ha I'pelika 3a TpU eKCIEPUMEHTa;

Pesynraru Boltzmann curmounnante HesMHeapHe perpecoHe aHaIM3e IPUKA3aHU Cy UCIIPEKUIaHIM
JTMHHAjaMa.

4.10. llporouna uuromerpuja — anaauza FSC um SSC jaucrpubyumje oxcuaoBaHHX
€PUTPOIUTA

Kontponau u epurpouutu tpetupanu 0,5 mM TBHP cy aHanu3upanu npoTOYHOM
nuToMeTpujoM. Kana cy epurpounTtd OMiiMm MHKYOMpaHH Yy M30TOHHYHOM PAacTBOpY J0OHjeHa je
myatumoaainna FSC muctpudynuja (Ciuka 28). Myntumonanna auctpubyimja FSC y3pokaBana je
Ipe cBera Cciay4ajHOM OpHjEHTAalMjoM OMKOHKAaBHUX EpUTPOLMTA MPWIMKOM MPOTOKAa Kpo3
MHUKPOKaHAJI IATOMETPA U XUIPOJANHAMHYKIAM CHJIaMa KOje YTHIYy Ha HHXOBY JedopMalinjy.

2,0K =
1,5K =
2,
]
S 1,04
=
o
o
500 o
o™ LU B B

0 200 400 600 800

FSC uHTeH3uTeT

Camka 28. Myntumonanaa nuctpudynuja FSC curnana epurporura y nzoronnuyaom PBS nydepy.
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Jla 6u ce m30erao yTulila] OpHjEHTAllMj€ CPUTPOIUTA YHYTap MPOTOYHOT MHKpOKaHajda U
uHIuBHIyatHUX Bapujauuja mehy noHopuma Ha FSC u SSC curnane (Drvenica u cap., 2021) u
KOHTPOJIHH U TPETUPAHU Y30pIU Cy HEMOCPETHO Tpe aHAIN3€ MPOTOYHUM LIUTOMETPOM MPEHETH y
xurnoocMotrcku 93 mM ¢docharnum nydpepom kako Ou nobmnu cepudan oOnuk. KoHTpomHH
EPUTPOIIUTH KOjU CYy TpPETHpPaHW XUIMOOTOHMYHUM 93 MM dochaTtHum nydepom wumanmm cy
yaumopnanny FSC muctpubynujy (Cnuka 29 B), mITo je y cariacHOCTH ca nocrojehum pesynraruma
Drvenica u cap., 2021, Gienger u cap., 2019, Gibaud 2015).
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Cummka 29. OnTruka cBojcTBa iN Vitro OKCHI0BaHUX SPUTPOLIUTA MEPEHA TPOTOYHOM LIUTOMETPH]OM.
a) Scatter plot mpuka3z SSC/FSC nuctpubynmje koutposnux epurporuta (N = 100000 henwuja, 6)
Scatter plot mpuka3z SSC/FSC auctpubyumje tpetupanux epurpouuta 0,5 mM TBHP (n = 100000
henuja), B) Yaumonanua FSC nuctpuOyija KoHTpoaHuX (TU1aBa IMHKUjA) U TPETHPAHUX €PUTPOIMTA
y XUIIOTOHUYHOM pacTBopy (1jpBeHa jauHMja), T) SSC nuctpulynrja KOHTpOJIHUX (TJ1aBa JIMHUjA) U
TPETHpPAHUX €PUTPOLMTA (I[PBEHA JIUHH]a) Y XUIIOTOHUYHOM PacTBOPY.

Wukybanmja eputponuTa y XUNOTOHWYHOM PBS pactBOopy pesynaToBana je TpOMEHOM
aucTpuOylnje pacejaHe CBETIOCTH Y TPETHPAaHUM U KOHTposHUM y3opuuma (Cnuka 29 a u 6). Ha
ocHoBy xucrorpama FSC mpukazanor Ha ciaumm 29 B, €BHISHTHO je Ja CYy OKCHIOBAaHH M YjeIHO
puruaHu eputpountd Tpetupanu ca 0,5 mM TBHP nemro mamux aumensuja. OBo cMameme
BEJIMYMHE MOKE CE TIPUIHICATH TToBehamy 0JJHOCA TIOBPIIIMHE U 3allpeMuHe, MTo je Beh yTBpheHno na
je moBe3aHo ca cMamemeM nedopmadminoctu henuja (Waugh u cap., 1987, McVey u cap., 2020).
Xwucrorpam SSC BpeaHOCTH N0OHjeHUX 3a OoKcHaoBaHe epurponurta Tperupane 0,5 mM TBHP u
KOHTPOJTHE epUTPOIINTA MIOKA3a0 je U3paXeHujy pasziauky y nopehemwy ca FSC curnanom (Cnuka 29
r). Moryhu pasno3u 3a To MOry OWTH MpPOMEHE H3a3BaHE OKCHUIAIMOHUM TPETMAHOM: TMPOMEHE
o0JIMKa EepUTPOLMTa, WIM NPOMEHE MHJCKCa IpejlaMarma epUTPOIMTa J0 KOjUX J0ja3u 300r
yHyTaphenujckux moaudukanuja koje cy nuzazsane TBHP. /o oBor 3aksbydka cMO JOIIIH HA OCHOBY
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rmojaTaka KOju TOKa3yjy Ja pacejame CBETJIOCTH TIOJ IPaBUM YoM, KapakTepucThudHo 3a SSC

CUTHAJI, 3aBHCH 0J1 o0HKa henvja 1 yHyTpammUX CBOjcTaBa henuja o Koje ce cBetocT pacejaBa (De
Grooth u cap., 1987).

Ha ocnoBy nooujenux nuctpudynuja FSC u SSC y xunoronnunom PBS pactopy, uszBpiiena
je aHanM3a JBa CTaTUCTHYKA Iapamerpa y Be3u ca cepuyHoinhy epuTpoumTa, CKjyHHC (eHer.
Skewness) u kyprosuc (exen. Kurtosis). Kyprosuc je mokazao Behy oceT/bUBOCT Ha OKCHIAIH]Y Y
nopehemy ca ckjynucom y anamuszu FSC muctpubymmje. [oO6po je mo3HaTO Ja XUIOOCMOTCKA
HHKYyOAaIMja epUTPOIIUTA JOBOIM 0 CMambema Kyprosuca (Drvenica u cap., 2021) kako chepruaHOCT
epUTpOIIMTa MOCTaje qoMuHaHTHA Mopdosomka Gopma (Ahlgrim u cap., 2013). UcrpaxuBama y
OKBHPY OBE JIOKTOPCKE TUCEpTalrje Cy MOTBPAMIIA Ja YCIOBU OKCHUAATUBHOT CTpeca Takohe yruuy
Ha KypTO3HC, ca MamuM ytunajem Ha ckjyauc FSC nuctpubyuuje (Ciuka 30 a u 6), BepoBaTHO Kao
nocjeauIa OKCUIaInje XeMOTJI00MHa Y MeTXeMOrio0uH yHyTtap eputpouuta (Cnuka 31 a) kao u
okcumanuje mumua (.Cnuka 31 6).

Jenan o moTeHIMjaTHUX pa3jiora 3a cMambeHy BpeAHOCT kKyprozuca FSC auctpubyimje Mmoxe
OWTH MHIYKOBaE OKCHJIAIM]Ee XEMOTJIOONHA ¥ HAKHATHO MPEMEIITAkEe OKCUOBAHOT XEMOTI00HHA
Ha MemOpany henuje (Maruyama u cap., 2022). [Tapamerap KypTo3uca pacTe ca 4YeTBPTHM CTEIICHOM
pasnuke u3mely cpenmbe BpeqHocTH u3Mepenux mapamerapa (Tukey 1977, Erickson u cap., 1992) u
OCETJBHMBH]H j€ Ha OJICTYNama u3Mel)y BpeqHocT napamerapa Hero ckjyHuc. CXoTHO TOME, KypTO3UC
01 MOTa0 CITY)KUTH Kao IMOTEHIHjaJIHU TapaMeTap 3a MpoIeHy edekara OKCHAaINje Ha AUCTPUOYIH]Y
FSC u SSC eputponura.

%k %k
a) 40— . 6)
6_
] '
30
S 4
™ o ¥
E_ 20- i ==
E | 5
10
0- T 0-
QIS N
& XN & @‘2‘ A
KR '\0 .\+\ '5& @'\ .‘S’\
& & ¢ & ¢
+ 6& R G N
Q° Q¢ N

Cmuka 30. CraTHCTHYKH TMapaMeTpHU pacejarba JlaCepCcKe CBETIIOCTH MEpPEHe MPOTOYHOM
uToMeTprjoM. a) Kyprosuc (p < 0,05), ckxjynuc (p < 0,05).
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Cimka 31. OkcumaTHBHHU CTaTyc epuTpoiura Ttperupanux ca 0,5 mM TBHP. a) UV/VIS
aTICOPIITMOHN CIICKTPH XEMOTJIOOWHA M30JIOBAHOT M3 KOHTPOJIHUX U TPETHPAHUX CPUTPOIHTA, O)
koHleHTpauuja TBARS Monekyna y KOHTPOJIHUM U OKCUAOBAHUM €PUTPOLIUTUMA.

4.11. AyToduiyopecuieHTHA CBOjCTBA OKCHI0BAHUX ePUTPOIIUTA

[lojenMHaYHN  OKCHIIOBAaHW CPUTPOIMTH C€ MOTy TPOydYaBaTh CO(PUCTHIIMPAHUM
MHUKPOCKOIICKMM TeXHHKaMa Kao ITO cy KoHokanHa MuKpockonuja win [PEF mukpockomnuja.
Mehytum y cirydajy n1a je moTpeOHO 3a peslaTHBHO KpaTaK BPEMEHCKH MEPHOJT OKAPaKTEPHCATH BeoMa
BEJIMKU Opoj epuTponuTa eukacHuje je IPUMEHUTH TEXHHUKE Kao IITO je€ MPOTOYHA IUTOMETpHja
(Yakimov u cap., 2019). V 0BOj JOKTOPCKO] AMCEPTAIMjH je TIOKAa3aHO Ja OKCHIAIHja EPUTPOIIUTA
0,5 mM TBHP u3za3uBa nopact ¢rayopeciieHTHE eMucHje y y30pIira MOPeKIoM O] 3paBUX JTOHOpa
(Cnuka 32 a, 6, B) y CIHEKTpalHOM KaHally KOJU OJroBapa cieachuMm TtamacHUM TyKMHama
eKcuuTanyje u eMucuje: exc =488 nm / em = 525 nm.

CurHal Koju cMO JIETeKTOBaIH (clIuKa 32) MOKe Takol)e MOTHIIATH O MPOAyKaTa Aerpaiarije
XeMOIVIOOMHA, TPUCYTHUX y HHUCKOj KOHIEHTPALUjU Y EpPUTPOIMTAMA 3JpaBUX JOHOpA.
Wuten3uBupana ¢opmaimja XeMCKUX (IIyOpeCIeHTHHX MpoJayKaTta MOKe OWTH HWHAyKOBaHA
oxcuarujom (Nagababu u cap., 2002) wu npucyTHa y HEKUM aTO(PU3UOIONIKUM CTalbbUMa Kao IITO
Cy aTepocKIepoTHyHH utakoBu (Htun u cap., 2017).
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Camka 32. AytoduryopeclieHTHa CBOJCTBa KOHTPOJHHUX W OKCHIAOBAaHHX EPUTPOIUTA 3a TPH
He3aBHCHA JJoHOpA (a,0,B).
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Jom jeman mapamerap, KOjU HHje TaKO YECTO YHOTpeO/hbaBaH y aHAIM3W TOJaTaka ca
MPOTOYHOT IIUTOMETpa je mupuHa (iayopecuentHor nuka (FIW?2). Ilokazano je na oBaj mapamerap
MOKe TpyKuTH uHMOpMaIuje o BennurHn (ayopecuentHux dectuia (Kang u cap., 2010), jep je
Moryhe pa3ZBOjUTH CUTHAJe KOjU MOTUYY O IOjeAMHAYHUX WM arperupanux hemuja. [loBpmmna
(bayopeciieHTHOT MHKa je Owia mapaMmerap KOju ce pasiukoBao u3Mmelyy xoHTposnumx u TBHP
Tpetupanux eputporura (Cnuka 33 a-B). Y epurpouuruma tperupanum TBHP cmo npumernim
HEKOJIMKO TIMKOBa KOjU C€ jaBJhajy Kao mocienuiia nmoBehaHor mHTEeH3UTEeTa (hiryopecieHnuje u
Moryhe opmarnyje kiactepa epurpounta. Mehytum, HUBO KllacTepu3alnje OJHOCHO arperaiwuje, Tj.
XHCTOrpaM 3aBHCHOCTH Opoja hemuja (morahaja) ox FIW2 ce pasnukoBao usmely yzopaka, nako cy
JIOHOPH CBa TPH y30pKa MpHKa3aHa Ha ciauiu 33 Ownu 31paBu JoHOPH. [TMKOBH Cy OMITM IPUCYTHH Y
ceuM TBHP Tpetnpanum y3opunma epuTpoInTa, 1M U Y JEAHOM KOHTPOIHOM Y30PKY €PUTPOIUTA
(Cnuka 33 ©0), mto yka3yje Ha NOPEIHOCT MPUMEHE TNPOTOYHE IMTOMETPHUjEe 3a JETCKIU]y
WHTCPUHINBUAYATHUX Pa3IMKa Y OKCHIATHBHOM CTaTyCy 3/[paBUX JOHOPA. JOIl BaXKHH]E, TOCTOjambe
(TyopeceHTHHX NMUKOBA Ca Pa3IMYUTHM MOBPIIMHAMA y TIOMYJIAMjH epUTPOIINTA OKCHAOBaHUX 0,5
mM TBHP yka3yje ma okcupanuja u3a3uBa MOjaBy KIJacTepa €pUTPOLUMTa KOju uMajy mosehan
uHTeH3UTeT QuryopecueHnuje. MHaupekTHo je mokaszaHa kiacrepusanuja y TBHP Tpermpanum
epuTpoIUTUMa, KopuinhemeM Ga3zHo KoHTpacTHe Mukpockomnuje (Cnuka 34 a-6 u Cnuka 35).

Ha Taj HaumH, MaKO MHIUPEKTHO, CMO HOTBPXIIA 1A aHATM3a HIPOTOYHOM IIUTOMETPHU)OM, Y3
obaBe3HO yBohemwe u ananuse FIW?2 mapamerpa 1o3BosbaBa 1a ce jacHO youu pasiuka uzMel)y y3opka
HETPETHPAHUX EPUTPOLIMTA, Y30PKa OKCHIOBAHUX CPUTPOLIUTA M Y30pKa KOjU CAIPXKU je[JHAK YIIe0
OKCHJIOBaHUX M KOHTpOHUX eputporuTa (Ciuka 33 r-1)).
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Cauxa 33. [loBpumHa (ayopecleHTHOr MUKa KOJ KOHTPOJIHHUX M OKCHJIOBAHHUX EPUTPOIMTA U
KOHTPOJIHHUX €pUTpoIuTa. a), 06), B) OKCHIOBAHU (IJpBEHA KPUBA) U KOHTPOJIHU €pUTPOLUTH (I1aBa
KpuBa) ko1 JoHopa 1,2 u 3, 1), 1), ) MUKC KOHTPOTHUX 1 oKcuaoBaHKuX eputporuta (0,5 mM TBHP)
y omHocy 1:1 (mmaBa kpuBa) u okcugoBanux y 0,5 mM TBHP (nipBena kpusa) kox monopa 1, 2 u 3.
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Cimka 34. ®a3HO KOHTpacHa MUKPOCKOIHMja KOHTPOJIHKX (a) U OkcuaoBaHux epurpormra 0,5 mM
TBHP (0).
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Cauka 35. CTaTUCTHYKY 3HAYajHE Pa3IMKe Y MOBPIIMHH peruoHa 0e3 epurponnrta uzmely
KoHTposie 1 TpetMaHa (p < 0.001), kao MOTeHIMjaTHa HHANPEKTHA Mepa HUBOA arperabMiTHOCTH

4.12. J{Bo0TOHCKA MUKPOCKOIIHMjA OKCHIOBAHUX EPUTPOLIUTA

TPEF ocnukaBame je NmpUMEHmEHO Ha HeTpeTupaHuMm epurpouutnma (Cnuka 36 a) u
eputporutuMa okcugoBanuM 0,5 mM TBHP (Cnuka 36 6). [Jobujern pe3ynTaTu Cy MoKazaid nia
707134 10 TUCTOp3Hje HATHMBHE MOP(OJIOTHje epUTPOLUTa Y Y30pKY Koju je Tpetupan ca 0,5 mM
TBHP, mro wmmmmupa MOryhHOCT jeIMHCTBEHOT (DIIyOPECIIEHTHOT OATrOBOpa OKCHIOBAHHUX
epuTponmTa ociukaBaHux nomohy TPEF mmkpockomuje. Ilokazanmu cmo na je tperman TBHP
pesyaTtupao 1o Tora aa je TPEF curnam mommHaHTHO OMO JIOKaIW30BaH Y MeMOpaHU €pUTPOIIUTA
(Cnuka 36 0). MelhyTum nHIUBUIyaTHA BaprjaOWITHOCT y pacniofenu TPEF curnana ko TpeTupanux
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y30paKa HajBEpOBaTHH]jE TOBOPH O PA3IMYMTOM CTETIEHY OCETJHUBOCTH 110jE€IMHAYHUX SPUTPOIINTA HA
okcupanujy. Baxno je Hanmomenytu na TPEF mukpockonuja omoryhaBa moTeHIMjaTHO OCIMKaBambe
muctpubynuje xemorobuna (Bukara u cap., 2017) mTo npyska MOryhHOCT H3y4aBama HHTEPAKIIH]je
OKCHJIATUBHUX (OPMHU XeMOTIIOOMHA U KOMIIOHEHTH MeMOpaHe epUTPOIUTa, Kao MITO je TOKa3aHo
TPEF curnamom orpanndeHuM Ha MeMmOpanu eputporura (Ciauka 36 6). OBaj pe3yinrar je y ckiaamy
ca HaIIOM MPETXOJHOM CTYJHjOM O HHTEPAKLHU)U YITPAKPATKUX JJACEPCKUX UMITYJICA Ca MOJIEKYJIOM
XeMOTJIoOMHa OWJIO Jla ce Halla3u eKCTpalenylapHo uin yHytap eputpouuta (Radmilovi¢ u cap.,
2023).

