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Application -of fluorescent redox-sensitive nanoparticles in current biomedicine ensures high sensitivity and accuracy of
biovisualization.-Nanoparticles are potent as they can long circulate in the blood, where the level of glutathione is relatively low, and are
destroyed-in tumor-cells, releasing loaded dyes or drugs.

The aim of the study was to develop new nanoparticles based on trithiocyanuric acid for biovisualization of malignant tumors and
study-capabilities of the developed nanoparticles.

Materials and Methods. Nanoparticles were obtained by polycondensation of trithiocyanuric acid using iodine. Scanning and
transmission electron microscopy was used for their characterization, the loading of fluorescent dyes was assessed by means of
spectrophotometry. Confocal laser scanning microscopy was applied to study the impact of nanoparticles on the viability of the 4T1 and
A549 cell lines as well as their interaction with cells. The distribution of nanoparticles in tissues and organs of BALB/c model mice with
grafted tumors was performed using fluorescence visualization.

Results. According to scanning microscopy, the size of the synthesized particles reached 100£20 nm. The adsorption isotherm
demonstrated that adsorption of 0.27 mg of the RhB fluorescent dye per 1 mg of nanoparticles could be achieved. Enhanced release
of the packed fluorescent dye was seen in the presence of glutathione and acetylcysteine. The particles did not significantly affect
the viability of 4T1 and A549 cells. After intratumoral administration, they ensured a more intense fluorescent signal in the tumor area

compared to a regular fluorescent dye solution.

Conclusion. The developed system of trithiocyanuric-acid-based nanoparticles demonstrated high efficiency in biovisualization of
malignant tumors and has a potential for targeted delivery of treatment agents.
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Introduction

Fluorescent nanoparticles have an important position
in present-day biomedicine as they can provide high
sensitivity and accuracy of biovizualization [1]. They are
actively used to study cellular structures [2], monitor
biomolecules [3], deliver drugs [4, 5], and diagnose
tumors [6]. The use of nanoparticles is of particular
importance in biovizualization of tumor tissues. They
can specify the tumor boundaries during surgical
interventions, which allows the surgeon to more
accurately remove tumor tissue thus decreasing damage
to healthy tissues to the minimum [7-9]. This task can be
implemented more effectively subject to nanoparticles
having selectivity for tumor tissues and being able to
stay in such tissues for a long time [10].

At present, biovizualization employs various types
of nanoparticles including quantum dots [11], gold

nanoparticles [12], magnetic iron oxide nanoparticles
[13], carbon dots [14], and lanthanide nanoparticles [15].
Organic nanoparticles that can be functionally loaded
with near-infrared fluorescent dyes are also of particular
interest [16]. Redox-sensitive systems having unique
properties are especially understudied compared to
other organic nanoparticles.

Redox-sensitive nanoparticles are potent as they can
long circulate in the blood, where the level of glutathione
is relatively low, and are destroyed in tumor cells,
releasing loaded dyes or drugs [17]. These properties
allow the particles to be used both for targeted delivery
of treatment agents and for improved visualization of
tumor cells. However, despite the promising future
outlook, the studies of redox-sensitive nanoparticles for
biovisualization remain limited.

Development of such nanoparticles with improved
properties can greatly benefit from studying of new
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materials with unique chemical structures and features.
In the present research, trithiocyanuric acid (TTCA)
was chosen as the basis for nanoparticles. lts structure
includes disulfide groups thus ensuring redox sensitivity
and allowing stable organic nanoparticles. Currently,
TTCA has not yet been used to build nanoparticles for
biovizualization.

The aim of the study was to synthesize, characterize,
and study TTCA-based nanoparticles.

The capacity of nanoparticles to retain and release
fluorescent agents, as well be accumulated in tumor
tissues was assessed.

This study is intended to facilitate improvement of
the knowledge base about the use of new materials in
biomedicine, which allows developing more effective
systems for tumor diagnosis and treatment.

Materials and Methods

Synthesis of nanoparticles. Nanoparticles were
synthesized using the following reagents by Sigma-
Aldrich, USA, which were used without additional
purification: TTCA hydrate of sodium salt (98%),
polyethyleneglycol diglycidyl ether (PEGDE, %), iodine
(I, 99%), and sodium iodide (Nal).

