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ABSTRACT: Redox-responsive drug delivery systems present a promis-
ing avenue for drug delivery due to their ability to leverage the unique
redox environment within tumor cells. In this work, we describe a facile
and cost-effective one-pot synthesis method for a redox-responsive R figgenad
delivery system based on novel trithiocyanuric acid (TTCA) nanoparticles iy f
(NPs). We conduct a thorough investigation of the impact of various e A

synthesis parameters on the morphology, stability, and loading capacity of

these NPs. The great drug delivery potential of the system is further | 1 o
demonstrated in vitro and in vivo by using doxorubicin as a model drug. | I .
The developed TTCA-PEG NPs show great drug delivery efficiency with
minimal toxicity on their own both in vivo and in vitro. The simplicity of i ]
this synthesis, along with the promising characteristics of TTCA-PEG . pue punailiA

NPs, paves the way for new opportunities in the further development of

redox-responsive drug delivery systems based on TTCA.
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Stimuli—responsive drug delivery systems offer promising
clinical applications due to their ability to significantly alter
the pharmacokinetics and release of bioactive compounds at
regions of interest in response to specific exogenous or
endogenous stimuli." Most commonly utilized stimuli include
temperature,”” magnetic field,™* 1ight,6 ultrasound,” pH
gradient,” presence of enzymes,”'” etc. Among these, redox-
responsive systems have attracted particular attention for their
great promise in cancer treatment, due to their stability in
normal tissues as a result of significant difference in redox
potential between tumor and healthy cells,"" fast response to
increased concentrations of glutathione (GSH) in tumor cells,®
and in some cases capability of enhancing endosomal escape,'”
which leads to an increased delivery efliciency.

Most extensively studied redox-responsive systems employ
materials with disulfide bonds.”*~"” Such systems can be
categorized into two groups: those which include disulfide
bonds in their main monomers and those which use disulfide-
containing moieties as linkers.'” The former are of particular
interest, since they are capable of depolymerization at a faster
rate than other types of redox-responsive carriers, but in
general they are less stable and are hard to modify.'" The
latter, on the other hand, require additional complex multistage
processes during their synthesis, making it costly and
complicated."®™*"
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In this context, we explore the use of trithiocyanuric acid
(TTCA) as a promising material for the synthesis of redox-
responsive carriers. This molecule has three thiol groups,
which enables synthesis of three-dimensional particles through
polycondensation with mild oxidants® or cross-linking
agents,”” ™" that due to the abundance of disulfide bonds are
susceptible to rapid degradation in the presence of GSH.
Furthermore, TTCA is affordable compared to other thiol-rich
polymers, since it is commonly used for heavy metal ion
extraction,”>>~*” while its potential for use in biomedical
applications remains unexplored. This makes TTCA appealing
when it comes to the translation of this technology into clinical
practice.

In this study, we lay the groundwork for future research
dedicated to the use of TTCA-based redox-responsive drug
delivery systems. We propose methods for the synthesis of
polymeric nanoparticles (NPs) from TTCA, which do not
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Figure 1. (A) Schematic illustration which outlines the main parts of this work. (B) Main synthesis parameters that determine the resulting
properties of TTCA-based nanoparticles. The graphic was prepared using modified art elements from Servier Medical Art, found at https://smart.
servier.com, used under a Creative Commons Attribution 3.0 Unported License.

include any complicated multistage processes of monomer
premodification, thus offering a streamlined and cost-effective
alternative to existing redox-responsive systems. We provide a
thorough investigation into the effects of various synthesis
parameters on the morphology and properties of the developed
NPs. We believe that the obtained research outcomes will help
to facilitate the further study of these developed NPs by other
research groups.

The efficacy of TTCA NPs as redox-sensitive delivery
systems is demonstrated through in vitro and in wvivo
experiments (Figure 1A). For instance, we explore cellular
toxicity and uptake and examine particle in vivo biodistribution
and histological changes of the main tissues. Additionally, we
demonstrate the therapeutic efficacy of drug-loaded NPs for
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the treatment of breast cancer to highlight the potential of their
clinical application.