Pazmuke y mucrpulyuuju SSC  wm3mel)y HeTpeTMpaHUX M OKCHIIOBAHUX EPUTPOIMTA
oJlpaxkaBajy YHyTpalllikha CBOjcTBa heluje, Kao IITo je MPOMEeHa HHJIEKCa MpejlaMama. Y CYIITHHH OBa
pasznuka Moxke a omoryhu audepennujanujy uzmel)y OKCUI0BaHUX U HETPETUPAHUX EPUTPOLIUTA Y
CYCIIEH3HUjH OBUX epuTponuta y ogHocy 1:1 (Cnuka 36 B), Te 3elIeHa CTPEINNIIA IOKA3yje KOHTPOIHE
EpUTPOIIMTE, a I[PBEHA CTpeNuIia mokasyje epurporute tperupane 0,5mM TBHP ). Mehyrum, TPEF
OCJIMKaBakhe OKCUIOBAHUX EPUTPOIUTA TpeOa JAeTajbHIje HCTPAKUBATH jep UHANBUAYATHE PA3IIUKE
u3mely epurpommTa jemHOT IOHOpa MOry yTumnaru Ha auctpuOynujy TPEF curmama ymyrap
eputpormra. [IpeTXomHN pe3yiTaTd TMOoKa3yjy Ja je XeMOrJIoOOMH Be3aH 3a MeMOpaHy, jelaH Of
TJIaBHUX (PaKTOpa KOjU YTHUY Ha J1e(hOpMaOMIHOCT EPUTPOIUTA, Tj. KaJa EpUTPOLUT CAIPKHU BUIIIC
MOJICKYyJIa XeMOTJIO0OMHA BE3aHHX 32 MEMOpaHy, HEroBa CIIOCOOHOCT nedopMHUCama ce HapyllaBa
(Gorudko u cap., 2016). YV 0B0j JOKTOPCKOj AMCEPTALMjU CMO ITOKA3aIM Jia HAajBEPOBATHH]E 10J1a31
710 Be3uBama GOTOMPOAYKTa XeMOrlIoOnHa 3a MeMOpaHy epuTporuTa u/win aa cy 3a 1PEF curnan
OJITOBOPHHM Pa3rpajiha/OKCUI0Bake XeMoriioonna. Ha oBaj HaunH, Ha OCHOBY JIOOMjEHUX pe3yiTara
ca y30pKOM KOjH CapKH JBE CyONoIyanuje epuTpoIuTa TIe Cy jeJHAKO 3aCTYIIJbeHH HETPETHUPAHH
eputporutd ¥ eputporutu okcupoanu 0,5 mM TBHP, nokazanu cmo ga mpexacraBibenu [PEF
MHUKPOCKOIICKH ypehaj MOXe MHAMPEKTHO CIYKUTH, U3Mel)y ocTanor, U Kao TexHUKa 3a npaheme
KBAJIMTETa €PUTPOIIMTA CKIIAIUIITEHUX 3a TOoTpede TpaHcdys3uje, Kao MTO je Beh MpemsiokeHo O
crpane Saytashev u capaanuka (2016).

Mukc 0.5 mM TBHP un

KOHTpO./1¢

Cauxa 36. TPEF ocnukaBame OKCHIOBaHUX EPUTPOIMTA. a) HETPETHPAHH CPUTPOIUTH 3IIPABOT
JoHOpa, 0) epuTporuTH 3apaBor JoHOpa okcupoBanu 0,5 MM TBHP, B) y3opak koju caapxu
OKCHJIOBAaHE U HETPETHPAHE EPUTPOLUTE y ogHOCY 1:1.

4.13. JedopmaduiHoct epurponurta ocoda odosnenux ox DM

CmameHa nepopMaOMIHOCT MeMOpaHe epUTPOLUTa, Kao 3HAdajaH XeMOPEOJIOIIKU
napamerap, MoBe3aHa je ca HEKHUM MAaTOJOIIKAM CTambKhMa Kao IITO CYy oJpeljeHH XeMaTOJIONIKU
nopemehaju, Manapuja, KapJuoBacKyaapHe Oosiectd U MeTaboauuku nopemehaju kao mro je DM
(Huisjes u cap., 2020, Di Giacinto u cap., 2020). I'myko3a je TIaBHH CYICTpaT 3a CHEPreTCKU
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MeTaboJi3aM EpHUTPOIMTa U JA00pO je TMO3HATO Aa 300T AyroTpajHe xureprimkemuje koa DM
nanujeHara, mMopgosoruja, MeradonuzaMm U (QyHKIHja epUTPOLUTA HEU30EKHO TOJJICKY CEpHUjH
CYKIIECUBHHX TNPOMEHA KOje Jajbe YTU4Yy Ha XEMOPEOJIOTH]Y €PUTPOLUTA W MHKPOIHMPKYJIAIH]Y
yorite (Zhou u cap., 2018; Sprague u cap., 2006). Mnak, kon DM manujeHara npucytHa je
,,JIPHKPUBEHO aOHOpMaHa™ peosoruja epurporura (Schmid-Schénbein, 1987, Brun u cap., 2022),
Ha3BaHA TaKO jep ce HE MOXE YBEK JIAKO M3MEPUTH KOMEPIUjaTHO JOCTYITHUM ypehajuma 3a Op3y
JIMjarHOCTUKY Y KJIMHUYKHM YCIIOBHMa. EKTamuTroMerpHja, TEXHHKA 3aCHOBaHA Ha JIaCEPCKOj
TUGpakuju, je TPUMAPHU METOJ 3a TpOIeHY 1e(hOpMAOMITHOCTH EPHUTPOIHMTA KaKo Yy
UCTPOKMBAYKUM TaKO W y KIMHHYKAM cryndjama (Piety et u cap., 2021) u 3acHuBa ce Ha
u3pauyHaBawy El u3 mudpakunoHux climka CHUMJBEHUX IOJ PA3IMYUTHM HANlOHMMa CMHLAbA.
MelyTuMm, MOmTO EKTalUTOMETPH]ja MEPH YCPEImbEeHY 1e(hOopMaOMITHOCT Y MOMYJIAlHjH €PUTPOIIUTA
He Tpyxa uHpopmaiurje o 1ehopMabIIIHOCTH T0jeIMHAYHUX henuja, pajgoBu 0 1ehOpMaOIIHOCTH
Koz nauujeHara ca DM cy u nasbe konTpaaukropsu. 30or tora El koq DM nanujenara join yBek Huje
y TOTIIYHOCTH TMOTBpHEH Kao KIMHHYKHA KOPUCTAH PEOJIOIIKH OMOMapKep, JOK jé MPOTHOCTUYKH
3nauaj El 3a npenBubame xomrumkaija y ciydajy anemuje morsphen (Franck u cap., 2022).
MoTuBHCaHH paHUWje HaBEJCHUM YHHCHHUIIAMA, [IWJb HaM je OO J1a MpeJIcTaBUMO 1ehOpMaOITHOCT
EpUTPOIIMTa KPO3 YBOhCHE HOBOI XEMOPEOJONIKOr Tapamerpa mnopehemeM 3apaBuxX JIOHOpa U
narujeHara ca DM.

Jlobujene kpuBe nehopMabUIHOCTH, MPUKA3aHe HA CIUIM 37 a, WIYCTPYy]y KOMIapaTHBHY
aHanu3y epuTpouuTa u3Mely KOHTpoiaHMX y30paka (31paBe ocobe, IjiaBa KpHBa) M y30paka
nanujeHaTa obonenux og DM (nipBena kpuBa). Mlako KOHTpoJIa MoKasyje 0J1aro moBHILIEHE BPEIHOCTH
El y nopehemy ca DM, craructuuku 3HayajHe pasnuke y Bpennoctuma El usmely 3npasux ocoba u
ocaoba ca DM nucy nokaszane. MaxepenTHa BapujabuiHOCT Mel)y 31paBUM JOHOpUMA U MAIHjeHTUMA
ca DM BepoBaTHO AONPHUHOCH CYNTWIHMM pa3ivkaMa y AepopMaOMIIHOCTH KOje je TeIIKO
KBaHTU(UKOBATH MPUMEHOM KOHBEHIIMOHAITHOT eKkTanuToMerpa. [Ipuka3aHa aHamm3a ykasyje Ha
HEJOCTaTaK CTAaTUCTUYKHUX pa3nuka y BpeaHoctuma El Ha momoBMHM MakcuMyma KpuBe
nepopmadbmmHocTr 1 Ha 3Pa (Cnuka 37 0).

a) 0]5_' 6)

0,4

= Kowtpona 0,40 = DM 1/2El
* DM
| Xnunos ¢ut koHtpone 0,35 33 KownTtpona 1/2El
o 0,3 Xunos put DM ?
J 1 DM 3Pa
0,30

0,2 I KonTtpona 3Pa

El

0,1

o] o
0,20
0,15

— . ) T T T T

—T T T T T T T
0 2 4 6 8 10 12 14 16 18 20

DM 1/2El Koutpona1/2El DM 3Pa Kowtpona 3Pa
HanoH cmuyarea (Pa)

Cauxka 37. ITapameTpu neOpMaOMITHOCTH SPUTPOITUTA 3PABHX 0c00a (KOHTPOJIA) M ePUTPOITUTA
ocoba ca DM. a) kpuBa aegopMabHIHOCTH KOHTPOJIHX (TU1aBa) U eputporura ocoda ca DM (upsena),
rje cy ooe kpuBe putoBane XuiaoBoM GyHKIIHjoM, 0) Cpenbe BPEeTHOCTH ca CTaHAapITHUM TpeIIKaMa
M3MEPEHUX EJIOHTAIMOHUX MHJEKCA MPEeACTaBbeHUX Y (PU3UIIONIKY BaXKHUM TauKaMa, Ha TMOJIOBUHU
kpuse nepopmadunHoctu (1/2 El) n va 3 Pa, cy npukasane miaBoM 60joM 3a KOHTPOJIHE U IIPBEHOM
60jom 3a eputporute ocoba ca DM.
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[Tonazehwn ox oBakBOT pe3yiTar, Hallla MaXKka je mpedadyeHa Ha pa3IMKOBamke crenuGuIHux
(U3HONONIKY peJICBAaHTHUX Tadaka TyX KpuBe nehopMaOWIHOCTH, Kao mTo cy El Ha momoBuHH
MakcumaiHe BpexHoctd u BpeaHoctd El ma 3Pa. M3pauynaBame mpsor u3Boma UEI/ASS y oBum
TadykaMa YCIOCTaBJbEHO je Kao HOBa Mepa 3a MpOLEHY MpoMeHe 1e(hOpMaObUIHOCTH €pPUTPOIUTA
yenen mexanuukor crpeca (Coimka 38 a). Pesynraru cy mokasaiy CTaTUCTHUYKH 3HAYajHE Pas3iiuKe y
Bpennoctuma 0EI/ASS Ha nmonoBuHM MakcuMmaliHe KpuBe eopMadmiIHOCTH u3Mel)y Tpyre 31paBux
JIOHOpA | T0jeIMHala JujarHocTukoBaHux ca DM, mto je mpukazano Ha ciunu 38 0), Tae Cy I1aBoM
00joM TMpUKa3aHW pe3yiaTaTH IO0OWjeHH ca EpPUTPOIUTHMA 3JIpaBUX 0coba, a IpBeHa 0oja ca
epuTporuTiMa ocoba ca DM.

a) 6)
0,15 -
= KoHTpona * %k
0,3 - | |
=— DM
E E 0;1 =
2 0.2- )
a a
o o
= = 0,05
5 0,1 5
0 T 1 0 -
0,1 1 10 100 KoHtpona DM

HanoH cmuuara log (Pa)

Cauxka 38. IlpBu n3Boj 3aBucHOCTH El 01 HarmoHa cMutiama epuTporuTa 3apaBux ocoda (KOHTPOJIa)
u eputpouuta ocoba ca DM. a) Ipuka3 npeor uzBona El (dEI/ASS) y pynkuuju Hanona cmurama,
0) CTaTUCTHYKK 3HAYajHE pa3iuKe y cpeamuM Bpeanoctuma usmely dEI/ASS kontponnux (miaa
60ja) 1 DM eputpouura (1ipBeHa 6oja).

OBUM pe3yJITaTOM CMO IOKa3aJIu Jia TOCTOJH JaCHO YyOUJbUBA PA3JIMKa y OJITOBOPY EPUTPOIIUTA
Ha MeXxaHW4kH cTtpec u3mehy ocoba ca DM u 31paBux ocoba, rae cy eputpouutu ocoba ca DM
MOKa3ajy pelaTUBHO CHOpPHUjU oAaroBop. OBa YMIbEHMIIA UCTHYE MOTEHUHUJaTHU KIMHUYKU 3HAuaj
dEI/dSS xao kBaHTHTaTMBHE Mepe Yy Kapakrepusanuju 1eGopMaOMIIHOCTH EpHUTPOIHMTA |
o0e36ehuBame Oosber pazymeBama NMpOMEHEHE OMoMexaHwke Koj mamujeHata ca DM. 3a Gosb
KapakTepHu3alijy MEXaHHYKUX CBOJCTaBa epUTPOLIMTA 3ApaBUX ocoba u ocoda ca DM, moxenuiu cMmo
DM rpyny Ha nanujeare ca DMT1 u DMT2. Youene cy cratucTiuku 3HadajHe pasnuky y El 3 Pa
u3mely epurporuta DMT1 rpyne u epurpouuta 31paBux ocoba (Camka 39 a). Mehyrum, HHCY
youeHe CTAaTUCTUYKU 3HayajHE pa3jihKe y BpeaHocTMMa mnapamerpa 72 El m3mely koHTpomaHHX
eepuUTpoOIMTa U epuTponuTta mnanujeHara aa DM, HezaBucHo on tuma Gonectu (Cauka 39 0).
Mehyrum, mokasano je aa je dEI/ASS ocerssuBuju xemopeosormku mapamerap ox El 3Pa, koju je
omoryhuo f1a ce, ¥ mope peslaTUBHO MaJle BEJTMYUHE Y30pKa, youe pa3iKe y PEOoOMIKIM CBOjCTBUMA
n3mely epurponmra 3npaBux ocoda u ocoda ca DMT1 rpyme (Cimka 39 B).
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Cauxka 39. [Ipuka3 o/1BojeHUX BPEIHOCTH MapaMerapa AeGpopMabUIHOCTU 32 €pUPOLIUTE 3APABUIX
ocoba (koHTpos) u eputporure ocodba ca DMT1 wiu DMT2. a) cratuctuunu 3nauajua (p <0,05)
mpoMeHa enoHranuoHor uHaekca Ha 3Pa (EI 3Pa) u3amel)y koHTpoiHUX M epuTporuTa ocoba ca
DMT1, 6) mpomeHa eloOHralMoOHOT WHAEKCAa Ha MOJOBHHU KpuBe nedopmadumnoctu (1/2 EI), B)
craTrcTUUKY 3Ha4yajHa npomena dEI/dSS usmely epurponmra ocodba ca DMT1 u 3apaBux ocoba (p <
0,001).

[ToBe3anocT wu3Melly MEXaHWYKHX CBOJCTaBa EPUTPOIUTA U PATHUATHX KIMHUYIKHX
O6uomapkepa Moke NMPYKUTH 00JbU YBHUJ y MEXaHU3ME OJrOBOpHE 3a MPOMEHY J1e(hopMabUIHOCTH
eputporuta y DM. Ha npumep, kana ce y3zajamao ucnutyjy napamerpu EI 3Pa, 2 El u dE1/dSS y
OJTHOCY Ha CTaHJap/HEe KJIMHUYKE MapaMeTpe Kao IITO je MpHuka3zaHo Ha ciuuu 39 moryhe je
MOTITyHH]jE pa3yMeBame mUXoBuX Melyycoonux omnoca (Cauka 40). Tako je mokasaHo jJa MOCTOjH
CTATUCTUYKHU 3Ha4yajHa kopenanuja (p < 0,05) dEI/ASS u HuBoa xonectepona y cepymuma (cnuka 41
a). OBaj pe3yaTar je y CKIaay ca MojaluMa y JUTEpaTypH, KOJU TOKa3zyjy Ja BHIIM HUBOU
XOJIECTepoJia y cepyMy cy moBe3aHu ca mnoBehaHoM puruaHoctu henmjckux memOpana (Subczynski
u cap., 2017; Chen u cap. 1997). CynpoTHo ToMe, Mako HUje IpoHal)eHa 3HaYajHa Kopeanuja usmehy
EI 3Pa u xonmecreposa, qupektHa Besa je youeHa usamel)y EI 3Pa u auBoa cepymcke ypee (Couka 41
6). Ypea urpa ynory y ojAp:KaBamy OCMOTCKE cTabmiHOcTH epuTpouuta (Macey, 1984), mto
MOTEHITMjaTHO MOKe OMTH pasior nmoctojama kKopenanuje ca El 3Pa. [lopen tora, mapamerap 2EI
KapakTepHIle MO3UTHBHA KOpeJalMja ca HUBOOM eH3uMa KpeaTtuH kuHase (Cnuka 41 B), mTo Moxke
Jla ce TIOBEXKE ca TMoJaluMa KOjU TIOKa3yjy Jla M jeTpa U E€PUTPOIUTH YUECTBY]Y y CITUMUHUCABDY
KpeaTuH K1Haze u3 nupkyianuje (Pan u cap., 2023). llltaBuie, mpeTxoaHa HCTPAXKHUBAKA Cy HCTAKIIA
CHaXHY KopeJamnujy u3Mel)y HHBOa cepyMcKOr KpeaTuHa u J1e(hOpMaOMITHOCTH E€PUTPOIUTA KO
nanyjeHara ca aujadbernykoM Hegpomnatujom (Brown u cap., 2005). Y3umajyhu y 003up aujadetuuky
HedponaTujy, Koz Koje aona3u 1o nmopemehaja Ha HUBOY KOHIIGHTpAIlHj€ CEPYMCKOT KpeaTHHUHA U
e je 3a0enexxeHo mocrojame Kopenanuje u3mely napamerapa aeopMabUITHOCTH U KOHILIEHTpAIHje
cepyMckor kpearuarHa (Brown u cap., 2005), 6uro je ouekuBano na he dEI/dSS xox nujabernuapa
outu y 00pHyTOj Kopenamuju ca ¥z El, kao mro je mpukazano Ha ciuiu 41 r.
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Cauxa 40. Heatmap nujarpaM kopenanMja KIMHHUYKAX M MEXaHMUYKUX IapaMmerapa e€pUTpOLUTa
ocoba ca DM. BpennocTn kopemnanuje cy npuka3aHe mpeko I' BpeqHOCTH y oricery of 1 (MakcumanHa
MO3UTHBHA Kopeaiyja) A0 -1 (MakcuMaliHa HeraTuBHA Kopelaluja)
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Cauka 41. 3na4ajHe Kopenalyje MEXaHNIKUX U KIMHUYKHX ITapaMerapa eputporura ocodba ca DM,
a) HeratuBHa kopenammja KOHIICHTpaIuje cepyMckor xousecreposa (C-xonecrepon) u dEI/AS, 0)
MO3UTUBHA Kopenanuja cepyMcke ypee u El 3Pa, B) mo3uTnBHa Kopenanuja KpeaTuH KuHa3e u ¥4 El,
HeratuBHa kopenanuja dEI/AS u %2 El.