First, a 0.155 M solution of I, in a 0.3875 M aqueous
solution of Nal was prepared with a molar ratio of 12:Nal
equal to 1:2.5. Then 345 pl of 0.155 M PEGDE solution
were mixed with 60 pl of freshly prepared 2 M TTCA
solution and 2107 pl of deionized water were added to
the resulting solution. The solution was stirred for 10 min.
The earlier prepared 0.155 M |, solution in Nal solution
was added to the TTCA solution in portions (5 portions
in total) with 10 s intervals subject to intensive stirring
(700 rpm). After additional stirring for 10 min, the new
mixture turned pale white. Here, the synthesis process
was completed, and the resulting nanoparticles were
centrifuged at 14,000 rpm for 5 min and washed twice
with water.

Characterization of nanoparticles. The hydro-
dynamic radius of the synthesized nanoparticles was
determined using a Zetasizer Nano ZS90 analyzer
(Malvern, USA) equipped with a He-Ne laser with
a power of 4.0 mW and a wavelength of 633 nm. For
measurements, 100 pl of the synthesized nanoparticle
solution were diluted in 1 ml of deionized water, and
measurements were conducted in 40 pl cuvettes.

The synthesized TTCA-based nanoparticles were
studied by scanning electron microscopy (SEM) using a
TESCAN MIRA 3 scanning electron microscope (Tescan,
the Czech Republic) with an accelerating voltage of 0.5—
30.0 keV. One day before the measurements, 2 pl of the
TTCA-based nanoparticle suspension in water were
applied to a silicon substrate and left until dry.

Transmission electron microscopy (TEM) images
of nanoparticles were obtained using a Tecnai G2 F20
X-TWIN microscope (FEI, the Netherlands) equipped
with a Gatan Orius CCD camera (Gatan Inc., USA).
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Measurements were performed in bright field mode at an
accelerating voltage of 200 kV.

Loading of fluorescent dye. Rhodamine B (RhB)
was used as the model fluorescent dye. For dye
adsorption, 0.75 mg of TTCA-based nanoparticles
were mixed with 100 pl of the dye aqueous solution
of different concentrations (0.25, 0.50, 0.75, 1.0) and
diluted with water to a volume of 1 ml. Then the resulting
solutions were stirred for 30 min and centrifuged
for 5 min at 14,000 rpm. The residual supernatant
containing unabsorbed RhB dye was measured
spectrophotometrically at a wavelength of 552 nm. To
calculate the amount of adsorbed RhB dye (in percent),
the absorbance of pure TTCA-based nanoparticles
supernatant was used as the background.

To assess the desorption and release of the loaded
fluorescent dye in various solutions, 0.5 mg of TTCA-
based nanoparticles with adsorbed RhB were diluted
separately in 1 ml of water, dimethyl sulfoxide (DMSO),
95% ethyl alcohol, 250 mM acetylcysteine or 250 mM
glutathione and stirred for 60 min. Then, nanoparticles
were centrifuged for 5 min at 14,000 rpm. The amount
of RhB dye released from the nanoparticles into the
supernatant was determined spectrophotometrically
by its absorbance at the wavelength of 552 nm. The
amount of released RhB (in percent) was calculated
by using the absorbance of TTCA-based nanoparticles
supernatant incubated in the corresponding solvent as
the background.

Assessment of nanoparticles impact on cell
viability. To assess the impact of TTCA-based
nanoparticles on the viability of the 4T1 and A549
cell cultures, the cells were seeded in 96-well
plates at 5.0x105 cells per well. In two days, TTCA-
based nanoparticles were added to the cells at final
concentrations of 0.25, 0.5, 1, 2, and 4 mg/ml (in 200 pl
of the medium). Then, the cells were incubated for 48 h.
Further, living cells were stained with the Calcein-AM
vital dye. The samples were washed twice with PBS
buffer solution, and then 10 mM Calcein-AM solution in
200 ul of PBS was added. After 15 min, the stained cells
were visualized using a Zeiss LSM 710 confocal laser
scanning microscope (Carl Zeiss, Germany). Images
were obtained using a 10x lens.