Synthesis of TTCA NPs. At first, we investigated how
various synthesis parameters affect the resulting properties of
TTCA-based drug delivery systems, such as size, stability, and
loading capacity. TTCA NPs were synthesized by utilizing a
polycondensation method with mild oxidizers. Specifically,
iodine was selected as the oxidizer, which was dissolved in a
sodium iodide solution to obtain a homogeneous water-based
solution. The NP synthesis was achieved in a straightforward,
single-step process by adding iodine to the TTCA solution
under consistent stirring. The resulting NPs were then isolated
through centrifugation, followed by several water washes to
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Figure 2. Optimization of synthesis. (A) Schematic illustration of TTCA NP synthesis. (B) Hydrodynamic diameter of TTTCK NPs with 50%
—S—S— at 31.2 mM TTCA. (C) Result of the synthesis, depending on the calculated percentage of —S—S— bonds and the amount of TTCA. (D)
Dependence of the hydrodynamic diameter of TTCA NPs as a function of the percentage of oxidized —SH groups and the amount of TTCA. (E)
Time dependence of the hydrodynamic diameter of TTCA NPs on the pH of the buffer solution. (F) Schematic illustration of TTCA-PEG NP
synthesis. (G) Hydrodynamic diameter of TTCA-PEG NPs with 30% —S—S— and 42% —S—PEG—S— bonds. (H) Result of the synthesis,
depending on the calculated percentage of —S—S— and —S—PEG—S— bonds. (I) Hydrodynamic diameter of TTCA-PEG NPs as a function of the
percentage of formed —S—S— (range from 25 to 60%) and 30% —S—PEG—S— bonds. (J) Time dependence of the hydrodynamic diameter of
TTCA-PEG NPs on the pH of the buffer solution. All error bars represent the standard deviations determined from three independent assays. The
graphic was prepared using modified art elements from Servier Medical Art, found at https://smart.servier.com, used under a Creative Commons

Attribution 3.0 Unported License.

eliminate residual sodium iodine and unreacted TTCA oxidant and initial monomer concentrations, we obtained
monomers (Figure 2A). particles with different hydrodynamic diameters. We set the

The TTCA and iodine concentration were key parameters TTCA concentration to range from 20 to 45 mM, and the
that varied during the synthesis, resulting in various ratios of calculated percentage of thiol groups being oxidized into

TTCA thiol and disulfide groups.”® Hence, by adjusting the disulfide bonds varied from 10 to 90%, in increments of 20%.
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Figure 3. Structural characterization of TTCA and TTCA-PEG NPs. (A) Scanning electron microscopy (SEM) images of TTCA-PEG NPs. (B)
Fourier transform IR spectra of TTCA, PEGDE, and TTCA-PEG NPs. On the spectrum of TTCA NPs, three prominent peaks are evident at 1457,
1217, and 819 cm™, which correspond to N—C—N and C—S bonds®* in the heterocycle. In the PEGDE spectrum, the peak at 1095 cm™ is
indicative of C—O aliphatic ether, and peaks at 1296, 910, and 862 cm™" relate to various vibrations of the epoxy group. The broad peak at 2867
cm™" corresponds to vibrations of aliphatic CH, fragments. As for the spectrum of our synthesized NPs, vibrations related to the aromatic
trithiocyanuric form are apparent at 1456, 1227, and 825 cm™', which can be assigned to C—N and C—S vibrations.*® (C) XPS spectra of TTCA
and TTCA-PEG NPs enlarged in different regions. (D) Atomic concentration on the surface of TTCA and TTCA-PEG NPs. (E) Overview of the

XPS spectra of TTCA and TTCA-PEG NPs.

