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Poly(disulfide)s-based systems with repetitive disulfide bonds in their backbones are emerging as promis-
ing tumor microenvironment responsive platforms for drug delivery. However, complicated synthesis and
purification processes have restricted their further application. Herein, we developed redox-responsive
poly(disulfide)s (PBDBM) by one-step oxidation polymerization of a commercially available monomer, 1,4-
butanediol bis(thioglycolate) (BDBM). PBDBM can self-assemble with 1,2-distearoyl-sn-glycero-3-phos-
phoethanolamine-poly(ethylene glycol)sz40o (DSPE-PEGs 4,) by the nanoprecipitation method and be for-
mulated into PBDBM NPs (sub 100 nm). It can also be loaded with docetaxel (DTX), a first-line chemo-
therapy agent for breast cancer, to form DTX@PBDBM NPs with a loading capacity of 6.13%.
DTX@PBDBM NPs with favorable size stability and redox-responsive capability exhibit superior antitumor
activity in vitro. In addition, owing to the different glutathione (GSH) levels in normal and tumor cells,
PBDBM NPs with disulfide bonds could synergistically increase intracellular ROS levels, further inducing
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apoptosis and cell cycle arrest in the G2/M phase. Moreover, in vivo studies revealed that PBDBM NPs
could accumulate in tumors, suppress 4T1 tumor growth, and significantly attenuate the systemic toxicity
of DTX. Thus, a novel redox-responsive poly(disulfide)s nanocarrier was successfully and facilely devel-

rsc.li/biomaterials-science oped for cancer drug delivery and effective breast cancer therapy.

passive targeting capability through enhanced permeability
and retention effects, thereby increasing tumor site retention
and mitigating the toxic side effects of free drugs due to non-
specific distribution.”’® Enhanced drug solubilization and
further modification also have prolonged the blood circulation
time and improved the pharmacokinetic performance.'’™?
However, low targeting efficiency, uncontrolled drug release,
and early leakage of drugs during blood circulation are the dis-
advantages of conventional nanocarriers."* Notably, nano-
carriers are supposed to release drugs at the tumor site with
high specificity and speed to maximize the antineoplastic

Introduction

The emergence of nanotechnology formulations, including
liposomes, polymeric micelles, biomolecular nanoparticles,
and inorganic nanoparticles, has brought different kinds of
delivery systems for poorly soluble chemotherapeutic
agents.' ® The unique size of nanoparticles provides them with
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effect and minimize side effects.'® Therefore, further research
and development of innovative drug carriers are needed.
Compared to the normal physiological environment, the
heterogeneous tumor microenvironment (TME) contains, but
is not limited to, an acidic environment, overexpressed
enzymes, and elevated redox levels."® The pathological environ-
ment can induce tumor resistance and accelerate tumor pro-
gression and metastasis.'” Hence, taking advantage of the
metabolic abnormalities in the TME, TME-responsive drug
delivery systems, including pH, enzyme, and redox stimuli-
responsive systems, have been exploited recently."®'® In par-
ticular, redox-responsive systems have received extensive atten-
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tion owing to the different redox states of cancer cells and
normal cells.>*>? Specifically, cancer cells with hyperprolifera-
tion and metabolism in comparison with normal cells may
produce reactive oxygen species (ROS) that are detrimental to
cellular components. The glutathione (GSH) levels in cancer
cells are thus enhanced correspondingly and compensated to
detoxify ROS.** In general, the GSH level in the blood is micro-
molar (2-10 puM), while the GSH level in the cytoplasm of
tumor cells is millimolar (2-10 mM), which is at least four-fold
the level of normal cells.**® Thus, redox-responsive drug
delivery systems could remain intact in blood circulation while
degrading in the reductive cancer cell cytoplasm to fulfill on-
demand controlled drug release.”” In addition, together with
the GSH-depleting ability, redox-responsive systems can also
synergistically amplify oxidative stress during their dis-
sociation to induce cell apoptosis.>®?°