Assessment of nanoparticle association with
cells. To visualize the interaction of TTCA-based
nanoparticles with 4T1 and A549 cells, the cells
were seeded on Petri dishes for confocal microscopy
(d=35 mm; Eppendorf, Germany) at a concentration of
5.0x10° cells per dish. On the next day, TTCA-based
nanoparticles loaded with the fluorescent dye RhB were
added to the cells at final concentrations of 0.25, 0.5,
1, 2, and 4 mg/ml in 2 ml of the cell medium, and the
cells were left overnight. On the next day, the cells were
washed twice with PBS, then 2 ml of formalin solution
were added and placed in the refrigerator for 30 min.
Further, the samples were again washed with PBS and
incubated for 15 min in a solution of 0.1% Triton X-100
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in PBS. The cells were stained with 10 mM fluorescein
solution, which was added to the samples together with
1.5 ml PBS. After 15 min, the cells were visualized using
a Zeiss LSM 710 confocal laser scanning microscope
(Carl Zeiss, Germany). Images were obtained using 10x
and 40x lenses.

Assessment of malignant tumors visualization
using nanoparticles. To create a model pathology,
4T1 breast carcinoma cells (CRL-2539) were used.
The cells were trypsinized, then washed twice with
cold PBS and resuspended in PBS to a concentration
of 1x108 cells/ml. Further, the cells were injected
subcutaneously (50 pul with a concentration of
1x10% cells/ml) into legs of BALB/c mice. Seven days
after tumor formation, animals with a tumor of a sufficient
size (approximately 0.05+0.01 cm?®) were used for further
experiments.

Biodistribution of TTCA-based nanoparticles was
assessed by fluorescence imaging using the IVIS Lumina
II system (PerkinElmer Inc., USA). The system was
operated in epifluorescence mode with excitation and
emission wavelengths of 640 and 690 nm, respectively.

Intensity (%)
=

10 100 1000
Hydrodynamic diameter (nm)

Figure 1. Properties of the obtained TTCA:

Then, the model animals were injected either free Cy5.5
dye or TTCA-based nanoparticles loaded with Cy5.5 dye
(50 ul) directly into the tumor. Both injections contained
the same concentration of Cy5.5 (50 pg/ml or 2.5 ug per
injection). Mice were euthanized 6 h after the injection,
which allowed detection and registration of fluorescent
signals from the major body organs (heart, liver, spleen,
lungs, kidneys) and the tumor.

Results

Assessment of the size and morphology of
synthesized nanoparticles. The obtained TTCA-based
nanoparticles were characterized using the dynamic light
scattering method, SEM, and TEM (Figure 1).

The hydrodynamic diameter of the synthesized
nanoparticles was 12020 nm. According to SEM, their
size was 100£20 nm.

Assessment of the fluorescent dye loading. The
adsorption isotherm showed that it was possible to get
the adsorption of 0.27 mg of the fluorescent dye RhB
per 1 mg of nanoparticles. At the RhB concentration of
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|

(a) hydrodynamic diameter; (b) scanning electron microscopy; (c) transmission electron microscopy
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Figure 2. Loading and release of fluorescent dye:

(a) weight and percentage of the adsorbed RhB dye depending on the initial concentration in the solution;
(b) release of RhB dye from TTCA-based nanoparticles in various solvents. EtOH — ethyl alcohol, DMSO —
dimethyl sulfoxide, ACC — acetylcysteine, GSH — glutathione
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1 mg/ml, approximately 25% of RhB from the solution
was adsorbed. However, when this concentration
was exceeded, the particles began to aggregate,
thus, the adsorption was not assessed with higher
values (Figure 2 (a)). In all subsequent experiments,
nanoparticles were used with 0.2 mg of the RhB dye
adsorbed per 1 mg of TTCA-based nanoparticles.

The assessment of the RhB dye desorption from
TTCA-based nanoparticles incubated in various
solvents (including acetylcysteine and glutathione
solutions — 77.1 and 89.2%, respectively) was also
conducted (Figure 2 (b)). The obtained values were
due to the nanoparticles degradation as a result of the
disulfide bonds cleavage in presence of acetylcysteine
and glutathione. One should mention that the presence
of glutathione or acetylcysteine caused accelerated
release of the dye, unlike water, alcohol or DMSO, in
which desorption occurred gradually over 60 min.