This percentage was estimated by first determining the
quantity of thiol groups that would exist in an oxidized state
and then dividing this value by the total number of thiol groups
present. To calculate this, we assumed that all iodine reacted
with all available thiol groups present in synthesis (Supporting
Information section 2.1). We acknowledge that this
assumption may represent a coarse approximation; however,
we believe that it simplifies the explanation and interpretation
of our results.

The verification of TTCA NPs formation and stability was
assessed using dynamic light scattering (DLS), as depicted in
Figure 2B. It was observed that a calculated disulfide
percentage exceeding 70% led to substantial sample
aggregation, which was confirmed by a rapid increase in
hydrodynamic diameter of NPs. Conversely, low TTCA
concentrations coupled with minimal iodine amounts resulted
in no observable formation of TTCA NPs (Figure 2C,D).
Furthermore, these synthesis conditions corresponded to
extremely low yields of NPs relative to the initial monomer
amount.

Based on these findings, the optimal conditions for TTCA
NP synthesis were identified: TTCA at a concentration of 31

10814

mM with 50% of the thiol groups forming disulfide bonds. The
size distribution of these NPs obtained using DLS is depicted
in Figure 2B, demonstrating a polydispersity index (PDI) of
0.289 and a zeta potential of —4.83 mV. The NPs exhibited
excellent stability in water, with no significant changes in
hydrodynamic diameter distribution over extended storage
periods (Figure S1).

Given the envisioned application of TTCA NPs as drug
delivery systems, their colloidal stability in physiological fluids
is critical to prevent aggregation or disintegration within the
body.”” The NPs were therefore subjected to stability testing in
different buffers. Figure 2E illustrates the change in hydro-
dynamic diameter over a 24 h period, showing that the TTCA
NPs tended to aggregate in all buffers, except for alkaline
buffers due to the ionic form of the —SH groups.*® This can be
explained by screening of the charges on the NP surface by
ions present in buffers, which leads to a loss of their colloidal
stability.”"

Synthesis of TTCA-PEG NPs. To enhance the stability of
TTCA NPs at neutral pH, we incorporated poly(ethylene
glycol) diglycidyl ether (PEGDE) into NPs. PEGDE possesses
epoxy groups that can readily react with the thiol groups of

https://doi.org/10.1021/acs.nanolett.3c02933
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Figure 4. In vitro experiments. (A) Mass and percentage of adsorbed DOX on the surface of TTCA-PEG NPs depending on the initial
concentration of DOX in solution. (B) Percentage of DOX desorption from the surface of TTCA-PEG NPs in solvents (water, PBS, ethanol, GSH,
and ACC). The release of DOX was assessed spectrophotometrically after 60 min of incubation in different media. (C) Hydrodynamic diameter of
TTCA-PEG NPs and count rate as a function of increasing percentage of 250 mM ACC solution in 25 mM increments. (D) Image of 4T1 and
AS49 cells stained with phalloidin labeled with fluorescein (4., = 490 nm, A, = 525 nm) from a confocal microscope taken at different time points.
Red fluorescence comes from RhB-labeled TTCA-PEG NPs (4., = 546 nm, 4,,, = 568 nm). The scale bar corresponds to 2 um. (E) Distribution of
fluorescence intensity of 4T1 and AS49 cells incubated with RhB-loaded TTCA-PEG NPs added at different concentrations (6.25, 12.5, 25, 50, and
100 pug/mL). (F) Representative data of cell association with RhB-labeled TTCA-PEG NPs obtained using flow cytometry at S0 pg/mL. Cell
viability of 4T1 (G), AS49 (H), and mMSC (1) cells incubated with DOX, TTCA-PEG NPs, and DOX-loaded TTCA-PEG NPs added at various
concentrations. Pure DOX was added at the same concentration as for DOX-loaded NPs, and TTCA-PEG NPs were added at the same amount as
for DOX-loaded NPs. All error bars represent the standard deviation determined from three independent assays.