Jla 6ucmo pasymenu ognoc usmely dEI/ASS u 4 SS, kopucTiim cMo perpecuoHy aHanu3y
YHjU pe3yITaTH Cy MpHuKa3aHu Ha ciuim 42. U eputpounTn 3apaBux ocoda n ocoda ca DM moxkasyjy
nuHeapHH onanajyhu tpena, ykasyjyhu Ha cMmamewe dEI/ASS ca mosehamem % SS. OBo 3amaxame
HariamaBa ()EHOMEH y KOME CE€ O/I3MB EpUTPOIMTa Ha MEXaHWYKH CTpec cMamyje ca Behum
BPEHOCTUMA HAITOHA CMHIIatha M 0OPHYTO NoBehiaBa ca HIDKUM BPEJHOCTHMA HAroHa cMuliama. OHO
IITO Ce 3amaxa je aa eputporuti ocoda ca DM nokasyjy uzpaxenujy u 6pxy npomeny y dEI/ASS
(Cnuka 42, npsena nunanja; Haruo oa-0.03) y ogHocy Ha eputporute KoHTposHe rpyme (Crinka 42,
miaBa nuHuja; Harubd oa-0.015). OBa paznuka roBopu na eputpouutd y DM mokasyjy orpanuuen
oricer KOHTpose aedopmairje MeMOpaHe, OJHOCHO MPOMEHEH MEXaHWYKH OATOBOP Ha HAIOH
CMHUILIamA.

MehyTum, BasKHO je HarJacUTU Jia IPU HIDKUM BPEJHOCTHM HAIllOHA CMUIIAamka, QIIyKTyaluja
El y o6e rpyme noanexe HaCyMUYHUM BapHjaijama y BpeaHoctuma El. OBo ce npumnucyje oacycTBy
YCHOCTABJBEHOT JITAMUHAPHOT MPOTOKA EPUTPOIIMTA Y MUKPOKAHATY O] TaKBUM ycioBuma (Shin u
cap., 2005, McNamee u cap., 2020). PezyntaTu npukasaHu Ha ciaviM 42 NMpHKa3zyjy MEXaHHUKe
KapaKTepUCTUKE EpUTPOIMTAa Kao OATrOBOP HAa pa3lW4YUTe HAlOHE CMHIama, JonpuHocehu
pasyMeBamy OCHOBHOT OMO(HM3MUYKOT MexaHuW3Ma Ae(GOopMaOMIIHOCTH EPUTPOIMTAa Y KOHTEKCTY
natosnoruje DM. UnTensurer audpakuuoHor curHana nomnysiamnuje epuTporuTa Takohe 3aBucH ox
KOHIIEHTpanije xemonmobuHa u riyko3e (Streekstra u cap., 1994), mro ce MOKe OIPEIUTH
CTaH/JapJHUM OUMOXEMHUJjCKUM, ajli W pa3IMuuTHM ONTHYKMM Meronama (Biswas et u cap., 2020,
Cherkasova u cap., 2016). [TocToju BenMKO MHTEpECOBamE 3a MPOHAIAKEHE HOBE METPHUKE Kao
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MOTEHIMjaTHOT TPOTHOCTUYKOT MapKepa 3a NPEBAJICHTHE KIWHUYKE KOMIUTMKamuje kox DM
naipjeHata ¥ Hame HapeAaHe cTyauje he yKIbyYydTH BaluJalyjy KIMHUYKHX Iapamerapa |
cBpcucxoanoct mepema AEI/ASS xox ocoba ca DM ca crieriuuaHUM MEKPO- U MaKpOBACKYJIapPHUM

KOMIUTHKAIFjama.

0,15
- -+ KoHTpona

e . - DM
<z

a 0,1
7]
7]
T
% 0,05

1/2 SS ( Pa)

Cauka 42. Jluneapuu oxnoc dEI/ASS na monoBunu kpuBe aedhopMaObUIHOCTH U Y2 SS mpukasaH 3a
epUTPOIUTE 371paBHUX ococba (koHTpouia) (11aBa inHUja) u ocoba ca DM (1ipBeHa nuHuja).

Eputporiutu ocoba ca DM wu 3apaBux ocoba ananmmsupanu cy u TPEF meromom. Kao
HajU3pAKEHM]a PA3IUKa y TUCTPUOYIIM]H XeMOTJI00MHA n3Mel)y KOHTPOJITHUX M epUTpoLIUTa ocoda ca
DM ce wusnBaja pasnuka y omnajgamky HWHTEH3UTETa (IIYyOpecIEHIMje y IEHTPAIHOM PErHOHY
eputporura (Cnuka 43 a, B). IIpodun uHTeH3UTETa QuiyopecleHlMje MoKa3yje 3HauyajaH Maj
WHTEH3UTETa Yy IIEHTPAJIHOM PETHUOHY 3a epurporure ocoba ca DM, kao u Gnaro ojacrymame of
OoumonanHe nuctpubynuje 3a ose epurpounte (Cnmka 43 r). MHTeH3uTeT QuiyopecleHmje
€pUTPOLINTA 3]paBe 0COOE j&€ UMAO OUEKMBAaHY OMMOJIAIHY IUCTPUOYIH]Y Y CKIIaay ca OMKOHKaBHUM
00JIMKOM (PU3HOJIOMIKK Hen3MemheHnX epurpouuTa (Cnuka 43 0).
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Cauxka 43. Jluctpubymuja xemoriobuna y kouTpoiaHuM u y DM epurpouutuma onpehena TPEF
MetonoM. a) TPEF cHUMak KOHTPOJIHOT epUTPOIUTA (MHTEH3UTET je KOJupaH noMohy 0ocMOOUTHOT
NICEY0K0JI0pa), 0) MHTEH3UTET MUKCENIa KOHTPOJIHOT epUTPOLIMTA YK jJEeHOT MpaBlia (KyTa JIMHHU]a),
B) TPEF caumaxk DM eputporuta, r) uaten3uteT nukceira DM eputporura ayx jenHor mpasiia

(>kyTa JuHUja).
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5. Jluckycuja

[lo3Hato je na oOCIMKaBamkbe EPUTPOLIUTA M XEMOIJIOOMHA KOPHUIINEHEM TEXHHUKE
KOHBEHIIMOHATHE ()IIyOpecleHTHE MHUKPOCKOIHje 3aCHOBaHE Ha MPHUMEHU obernexuBada (OJHOCHO
yBohewy (iyopodopa) u najbe HHje Yy MOTHYHOCTH ,,pYTHHCKH €KCIIEPMEHTAIHU MOCTYIaK, U Ja
MOXK€ JOBECTH JI0 HAPYIIABAKEM CTPYKTYpE EPHUTPOIMTA W XeMoriioOwHa. [JlaBHH MpeaMer oBe
JIOKTOPCKE AMcepTaiuje OUo je pazymMeBame nmopekiia (hayopecieHTHOT CUTHAJIA 3a KOjH j€ TTOKa3aHo
na ce nobuja 6e3 mpuMeHe oOenexrBaya HeTMHEApHOM JIACEPCKOM CKEHUPajyhoM MHKPOCKOIH]jOM
xeMorjio0ouHa, 0 JHOCHO BeHuM T PEF MonamuteroMm. [IpegHocT oBor MeToma ce mpe cBera oryiena y
TOME Jla HUje TMOTPEOHO KOpHUCTUTH ojpeheHn oOenexuBad, KOjU YCIOKEaBa EKCIICPUMEHTAITHU
MOCTYIAK U MOTCHIIMjaTHO HapyIllaBa HEKe O/ HUBOA CTPYKTYPE XeMOTJIO0HHA.

Kao mTo je ommcano y cexuuju 1.8, y nureparypu Beh mocroje momanud O NPUMEHU
HeJIMHeapHe MUKpocKoruje rmpe cBera TPEF monanutera 3a ocnukaBame eputponuta (Bukara u cap.,
2017, Li u cap., 2011). I'maBHe npeqHOCTH OBE METO/Ia Cy U30CTaHaK yrnoTpebe obenexuBaya (enei.
label free imaging) u wmama ¢ororokcuunoct (SO u cap., 2000). Mehyrtum, mnopexio
bayocpecuenTHor curHana u ¢oroxemujcku Mexanuzam |PEF moOyne y3opaka koju campixke
XEMOTJIOOHH U aJbe HUje Y HOTIYHOCTH pa3zjamrmeH. C apyre cTpane, 300T U3y3eTHOT (PH3HOIOMIKOT
3HaYaja XeMOIJIOOMHA W EPUTPOLIUTA 3a OINCTaHAK CBMX KWYMEHaKa, Kao M HUXOBOI 3Hayaja Kao
Oonomapkepa y maroGpu3MOIOMIKIM yCIOBUMA, Pa3yMeBamke OMEHYTOT (PeHOMEHa HEOIXOIHO je 3a
Pa3Boj M LIMPY MPUMEHY OBE MeTo/ie, He caMo y in Vitro, Beh u y in vivo ycioBuma. Yrpaso cy Hac
OBE€ YHILEHUIIC MOJICTAKIIC HA UCTPAXXKHUBAA Y IIIJbY MOTIYHHU]ET pa3yMeBamba CI0XKEHE HHTEPAKIIH]je
YATPAKPaTKHX JIACEPCKUX MMITYJICA Ca MOJIEKYJIOM XeMOTJIOOMHA, KaK0 OHMX M3BaH hemuwje Tako u
XEMOTJIOOMHA TPUCYTHOT YHyTap eputponurta. [IpeTxomHe cTyauje cy rmokasane aa WHTEepakiuja
YATPaKpaTKUX JACEPCKUX HMIIyJICa ca MOJIGKYJIOM XeMOrJioOMHa JOBOJAM JI0 CTBapama
doronpoaykTa, aau 0e3 AeTajbHHUje aHAIN3€e O KapakTepucThukama tor poTtompoaykra (Shirsin u cap.,
2018), xoja O mopazyMeBalia CeKTPaIHy WM CTPYKTYPHY aHAIH3Y (OTONPOIYKTA.

C o03upom Ha ckyn (OTOHMYHHUX TEXHHKA KOj€ Cy NPUMEHEHE Yy OKBUPY OBE JIOKTOPCKE
IucepTanyje, J0OMjeHH pe3ylnTaTd Cce MOTy TMOJENUTH y HEKOIuKo IenuHa. [IpBa 1enuHa
MoJpa3yMeBa pa3yMeBame HHTEPAKIWje YATPAKPATKUX JIACEPCKUX HMITyJcCa Ca H30J0BAaHUM
XEMOTJIOOMHOM U XEMOTJIOOMHOM YHYTap EpUTPOLIMTa, ca TMOCEOHHM aKIEHTOM Ha MPOIEC
dboTtonerpananuje xemorioOuHa. J[oOWjeHU pe3ynTaTH UCTpaKHUBamba y OKBUPY OBE JTOKTOPCKE
mucepranyje (mornarsibe 4) WAy y IpUIOT YMEEHUIM Ja je (oTojerpanammja BEpOBaTHO KJbYYHH
TpoIiec y cTBapamy (GOTOMpoyKaTa, ITO OTBApa MyT 33 Pa3BOj METOJIa aHAIN3E U KapaKTepHu3alluje
bayopectieHTHUX (OTOMErpafallMOHUX TMpoayKaTa Kao HOBUX OHOMapkepa y MEIUIIMHCKO]
nujarHoctuiv. Ha oBe aHanmm3e ce HaaoBe3yje€ WCIMTHBAKE yYTHUIlAja OKCU/IAIIM]€ Ha EPUTPOLIUTE U
Be3a ca popMupameM (HIyopecleHTHUX MPOoayKaTa y ’bUMa, IIITO YUHU JIPYTY IEUHY Koja pa3MaTpa
Be3y INn Vitro oxcupanuje ca TPEF wmamykoBanuHM HactankoM (otonpoaykra. Tpeha menwna
oOyxBara aHaIU3Upamke MEXAHMYKUX OCOOMHA EPHUTPOIMTA EKTAIUTOMETPHJOM H MPOTOYHOM
[UTOMETPHjOM, y HETPEHTHPAHUM U IN VIIr0 OKCHAOBAaHHMM CPUTPOLIUTHMA 3ApaBX ocoba u
eputpouutuMa ocoba obonemux ox DM, u pasmarpama Be3e ca HacTaHKOM (IyOpecleHTHUX
MpoJIyKaTa MOPeKIoM oj xeMorioouHa. CBe TpH LETWHE 3ajeTHO MPE/ICTaBJhajy MPUMEHY CKyIa
ONTUYKUX TEXHUKA Y pPa3yMeBamy ONTHUYKOT OJrOBOpa €PUTPOIMTA U XEMOTJIIOOMHA MPHU jeTHO- U
1BO(GOTOHCKO] TOOYIH.
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Kako je okocHuIla 0Be aucepraimje Ousia pasyMeBaame MPUPOJIE HHTEPAKITH]E YATPaKPATKUX
JACEPCKHUX UMITYJICA Ca XEMOTJIOOMHOM, TIPBH IHJb j& OMIIO MEPEHE ONTHYKOT OJIF0BOPA XeMOTJI00MHA
TOKOM OBe WHTepakinuje. JloOWjeHu pe3ynraTd Cyrepuiry 1aa TpWIHKOM  HHTEepakiuje ca
YATPAKpaTKUM  JIACEPCKUM  HMMITyJCHMMa  Joia3u a0  (oTomerpaganvje  xemoriioOuHa.
dortonerpanaiyja xeMorjaoOUHa HajBEpOBaTHH]E je mMpahema pacKuIamkeM XEMHUJCKUX Be3a U3Mehy
XeM TPOCTETHYHUX Tpyna W TIIOOWHCKMX JIaHala, ycje[ dYera Jojda3d 70 ociobahama xema.
HcnutuBame PoTOXEMHUjCKHX 0COOMHA MOJIEKYJIa KOjJH Cy IPEKYpCOpH Xema, kao 1o je PplX ommke
Cy HaM YyKa3zalle Ha XeMHjCKO mopekyio ¢oronpoaykra. TPEF emucnonm crnekrpu PplX nHakon
oJpeheHor BpeMeHa 03padnBama (He Ty>Ke 01 HeKOJIMKO €KCIIO3HIIH]ja) TPEKIIanajy ce ca eMUCHOHUM
cekTpuMa (OTONPOAYKTa, HACTAIOT HMHTEPAKIHMjOM YITPAKpaTKUX JIACEPCKHX MMITyJca ca
xemorsoonaoM. OBo yka3syje na je ¢hOoTONpOAYKT HajBEPOBATHHjE XEMCKOr mopekia (Sun u cap.,
2015) c o63upom ga je PplX mpocretnuna rpymna YuHH OCHOBY CTPYKType Xema. OBa YMI-EHHIIA
ykasyje u na 3a ¢opmupame (HOTONPOayKTa HHUje HeomxonaaH joH reoxkha ¢ o03upom ga PplX we
canpxu TBoXkhe y cB0joj cTpykTypu. BaxkHo je ucrahu mga xemujcka cTpykrypa GoTonpoayKkra Huje
YCTAaHOBJbEHA M JIa Cy 3a TO TNOTpeOHa Jajba HMCTPaXHBamka. 3a aJCKBaTHY KapaKTepU3alujy
¢doTonpoyKTa, HACTAIOT y HWHTEPAKIUjH Ca YITPAKTPATKUM JIACEPCKUM HMITyJcuMa, Oymyhu
EKCIICPUMEHTH OW TOJpa3yMEeBalld JIOJAaTHE BHCOKO COMUCTHIIMPAHE M CCH3UTHUBHE AHAIMTUYKE
MeToAe (Kao MmMTO je Xxpomarorpaduja MOJ YATPAaBUCOKHM NPUTHCKOM Y CHpPE3H ca MaceHOM
CHEKTPOMETPHUjOM), K3 paszjiora MTO je KOIWYMHA HacTalor ¢GoTonpoaykra, npuinukom TPEF
JacepcKor CKeHWpama Mayna (cBera HEKoIMKo Qemronutapa). byayhm excnepumeHnTH
MoJIpa3yMeBalii O CUMYJITaHO 03paYMBakE XEMOTIIOOWHA, KAKO j€ TIPETXOIHO ONMCAHO U aJICKBATHO
MPUKYIUbalkhe HacTaor (oTomnpoaykTa. Hamme, oCHOBHHM mMpoOieM KOjU Ce€ jaBjba INPU OBHM
EKCIIEpUMEHTUMA je HEeMOTYhHOCT oO3paunBama JIOBOJbHE KOJIMYMHE XEMOIJIOOMHA M TpolJeM
e(UKAaCHOT TNpUKyIJbakhba HACTaJOr (OTOMPOAYKTa, ¢ 003UpOM Ja ce OH (U3NYKM Hajla3u Ha
IIPEIMETHOM CTaKJly. EBEeHTyaHO pelieme mpodiemMa NpUKyIybakba y30pKa 01 opa3yMeBao j1a ce
y30paKk Hayia3u y oapeheHoj mayio] 3anpeMuHH, HAIMK MHUKPOKHMBETH, alM j€ OHJa edUKacCHO
03pauyMBamkEe OTE)KAHO 3aTO INTO TO MojApa3yMeBa Kopuliheme 00jeKTHBa ca BEIUKUM PaTHUM
pacTojameM MITO KOJI HAIIET CHCTEMa HUJ€ CITy4aj.