The impact of nanoparticles on tumor cell
viability. The assessment of the nanoparticles impact
on tumor cell viability was conducted using two cell lines:
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4T1 mouse breast cancer cells and A549 human lung
carcinoma cells. These tumor cell lines were chosen due
to their different intracellular glutathione content: A549
cells contain more glutathione than 4T1 cells [18, 19].
According to the results, TTCA-based nanoparticles at a
concentration of maximum 4 mg/ml did not significantly
impact the viability of either cell line. For example, the
cell viability of A549 cells, at the highest concentration of
TTCA-based nanoparticles (4 mg/ml) decreased only to
90% compared to the control (Figure 3).

Assessment of nanoparticle association with
tumor cells. The nanoparticles association with tumor
cells and their subsequent internalization were studied
using the 4T1 cell line. To study this process in dynamics,
the cells were visualized at different time intervals (24,
48, and 72 h). It was established that during this time,
the RhB signal partially weakens, but specific particles
were still distinguishable (Figure 4).

Assessment of the TTCA-based nanoparticles
biodistribution. To study the nanoparticles bio-
distribution, the nanoparticles were loaded with Cy5.5
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Figure 3. The impact of TTCA-based nanoparticles on the viability of 4T1 and A549 cells:
(a) images of cells stained with the Calcein-AM vital dye, which were obtained using confocal laser scanning
microscopy; bar is equal to 50 ym; (b) quantitative assessment of nanoparticle impact on cell viability
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Figure 4. Images of 4T1 cells stained with fluorescein-labeled phalloidin
Red fluorescence is seen from RhB-labeled TTCA-based nanoparticles. Images were obtained
by means of confocal laser scanning microscopy at different incubation intervals

a b
. 7
Lungs Liver 4T1 tumor Kidney  Spleen Heart 810" [ cy5.5
&
“ S TTCA-based nanoparticles +
3 b = 2
© t ] 6 L S L Cy5.5
& F P ' % __ 5107
¢ - - g“‘E
- o ﬁg
o . 22
2 ; c=2
=3 - ; g~ o 3107
% + Y - & ‘ 3 ES " ©
33 " H ) o
23 o ) z
ot
= &
Fg 0
% il
= & & & & &
S NG
vy &\"0& *l;‘b R N
™

Figure 5. Assessment of the TTCA-based nanoparticles distribution in body organs of model animals after

intratumoral administration:

(a) photos of the major organs of the mice that were injected with either TTCA-based nanoparticles with Cy5.5 or Cy5.5
solution, 6 h after administration; (b) quantitative assessment of the Cy5.5 signal intensity from various organs

dye, which was chosen as a far-red fluorescent dye to
visualize nanoparticles in tissues. The experiment was
conducted on a BALB/c mouse model with 4T1 tumor.
The tumor developed after subcutaneous administration
of 4T1 cells. The distribution of TTCA-based
nanoparticles loaded with Cy5.5 was assessed using
fluorescence visualization. Comparison of the the results
of the experiment with the dye loaded into TTCA and
unloaded Cy5.5 demonstrated that 6 h after intratumoral
administration the major part of nanoparticles remained
in tumor tissues (Figure 5). Moreover, after 6 h, the
nanoparticles demonstrated a significantly higher degree
of Cy5.5 retention in the tumor tissues compared to the
unloaded dye.

Discussion

This study demonstrates a new system of redox-
sensitive TTCA-based nanoparticles and looks into
such nanoparticles potential for biovizualization.
The study results prove that these nanoparticles
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have unique properties, which may be useful for
biomedical applications. The synthesis of TTCA-based
nanoparticles is reproducible and not complicated,
which is an advantage for further research scaling
up. The nanoparticles reached 120+20 nm, being an
optimal range to benefit from the effect of increased
permeability and retention in tumor tissues. The
morphology of the particles, confirmed by means
of SEM and TEM, indicates their stability, which is of
significance for further biological experiments. It is
worth mentioning that the disulfide groups within TTCA
ensure redox sensitivity, but do not cause significant
aggregation of particles, which is often a problematic
issue of such systems.

Experiments  demonstrated that TTCA-based
nanoparticles can efficiently retain rhodamine B, with
adsorption being optimal at the dye concentration
of 1 mg/ml. In redox-active environments (such
as glutathione or acetylcysteine), rhodamine B is
significantly greater released than in neutral solvents.
This confirms the selectivity of nanoparticle degradation
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in tumor tissues having increased glutathione levels.
Such data highlight the potential of redox-sensitive
systems for targeted delivery. Cytotoxicity of TTCA-
based nanoparticles on 4T1 and A549 cells is
insignificant even at the concentration of 4 mg/ml,
thus showing high biocompatibility of the system.
This is especially important for potential application
in clinical practice, where minimized toxicity is a major
requirement.