Among the redox-responsive delivery systems, poly(di-
sulfide)s-based systems incorporating repetitive disulfide
bonds in their backbone are emerging as promising systems
for drug delivery. These systems are biodegradable and can be
easily modified, which further enhance their versatility.>**" To
date, they have been successfully applied to deliver small-mole-
cule drugs, nucleic acids, quantum dots, and proteins.****7*
Oxidation polymerization of dithiols has been reported using
various oxidizing agents, including iodine, hydrogen peroxide,
and dimethyl sulfoxide (DMSO). However, these methods
require high temperatures (up to 160 °C) or triethylamine as a
catalyst.’>*® An alternative approach, such as anionic ring-
opening polymerization of lipoic acid derivatives as propaga-
tors, was developed by Matile et al. Although this method has
been widely utilized for drug delivery, propagators and mono-
mers require multistep synthesis.?” Poly(disulfide)s with more
functional groups can be synthesized by step-growth polymer-
ization of disulfide bond-containing bifunctional monomers.
For example, Zhong et al. developed poly(disulfide urethane)s
by the polycondensation of bis(ethyl r-serinate) with an
a-amino acid-based 1-lysine ethyl ester diisocyanate. However,
the cumbersome bis(ethyl vr-serinate) preparation process
increases the cost and is not environmentally friendly.*® To
this end, a novel, simple, and environmentally friendly
approach is required to develop poly(disulfide)s-based drug
delivery systems.

It has always been our hope to obtain bioactive drug deliv-
ery carriers quickly and easily by one-step polymerization."*°
Hence, in this study, hydrophobic and biodegradable poly(di-
sulfide)s (PBDBM) were facilely synthesized by one-step oxi-
dative polymerization of the commercially available monomer
1,4-butanediol bis(thioglycolate) (BDBM) and exploited as a
redox-responsive nano-drug delivery platform. Amphiphilic
DSPE-PEG; 4 was added to improve the stability of the nano
drug delivery system.’’ DTX was chosen as the model drug,
and different feed ratios were screened and optimized by the
classical nanoprecipitation self-assembly method (Scheme 1).
The screened systems, hereafter referred to as PBDBM NPs and
DTX@PBDBM NPs (DTX-loaded PBDBM NPs), were further
investigated for their redox responsiveness, cytotoxicity, and
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effect on modulating the cellular ROS level, cell cycle, apopto-
sis, in vivo biodistribution, and tumor suppression potency.

Results and discussion

Preparation and characterization of poly (disulfide)s based on
1,4-butanediol bis(thioglycolate)

Redox-responsive poly(disulfide)s (PBDBM) were facilely syn-
thesized by a one-step oxidation polymerization technique.
1,4-Butanediol bis(thioglycolate) was oxidized by DMSO at
95 °C for 10 h, which is depicted in Scheme 1A. The obtained
polymer PBDBM was first confirmed by 'H NMR spectroscopy.
As shown in Fig. 1A, the proton signal of the No. 3 carbon
atom in the polymer shifted downfield, whereas the proton
signals of the No. 1 and 2 carbon atoms did not change. In
addition, it is worth noting that the peak observed at 2.0 ppm,
which was attributed to the sulfhydryl proton of the monomer,
was not present in the polymer. Moreover, the stretching
vibration peak of -SH- at approximately 2567 cm™ " dis-
appeared, and the stretching vibration peaks of -S-S- at
approximately 445 cm™" appeared (FT-IR spectrum shown in
Fig. 1B). These results suggested that the monomer’s thiol
group reacted during the polymerization process, leading to
the successful formation of disulfide bonds and the corres-
ponding polymer PBDBM. The molecular weight of PBDBM
was determined to be M,, ~ 8200, M,, ~ 14 900 with a PDI (M,,/
M,) of ~ 1.8 via gel permeation chromatography (GPC)
(Fig. 1C). The redox-responsive degradation of PBDBM was
also characterized by GPC after incubation with dithiothreitol
as a reducing agent. GSH was not selected because it contains
amino and carboxyl groups and is not suitable for GPC
measurement. As revealed in Fig. 1C, PBDBM was gradually
degraded with the extension of incubation time with dithio-
threitol, indicating its potential as a redox-responsive drug
delivery carrier.