TTCA via a thiol-epoxy “click” chemistry reaction.” the TTCA-PEG compounds. Finally, addition of iodine

Furthermore, it also contains a polyethylene glycol (PEG) solution resulted in the formation of NPs (Figure 2H).
. s After the synthesis of TTCA-PEG NPs, we suggest that
moiety commonly employed to boost the solubility of o )
13 TTCA molecules exist in one of three primary states: —S—S—

nanoformulations.””

(after reaction with I,), —S—PEG—S— (following thiol—epoxy
The TTCA-PEG NPs were synthesized similarly to the

polymerization with PEGDE),” and —SH HS— (unreacted)

TTCA NPs. Briefly, the TTCA solution was mixed with the (Figure 1A). While the TTCA concentration remained
PEGDE solution under constant stirring for 10 min, forming constant, the amounts of iodine and PEGDE introduced
10815 https://doi.org/10.1021/acs.nanolett.3c02933
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varied. A summary of the synthesis process is illustrated in
Figure 2H. The proportions of these three states were
calculated similarly to Figure 2C. Essentially, the amount of
thiol groups in oxidized form was divided by the total amount
of thiol groups participating in a reaction, assuming that the
reaction of thiols with PEGDE or I, had a 100% vyield
(Supporting Information section 2.2). Although this is a rough
estimation, we believe that it simplifies the explanation of
results and their interpretation.

Interestingly, no NPs were observed when the calculated
percentage of —S—PEG—S— bonds exceeded that of the —S—
S— bonds. We hypothesize that the slight hydrophobicity of
the polycondensed TTCA complexes aids the formation of
NPs, while the addition of highly soluble polyethylene glycol
(PEG) hinders NPs formation. Moreover, syntheses yielding
less than 25% calculated —SH HS— often resulted in
aggregates, possibly due to the necessity of having free thiol
groups on the NP surface to provide surface charge (Figure
1B).

Considering these observations, we set the amount of
calculated —S—PEG—S— groups at 30% and varied the amount
of iodine. Noticeably, once the calculated amount of —S—S—
bonds exceeds 30% of —S—PEG—S—, we observed no NPs
after centrifugation (Figure 2I). Furthermore, once the total
amount of —SH HS— groups becomes less than 25%, it leads
to the formation of aggregates. Ultimately, we selected the
TTCA-PEG NP synthesis with 30% —S—S— and 42% —S—
PEG—S_, showcasing a hydrodynamic diameter of 174 nm,
PDI = 0.291, and {-potential —29.3 mV for further study
(Figure 2G).

Akin to the case for TTCA NPs, we evaluated the colloidal
stability by measuring hydrodynamic diameters in buffers with
different pH levels over 24 h (Figure 2J). The decrease in
hydrodynamic diameter of TTCA-PEG NPs after 24 h in
acidic buffer (pH = 4.0, Figure 2J) can be explained by the
significantly high aggregation of NPs, which leads to lower
quality data obtained using DLS spectroscopy. Compared to
TTCA NPs, TTCA-PEG NPs exhibited significantly improved
stability, which made it possible to explore their interaction
with cells in vitro.

Structural characterization of TTCA-PEG NPs. The
TTCA and TTCA-PEG NPs synthesized under different
conditions were visualized using scanning electron microscopy
(SEM) and transmission electron microscopy (TEM), as
depicted in Figure 3A and Figures S3 and SS. The images
reveal TTCA NPs with diameters of less than 200 nm, which
mirrors previous DLS data.

Infrared (IR) spectroscopy served as a further tool to
validate the chemical structure of synthesized TTCA-PEG
NPs. On the IR spectra of the synthesized TTCA-PEG NPs
(Figure 3B) can be seen the double peak at 1090 and 1035
cm™ relating to C—O aliphatic ether, and the 2867 cm™' peak
corresponds to CH, fragments of PEG. The presence of
aliphatic ether, as well as the lack of vibrations associated with
epoxy groups (1296, 910, and 862 cm™),” confirms a
successful bond formation between TTCA and PEGDE.