Confocal visualization showed that TTCA-based
nanoparticles efficiently associate with cells and
remain stable for 72 h, although the dye signal intensity
decreases over time. This may be due to gradual
metabolism of nanoparticles inside the cells and release
of the dye.

Biodistribution in the 4T1 tumor model demonstrated
that nanoparticles remained in tumor tissues 6 h after
intratumoral administration, whereas free dye was
rapidly cleared. This is a major result, confirming that
TTCA-based nanoparticles provide stable accumulation
in the tumor, which may be useful for diagnostics
and treatment. Compared with other redox-sensitive
nanoparticles, such as polysulfide polymers, the TTCA-
based system is less toxic, whereas its synthesis
is easier and more scalable. Finally, the examined
nanoparticles have a high loading capacity.

One should note that regardless of the promising
results, the study has some limitations. For example,
biodistribution was studied only after intratumoral
administration. Further, it is planned to study the
pharmacokinetics after intravenous administration to
assess the potential of using TTCA-based nanoparticles
for systemic delivery. Another research line relates to
modification of the nanoparticle surface to improve
selectivity to tumor tissues.

Conclusion

The new developed and characterized trithiocyanuric
acid-based nanoparticle system demonstrated high
efficiency in biovizualization and potentially in targeted
delivery of treatment agents. The unique structure
of TTCA, including disulfide groups, ensures redox
sensitivity, thus making such nanoparticles particularly
promising for selective destruction in tumor tissues.
The obtained nanoparticles have an optimal size
(120+20 nm) for accumulation in tumors due to increased
permeability and retention. They demonstrated high
stability, ability to retain and release fluorescent
molecules over glutathione, as well as minimal toxicity to
cells. Biodistribution showed that nanoparticles remained
in the tumor tissue after intratumoral administration,
whereas free dye was rapidly cleared.

The study demonstrates the potential of using such
materials as TTCA to make biocompatible and functional
nanoparticles. This empowers development of systems
that can be used for both tumor diagnostics and
treatment.

Redox-Sensitive Particles for Tumor Biovisualization

ADVANCED RESEARCHES

Research funding. The work was financially
supported by the grant of the Russian Science
Foundation No.23-23-00317.

Conflicts of interests. The authors have no conflicts
of interest to declare.

References

1. Wolfbeis O.S. An overview of nanoparticles commonly
used in fluorescent bioimaging. Chem Soc Rev 2015; 44(14):
4743-4768, https://doi.org/10.1039/c4cs00392f.

2. Li W., Kaminski Schierle G.S., Lei B., Liu Y.,
Kaminski C.F. Fluorescent nanoparticles for super-resolution
imaging. Chem Rev 2022; 122(15): 12495-12543, https://
doi.org/10.1021/acs.chemrev.2c00050.

3. Lian W, Litherland S.A., Badrane H., Tan W., Wu D.,
Baker H.V., Gulig PA. Lim D.V., Jin S. Ultrasensitive
detection of biomolecules with fluorescent dye-doped
nanoparticles. Anal Biochem 2004; 334(1): 135144, https://
doi.org/10.1016/j.ab.2004.08.005.

4. Roy S., Bag N., Bardhan S., Hasan |., Guo B. Recent
progress in NIR-II fluorescence imaging-guided drug delivery
for cancer theranostics. Adv Drug Deliv Rev 2023; 197:
114821, https://doi.org/10.1016/j.addr.2023.114821.

5. Al-Thani A.N., Jan A.G., Abbas M., Geetha M.,
Sadasivuni K.K. Nanoparticles in cancer theragnostic and
drug delivery: a comprehensive review. Life Sci 2024; 352:
122899, https://doi.org/10.1016/j.Ifs.2024.122899.

6. LiY, Chen Q., Pan X, Lu W., Zhang J. New insight
into the application of fluorescence platforms in tumor
diagnosis: from chemical basis to clinical application. Med
Res Rev 2023; 43(3): 570-613, https://doi.org/10.1002/
med.21932.