Naxo je XxeMHjCKY CTPYKTYPY (OTOMPOIYKTA ITOJT OBUM €KCIIEPUMEHTATHIM YCIIOBUMA TEIIIKO
OJIPEIIUTH, MOXKE CE€ 3aKJbYUHTH J1a 32 leroBO (hopMHpame HIje HEONXOAaH joH rBokha koju Ou nMao
YTHIIA] Ha FEroBa UIyOpECIIEHTHA CBOjCTBA, OJJHOCHO (DaBOpH30Ba0 OM HepaaujaTUBHE Tporiece (Sun
u cap., 2015, Eisinger u cap., 1985). Kopuihemem XeMHjCKHX TpeTMaHa y OBOj JOKTOPCKO]
JTUCepTalMju TIOKa3aHo je Ja je (Qoroaerpagaiyja HajBepOBaTHHje OATOBOPHA 3a HACTaHAK
¢oronponykra. Ha oBO ykazyje uummeHHMIa Ja TpeTMaH xemorioboumHa H202 koju momohy
CYNEPOKCHIHUX paaukaia jaerpaayje xemornooun (Nagababu u cap., 2002) uma UCTH CHIEKTpaIHUA
OJITOBOP Ka0 XEMOTJIOOWH KOJH j€ TPETXOJHO TPETHUPaH YJITPAKPATKUM JIACEPCKUM HMITYJICUMA.
[Toxnaname TPEF emucuonux crekrapa (GoTonpoayKkTa XeMoriaoouHa, (POTOnpoayKTa HACTajor y
eputpountuMa u PplX ykasyje Ha ucry poTodusnuky npupoay Hactanka ¢otonpoaykra. He camo
Jla je XeM IpOCTEeTHUYHA IpyIia XeMOTJI00MHa Yy OCHOBH 3HauajHa 3a ¢popMupame GoTonpoykra, Beh
U Jia 32 BEeroBo (hopMupame HUje HEOMXO0JaH JOoH IBoXkha. YKpaTKo, OBO Cyrepullle Ja Mpy peakuju
xemoraobuna ca H202 u y GoToXeMHjcKOj MHTEpaKUUju YATPAKPaTKUX JACEpPCKUX HMMITyJca ca
XeMOIrJIOOMHOM (OTONPOAYKT XeMorioOuHa mnokasyje, 6apem y mnorneny TPEF emucuje, ciuune
¢dorodusnuke kapakTepuctuke. OBo MOKE YKJbYUMBATH YaK U OKCHJIATHBHY JIErPaIallijy Xema, Kao
mTo je Beh mokaszaHo y maronomku u3MemeHuM eputpouutuma Kdoln-oBoj Gonectw, rae yodeHa
(uryopecueHIMja MOTHYE OJf HAacTAIMX (IIyOpECHEHTHUX AWNUPOIHMX jenumema (Waugh u cap.,
1986, Eisinger u cap., 1985), a Koju 110 CBOjUM CIIEKTPATHHM 0coOnHaMa (Kaja je y MUTamby MMOJI0Ka]
MakCUMyMa, M KaJa je IIMpPUHA CIEKTpa y TNHTalky) OAroBapajy EMHCHOHHUM CIIEKTpHMa
dboTonpoaykTa 10OHUjEHOT Y OKBHPY OBE JOKTOPCKE Aucepranuje. [Iomro cy nunmupoHu ypuHapHU
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MMATMEHTH KOJ| TallijeHaTa ca XEeMOIVIOOMHOINAaTHjaMa OKapaKTepUCAaHW U TIOJPKaBajy MPETXOIHY
NPETIIOCTABKY Y Be3u ca (uryopecueHTHUM eputpounTtMa y KoOIn-oBoj 6osectu, HajBepoBaTHH]E je
Jla YITPaKpaTKU JacepCKH UMITYJICH T10jadaBajy Aerpaalyjy mnophupUHCKOT MpcTeHa XxeMa. BaxkHo
j€ HaroMeHyTH Aa ¢y (hIyOpecleHTHHU MPOIYKTH JAerpajanuje xema Beh mperno3HaTi Kao MapKepu
OKCHJATHBHOI' CTpeca I[pBeHUX KpBHHX 3pHaia (Steinberg u cap., 2009, Mohanty u cap., 2014).
Pesynratu Nagababu u Rifkind (1998), koju cy mokaszanu ga dak u mana koHueHntpanuja H202 y
epuTporTiMa pasrpaljyje TIpoTOnoppUpPUH ¥ TPOHU3BOIM CTAOMIHE (IIYOPECHEHTHE MPOIYKTE
nerpananuje xema. Nagababu u Rifkind (1998) cy nerekToBanu aBa MpoAyKTa Jerpajalnje xema,
jellaH KOju MMa TaJlacHy AYKUHY moOyae o1 321 nm 1 eMUCHOHY TalacHy Ty>KUHY y PETHOHY 011 465
nm U JIpyry ca TaJIaCHOM Ty>KUHOM 1100yze o1 460 nm 1 eMHMCHOHOM TalaCHOM JIy’)KHHOM Y PETHOHY
ox 525 nm. IIupoku eMHCHOHM CHieKTap (OTOMPOIYKTAa XEMOIJIOOMHA JTIOOH]eH y HaIllo] CTYAHjH
yKa3yje Jia BEepOBaTHO MOCTOjH BHIIIE O jeHEe MOJIeKYJICKe BpcTe hoTompoaykTa. Mcra rpyna aytopa
(Nagababu u cap., 2002) je oTkpuia Ja MEexXaHHW3aM HacTaHKa MPOJyKaTa Ierpajaldje Xxema y
unrepakuuju ca H202 noapaszymena popMuparme BUIINX OKCUIAUOHKUX CTama joHa rBokha - Fe (1V),
GbepunxeMorioOnH WM XEeMUXpOMa, KOjH Jajbe HuHTepearyjy ca Jpyrum wmodekyinom H202
npou3Boehn CyNepoKCHI pajnKall, KOju MOXKE IIy)KE€ OCTaTH y CTPYKTYpHOM ,,lIemy* Xema Hero
cyrnepokcui (opMUpaH TOKOM ayTOKCHalMje XeMorinoOrHa ((hu3nO0IOMIKH 3aCTYIIJbeH (PeHOMEH), U
caMHM THM WHHIHpa aerpanaiujy xema (Nagababu u cap., 2000). Hanme, yak ¥ y GpU3HOIONIKHM
YCJIOBHMA, EPUTPOIMTA CYy KOHTHHYMPAHO H3JIOKEHH W EHJIOTCHHMM U Eer30MC¢HUM H3BOpPHMA
peakTUBHUX (HOpMH KHUCCOHHMKA (Tj. CYNEPOKCH]I M BOJOHHK IMEPOKCHJ PaauKaja), Koje yrIIaBHOM
HEyTpaJUIle AaHTUOKCHAATUBHU cHcTeM epuTporuta (cekuuja 1.7). Mehyrtum, ayrookcumanuja
XEMOTJIOOMHA BE3aHOT 3a MeMOpaHy ce He MOXKe HEYTpaluCcaTh aHTHOKCHAATUBHUM CHCTEMOM
€pUTPOLIUTA KOjU j€ YIIIaBHOM JOCTyMHaH y nuTtocory. OBaj mpolec je HapO4uTO U3paKeH Kaja je
XEMOTJIOOMH JETMMUYHO OKCHTEHHUCAH, IITO Pe3ylTHpa TMoBehaHWM CTENEHOM ayTOKCHIAIHje H
nosehaHuM aUHUTETOM Be3MBamka 32 MEeMOpaHy €pUTpPOILMTA, IITO 3a pe3yiaTaT MMa YyTHUIla] Ha
nedopmadunHoct epurporuta (Mohanty u cap., 2014). Yak 1 y CBEKUM y30pIiMa epUTPOLIMTA MOTY
ce Hahu MpoOJyKTH Jerpajanyje xema, a KOJMYMHA Jerpajaluje xemMa ce nosehasa ca crapemeM
(Mohanty u cap., 2014). Y3umajyhu oBe dnmeHHIle Y 003U, MOKEMO MPETIOCTABUTH J1a MHTEPAKITH]ja
YATPAKpPaTKUX JIACEPCKUX HMITYJICA Ca XEMOIJIOOMHOM BepoBaTHO yOp3aBa JEOKCHUTCHALU]Y
XEMOTJIOOMHA ¥ TEHEpHCAmE CYNEePOKCH paauKaia, MTO YTHYE Ha JUCTOP3U]y CTPYKTYpe Xema,
n3azuBajyhu ¢dopmupame crabunHor QayopecuentHor ¢otonpoaykra. Jla je wuHTepakuuja
VIATpAaKpaTKUX JIACEPCKUX HMITyJica Ca XEMOTJIOOMHOM YrjaBHOM rmpaheHa WHTEH3WBHOM
JeTpajalijoM XeMOIJ00MHa, MOXKEMO Takole MPeTHOCTaBUTH Ha OCHOBY NoBehama WHTEH3UTETa
(bayopeciieHIMje TOKOM BpeMeHa M €BEHTYalHOT 3acuhema MHTe3uTeTa (IyopecleHIlje Kaua je
BehnHa xemornoOuMHa y (QOKYCHOj 3amlpeMHHM Jlacepa JerpaaupaHa. CMameme HHTEH3UTeTa
aricopbannie CopeToBOI MakCMMyMa HJ€ y MPUJIOr MOTEHIMjaJIHO] Jerpajaliji XeMorjioOuHa y
OKBHUpY HCIUTUBAHOTI KBaJpaTHOI oOpacia. J[MCTOp3uja CTPYKType XeMma jacHO je YO4JbHBa
ryOJbeHEeM MOjeIMHAYHIX 0 U B MakcuMyMma y okBUpY Q MUKOBa KOjH ce Hala3e y BUIJHHBOM JCTy
ariCOPIIIIMOHOT CIIEKTpa XeMOIJIoOMHa U jaCHO yKa3dyje Ha (oTojerpajganujy, eBeHTyalHo npaheny
OKCHJIAITH]OM.

WuTepakiyja ynTpakpaTKUX JIACEPCKUX MMITyJica xeMmoriaoouHa kpo3 TPEF cucrem nam je
omoryhwuiia ga ceaeKTUBHO (OTO-00€IeKUMO M0jeAMHAYHE EpUTPOLIUTE Y Y30pKY ITyHE KpBU. POTO-
obenexxaBambe €€ OJHOCH Ha TpOoLeC O3pauuBamba IMOjJeJMHAYHMX EpPUTPOLUTa Kopuctehu
YITpaKpaTKe JJacepcKe UMITyJice TajacHe aykuHe 730 Nm, ycien yera oM mocTajy GayopeciieHTHH
U MOTY Ha Taj HauMH OuUTH Bu3yenu3oBaHu. Excniepumentanuu TPEF cuctem koju je xopumthen y
UCTPAXMBAKBIMA y OKBHPY OBE JOKTOPCKE AMCEpTalMje HaKaJOCT HeMa MOTryhHOCT mpuMmeHe 3a
npaheme epuUTpoLuTa y KPBHUM CYAOBHUMA IPETXOJHO AaHECTE3WPAHUX JKUBOTHIA, KAa0 IITO CY
omucast WU u cap., (2023) ¢ o03upoM 11a je 3a TO MOTPEOHO MMATH KOMOPY 3a JKHBOTHH-E Ca
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KOHTPOJIMICAHUM yCJIOBAMAa HEONMXOJHHUM 3a OBa Mepema. Y CBakOM CIlly4yajy, HOBH IOJAIU O
MHTEPAKIUjH XEeMOIJIOOMHA ca YITPAaKpaTKUM JIACEPCKUM HUMITYJICHMa M3 OBE JUCEpTallje MOTY
JONPUHETH Pa3BOjy HOBHX METO/a 3a KapaKTepu3alHjy Kako HHTpAIeTyJIapHOT (XeMOTJIO0HHA
YHYTap €pUTPOLNTA), TAKO U Mpaheme NpucycTBa ekcTpanenyiapHor xeMorinoonna. OBo ykibydyje
eKCTpaleNyJapHd XeMOTJIO0MH W3 €HJIOTEHUX M3BOpa, KOjU ce jaBJba yciea xemoiuse (y CBUM
0ojecTMa KojuMa je 3ajeIHMYKa KapaKTePUCTHKA XEMOTIOOMHEMH]ja, Kao IITO Cy PETUHOMATH]E,
HeypornaTtyje, HedpomaThje U KpBapeme Mo3ra), ajd M er30reHHX H3BOpa XEMOIVIOOMHA, Kao Yy
cllydajeBuMa BberoBor Kopuinhema kao 3amMeHnka 3a kpB (Drvenica u cap., 2022, Garton u cap., 2017)
WM CHCTEMa 3a UCIIOPYKY JIEKOBa, KOjH MMajy BEJIMKH MIOTCHIIMjal y Tepanuju Kaniepa (Charoenphol
u cap., 2018).

VY cMuCily ONTHYKOT M CHEKTPAIHOT OArOBOpa Ha TPETMaH YITPAKPAaTKUM JAaCEPCKUM
UMITyJICKMa, OYeKyje ce J1a XxeMorioouH cucapa (Zheng u cap., 2010, Bukara u cap., 2017, Li u cap.
2011, Wu u cap., 2023, He u cap. 2015) unu 9ak Jpyrux KHIMEmaka, iMa UCTe KapaKTePUCTUKE 300T
BHCOKOT cTerneHa xonomoruje mehy Bpctama (Zeng u cap., 2012, Ferrer Ortas u cap., 2023). C npyre
CTpaHe, KpB CHcapa W3 KJIAQHHIA je OTHAJHU MaTepHjaj U3 KOjer C€ XeMOTJIOOMH MOKE M30JI0BATH
pEIaTHBHO jeIHOCTAaBHUM TEXHOJIOIIKUM IpoliecuMa Koju Hucy npeswuiie ckymu (Kosti¢ u cap., 2014,
Bah u cap., 2014). OBo 61 MOTJ10 OWTH MOJTa3HA TauKa 3a J00HMjabe BETMKUX KOJMYHUHA XEMOTIIOONHA
(Kosti¢ u cap., 2014) u meroBo kopumihieme kao Matepujaia 3a ontuyuke memopuje (Frolova u cap.,
2022) n npuMeHy MHUKpPO (PIyOpeclieHTHHUX yrpaBHUpaHuX oOpaszala 3a ocurypaBame 0€30eIHOCTH
JOKyMEHATa WM MaCOBHY TIPOHM3BO/bY KaTHOPAMOHUX y30paKka y (IyopeCcieHTHO] MUKPOCKOIIHjH
(Begemann u cap., 2015, Benedetti u cap., 2014). Mukpockorcke mioduie ca GpayopecieHTHUM
obOpaciuma cy Beh KOMEpIMjallHO JIOCTYIHE W IIMPOKO C€ KOPHUCTE 3a KAIMOpalujy U Mepeme
pesonymmje. C 003pom aa TpajHOCT QIIyopecIeHIINje MUKPO-o0pa3aina y mocrojehum Marepujamuma
Ha TP>KUIIY HUje MMO3HATa, MPeIIakeMO XEMOTJIOONH TPETUPaH KPAaTKUM JIaCePCKUM HUMITYJICUMa Kao
Marepujai 3a Ayrorpajue QuyopeclieHTHE MUKPO-00paciie.

HakoH mTO Cy YyCHOCTaB/b€HM YCIOBU 3a €(PHUKACHO OCIHKaBambe EpUTPOLUTA YyCiel
1BO(OTOHCKE TTOOYIE XeMOTJIOOMHA, Ta 3HAKA CYy MPUMEHhEHA 3a U3ydyaBame eexara OKCUIaTUBHOT
CTpeca Ha E€pUTPOLMTE U HEroBO IMOBE3UBAWmE Ca JAPYTUM ONTHUKMM TEXHHKaMa Kao ILITO CY
eKTalUTOMETpH]ja, (pa3sHO — KOHTpaCHA MUKPOCKONHja U MPOTOYHA LIUTOMETPH]a.

Ham gpyru ucrpakuauku nusb je 0O Ja KOMOMHYJEMO TEXHUKE 3aCHOBaHE Ha ()EHOMEHY
¢yopeclieHIMje HaKOH JBO(QOTOHCKOT O03payHMBama XEMOIJIOOMHA ca EKTallUTOMETPUjOM, KaKo
OMCMO TIPEIU3HH]€ PA3IMKOBAIM PA3IMIUTE MOIMyanuje epurpounta. CrenupudHo, KEIUIu CMO Ja
TECTHPaMO XHUIOTE3y O YTHIA]y HUICKMX KOHIIEHTPAlllja OKCUIaTUBHUX areHca, KOju Cy (pU3HOIOIIKH
peleBaHTHH, Ha ehopMaObMIIHOCT U Mopdoiorujy oapehene cyomnomnynainje epuTporuTa MIPUCYTHUX
y UCIIUTUBAHOM Y30PKY. Y OBOj AMCEPTALMjH €pUTPOLIUTH U30JIOBAHU U3 MTyHE KPBU (T3B. MTAKOBAaHU
EPUTPOIIMTH ) OKCHI0BaHU cy in Vitro 0,5 mM TBHP, a 3atum je memamem y oarocy 1:1 okcHI0BaHUX
U HETePTUPAHUX EPUTPOLUTA MCTOr 3IpPaBOr JOHOpa JOOHMjeH y30paKk y KOMe ce Hajlaszuia,
eKCTIEpUMEHTATHO HHIyKOBaHa, CyOTOIyamnnja OKCHIOBAaHUX EPUTPOITUTA.

[Iperxonne crynuje mokasame cy Jna TperMaH epurpouuta ImM TBHP pesynryje
OKCHJIAITM]OM MAacCHHUX KucenuHa GpocumuaHor Bocioja MmemOpane u xemorioouna (Chen u cap.,
1991, Nagababu u cap., 2014). OBa okcuaiija J0BOIU 10 MpeBolema jona reoxkha (KOpAMHAHTHO
BE3aHOT 3a TETPa-NUPOJIHY MPOCTETHYHY TPYyIy) y BHIIA OKCHIAIMOHA CTama, IITO JAOBOAH JI0
dopmupama Mmetxemoriioouna (Maruyama u cap., 2022) koju je BHCOKO PEaKTHBAaH MOJICKYJ U J1aJbe
MOK€ MHMIIMPATH OKCUAALU]y APYTUX MpOTEeHUHa U Junuia. Jla OucMo moTBpAWIN J1a JU J0Ja3u JI0
OKCHJAIM]je UMK KOl epUTPOIUTa OKcHaoBaHuX npumerom 0,5 mM TBHP, ananusupan je HUBO
JUNUAHE TEePOKCUIAIM]je Y OJTHOCY Ha KOHTPOJIHE, HETPETUPAHE epUTpoLMTE Kopuctehu MeTromy
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3aCHOBAaHy Ha CIHEKTPO(POTOMETPHUjCKOM Mepemy KOHIeHTpanuje ManoHmiauaiaexuga (MDA).
JloOGujeHn pesynraTd Ccy HOTBPAWIM Ja U okcupanuja eputporuta 0,5 mM TBHP moomu mo
OKCHJIAIIMj€ XeMOIJI00MHA U [10jaBe METXEMOII0O0OnHA Kao u jaunuaHe nepokcuaanuje (Cnuka 31 a u
0), y3 noBehame cTeneHa HHULMjAIHE XEMOJIH3€e, alld TeHEPaTHO 0YyBambe OCMOTCKE (pparmiHocTu
(EHso okcHIOBaHUX €PUTPOIIUTA CE HHjE PA3JIMKOBAO OJ] KOHTPOJIHUX EPUTPOIIUTA).