X-ray photoelectron spectroscopy (XPS) was used to
examine the chemical composition and bonding states of the
surfaces of the investigated materials. The observed atomic
content and peaks of C 1s, N 1s, and S 2p are consistent with
the chemical composition of the TTCA polymer particles
(Figure 3D,E). In the high-resolution spectra of S 2p, sulfur
was present in triazine moieties within S—S disulfide bond

states (~45%) and in the thiol form SH (~55%) (Figure
3C).”” These results align with the calculated percentage of
—S—S— groups for this synthesis (Figure 2B).

The atomic content of C 1s and O 1s for TTCA-PEG NPs
increased compared with that of TTCA NPs, reflecting the
incorporation of polyethylene glycol molecules into the NP
structure. Notably, an additional peak appeared in the high-
resolution S 2p spectra of TTCA-PEG, indicative of an S—C
bond (~10%).>”® This observation confirms the covalent
attachment of polyethylene glycol to TTCA. It should be
noted that while the —S—C— group itself is not redox-
responsive, the overall abundance of —S—S— bonds in the
TTCA-PEG NP structure ensures complete degradation of the
NPs in the presence of GSH.

However, the observed proportion of S—C bonds does not
match the initially calculated amount of —S—PEG—S— groups.
This discrepancy further supports the hypothesis regarding the
high solubility of the TTCA-PEG complexes formed during
the initial synthesis step before the addition of I,. We assume
that TTCA molecules bonded with 2 or 3 PEGDE molecules
did not contribute to the formation of TTCA-PEG NPs,
resulting in a lower TTCA-to-PEG ratio in the final TTCA-
PEG NPs.

In Vitro Evaluation of TTCA-PEG NPs. In this study, we
aimed to demonstrate the potential of the developed TTCA-
PEG NPs as drug delivery systems. To this end, we studied the
loading of doxorubicin (DOX), selected as a model drug due
to its straightforward handling, onto TTCA-PEG NPs.

The adsorption isotherm revealed that it is possible to
achieve an adsorption of 72 ug of DOX per 1 mg of NPs. At a
DOX concentration of 80 ug/mL, approximately 67.8% of
DOX was adsorbed. Beyond this concentration, however, the
solution’s pH shifted to acidic, triggering nanoparticle
aggregation as demonstrated in Figure 2J. In all later
experiments we used NPs with 50 ug of DOX adsorbed per
1 mg of TTCA-PEG NPs. Then we demonstrated the
enhanced release of DOX from TTCA-PEG NPs incubated
with GSH and acetylcysteine (ACC) (93.3% and 67.9%,
respectively) (Figure 4B), which occurs due to TTCA-PEG
NP degradation resulting from disulfide bond cleavage in the
presence of GSH and ACC. Furthermore, we conducted an
evaluation of the time-dependent desorption of DOX from
TTCA-PEG NPs. It is noteworthy that the addition of GSH
resulted in the rapid degradation of NPs, leading to the fast
release of DOX, in contrast to pure H,O, where desorption
occurred gradually over a 60 min period (Figure S7). The
degradation of TTCA-PEG NPs in the presence of GSH was
additionally confirmed by using SEM (Figure S4).

Additionally, we investigated the degradation of TTCA-PEG
NPs by evaluating changes in the hydrodynamic diameter of
NPs and the derived count rate using DLS after the incubation
of TTCA-PEG NPs in various concentrations of ACC (Figure
4C). A steady decline in derived count rate was observed, with
almost no change in hydrodynamic diameter until the ACC
concentration reached 175 mM. Considering that disulfide
bonds can exchange radicals, we assume that TTCA-PEG NPs
maintain dynamic equilibrium with each other.”” As such, the
overall quantity of NPs decreases but their hydrodynamic
diameter remains constant.