7. Wang K., Du Y., Zhang Z., He K., Cheng Z., Yin L.,
Dong D., Li C., Li W., Hu Z., Zhang C., Hui H., Chi C., Tian J.
Fluorescence image-guided tumour surgery. Nature Reviews
Bioengineering 2023; 1(3): 161-179, https://doi.org/10.1038/
s44222-022-00017-1.

8. Shi Q., Xu J., Xu H., Wang Q., Huang S., Wang X,
Wang P., Hu F. Polystyrene-based matrix to enhance the
fluorescence of aggregation-induced emission luminogen for
fluorescence-guided surgery. Small 2024; 20(22): e2309589,
https://doi.org/10.1002/smll.202309589.

9. Sutton P.A., van Dam M.A., Cahill R.A., Mieog S.,
Polom K., Vahrmeijer A.L., van der Vorst J. Fluorescence-
guided surgery: comprehensive review. BJS Open 2023;
7(3): zrad049, https://doi.org/10.1093/bjsopen/zrad049.

10. Bortot B., Mangogna A., Di Lorenzo G., Stabile G.,
Ricci G., Biffi S. Image-guided cancer surgery: a narrative
review on imaging modalities and emerging nanotechnology
strategies. J Nanobiotechnology 2023; 21(1): 155, https://doi.
0rg/10.1186/s12951-023-01926-y.

11. Ali MK, Javaid S., Afzal H., Zafar |., Fayyaz K,
Ain Q.U., Rather M.A., Hossain M.J., Rashid S., Khan K.A,,
Sharma R. Exploring the multifunctional roles of quantum
dots for unlocking the future of biology and medicine.
Environ Res 2023; 232: 116290, https://doi.org/10.1016/].
envres.2023.116290.

12. Hang Y., Wang A., Wu N. Plasmonic silver and gold
nanoparticles: shape- and structure-modulated plasmonic
functionality for point-of-caring sensing, bio-imaging and

CTM 2025 [vol. 17 [No.1 55



ADVANCED RESEARCHES

medical therapy. Chem Soc Rev 2024; 53(6): 2932-2971,
https://doi.org/10.1039/d3cs00793f.

13. Farinha P., Coelho J.M.P., Reis C.P., Gaspar M.M.
A comprehensive updated review on magnetic nanoparticles
in diagnostics. Nanomaterials (Basel) 2021; 11(12): 3432,
https://doi.org/10.3390/nano11123432.

14. Ansari M.A., Shoaib S., Chauhan W., Gahtani R.M.,
Hani U., Alomary M.N., Alasiri G., Ahmed N., Jahan R.,
Yusuf N., Islam N. Nanozymes and carbon-dots based
nanoplatforms for cancer imaging, diagnosis and therapeutics:
current trends and challenges. Environ Res 2024; 241:
117522, https://doi.org/10.1016/j.envres.2023.117522.

15. Hossain M.K., Khan M.l., El-Denglawey A. A review
on biomedical applications, prospects, and challenges of
rare earth oxides. Applied Materials Today 2021; 24: 101104,
https://doi.org/10.1016/j.apmt.2021.101104.

16. Ng K.K., Zheng G. Molecular interactions in organic

56 CTM | 2025 vol. 17 [No.1

nanoparticles for phototheranostic applications. Chem Rev
2015; 115(19): 11012-11042, https://doi.org/10.1021/acs.
chemrev.5b00140.

17. Chen M., Liu D., Liu F,, Wu Y., Peng X., Song F.
Recent advances of redox-responsive nanoplatforms for
tumor theranostics. J Control Release 2021; 332: 269-284,
https://doi.org/10.1016/j.jconrel.2021.02.030.

18. Zhu C., Hu W., Wu H., Hu X. No evident dose-
response relationship between cellular ROS level and its
cytotoxicity — a paradoxical issue in ROS-based cancer
therapy. Sci Rep 2014; 4: 5029, https://doi.org/10.1038/
srep05029.

19. Tobwala S., Fan W., Hines C.J., Folk W.R., Ercal N.
Antioxidant potential of Sutherlandia frutescens and its
protective effects against oxidative stress in various cell
cultures. BMC Complement Altern Med 2014; 14: 271,
https://doi.org/10.1186/1472-6882-14-271.

0. Peltek, E.A. Kopoleva, M.V. Zyuzin