[IpMEeHOM EKTalUTOMETPHUje Yy OBOj NOKTOPCKO] AMCEPTAIMjH, MOKa3aad CMO na in Vitro
OKCHJIOBaHU €PUTPOLIUTH UMa]jy jacHO HIKe BpenHocTH El y oJJHOCY Ha KOHTPOIHE epUTPOLIUTE, IITO
oTBphyje Aa Cy UM MEXaHHWYKa CBOJCTBA, OJHOCHO €JIaCTHYHOCT MeMOpaHe u3MewmeHu. MehyTuwm,
Y30pIH €PUTPOLIUTA KOJU CY CaIpKalli jelHaKe yelle HeTPETUPAaHuX U epuTpounta Tpetupanux 0,5
mM TBHP wumamu cy El y ¢usuonomkom ormcery, Tj. edekar okcumanmje OWO je aHyJIUpaH
yCpenmeHIM MepemeM 1e(hopMabUIHOCTH y30pKa MPUMEHOM eKTanuromerpuje. Ha ocHOBY oBor
pe3yiTara 3akJby4eHO je Ja CTaHJIapJHa eKTallUTOMETpHja He Ipyka JOBOJBHO HMH(opManuja o
€JIACTHYHOCTH MeMOpaHe NOojeJMHaYHUX epuTponnTa. McnutuBame neopMabUITHOCTH ePUTPOLIUTA
Ha I0jeJMHAYHOM HMBOY je BaXXHO M3 pasjiora LITO Cy HOBMj€ CTyAHj€ MOKazaje Ja Yak ¥ Maje
bpakumje pUruaHUX epUTPOLIMTA MOTY YTHILIATH Ha aJX€3H]y JICYKOLIUTA Ha 3U0BE KPBHHUX CyJ0Ba,
KOja IpeJICTaB/ba BaxHY (hazy y IMyHCKOM OAroBopy opranusma (Gutierrez u cap., 2018). Hekosmko
CTyAMja TOKa3ane cy Aa AehopMaOMIHOCT TOjeAMHAYHUX EPUTPOIMTAa MOKE OWTH H3ydaBaHa
yHanpel)eHuM TeXHHKaMa ekTanuTomerpuje, kao mro je LORCA cucrem (Hardeman u cap., 2001),
aJli ¥ TEXHWKaMa Koje Ce 3aCHUBAjy Ha NMPUMEHU ONTHYKUX nuHIeTa (exer. Optical tweezers) uim
MHUKPO(GIYHANIKMM YUIIOBUMA PA3IMYUTOr HUBOA KoMiuiekcHoctu (Guo u cap., 2014, Bento u cap.,
2018) Ca nopyre crpaHe, y OKBUPY OBE JOKTOPCKE JHMCEpTaIdje MOKa3ajlu CMO CMO Ja je moryhe
pa3MKOBaTH OKCHUJMCAHE CyOmnomyianyje epuTpoluTa O] HEOKCHAUCAHUX ((U3UOTIOUIKHX)
MIPUMEHOM IPOTOYHE IIUTOMETPHjE HA OCHOBY Pa3jIMKe y JUCTPUOYIMH pacejaHe CBETIOCTH Koja
npoiazu kpo3 epurpouute FSC (enen. Forward scatter light). In vitro cumynanuja okcupaTuHOr
cTpeca koja epuTpouuTta HakoH TpermaHa 0.5mM TBHP noBena je 10 youbHBHX IMpOMEHa Yy
ONTUYKMM KapaKTepUCTHKaMa epUTPOLMTA, ycjiel IpOMEHa Ha XEMOIVIOOMHY M JIMIUAMMA
eputponuta. Pa3inuke y oNTHYKHM KapakTeprcTUKaMa, mpahere kpo3 mpomeny nuctpudymmje FCS u
SSC nacepcke cBersiocTH u3Mely, TPeTUpPaHHX M HETPETHUPAHUX Yy30paka Cy HajBepOBaTHH]je
nocyenuIa MpoMeHe WHAEKca IpenaMama YHyTap epuTpoIrTa ycien okcuaanuje. Kao mocnenuia
oKcuJanuje aonasu a0 Gopmupama Gepust GopMH XeMOTJIOOMH Y KOME jeé OKCHIAIMOHHU Opoj joHa
reoxha +3 u Bume. [locieaniie okcuaayje epuTPOLNTA Cy BUIIECTPYKE U MOTY C€ KBAaHTUTATHBHO
OJpequTH KopuuihemeM MpPOTOYHE LUTOMETpUje Ha BenukoMm Opojy hemmja. Ocum mpomeHe y
WHJIEKCY TIpeslaMamba OKCHOBAHOT XEMOTJIOOMHA y OJHOCY Ha KOHTPOJY, MPOMEHA JUCTPUOYIIH]je
FCS u SSC nacepcke cBeTIOCTH MOXe OWUTH MoOcjenuiia IPOMEHa y OJIrOBOpPY E€pUTPOLMTA Ha
XUJIPOAMHAMHUUKE CUJIe KOj€ JIeNlyjy Ha BUX YHYTap MHUKpOKaHalla MPOTOYHOT nuromerpa. Kao mro
Cy TMOKa3aJlHd pe3ylTaTH eKTallUTOMETPHje, MeXaHWYKa CBOjCTBA EPHUTPOIMTAa HETPETUPAHUX
(pU3MONOIMIKNX) W OKCHUIOBAaHUX EPUTPOLIMTA CYy C€ paszIUKOBajia, MPU YeMy Cy EpUTPOIHUTU
tpetupanu 0,5 mM TBHP umanu Behy purunHoct, ogHOCHO cMameHy aedopmadunHoct. Mako
JTMPEKTHO Tnopeheme pesynTara eKTalUTOMETpHje M MPOTOYHE LUTOMETPHje HUje y MOTIYHOCTH
BaJMJHO, Moryhe je u3Byhum Heke ONmTe 3ak/bydyke O MEXaHHMYKHM OJHOCHO MOP(OJIOMIKUM
CBOjcTBUMa epuTpouuTa. Ha OCHOBY TOora, peajgHo je CIeKyJaucaTd Ja U3MemeHa OMoMeXaHHuKa
CBOjCTBa €pPUTPOLIMTAa MOTY MHAYKOBaTH npomeHe y uHTteH3utery FSC cBernoctu, jep pesynraru
crymuje Gienger u cap. (2019) Beh nmajy moka3 koHmenra na ce uH(OpManuje O PEOIOIIKAM
CBOJCTBHMA €pUTPOLMTA MOTY JOOMTH M3 MEpema MPOTOYHOM LUTOMETPHjOM, aau Kopucrehu
npuiaroljeHy MpPOTOYHY LMUTOMETpUjCKY amaparypy. Kopumrhewme KkoMmepuMjaaHO TOCTYIMHHUX
MPOTOYHUX IMTOMETapa 3a Ty CBPXY JOII YBEK HHj€ Yy TOTIIYHOCTH Moryhe W 3axTeBa pPa3Boj
peaTMCTUYHM]ET MO/JIeIa €JTACTUYHUX CBOjCTAaBA EPUTPOLIUTA, CACTABJLEHOT O] HEKOJIMKO MapaMeTapa
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1 HOBMX MaTeMaTHYKHX MIPUCTYIIA KO IITO Cy CYNCTUTYIIHOHHM MOJICIIH HIIH AJIATH 33 aHAJIN3Y BEJINKE
konuuuHe nojaraka (Gienger u cap., 2019).

CTaTHCTHYKM TapaMeTpu pe3yaTara Mepemha NPOTOYHOM IUTOMETPUjOM KOjU Cy Owim
pa3uuuTH y IN VItr0 OKCHI0BAaHMM Y OJHOCY Ha HETPETHPAHE EPUTPOLIUTE CY CKjyHUC M KYpPTO3HC.
Kon epurpounra okcumoBanux 0.5 mM TBHP numxe BpenHoctu kyprosuca auctpudymnuje FSC
yKa3yjy Ha pelatuBHY YHU(OPMHCAHOCT TMOIYyJaluje OKCHUIOBaHUX epuTpouurta. In vitro
OKCHJIATMBHU CTPEC HajBEPOBaTHH]E JOBOAM JIO IPOMEHE MPOCTOPHE JUCTPUOYIIHje XeMOTIo0nHAa.
Kako cy TPEF mepema noka3zana ia ce y ciry4ajy OKCHIOBaHHX €pPUTPOIIUTA XEMOTJIOOHUH JIOKAJIH3Yje
y Onu3uHM yHyTpalimke cTpaHe henwjcke MeMmOpaHe, HajBEpOBAaTHHjE Ja TO 3a IMOCISAMILy MMa
npomeny auctpudynuje FSC macepcke cBeTnocTH 3a €pUTPOIUMTE Yy OJHOCY Ha HETpPEeTHpaHE
eputporute. Ca pyre cTpaHe ¥ BPEIHOCT CKjyHHca auctpuoOynuje FSC okcuaoBaHUX epUTpOIUTA
je Owia cmameHa, ITO yKa3yje Ha TOMepame OBe pacrojaene ka oapeheruM crenudpuaHumM
BpenHoctuMa. OBakaB pe3yiTaT 3HA4M Ja Ce KOJ OKCHUIOBAaHUX EPUTPOIIMTA HajBEPOBATHH]C
¢dopmupa rpyna hemuja cneunduyHa Mo CBOM ONTHYKUM KapaKTEPUCTHKaMa, KaJa je y MHTamby
CBETJIOCT Koja mpodnaszu kpo3 epurpouute (FSC). CBe 0BO HaBEACHO ce€ MOXE IMOTEHIIMjaTHO
MCKOPUCTHTH 3a yBOheHe HOBHX ONTHYKHX IapaMeTapa KOju OM MOIJIHM Jla Mmociyxe 3a npaheme
HUBOA OKCHJIATUBHOI CTpeca KOJ EpUTPOIIMTA, a KOju he ce 3aCHMBATH HAa CKjYHUCY U KYPTO3HUCY
muctpuodyiuje FSC.

VY oKkBUpY OBE JOKTOPCKE AMCEpTalUje CMO Takohe MOKyIanu J1a MPOIUPUMO CTaHAAPIHY
yIoTpedy MpOTOYHE MUTOMETPHjE N3BaH HEeHEe YOONUajeHe IpUuMeHe IPUMEHE 3a aHJIU3Y MOIYIanuja
U cyOnomynanuja u coptupame diayopecueHTHO obenexenux henuja. KoHkpeTHO, moka3anu cMo aa
WHTEH3UTET ayTOQIIyOpeCleHIje U aHaIM3a MakcuMyma (rmuka) QiryopecueHmnuje (Kao mTo Cy:
IIMPUHA Ha I0Jy BUCUHM U MOBPILIKHA), YECTO 3aHEMApeHU MapaMeTpu y MPOTOYHO] [IUTOMETPHjU
HEOOEJIeKEHUX U JeHOCTPYKO obenexenux henuja, Mmory Outu kopuihenu 3a mporeHy edekra in
Vitro okcupanuje epurpornmrta. OCUM pasjiHMKa y pacejaHo] J1acepcKoj CBETIOCTH OKCHIOBAHUX
EpUTPOIINTA, TPUMETHIIH CMO Ja Y OJHOCY Ha KOHTPOJIHE, HETPETUPAHE, OKCUIOBAHN €PUTPOLIUTH
umajy mnoBehaH HMHTeH3UTET ayTo(IyopecleHLUje AeTeKTa0MJIaH HPOTOYHOM IIMTOMETPH]OM.
Tepmun aytodayopecieHiinja ce KOPUCTU 3aTO IITO €PUTPOIMTH 3a MOTpede aHaau3e MPOTOYHOM
LHUTPOMETPUJOM HUCY JJOJATHO obenexaBaHu (iryopodopama. JlerekToBana ayrodayopecieHuuyja y
KOHTPOJTHOj TPYIH BEPOBATHO TIOTHYE OJf JOMUHAHTHUX €HJOTEHUX (uryopodopa y epUTPOLUTHMA
(Yakimov u cap., 2019, Monici u cap., 2005). Ocum engoreHux ¢uayopodopa, UHTPUZHHIHO
NPUCYTHUM Y EpUTPOIMTHMA, ayTO(IyopecleHIja MOXXe OWTH TMOoCIenuiia CTBapama
(biyopecleHTHUX MpojayKaTa XeMOIJIoOMHa YCie[ OKCHJAIHje, ITO CMO 3aKJbyYWJIM Ha OCHOBY
pe3ysitaTa KOjUM CMO TIOKa3alld Ja TPeTMaH TaHKuX ¢uiamoBa xemornoowHa H202 mosomm 1o
noBehamwa wuHTeH3uTeTa (Quyopecuennuje (Radmilovic u cap., 2023). CtBapame O0BHX
(bayoperieHTHUX TpOoJyKaTa XeMOTJIoOWHa yciel OKcujanvje mnpaheHo je HajBepoBaTHH]E
domupamem peakTuBHUX (opmu kuceonuka (ROS) koje cBojuM cI000JHMM €NEKTPOHCKUM
napoBuma uHTeparyjy cy xemornmoomaom (Nagababu u cap., 2002). C 003upom Ha mpumeheHe
pasnuKe y HHTEH3UTETy QuyopecueHrje u3Mely OKCHAOBAaHMX M KOHTPOJIHUX EpUTPOLUTA,
BEpPOBAaTHO j€ Jia Ce€ HMHTEH3UTET (IIyOpecleHIHje, U3MEPEH MPOTOYHOM IUTOMETPHjOM MOXKeE
KOPUCTHUTH Kao MOTEHIMjaJHO HOBH Mapamerap Mepema OKCHUAATUBHOI CTpeca KOJl €pUTPOLUTA
(Radmilovic et al. 2023).

Jour jenan 6uTaH mapaMmeTap MPOTOYHE IIUTOMETPH]E KOJU C€ 3aCHUBA Ha (ITyOPECIEHITN]JH j€
noBpirHa ¢uryopecieHTHor nuka. Ko y3opaka eputporura TpeTUpaHUX OKCHAaHCOM rmoBehaH je
Opoj MUKOBa, IITO HajBEPOBATHHjE yKa3yje Ha arperanujy OKCHUAOBAHHX EPUTPOIIMTA, IOCTOjarbe
arperata epUTpOLIMTa JOAaTHO mMoBehaBa Bpeme 3ampakaBama y JACEPCKOM CHOITY HPUIHKOM
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KpeTama epUTPOINTA KPO3 MUKPOKaHAI MPOTOYHOT uToMeTpa. Ha 0oBaj HauMH HajBepOBaTHHUjE Ce
10jaBJbyje BHIIE IMUKOBA, YMjH je OpoOj AMPEKTHO NpONpIHOHATaH Opojy HaAcTalMx arperara
epuTponuTa. Buile pasmTUUMTHX MOBPIIMHA (IIyOPECHEHTHUX HHUKOBa OWJIO je TPUCYTHO H Y
KOHTPOJHOM y30pKy. OBO HajBepoBaTHHje yKa3yje /a je oApeheHu MHTPUZHUYHA HUBO OKCH/AIH]je
WM TIOMEHYTE ayTOOKCHUIAIIN]je XeMOTJIIOOMHA, IPUCYTAH M Y EPUTPOIIMTAMA 3PaBUX 0C00a, IITO je
y CKJIay ca panujum pesynratuma (Eisinger u cap., 1985). OBum ce MoryhHOCTH IprMEHE IPOTOYHE
UTOMETPHUjE Y HCIUTHBAKY OKCHIAIMje SPUTPOIMTA JOJATHO MpPOIIMpYyjy u3Melhy octaior 3a
KOHTPOJIY KBaJUTETa EPUTPOIMTA 3JpaBUX J0OpOBOJbAIA KOjU ce 4yBajy onpeheHo Bpeme mpe
ynotpebde y TpaHcy3HjcKe CBpXe, jep je HHUXOBO CKIAJUINTEHE j€é HEMHHOBHO ITOBE3aHO ca
nosehaBameM BepoBaTHOhe akymynanuje okcuaaTuBHuX omrehema y eputporuruma (D’ Alessandro
u cap., 2010).

Y okBHpPY OBE JOKTOPCKE JAUCEPTAIH]je ITOKa3aHo je U jaa ce ynmotpedbom TPEF mukpockomnuje
JOATHO MOTY JETEKTOBTH IMPOMEHE KapaKTepPUCHYHE 3a OKCHIOBaHE epuTpormre. PaHuje je
MOKa3aHOo Jia ce MpUMEHOM MuKpockomuje Tpeher xapmonuka (THG), kao jemHor momamurera
HEeJMHEepaHe CKeHupajyhe slacepcke MUKPOCKONHje, MOTY HCIIUTATH KapaKTEPHUCTUKE €PUTPOIIUTA
3[IpaBHX JIOHOPA y TpaHcy3ujckuM kecama (Saytashev u cap., 2016). Y okBupy 0Be T€3€, IPOIIHPHUIIH
CMO TpUMEHY HeJlHWHepaHe CKeHupajyhe acepcke MHKpOCKonmuje Kpo3 MopanuteT-1PEF
MHUKPOCKOIIH]j€ 32 UCITUTHBAKE OKCHUOBAHUX EPUTPOLHTA Y Mopelemy ca 31paBUM epUTPOLUTUMA.
Melyrum, Ham nokymaj reaepucamba THG curHana o ctpaHe epuTPOLMTA Y OKBHPY OBE JJOKTOPCKE
JHcepTalyje 0cTao Ha mpeauMUHapHOM HEBOY. Hanme, yBohemem rpane 3a THG y nocrojehu cuctem
3a HeIWHEapHy CKeHupajyhy MHKPOCKONHjy [00MjeH je CHrHajd 3a Koju, 300T TEeXHHYKHUX
KapaKTepUCTHKA TOCTYITHOT AETEKTOpa, HUICMO MOTJIM Y MOTIYHOCTH Jia TBPAMMO J1a JIH je pe3yaTar
resepucama Tpeher XxapMoHMKa WK je y THTamwy (iryopecueHja yciea TpohOoTOHCKe allCOpILHje.
C npyre crpane, TPEF emucuonu curnan je HeaBocMHcIeHO noOujeH y moctojehoj amapaTypu.
Jo6ujenn TPEF emucnonu curaan Koja OKCHAOBAHUX €PUTPOLUTA, 32 PA3IUKY O KOHTPOJHHX, Ce
JacHO JoKanu3yje y OJNM3WHU YHyTpallllkhe cTpaHe henujcke memOpane. OBO MMIUIMIIMpA Ja Ce€
oKcuJoBaHe (opMe XeMOIJIoOMHA Hajla3e Be3aHe 3a YHYTpallkby cTpaHy henujcke MmeMOpaHe Wi 3a
MPOTEHHE KOjU C€ Hajmaze y Onm3umHU henujcke memOpane. JloOwjeHu pe3ynratd ykaszyjy Ha
moryhnoctu npumene TPEF mMukpockonuje y uzyyaBamwy akymajaluje OKCHAATUBHOT CTpeca KO
TOKOM CKaIMIITEHa epUTPOIINTA JOOPOBOJPHHX JIaBAJIalla KPBH.