In vitro experiments of NPs as drug carriers were conducted
on three cell lines: 4T1 murine breast cancer cells, A549
human lung carcinoma cells, and normal murine mesenchymal
stromal cells (mMSCs). These cancer cell lines were chosen,
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Figure S. In vivo experiments. (A) Hemolysis assay of the TTCA-PEG NPs. (B) Ex vivo imaging of organs (tumor, liver, kidneys, heart, spleen, and
lungs) harvested after the mice were euthanized after 6 h of intratumoral CyS.5-loaded TTCA-PEG NPs or free CyS.5 injection. Photos represent
organs of a mouse that was injected with CyS.5-loaded TTCA-PEG NPs. (C) Scheme of therapy and tumor growth estimation. (D) Tumor weight
after the therapy after different types of treatment. (E) Digital photos of tumors extracted after the therapy. (F) H&E stained images of tumors and
major organs (liver, kidney, heart, lungs) after therapy. To further investigate the therapeutic effect, tumor sections from euthanized mice were
prepared for hematoxylin and eosin (H&E) staining to observe cell morphology. Despite noticeable differences in tumor size and weight, we found
no significant alteration of the tumor microenvironment depending on the type of treatment. All tumor tissues displayed aggressive invasive tumor
growth, significant infiltration of surrounding tissues, numerous blood vessels with incomplete vasculature, and spontaneous mitosis. Upon
examination, the major organs (heart, liver, lungs, and kidneys) showed no evident histological lesions, suggesting the biosafety of the TTCA-PEG
NPs. The scale bar corresponds to 200 ym. All error bars represent the standard deviation determined from three independent assays. The graphic
was prepared using modified art elements from Servier Medical Art, found at https://smart.servier.com, used under a Creative Commons
Attribution 3.0 Unported License.

since they have different intracellular GSH concentrations,
with A549 having a higher GSH content compared to 4T1.**'
To assess the cellular uptake and intracellular degradation of
carriers, we loaded TTCA-PEG NPs with a fluorescent
molecule, Rhodamine B (RhB), and estimated the association
and internalization of NPs using flow cytometry and confocal
laser scanning microscopy (CLSM), respectively (Figure 4D—
F). 4T1 cells demonstrated higher cell uptake levels than AS49

cells at lower concentrations of TTCA-PEG NPs (12.5 and 25
ug/mL), as verified with flow cytometry. Confocal images of
AS49 cells over a 72 h span show internalization and
dissolution of TTCA-PEG NPs within the cells, releasing RhB.

The association of RhB-loaded TTCA-PEG NPs with 4T1
cells was evaluated by using flow cytometry. Incubation of cells
overnight with varying concentrations of RhB-loaded TTCA-
PEG NPs revealed that at a concentration higher than 25 ug/
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mL more than 90% of cells were associated with NPs (Figure
4E,F).

Lastly, we evaluated the cytotoxicity of synthesized DOX-
loaded TTCA-PEG NPs on both cancer cell lines in
comparison to normal mMSCs. Notably, the TTCA-PEG
NPs demonstrated no toxic effects on any of the cell lines.
Interestingly, despite an equal drug concentration, the DOX-
loaded TTCA-PEG NPs were less toxic than pure DOX
(Figure 4G—1I). This can be attributed to the fact that some
NPs remained noninternalized, resulting in a smaller overall
concentration of DOX in the cells.””

It should also be highlighted that evaluating cell viability can
be challenging since commonly used methods, such as MTT
and Alamar Blue, rely on the reduction of specific agents that
TTCA-PEG NPs can also reduce, thus potentially skewing
experimental results. Further complicating matters is the use of
7AAD or other fluorescent compounds typically used for flow
cytometry LIVE/DEAD assays, as TTCA-PEG NPs associated
with cells tend to adsorb these compounds, leading to false
positives. Consequently, we opted to use Calcein AM to
perform cell viability experiments (Figures S10—S12).

Overall, this in vitro assessment demonstrates the potential
of TTCA-PEG NPs as a drug delivery system with promising
results in terms of drug adsorption, release, cell uptake, and
cytotoxicity.