OcnukaBame OKCHJIOBAaHMX epuTpomnura ymnotpebom TPEF Mukpockonuje wmoxe ce
MIPUMEHUTH Y IIHJbY yHarpehema pasyMeBama ONO0IIONIKE yIore OKCHIATHBHUX ()OPMH XEMOTIIOONHA,
Kao IUTO je METXeMOMNIOOMH, y (u3nonoruju epurpouura. Kao mTo je MpeTXoJHO MOKa3aHo,
BE3MBAE XEMOTTIOOMHA 32 YHYTPAllkhy CTpaHy MeMOpaHe epUTPOIIMTA IPHCYTHO j€ KOJ| Pa3INIUTHX
natonoruja (Welbourn u cap., 2017, Morabito u cap., 2016, Signorini u cap., 1995). Mehyrum,
METO/IC M3y4yaBame WHTEpaKinje henmjcke MeMOpaHe epUTPOIIUTa ca XEMOTITIOOMHOM WIIH FbeTOBUM
OKCHJIOBaHUM (popMama, YeCTO MoApa3yMeBajy Jusupame eputporura (Welbourn u cap., 2017). Mu
cMo mokazanu ja je nomohy TPEF Mukpockonuje mMoryhe ocnmkaBatu mojeIuHauYHEe MHTAKTHE
OKCHUJIOBAHE EPUTPOILUTE, TNl j€ XEMOIJIOOMH OMO JOMHHAHTHO BE€3aH 3a YHYTpAlllby CTpaHy
henujcke memOpane. Ynorpebnom UV/VIS ancoprimoHe CIEKTPOCKONHje JIM3aTa OKCHIOBAHUX
epUTPOIIMTa HECYMJbMBO j€ IIOKa3aHa OKCHJAlMja XeMOrJIoOMHAa. MexaHu3aM OKcHJalHje
epuTpoLnTa IpUMEHOM okcuaaHca |BHP HajsepoBaTHMje je mpaheH Be3UBameM OKCHIOBAaHUX
¢dbopmu xemornoOuHa 3a yHYTpallby cTpaHy henujcke meMOpaHe. XeMHjcKa MpUpo/ia OBe Be3e HUje
y MOTIYHOCTH TIO3HATa, ajli HajBepOBaHHUje je Ja Cy Yy MHTEpaklUMju OKCHAOBaHUX (opMu
XeMOTJI00MHa ca MeMOpaHOM MPHUCYTHE eJIEeKTPOCTaTHMYKe HHTepakuuje, xuapodoOHe Beze H
HHTEpakKimje ca TpancMeMOpanckum Band 3 mporennom (Datta u cap., 2008, Shaklai u cap., 1978a).
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YTBpheHo je na Be3uBame XeMOTJI00MHA 3a YHYTpalllkhy cTpaHy heaujcke MeMOpaHe epuTpoInTa, ca
(U3MONOMIKOT aclieKTa MpeCTaB/ba CHUTHAI 33 eMUMHHALM]Yy THX EpUTPOLMTA W3 LUPKYJaluje
(daromuTo3om on crpane Mmakpodara (Kay 1975, Kannan u cap., 1988, Low 1986). Ha ocHoBy
pa3IMUUTHX MOJIelIa MOKa3aHo je Ja ce oKcuaoBaHe Gopme xemoriaoouHa Be3yjy 3a Band 3 nporenn
(Low u cap., 1985), mrTo je motBpheHO U y CTyaujamMa y KOjuMa Cy aHAJIU3UPAHU EPUTPOLIUTH 0c00a
obonenux ox oapehenunx xemorinoounnatuja (Waugh u cap., 1986). Haume, y ekcriepuMeHTHMA T/1€
je 3a okcumanujy epurporuta kopuithen TBHP momo je mo dopmupama okcumaTuBHUX (HOpMH
XeMorIoonHa y popMu XeMHXpoMa, 3a KOjH je TIOKa3aHo Jia je Be3aH 3a hennjcky MmemOpaHy, OJJHOCHO
3a Band 3 mporeun (Low u cap.,1985, Arashiki u cap., 2013, Waugh 1987, Welbourn u cap., 2017).
Oxcupamnuja xeMmornoOuHa je mpaheHa OKCHIAIMjOM MAaCHUX KHCEIHWHA, IITO HajBEepOBATHH]EC
noTBphyje MexaHuzam (opmupama CI000AHUX PEAKTUBHUX KHCEOHHMYHHX (POPMHU KOj€ OCHM
XeMOIIOOMHA, OKCUY]y U MacHe kucenune. [loka3aHo je 1a yciea OKCHaaluje epuTpoIrTa 0J1a3u
JI0 peopranuzaliyje Junuaa y MeMOopanu u \bUxoBor ocinobahama y utocon epurporuta (Moxness
u cap., 1996).

Ha ocHOBy cBera HaBEJICHOT jaCHO je Ja BE3MBamkEe OKCHIOBAaHHX (DOPMHU XEMOTJIOOMHA,
BEpOBAaTHO y (opMH XeMHXpOMa, 3a YHYTpalllky CTpaHy henujcke memOpane w/wim 3a Band 3
MPOTEHH UMa U TIOCIICIUIIC HA MEXaHUYKE OJTHOCHO PEOJIONIKE KapaKTEPUCTHKE, IITO CMO TOKA3aJIH
EKTAIlUTOMETPHjCKHM MEpEhIMa OKCHIOBAHUX EPUTPOLIMTA. 3HAa4Yaj OBHX EKCIIEPHIMEHATa Orjesia ce
y YMECHUIIM JIa j¢ OKCHJIATHBHU CTPEC 3HAYajHHU Napamerap, He caMo y (DU3HOJIOIIKUM YCIOBUMA,
Beh u kKao mapamerap CTPYKTyTHe (M (DYHKIIMOHAJIHE) OYYBAaHOCTH EPHUTPOIMTA JTOOPOBOJHHUX
nasanana kpsu (D'Alessandro u cap., 2010). OKCHIATHBHU CTPEC HApyIIaBa OCHOBHE META0OIMYKE
byHKIHje epuTpoIuTa, a GopMupame XeMuxpoma (PEeBep3nOMITHO HITH UPEBEP3UOMITHO) TOBOIHU 10
CTBapama MOJIEKYJICKHX (OPMHU XeMOTJI00MHA KOje He MOTy Jia BexKy Molekyn kuceonnka (Welbourn
u cap., 2017). TepMUH XeMHUXPOM c€ OJHOCH Ha OMJIO KOJU MOJIEKYJ XEMOIJIOOMHA KOJU UMa JOH
rBokha ca okcugaroHuM Opojem +3 unu +4, U Koju 300T TOra BUIIIE HE MOXE J1a BEXKE KUCEOHHK
(Welbourn u cap., 2017). IToka3zaHo je na hopMHUpame XeMUXpOMa MOXKe OUTH PEBEP3UOHITHO HITH
upesep3udmwaHo (Rachmilewitz u cap., 1971). Cakako aa Behu nporieHat Gpopmu XeMOrIo0HHa KOju
ce Haja3e y OKCHJATHBHO BHILIEM CTamy JONPHHOCH CMAambeHOj (YHKIIMOHATHOCTH €PUTPOLUTA, a
cMarbeHa OHWoNomKa (GYHKIHOHATHOCT EPUTPOIMTa MMa IN VIVO Mocieaulie Ha OIp)KaBame
xomeocta3e opranuszma (Vollaard u cap., 2005) u TUpeKTHO MOXE JOBECTH JI0 MHTpPaBacKyJapHE
xemomu3e (Mairbaurl u cap., 2013).

Pesynratu ananmsze epuTpoldTa MPOTOYHOM IIUTOMETPHJOM JOOUJEHH y OBOj JOKTOPCKO]
JUcepTalyju €y TOKa3adud Ja Cy OKCHAOBAaHM EpUTPOLMTH [OKAa3MBAaJIM BUIIM HUBO
(ayro)duyopeciieHnmje, MTO je OMIO y CKIaay ca mperxomanuMm pesynratuma Nagababu u cap.,
(1998). Ca mpyre crpane, 3aHUMJBMBO je Aa je oApeheHu, HU3aK HUBO ayToduiyopeclieHIje Ouo
MPHUCYTaH W Y KOHTPOJIHUM y3opuuMa. Huje y MOTIyHOCTH jacHa MpHpOJa OBOT CHTHANA, aJld
HajBEpOBaTHU]jE J1a MOTHUYE OJ] MHTU3HUYHU MPUCYTHX JAerpaganvoHux (opmu xemornobuna. [lo
JaHac je TokazaHo Ja mnoBehan HuMBO (uyopeclieHIMje MOKe OWTH HWHAYKOBAH JIACEPCKUM
o3paumBameM eputpouuta (Zheng u cap., 2010, Radmilovi¢ u cap., 2023), kao u y oapehenum
naTo(U3HUOIIONIKUAM TPOIIECHMA, HITP. KO aTePOCKIEPOTCKIX IMPOMEHa KpBHUX cyaoBa (Htun u cap.,
2017), y kojuma cy noka3zaHe (pyopeciieHTHE OCOOMHE MPoAyKaTa Jerpajaluje Xxema.

bpoj moBpmmHa (IyopecleHTHHUX MUKOBA KOHTPOJIHUX, HETPETHPAHHX, M OKCHIAOBAHHX

epUTPOIIHTA je OMO Pa3IMUUT. 3a Y30pKe OKCHIOBAaHUX €pUTPOLIUTA OMIIO je KapaKTepUCTUYHO BUILIE

pa3IMYUTAX TOBpIIMHA (IIYOPECUEHTHHX MHUKOBA, INTO HMMIUIMIMPAa HE camMo ToBehaH HUBO

ayTo(ayopecieHnrje KOA OKCHJOBAaHUX epUTpouuTa, Beh M BepoBaTHO M (opMHpame arperara

EPUTPOIUTA, IITO je& HWHIAUPEKTHO TOTBpheHo (a3HO-KOHTpacHOM MHKpockomujoM. OCHOBHa
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XHIoTe3a o (opMHUpamy arperata OKCHIOBaHUX EPHUTPOLMTA 3acCHHWBAa C€ HAa NMPOMEHH Op3uHE
poJiacka Kpo3 MUKpOKaHas nmpotoyHor ruromerpa (Ciuka 44). Arperat pas3jiiuuTe BeIUUYUHE OU
Tpebasio na ce crnopuje Kpehy Kpo3 MHKpOKaHajd MPOTOYHOT ITUTOMETPa, OJHOCHO Jia ce JIIyXKe
3aJpXKaBajy y JacepcKOM CHOILY, IPY YeMy MOBPIIMHA (IIyOPECLHEHTHOT MHKa 3aBUCH O]l BEJTHMUMHE
YeCcTHUIE Koja TpoJia3u Kpo3 Jiacepcku cHom (Kang u cap., 2010). Paznuke y Op3uHama mnposacka
YeCTUIa KpO3 JIACEPCKU CHOIN MOTY JONPUHETH DPA3JIMKOBakY OKCHUIOBAHUX M HEOKCHIOBAHUX
EpUTPOIINTA, UAKO je M y jeHOM KOHTPOJIHOM Y30pKYy MpuUMeheHO MOcCTojame BUIIE Pa3sTUYUTHX
noBpimHa (ayopecueHTHOr nrka. OBO UMIUTUIMPA A2 c€ MapaMeTpu MPOTOYHE LIUTOMETPHU)jE MOTY
MOTEHIIMjaJTHO KOPUCTUTH 33 M3y4YaBame MHTPA-WHIAMBHyATHE BapWjaOUIHOCTH y OKCHUIATHBHOM
crarycy epurpouuta. Ilokasano je na okcupanuja J0oBOAM A0 (opMupama MHTpaMeMOpaHCKHX
kiacrepa Band3 mporewna (Shimo u cap., 2015). Ocum eputpounTa yTBpheHO je Ja KOJ IAPYyrux
TUTIOBa henuja ycnen oKcuaalje MoJia3d JI0 arperaiuje nmpoTenHa, Kako MHTpahennjcKux Tako u
memOpanckux (Squier 2001, De Vasconcellos u cap., 2017). C 063upom ja je uctu peHOMEH MoKa3aH
KOJI SpUTPOLIUTA Kajia je y nutaky Band 3 mporteuH, BepoBaTHO je 1a GpopMupame Kiactepa OBOT
MIPOTEnHa, JOBOIU 10 Mel)ycoOHUX HHTepakiyja u3mely eputporuta, popmupajyhu arperate youeHe
aHaym3oM (piryopecieHTHOT muka. [lepokcumanuja munmaa je Takohe jeTHa o1 ociaeInia OKCHIAI]e
(Luchi u cap., 2021), mTo cCMO U y OKBHPY OBE MOKTOPCKE AMCEpTAlMje MOTBPAUIA MPUMEHOM
TBARS MmeTtoie Ko/ epuTpOIHTa KOje CMO OKCHIOBAJH IN VItro.

®
l

Cmep npoToKa
epuTpouuTa

PMT curHan

Bpeme

Cauxka 44. CxeMaTCcKH MPHKa3 MpoJiacka epUTPOIMTa KPO3 MUKpPOKaHAN MPOTOYHOT IIUTOMETpa U
bopmupama (iayopeciieHTHOT HKa y BpeMeHny. Moaudukoano u3 Kang u cap., 2010.

Hamm pesynratu jacHO yKa3zyjy Ja TPEIJIOKEHHU ONTHYKA TPUCTYyN Oe3 MpHUMEHE
¢biyopecleHTHUX O0eexnBaya, a Koju KOMOMHYje KOMEpLHMjaTHO JOCTYIHY EKTalUuTOMETPH]Y,
MIPOTOYHY LUTOMETPH)Y U (a3HO-KOHTPACTHY MUKpockonujy ca TPEF mukpockonujom, npeacranspa
CKYIl TEPCIEeKTUBHUX METOJIOJIOTHja 332 OTKPHUBAIE MPOMEHAa Y MEXaHOOMOJOTHjH Pa3TUYUTHX
cyOronynaiuja epuTpoInTa HHIYKOBAaHUX OKcHaanujoM. OBaj MPUCTYN MOXe OUTH TTOTEHITU]aTHO
MPUMEHJBHB Y KIIMHUUKO] MPaKcH 3a Mpaheme yTHIlaja MeTabOoIMUKOT CTpeca Ha 3/ipaBe ocole, Kao U
3a 00aBJbambe KOHTPOJE KBAJIMTETa CKJIAJUIITEHUX EpUTPOLUTa  3JpaBUX [OHOpPA y CBpXe
TpaHchysuje.