Antitumor Activity of DOX-Loaded TTCA-PEG NPs.
We further evaluated the potential of our developed NPs as
cytotoxic agent carriers in a mouse model of breast cancer.
Prior to the in vivo evaluation, we conducted a hemolysis assay
to reveal the impact of the obtained TTCA-PEG NPs on
human erythrocytes. The hemolysis percentage of red blood
cells remained below 5% at all the tested concentrations (up to
800 ug/mL) (Figure SA). Additionally, TTCA-PEG NPs
remained stable in human blood plasma for over 24 h (Figure
S2).

For in vivo validation, we used a 4T1 tumor-bearing BALB/c
mouse model. The tumor was established by subcutaneous
injection of 4T1 cells. First, we estimated the biodistribution of
CyS.5-loaded TTCA-PEG NPs using fluorescence bioimaging
IVIS. CyS.S was chosen as a far-red fluorescent dye to enable
visualization of NPs within tissues. Most of the NPs remained
within the tumor tissues following 6 h after intratumoral
injection (Figure SB and Figure S13). Furthermore, TTCA-
PEG NPs demonstrated significantly higher retention of CyS.5
within the tumor in comparison to free molecules after 6 h.

The treatment was performed on animals divided into four
groups (n = 6): (i) control with 0.9% NaCl, (ii) DOX (40 ug
DOX, 100 uL), (i) TTCA-PEG NPs (0.8 mg NPs, 100 4L),
and (iv) DOX-loaded TTCA-PEG NPs (40 ug DOX, 0.8 mg
NPs, 100 pL). The amount of DOX injected corresponds to
the commonly used 2 mg/kg DOX dosage.”’ After tumor
development, TTCA-PEG NPs were injected intratumorally
since these NPs lack active targeting in their current form. The
mice were subsequently sacrificed 7 days after the start of
therapy, and the size and weight of tumors were examined. We
evaluated the tumor weights and compared them to those from
untreated mice (Figure SC). The injection of TTCA-PEG NPs
alone did not significantly inhibit tumor growth. Conversely,
the injection of DOX inhibited the tumor growth by 32%.
Most notably, the injection of DOX-loaded TTCA-PEG NPs
resulted in a remarkable 67% tumor inhibition (Figure SD,E).
Higher tumor inhibition of DOX-loaded TTCA-PEG NPs can
be attributed to a higher retention of DOX in the tumor
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compared to free DOX and subsequent release of the drug
after internalization of NPs. Furthermore, the histological
examination of major organs (Figure SF) (heart, liver, lungs,
and kidneys) revealed no evident histological lesions,
indicating the biosafety of TTCA-PEG NPs. This was further
confirmed by blood routine and blood biochemistry tests,
which were performed after intravenous injection of TTCA-
PEG NPs. The results demonstrated that physiological
parameters remained well within reference values, without
significant alterations (Figure S14 and Table S1). Overall, this
underscores the potential of TTCA-PEG NPs as a drug
delivery platform.

Our work describes the development of a novel TTCA-
based redox-responsive drug delivery system that is both
affordable and simple to synthesize. We have comprehensively
explored how key synthesis parameters influence the properties
of the resulting TTCA NPs. By introducing a PEG linker, we
enhanced the stability of these nanoparticles in biological
media, making them a promising platform for controlled drug
release. The TTCA-PEG NPs demonstrated high DOX, and
both in vitro and in vivo tests confirmed the nontoxic nature of
these particles. We have demonstrated the capability of these
synthesized NPs for drug delivery, both in vitro and in vivo, and
we highlighted potential challenges that may arise when
working with these carriers.

Although we demonstrated the efficient delivery of
antitumor drugs, we postulate that this drug delivery system
could have broader applications. The high surface thiol content
makes these nanoparticles potentially suitable for nasal delivery
of various compounds or the delivery of genetic material,
building on the reported endosomal escape of similar redox-
responsive systems. These prospects underline the versatility of
the developed TTCA-PEG NPs and open exciting directions
for future research. Overall, this work lays a solid foundation
for future studies of this system and may lead to significant
advancements in redox-responsive drug delivery systems.
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