VY by IOTBpAE BaJIMIHOCTH, OBaj IIPHUCTYI j€ Jajbe MPOIINPEH U Ha N3y4aBambe EpUTPOLIUTA
ocoba o6onenux onx DM Tuma 1 u 2, mro yjenHo npenacTaBiba Haml Tpehu HCTpaKUBAuKH IUJb.
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Mertabonnuko 060Jbee Kao mTo je DM je y3poKoBasio MeT MIJIMOHA CMPTHHX CITy4ajeBa y MepUoLy
oxn 1990. no 2015.a ykymHa cpeicTBa U3IBOjeHA Ha 3[IPaBCTBEHY 3aIITUTY 0coba obosenux ogq DM
Ha CBETCKOM HOBOY JIOCTHTJIA Cy cyMy onx 673 mMunujapae amepuukux gosapa g0 2016. roaune
(Ogurtsova u cap., 2017). 3emibe ca HUCKUM M CPEIHUM TOAMIIBLUAM IPUX0JiMMa uMajy Behy cromy
obosbeBama o1 DM (Rabi u cap., 2006). Ctyauje cy mokasaie aa he ce 6poj ocoba y3pacra ox 20 10
79 ronuna ca DM nonetn Ha 642 mununona) o 2040. rogune (Ogurtsova u cap., 2017). DM
npeacTaBiba 0oJecT MOJAEpHOT no0a ca MaHIEMH]CKMM TEHICHIWjama. V3MemeHa MeXaHWdKa |
peonomka cBojctBa eputporuta y DM ce cy moBesane ca cramMMa KOje C€ jaBJbajy Kao
KomIutuKkaija ope 6osectr (Wang u cap., 2021; Lee u cap., 2015): perunonaruja, HedponaTuja u
pasnuuntu oM Heyponartuja (Schut u cap., 1993a, Schut u cap., 1993b, Lee u cap. 2015, Chung
u cap., 2018). Cmameme aedopmadbunnoct, ogaocHo El epurporura ocoba ca DM je moBe3ano ca
noBehaHMM HMBOMMA TJIMKO3WJIOBAHOT XeMmorioOuHa, Behum canapikajem copburona u noBehaHum
HUBOOM OKCHJIOBAHOT XEMOTIJIOOMHA KOjU MOXE€ OWUTH BE3aH 3a yHYTpallllby CTpaHy MeMmOpaHe
EpUTPOIINTA, IITO MOXKE yTUIATH Ha mopemehaj oJHOCAa TOBPIIMHE M 3alpPEMHHE EPHUTPOIUTA
(Malandrino u cap., 2012, Mawatari u cap., 2004, Schut u cap., 1993a, Ercan u cap., 2002). [lItaBuie,
MTOKAa3aHOo je Jia TOCTOjU JUPEKTHA Kopeannja n3mMel)y MUKpOBacKyIapHUX KOMIUTHKAIIH]a M CMAmhCHE
nepopmadbunnoctu eputpouuta (Kobayashi u cap., 2022). [Ipyrum peunma, DM uma 3nauajan
IUPEKTHH YTHIIQ] HA €PUTPOIMTE, C 003UPOM Ja Kox mamujenara obonenunx ox DM nonasm mo
noBehaHOT OKCHAATUBHOT CTpeca YHyTap €pUTPOLUTA, Kao mocieauia nopemehaja Gmoxemujckux
mporieca u riauko3miaiuje xemorinoouna (Wang u cap., 2021, Turpin u cap., 2020). C o63upom aa y
JUTEpaTypyu HHCY ycariameHu mnojanu o mpomeHu El eputpomnmra ocoba ca DM, Ha ocHOBY
pe3ynrata JOOHMjEHUX Y OBOj JOKTOPCKO] IHCEpPTAlMjU TIPEUIOKHIN CMO YyBOhHEHE HOBOT
XEMOPEOJIOIIKOT TMapamerpa Koju mpezacraBba npu u3son El (dEI/ASS) ma Y2 makcumanmue
BpeaHOCTH KpuBe nedopmadbminoctd. Ha oBaj HauMH MOKyIIaJiM CMO Jia Ja OJApeauMO Op3uHy
npoMeHe Ae(OpPMOMIHOCTH EpUTPOIMTA YBOhemeM HOBOI xemopeonorikor mapamerpa dEI/ASS.
[Mokazanu cmo aa je dEI/ASS kox ocoba ca DM aupexTHO mpomopiuHaiaH HUBOY XOJecTeposia y
cepyMy (S-xomectepoi) U OOpPHYTO HpPOMOpIMOHANaH BpeAHocTH El Ha mOnIOBMHM MakcHMaiHe
BpenHoctH kpuse 72 El. Tlocrojame kopenanuje uzmehy dEI/dSS u Guoxemujckux mapamerapa kao
HITO Cy: KOHLEHTpalMja CEepyMCKOI XOJIeCTeposia U CEepyMCKe ypee, MpelcTaBiba Bezy u3Mmely
MEXaHUYKHX CBOjCTaBa EPUTPOIIUTA U PA3THUNTHX (PU3UOIOMIKKX Tporeca. Ha oBaj HauMH mocTuxe
ce ayOJbu YBUA Y OJHOC MEXaHMUKHX M MeETa0OIMuYKHUX Kapakrtepuctuka DM eputpouuTa.
NutepecanTHo 3amaxkame ce nojasuio npu nopehewy dEI/ASS ca HuBonma xomnectepona y cepymy,
yka3yjyhu Ha cTaTMCTHUKH 3HadajHy Kopenaujy (p < 0,05), kao mTo je mpuKazaHo Ha CIUIM 32 a.
Ogaj HaJa3 ce MokJiamna ca pe3yjaraTuma y nocrojehoj HaydHoj JuTepaTypH, Koja CyrepHuile J1a BUILIH
HUBOM XOJIeCcTepoia AoBoje 10 nosehane purnaHoctu henujckux memOpana (Subczynski u cap.,
2017, Chen u cap., 1997). C npyre ctpaHe, nako Huje mpoHaleHa 3HauajHa kKopenaiyja usmely EI 3
Pa u xonecrepona, npumehena je qupextHa Be3a usmely EI 3 Pa u HuBoa ypee y cepymy. Ypea urpa
BAXHY YJIOTY Yy OJ]p>KaBamby OCMOTCKe cTabmiHocTh eputpounta (Macey 1984), cTora je mocrojame
kopenauuje ca EI 3 Pa ouekuBano. Ha oBaj Haunn, cMatpamo na je dEI/dSS HoBu nmapamerap koju
OM ce MoOrao KOPHUCTHTH y CBpXy Oosber (moy3gaHujer/mpersunujer) mpahema mpomMeHa
neGopMabHIHOCTH MeMOpaHe epUTpOLMTa Y KIMHUYKO] MpakcH, o koHBeHIHoHanHor El. [lama
HCTpakKMBamba Ha BEJIMKOM OpOjy y30paka MPUMEHOM OBOT MPHUCTYyMa OW MOX/1a MOTJIa JOTIPUHETH U
OosbeM pa3yMeBamy HacTaHka Hekux Komrumkanuja y DM (Radmilovic u cap., 2024). Ocum
OCHOBHUX OMOXEMM]CKMX METO/a KOje Ce PYTMHCKU KOPHUCTE y H3y4yaBamwy OOJECTH y3pOKOBAaHUX
OKCHJATHUBHUM CTPECOM, ONTHYKHU MPUCTYI KOJU YKJbYUyj€ BHIIE PA3NUUUTUX TEXHHUKA KAO ILITO CY
TPEF wMukpockonuja ¥ CHEKTPOCKONHja, MPOTOYHA IMTOMETPHja M EKTAIUTOMETpHja Tpyxa
NeTaJbHUJU YBUJ y U3MEH-CHY (PU3HOIOTH]y €pUTPOLUTa W TMOTCHLUjAIHO O00JbE pasyMeBambe
MeTa0OoJIMYKUX 000JbeHa Kao mTo je DM.
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Ha ocHoBy mpuka3zanux (HoTOPU3MUKHX KapaKTEPUCTHKAa XEMOTJIOOMHA W3BaH W YHYTap
€pUTPOIINTA, MOXKE CE MIPETIIOCTABUTH J1a TPUMEHA ONTHYKUX TEXHHUKA KOj€ C€ 3aCHUBA]jy Ha yroTpeOu
jJacepa Kao wu3BOopa MOOyTHE CBETIOCTH HWMAjy TIEPCICKTHBHE OWOMEIMIIMHCKE IPHMEHE.
doTodusnuke KapakTepucTUKe Xemorioduna npuikoM TPEF moOyne uckopumrhene cy 3a npaheme
u ¢oro-obenexaBame eputporuTa y ojapehenoj (manoj) 3anpemenn. Mako cy dorto-obenexaBame
eputporuta u npahewme u3BeAeHU IN Vitro, opa meroxa Gasupana Ha TPEF mukpockonuju moxe
MOTEHIMjaJTHO J1a oMoryhu nyrotpajHo npaheme mojeuHaYHIX ePUTPOIUTA Y KPBHUM CYIOBUMA Y
paznmuuntuM TkuBMMa. [IpuMena je Beh mokazaHa Ha KpPBHUM CyJOBHMa Y JaOOpaTOPHjCKHM
KMBOTHEb-aMa, Ha MpuMepy 3¢opa puba (Shroff u cap. 2019), xao u y mo3ry muima (Sardella u cap.
2023, Gutiérrez-Jiménez u cap 2018, Gutiérrez-Jiménez u cap. 2016). 3a pa3iuky o1 HPHUKa3HUX
pesyarara Hekoauko cryauja (Sardella u cap. 2023, Gutiérrez-Jiménez u cap 2018, Gutiérrez-
Jiménez u cap. 2016) y kojuma je mpukaszan (IyKC EpUTPOIMTA Yy MPOTOKY KPBU Yy JKUBHM
OpraHu3MuMa Kpo3 KpaHujaJdHU nmpo30p, kopulitheweM TPEF Mukpockomnuje, epuTpOLUTH O MOTIIH
OouTH QIIyopecreHTHO aKTUBUPAHU YITPAKPATKUM JIACEPCKUM UMITYJICHMa KaKo OM BbUXOBO KpeTame
o6uno mpaheHo Kpo3 KpBHe cyaoBe. Mako Moryh, oBakaB NHpHUCTyNH 3axTeBa pa3Boj MOceOHE
MHUKPOCKOTICKE ITOCTaBKE.

[Topen cenextuBHOT (oTO-00ENEKaBakba OAA0PAHUX EPUTPOILMTA, IITO Ce MOXe MmocTHhu
MIPOCTOPHO-BPEMEHCKOM KOHTPOJIOM JIACEPCKOT CHOIIA, alii He U TpeTManoM ca HxOz, moctoje jomn
Heke npeaHocTu npeacraBibene TPEF metone. Haume, Tpetupame eputponuta ca H202 je npunmnano
HEKOHTPOJIMCAHO Y CMUCIY IHJbaHE TpaHCPOpMalHrje XeMOTI00MHa Y (hIyOopeceHTHE MOJEKYIIe.
H202 unteparyje ca ApyruM MoJieKyuMa y MeMOpaHH €pUTPOLIMTA U IPYTUM CTPYKTYpama Koje MOTy
outn omrehene unm m3memene. Takohe, oBUM TpeTrMaHoM OM MOpPQOJIOTHja EPUTPOLUTA H
auctpuOynuja xemoriaoOuHa Moriu Owin HapymeHu. Kopumhewmem merone macepckor (oTo-
obenexaBama TMPEICTABJLEHE y OBOJ TE€3W OWIM OM TpEeTHpPaHU CaMO MOJIEKYJHM XEMOTJIOOWHa, a
epUTPOLIMTU OU 3aAp>Kajid CBOJY OPUTHMHAIHY MOP(OIOTrHjy, Ka0 W OPUTMHAIHY AUCTPUOYIHjY
XEMOTJIOOMHA, IITO j& MOKA3aHO W Yy MPETXOJHUM HCTPaXKMBAamkbUMa HaIIeT MCTPAKUBAYKOT THMa
(Bukara u cap. 2017). Mopdonoruja epurpounTa U yHyTpallkha AUCTPHOYIHja XEMOIJI00UHA Cy
JEIHU O] KJbYYHUX MapKepa KOjHu yKasyjy Ha ajanrtanujy henrja Ha U3HUO0IONIKe MpoIece U hHUXOB
oAroBop Ha naroJjoiike ycinose (Bukara u cap. 2018). Ha kpajy, npeioxena MeToa 01 Moriia iMaTu
npuMeHy 3a npaheme epuTponuTa y KPBHUM CYJOBHMA JKMBUX OpraHW3aMa, Y CHUMamy BHCOKO
NPOKPBJBEHUX M cJab0o MNPO3UPHUX OpraHa kKao IITO cy OyOpesu, ¢ o63upom na ce TPEF
MHUKPOCKOIIMja HWHTCH3MBHO KOpUCTH naHac y Te cBpxe (Sardella u cap. 2023). Tlperxomna
UCTPaXMBamka Cy HEABOCMHCIEHO IMOKa3ana Ja ce Mop(dosiornja epuTpoLUTa MOXKE MpoydyaBaTH
kopuithewem TPEF mukpockonuje, mro omoryhasa ucnutruBame BUXOBOT OKCUT€HALIMOHOT CTaTyca
(Wang u cap., 2011), kao u nuctpudynmje xemorsoduna (Bukara u cap., 2017). Melyyrum, Huje jacHO
Ja JU YIATPAaKpaTKH JacepCKu HMMITYJICH OMETajy CIHOCOOHOCT XeMorjioOuHa Ja o0aBiba CBOJY
npUMapHy OHOJOHIKY (DYHKIIM]Y Be3HBama M ociobalama KUCEOHUKA. Y HAIO] CaJallbo] CTYIHUjH,
YTBPAMIIU CMO JIa XeMOTIIOOMH TPOJIa3h KPo3 CTPYKTYPHE MMPOMEHE Kao pe3ysiTaT TAKBE WHTEPAKIIH]E.

V3umajyhu y 003up 1mokazaH 0JTHOC OKCHIAATUBHOT cTpeca U (IyopecIeHITH]e HacTale HaKOH
o3paunBama XxemoriodouHa, Merona TPEF 3acHoBana Ha xeMmorjioOuWHy je HoBa miuaTdopma 3a
NpPOIEHY PpEeAOKC CcTaTyca epUTpolMTa U HHXOBe Je(opMaOWIHOCTH Yy (PHU3UOJOUIKUM H
MaTo(U3NOJIONIKUM YCIOBUMA, T1a YaK U Y MIUPEM CIIEKTPY OOJIECTH Koje Aelie 3ajeJHUIKY OCOOUHY
M0jaBe eKCTpaleTyIapHOT XeMOII00MHA, WK Y CIy4ajy paHe MpOorpecHje HeKMX OOJIMKa MAIUTHUX
COJIMJIHUX TYMOpa, Y CMHCITy nipahiema 1 kBanTUHKanuje HeoanrrnoreHese (Radmilovic u cap., 2023)

HcroBpeMeHo, 100MjeHH pe3y/ITaTH KOjH CE€ OJHOCE Ha ONTHYKE KapaKTepHCTHKE IN Vitro
OKCHJIOBaHUX EPUTPOLIUTA YyKa3yjy Ha HMHOBAaTHMBHM HA4YWH IPHMEHE NPOTOYHE IUTOMETPHjE Y
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aHaJIM3U OKCUAATUBHOT CTPECca Y pa3IHuUuTHM NaTO(U3NOIONIKUM MPoIecHMa. MeXxaHn4IKe 0COOMHE
EpUTPOLIUTA 3/IpaBUX JOHOpPA M epuTporuTa ocoda obonenux on DM anamusmpane cy yBohemem
HOBOT' XEMOPEOJIOIIKOT rmapameTpa, a TPEF Mukpockonujom je motBphen odpazar ¢hayopeciieHTHOT
CHTHaJIa HaJIMK Ha IN Vitro okcupoBane eputporure. bynyha uctpaxuBama o0yxBaruhie u npumMeny
pa3BHUjeHOT MPHUCTYIa 0e3 obenexaBama 3acHOBaHOT Ha ayToduryopecuennuju u FSC u SSC curnamy
U KoJI eputporuTa ocodba ca DM.

OnucaHu HMHTETPUCAHU TMPHUCTYI 3aCHOBAH HA ONTHYKHM TEXHUKaMa y OBOj JOKTOPCKO]
JHcepTalyju Tpy’Ka HOBE MOTYNHOCTH Kaja je y NMUTalky JIWjarHOCTHKA M aHAM3a Pa3InYUTHX
MOPQOJIONIKUX ¥ MEXaHUYKHX JETEPMHHAHTH epuTpormTa. Ha oBaj HauMH OTBapa ce HOBH IpaBail
UCTpaXMBamba KOju oMoryhaBa mpuMeHy pa3inyuTuX OMO(QOTOHMYKUX METO/Ia Y INJbY aHATIN3E KaKO
¢dbusmosoruje, Tako M MaTopu3nOIOTHjE EPUTPOIIUTA U XeMoriioouHa. OBaj mpaBall HCTPaKHUBamba Y
OynyhHoctu he moapazymeBaTs yjeqHO U pa3Boj HOBHX ypehaja Koju Ou cCHMyJITaHO MOTJIU Ja MpaTe
u Ouodusnuke u Ouoxemujcke ocoonne eputporuta. Ha oaj Hauun he ce noctuhu He camo 6obe
pasyMeBame (hU3HONIOTHje epuTponuTa, Hero he ce crehu yBUI y MHIMBHUAYaJHY BapujaOUIHOCT
EpUTPOIIMTA KAKO 3JIPaBHX JOHOPA, TAKO U NalMjeHaTa 000X O/l Pa3IHUUTHX 0O0JIECTH, YNME Ce
MOJKe MTOCTUhY HOBHM Pa3BOjHM aCTIEKT MEPCOHATN30BAHE METUIIIHE.
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6. 3akbyuuu

Y 0BOj JOKTOPCKO]j AUCEPTAIM]H UCITUTAHA j€ MHTEPAKIIH]ja YITPAKPATKUX JJACEPCKUX UMITyJICa
ca MOJIEKYJIOM XEMOTJIOOWHA KOjH CE€ Hala3W YHyTap W3BaH EPUTPOLIMTA, U KOja je OATOBOpHA 3a
CTBapame (IIYOPECUECHTHOT jenumbemha-QoTonpoaykra. HakoH onTtumuszaiuje NpoTOKoia 3a
reHepucame oBOT (HOTONpoayKTa, ypaheHa je meroBa ¢Gorodu3nuka KapakTepus3aluja IpUMEHOM
TPEF u SPEF wmmkpockonuje, UV/VIS amncopnmmone crnekrpockonuje u TPEF emucuone
cnektpockonuje. [lon WCTUM eKCIepUMEHTAIHUM YCJIOBHMa WHIyKOBaHa je (iyopecueHiuja
MOPEKIJIOM O] XeMOTJIOOMHA U Y H30JI0BaHUM €pUTPOLUTHMA. Ha OCHOBY TOT pe3yiTara H3BPIICHO je
celekToBaHO mpaheme epuTpouuTa M y MyHOj KpBH. [l0OMjeHH Cy NpeTuMEHapHH pe3yiaTaTH O
MEXaHHM3MY HacTaHKa (IyopecIieHTHOT (OTOMPOayKTa Y IN VItro cuMyJIaiujiu OKCHIATHBHOT CTpeca.
VYCrnocTaB/beH! YCIIOBH 332 €(DMKACHO OCIMKABARE CPUTPOIIMTA HA OCHOBY ()IIyOpPECICHIIM]E YCIIeT
1BOGOTOHCKE TOOyIe XeMOrIo0HHa Cy MPUMEHheHA 3a M3ydyaBame edekara in Vitro MHIyKOBaHOT
OKCHJIATUBHOT CTpeca epUTPOIIMTA 3APAaBUX JOHOPA, KA0 U epuTpoIuTa ocoda obonenux og DM, y
CIpe3n ca JPYrMM ONTHYKMM TEXHHKaMa Kao INTO CYy eKTaluTOMeTpuja, (a3HO—KOHTpacHa
MHUKpPOCKOIIHja, U MPOTOYHA HUTOMETpHja. Ha OCHOBY mpHKa3aHUX pe3ysiTaTa MOTY CE H3BECTH
cienehu 3aKIpydIy:

e UHTepakiujoM XeMOIVIOOMHA ca YITPaKpaTKUM JAacepCKUM HMIyJcuma, (opmupa ce
bayopecueHTHr GOTONPOAYKT, mTO je mpaheno dotomerpagauujom TPEF o3pauenor
XEeMOIJI001Ha

e PplX uma uctu TPEF emucruonu cnexrap kao 1 GOTONPOAYKT HAKOH TyXeT 03pauyrBama,
mTO NOTBphyje na 3a ¢opMupame XEeMOIVIOOMHCKOr (OTONPOAYKTa HHUje HEONXOaH
Fe?*jom.

e Tperupawme xemornoOMHa BOJAOHMK  TEPOKCHIOM JIOBOAM 10  (opmupama
(byopecIieHTHUX MOJICKYJICKMX BPCTa YHju criekTap oaroapa T PEF emucruonom criektpy
XEMOTJIOOMHA 03paueHOT YATPAKPATKUM JIACEPCKUM UMITYIICUMA.

e Moryhe je U3BPIIUTH TPOCTOPHO JOKATH30BaHO (opMHpame POTOMPOIyKTa (JacepcKo
ylucuBame (IIyopeclleHTHHX oOpaszala) Ha TaHkoM ¢uiaMmy xemoriobouna TPEF
MHUKPOCKOIIH]OM.

e @uyopecueHTHH (OTONPOAYKT KapakTepuiie (GOToCTaOMIIHOCT KoOja Cc€ MOXe
NETeKTOBaTU U KopHIIhemeM JeTHOPOTOHCKOr u3Bopa mnolyne. doroctaOMiIHOCT
¢doTonporyKTa je BpeMeHCKH ojipel)eHa Ha mepHro 01 HEKOJIMKO He/lesba.

e Moryhe je CeleKTHBHO JIacepcKo OOeNekaBambe W OCIHMKABaKkhE EPUTPOIUTA yCIend
dayopecuieHmje hopMupanor GoTompoayKTa y lUMa.

e Ha ocHOBy (yopeclieHIIMje epuTporuTa Moryhe je oapeauTH MPOCTOPHY pPACTOIeTy

XeMOorjao0uHa y epuTpouutuma. JuctpuOyiuja XeMmorjioOuHa ce pasiukyje usMely
EPUTPOIIMTA KOjH Cy OKCHUAOBAHH iN Vitr0 1 HEOKCHIOBAHUX €PUTPOIIUTA (Tj. EPUTPOIIUTA
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y CBOM (PM3HOJIOIIKOM CTamky), MPH Y€MY j& KOJ OKCHAOBAHHX €PUTPOIIUTA XEMOTIIOOHH
JOMHHAHTHO JIOKQJIM30BaH y OJM3WHU YHYTpallikhe cTpane henrjcke MmeMOpaHe.

e In Vvitro okcuI0BaHU SPUTPOIIUTH, Y OHOCY Ha HEOKCHIOBAHE, UMa]jy Jpyraduje 0COOMHE
y TOorjiefly TapaMmerapa pacejaHe Jacepcke CBETIOCTH H3MepeHe MNPOTOYHOM
nuroMeTpujoMm, u epurporute okcumoBanu 0,5 MM TBHP umajy Huxe BpemHocTH
CKjyHHCA M KypTO3HCa Ka0 CTaTUCTUYKUX Napamerapa pacronene FSC.

e Oxcu0BaHM EpUTPOLIMTH HMMajy moBehaH HMBO ayTodiyopecleHIHje Koja ce MOXKe
JNETEKTOBATH MPOTOYHOM IIMTOMETPHUjOM HA OCHOBY I[apamMeTpa MOBPIINHE
dnyopecuentror muka (FIW2).

e Ha ocnoBy El BpemHocTu mnokazano je aa je medopmaOMIHOCT meMOpane In Vitro
OKCHJIOBAaHHUX CPUTPOIMTA CMABEHA Yy OJHOCY Ha Je(OpPMAOMIHOCT HEOKCHIOBAHUX
EpUTPOIIUTA, [IPU YEMY je 32 OKCHIOBAHE EPUTPOIUTE KAPAKTCPHUCTUYHO M MPHCYCTBO
OKCHJIOBAaHOT XEMOTJIOOMHA JIOKAIM30BAHOT Y3 YHYTpallllby CTpaHy heiujcke memOpaHe
KOjH C€ MOYKE OCJIMKATH MPUMEHOM HEJIMHEeapHe Jlacepcke CKeHUpajyhe MUKPOCKOIIH]e.

e Vpohewe JEI/DSS mnapamerpa omoryhaBa mnpenusHujy mpoueHy aehopMaOHIHOCTH
MeMOpaHe epuTporuTa ocoba obonenux o DM, mpu yemy je mokasaHa Kopemaiuja
u3mely dEI/ASS u koHIeHTpanuja cepyMCKOT XOJIeCTeposa, ypee W eH3uMa KpeaTHH
KHHAa3e.

PazymeBame MexaHuW3ma HacTaHka (IyOpecHeHTHOT (OTOMpoayKTa XemorjoOuHa he
omoryhutu yHanpeheme pa3Boja v MIUpy NpUMEHY TeXHUKa HEIMHEapHEe JacepCKe MUKPOCKOIH]E 3a
aHayn3y (YHKIMOHAJIHOI cTaTyca epuTponuTa. VIHTerprcaHu ONTUYKK HPUCTYIN MOKa3aH Yy OBOj
JOKTOPCKO] JHCEepTalfju Mpyka HOBe MoOryhHOCTH Kaja je y NMUTamy AWjarHOCTUKA M aHaIHu3a
pas3IMUUTUX MOPQOJOIMIKUX U MEXaHWYKUX JEeTepMHHAHTH epuTpouuTta. Ha oBaj HauuH oTBapa ce
HOBHU TpaBall UCTPAXKUBaAba KOju oMoryhaBa mpuMeHy pa3nTuuuTUX OMOPOTOHHYKIX METOA Y IIUIbY
aHanu3e U (PU3NOJIOTH]E U MATO()U3UOJIOTH]E EPUTPOIIUTA U XEMOTJIOOMHA.
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8. Ilpuno3zu

Ta6ena I11. [Ipuka3 ekCiepuMEHTATHUX YCIIOBa 32 J00H]jambe (HOTONPOAYyKTa Ha TAHKUM (PHUIMOBHMA
xemorsobuna kopucrehu TPEF ckennpajyhu cucrem.

Xemorso00un = Konuenrpa- | Bpeme Tanacna Cuara jacepa Cnara Jjacepa Pesoayumuja Ycpeama-
nuja cyliema AyKHHA H odaacT nocje CTBpama Bamba
u CKECHUPamha (doronponykra
3anpeMuHa (fast x slow
axis)

ToBehu 38,10 g/l 3 min, 730 nm 52,65 mW 22,12 mW 1024 x 1024 30
5uL 0,2x0,2V

XymaHu 26,43 g/l >5min, 730 nm 194,35 mW 195,18 mW 1024 x 1024 | 30
SuL 0,2x0,2V 0,5x0,5Vv

ToBehu 76,30 g//l 0 min, 730 nm 70 mW 52 mW 1024 x 1024 30
3uL 0,2x0,2V 15x1,5V

XymaHu 26,43 g/l 3 min, 730 nm 69 mwW 46 mW 1024 x 1024 | 30
3uL 0,2x0,2V 0,2x0,2

T'osehn 76,30 g/l 3 min, 730 nm 58,16 mW 58,15 mW 1024 x 1024 = 30
3ul 1,5x1,5V 15x1,5V

XymaHu 26,43 g/l 0 min, 730 nm 61 mwW 32,7 mW 1024 x 1024 | 30
3ul 15x1,5V
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BUOI'PA®UIA AYTOPA

Muxajno Pagmunosuh pohen je 06. aBrycra 1993. rogune y beorpany, OcHOoBHE U MacTep
cTyauje je 3aBpmuno Ha buonomkom dakynrery YuuBep3uteta y beorpany 2018. ronune Ha MOy
Monekynapaa Ouosornja u (¢usnojordja, mMacrtep buodusmka, ca mpocedHom ormeHom 9,13,
00paHMBILY MacTep paj o HacaoBoM “Anann3a ATP-3aBucHUX cTpyja KpO3 MOjeAMHAYHE KaHAe
Ha MeMOpaHH IUTOIUIa3MaTHYHUX Karu u3 ripuBe Phycomyces blakesleeanus . Tokom OCHOBHHX |
MacTep CTyAWja BPIIUO je BOJOHTEPCKH paa y MHCTUTYTY 3a OMOJIONIKA UCTpakuBamba ,,CHHHIIA
CrankoBuh”, MHCTUTYTY O HallMOHAIHOT 3Hayaja 3a Pemyomuky Cpb6ujy. JlokTopcke akagemcke
crynuje u3 buodoronuke npu Yuusepsurery y beorpamy ymmcao je 2018. rogmne. 3Bame
UCTpa)KMBay MPUIPABHUK je cTekao 16. anpuna 2019. rogune, a o 01. maja 2019. 3anocneH je y
Wucturyry 3a pusuky beorpan Yausepsurera y beorpany. On 15. maja 2022. n3abpaH je y 3Bame
ucTtpaxupau capaaHuk. Ox cenrem6pa 2020. ronune Muxajino PagmuioBuh yaecTByje Ha IpOjeKTy
koju ¢urancupa Doun 3a Hayky PemyOmmke CpOuje w3 mo3uBa 3a M3BPCHE IMPOJEKTE MITAJIUX
uctpaxusaya ([IPOMUC): ,,Hemoglobin-based spectroscopy and nonlinear imaging of erythrocytes
and their membranes as emerging diagnostic tool*, akpoaum HEMMAGINERO. Ilopen Tora, 6uo
Jj€ M y4EeCHHK Ha IIpOjeKTy U3 Iporpama HaydyHe M TeXHOJoUIKe OunarepanHe capaime CpOujeca
Hemaukom 3a 2020-2021. romuHy, moj HaclioBoM ,,Ociukasarbe U BPeMeHCKU pAa3I0HCEHA
cnekmpocKkonuja 'y mepaxepynoj, Onuckoj um@paupseenoj u 6uodmueoj obaacmu 3a 0Oyoyhe
buomeouyuHcke npumene, Kao W MPOJEKTy M3 MporpamMa HaydHE W TEXHOJOIIKEe OujarepaiHe
capaamwe Cpbuje ca Cnosenujom 3a 2020-2021. roaumHy, Moja HACIOBOM ,Hano-cnexmpanuo
HeIUHeapHo (hIyopecyeHmuHo OCIUKasarbe Xxemoznioouna Oe3 kopuutherwa obenexcusaua 3a
nomenyujanny oujaconcmuyxy npumeny*. IIpoBeo je Tpu Mecelnia Ha ycaBpiiaBamy Ha KaponuHcka
uHctutyTy (CTokxomnm, llIBencka), mox pykoBoactsoM npod. ap. Bianane Bykojesuh, y Llentpy 3a
MOJIEKYJIapHY MeIMIIMHY. TemMa lBeroBor ycaBplllaBama je Ouia Be3aHa 3a IpUMeHY (1yopeclieHTHE
KOpEeJIallMOHE CIEKTPOCKOIUje y OMOMEIUIIMHCKUM HCTpakUBambUMa. TPEHYTHO j€ aHTa)KOBaH Ha
npojekty donna 3a Hayky Penyomuke Cpouje nox nasusom:,,Advanced BioPhysical Methods for
Soil Targeted Fungi-Based Biocontrol agents*, 2022-2024, u3 no3uBa 3ejeHN TPOTrpaM capaimbe
u3Mel)y Hayke U IpuBpeie.

Jlo cama je aytop 5 HayuyHUX pazoBa 00jaBJbeHUX y Mel)yHapOJHUM YacomucHUMa KaTeropuja
M21a, M21 u M22, kao 1 6pojHHX caollITemha Ha JoMahuM U Mel)yHapoIHUM KOH(pepeHIrjama.



Mpunor 1.

MN3jaBa 0 ayTOopCTBY

Motnucann Muxajno . Paamunosuh

6poj MHAOeKca 48/2018

Usjasbyjem
03 je AOKTOPCKa AncepTaumja nog HaCN10BOM:

NHTepakuMja YATPAKPATKMX IACEPCKMX MMMYICa Ca MOJIEKYIOM XEMOI/I0OMHA M MPUMEHA CaBPEMEHMX
TEXHWKA HeMHeapHe MUKPOCKOMM|e Yy OCAMKABaHKyY eEPUTPOLIMTA

®  pesyaTaT COMNCTBEHOr UCTPaXKMBaYKOr paaa,

e [a NpensioXKeHa aAucepraumja y UesnHU HU Yy AeN0BUMaA Huje buia npeasioxeHa 3a Aobujarbe 6mio
KOje gunaome npema CTyAUjCKUM NPOorpammma pyrnx BUCOKOLLKOJICKMX YCTaHOBA,

® [1a Cy pe3y/nTaTh KOPEKTHO HaBeaeHU U

®  [a HMCaM KpLUMO/Na ayTopCcKa NpaBa U KOPUCTUO UHTENEKTYaIHY CBOjUHY APYIrUX IMua.

MoTnuc gokTopaHaa

Y beorpagy,




Mpunor 2.

M3jaBa O MCTOBETHOCTM LUTaMMNaHe N e/IEKTPOHCKE BEpP3nje OKTOPCKOT
pada

Mme n npesmme aytopa Mwuxajno A. Pagmunosuh

Bpoj uHpexkca _ 48/2018

Ctyamnjckm nporpam __BrnodoToHMKa

Hacnos paga_WHTepakumja yATpaKkpaTKMX NacePCKMX MMMY/ICa Ca MOJIEKYI0M XEMOI106MHa U NpUMeHa
CaBpeMeHUX TEXHNKA HeIMHeapHe MUKPOCKOMUje Y OC/IMKaBakby epUTPOLINTa

MeHnTtopn Op AnekcaHgap Kpmnot

[Op NBaHa [lpBeHunua

MoTnucaHu/a

M3jas/byjem fa je WTamnaHa Bep3uja MOT AOKTOPCKOr pafa MCTOBETHA e/1eKTPOHCKO] BEep3uju Kojy cam
npenao/na 3a ob6jas/buBarbe Ha NopTany AurutanHor penosutopujyma YHusepsuteta y beorpagy.

[o3Bo/baBam Aa ce objaBe Moju AMYHM NoAaLM Be3aHN 3a A0bKnjatbe aKaaeMCKOr 3Batba AOKTOPa HayKa, Kao
LITO CY UMe M Npesnme, rognHa U mecto poherba 1 gatym ogbpaHe paga.

OBM NNYHM NogaLm Mmory ce 06jaBUTU Ha MPEXKHUM CTPaHMLLAMa gurutanHe 6ubanoTteke, y eNeKTPOHCKOM
KaTasiory 1y nybaunkauujama YHusepsuteta y beorpaay.

MoTnuc AoKTOpaHAA

Y beorpagy,




Mpwnor 3.

MN3jaBa 0 Kopuwhemy

Osnawhyjem YHusep3auTeTcky 6ubnnoteky ,Csetosap Mapkosuh® pga y [urntanHu penosntopujym
YHuBep3uTeTa y beorpagy yHece Mojy OKTOPCKY AMcepTaLmjy nos HacN0BOM:

MNHTepaKuMja YATPaKPATKUX 1IACEPCKUX MMNYICA Ca MOJIEKYIOM XEMOI/I06MHA M MPUMEHA CaBPEMEHUX
TEXHMKA HEIMHEAPHE MUKPOCKOMM|e Y OCIMKaBaky EPUTPOLMTA

KOja je Moje ayTopCKo Aeno.

OvcepTaumjy ca CBMM MpWao3MMa npeaao/na cam y eNeKTPOHCKOM ¢opmaTty MOrofHOM 3a TpajHo
apxvBuparse.

Mojy AOKTOPCKY AuCepTaumjy noxpakbeHy y AurntanHu penosntopujym YHuBep3nuTeTa y beorpaagy mory ga
KOpWCTe CBM KOjuM NOLWTYjy oapenbe cagpkaHe y ogabpaHom tuny nuueHue KpeatnsHe 3ajegHuue (Creative
Commons) 3a Kojy cam ce oa/iyuno/na.

1. AytopcTBo
2. AyTOpCTBO - HEKOMEpPLUMjaHO
@AyTOpCTBO — HeKomepuwmjanHo — 6e3 npepage
4. AyTopcTBO — HEKOMEPLMjaZIHO — Ae/IUTU NoA UCTUM YCI0BUMA
5. AytopcTBo — 6e3 npepage
6. AyTOpCTBO — AENuUTU NoL4 UCTUM YCI0BUMA

(Monnmo fa 3a0KpyXuTe camo jedHy o4, wecT noHyheHux AuueHuM, KpaTak Onuc AMUeHUM AaT je Ha
nonehuHm nucra).

MoTtnuc poKTopaHaa

Y beorpaay,




1. AytopcTBo - [lo3BO/baBaTe YMHOMKaBake, AUCTPUOYLMjY 1 jaBHO caomnluTaBame Aena, U npepase, ako ce
HaBede MMe ayTopa Ha HauumH ogpeheH of cTpaHe ayTopa WAWM AaBaola JIMLEHLE, Yak U Y KomepuujanHe
cBpxe. OBO je HajcioboaHU]ja 04, CBUX NULLEHLMN.

2. AyTOpCTBO — HEKOMEpPLMjanHo. [J03BO/baBaTe YMHOXKaBakbe, AUCTPMBYLM]Y M jJaBHO caonLwTaBakbe 4ena, 1
npepage, ako ce HaBege MMe ayTopa Ha HauuH ogpeheH of cTpaHe ayTopa wav dasaoua AnueHue. OBa
IMLEHLA He 4,03B0/baBa KOMepUuMjaiHy ynotpeby gena.

3. AytopcTBO - HeKomepuujanHo — 6e3 npepage. [o3Bo/baBaTe YMHOMKaBakbe, AUCTPUMOYUM)Y M jaBHO
caonwTaBame gena, 6e3 npomeHa, npeobankoBara nan ynotpebe gena y cBOM Aeny, aKo Ce HaBede ume
ayTopa Ha HauyuMH oppeheH o4 CTpaHe ayTopa WAM faBaoua auvueHue. OBa /AMueHLA He [03BO/baBa
KomepuujanHy ynotpeby gena. Y oAHOCY Ha CBe OCTase NLEHLLE, OBOM JINLLEHLLOM Ce OrpaHMYaBa Hajsehu
obum npaBa Kopuwhema gena.

4. AyTOpCTBO - HEKOMEpPLMjaaHO — AeIUTU MO UCTUM yCnoBMMa. [lo3Bo/baBaTe yMHOMKaBakbe, AUCTPUBYLNjY
M jaBHO caoniiTaBakbe Aena, U npepaae, ako ce HaBede MMe ayTopa Ha HauuH oapeheH o cTpaHe ayTopa
WAV gaBaola NMLEHLEe U ako ce npepaga AUcTpubympa nog UCTOM UAM CAMYHOM NnueHuom. OBa anueHua
He [,03B0/baBa KOMepLUMjanHy ynotpeby aena v npepaaa.

5. AytopctBo — 6e3 npepage. [lo3Bo/baBaTe yMHOXaBarbe, ANCTPMOYLMjy M jaBHO caonwiTasarbe aena, 6es
npomeHa, npeobankosarba UK ynotpebe aenay CBOM Aeny, ako Ce HaBeAe MMe ayTopa Ha HauuH oapehex
0/, cTpaHe ayTopa uan Aasaoua nvueHue. OBa MueHua 403B0/baBa KOMepLujanHy ynoTpeby aena.

6. AyTOpcTBO - OE€AUTU NOoA4 WMCTUM YCloBMMaA. [J03BO/baBaTe YMHOMKaBakbe, AUCTPUOYLMjy W jaBHO
caonwTaBatbe Aena, U npepage, ako Ce HaBede MMe ayTopa Ha HauuH oapeheH of cTpaHe ayTopa uau
[laBaoLa /MLEHLE M aKo ce npepaga AWCTpubympa nog MCTOM WMAU CAMYHOM fvueHuom. OBa fMueHua
[l03BO/baBa KomepuujanHy ynotpeby agena v npepaga. CanuHa je copTBEPCKMM AMLLEHLAMA, OAHOCHO
IMLEHLLaMa OTBOPEHOT KOAa.
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