Preparation and characterization of PBDBM-based NPs

PBDBM NPs were prepared by PBDBM and DSPE-PEG; 4 self-
assembly through the classic nanoprecipitation method
(Scheme 1). By adjusting the oil : water ratio and the DTX feed
ratio, the preparation of DTX@PBDBM NPs was optimized in
terms of the Z-average size, polydispersity index (PDI), zeta
potential, loading capacity (LC), and loading efficiency (LE)
(Table S1t). The final oil : water ratio chosen was 1:10, and
the DTX feed ratio was 15 wt% of PBDBM. DTX@PBDBM NPs
prepared by the optimized parameters exhibited the smallest
size (Fig. 2A) and higher LC (6.13%) and LE (46.99%). The
Z-average size of DTX@PBDBM NPs was 143 + 2.3 nm with a
PDI of 0.153 + 0.041, which was larger than that of PBDBM
NPs, which was 78 + 1.3 nm with a PDI of 0.242 + 0.01
(Fig. S1At). TEM images shown in Fig. S1Bf and Fig. 2B
revealed that the morphology of both the PBDBM NPs and
DTX@PBDBM NPs was spherical in shape. The sizes of both
NPs were slightly smaller than those acquired by DLS measure-
ments, which might be the result of the drying process during
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Scheme 1 (A) Synthetic procedure of redox-responsive poly(disulfide)s (PBDBM). (B) Scheme illustration of the composition and preparation of
DTX@PBDBM NPs and their redox-responsive degradation after intravenous injection and cell uptake.

TEM analysis sample preparation.” PBDBM NPs and
DTX@PBDBM NPs possessed negative zeta potential values of
—24.9 mV (Fig. S1Ct) and —28.4 mV (Fig. 2C), respectively. To
evaluate the size stability of both NPs, PBDBM NPs and
DTX@PBDBM NPs were stored for one week at 25 °C and
showed no significant change in the size. This stability could
be associated with the moderate zeta potential of DSPE-PEG,
which likely reduced their aggregation (Fig. S1Df and
Fig. 2D).*?

To investigate the ability of DTX@PBDBM NPs to release
DTX within the reductive microenvironment of tumor cells, we
first evaluated the size variation of DTX@PBDBM NPs under
10 mM GSH. As shown in Fig. S2,1 the size of DTX@PBDBM
NPs significantly increased after the addition of 10 mM GSH,
indicating that the degradation and aggregation of
DTX@PBDBM NPs were triggered by a high level of GSH.
Subsequently, we analyzed the in vitro release profiles of
DTX@PBDBM NPs under different reducing concentrations.
PBS with 10 mM GSH was applied to simulate the high redox
tumor microenvironment, and PBS with 2 pM GSH was
applied to simulate the redox conditions of the blood. As
shown in Fig. 2E, the release curves of DTX indicated that the
cumulative release of DTX reached 67.3% after 24 h of incu-
bation in PBS with 10 mM GSH, but only 22.9% and 20.2% of
DTX was released in PBS with 2 pyM GSH and in the absence of
GSH at the same time, respectively. This different release
pattern was attributed to high GSH-induced cleavage of di-
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sulfide bonds. With the extension of time, the release of DTX
in PBS with 10 mM GSH gradually increased and reached
79.2% at 72 h, which may be ascribed to the gradual degra-
dation of PBDBM. Therefore, the above-mentioned results con-
firmed that DTX@PBDBM NPs with redox-responsive ability
have great potential for anticancer drug delivery in a controlled
manner.

Cellular uptake of DTX@PBDBM NPs

To track the cell uptake process of PBDBM NPs, coumariné
(C6) labeled PBDBM NPs (C6@PBDBM NPs, Fig. S31) were pre-
pared with a size comparable to that of DTX@PBDBM NPs and
subjected to confocal laser scanning microscopy (CLSM) and
flow cytometry with 4T1 cells. As illustrated in Fig. 3A, treat-
ment with C6@PBDBM NPs resulted in a time-dependent cel-
lular uptake process, as evidenced by a gradual increase in the
green fluorescence of C6 over time. Conversely, treatment with
free C6 showed faster uptake within the first hour, but no sig-
nificant increase in the fluorescence intensity could be
observed at subsequent time points. After 6 h of exposure,
comparable intensities were observed between the two groups.
Further flow cytometry analysis also quantitatively confirmed
the time-dependent process of C6@PBDBM NPs and the
different fluorescence changes over time (Fig. 3B-D). The
difference may be related to the different cellular uptake
mechanisms. In specific, C6 is a small, lipophilic molecule
that is taken up by cells through free diffusion, which is con-

This journal is © The Royal Society of Chemistry 2023
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Fig. 1 Characterization of poly(disulfide)s (PBDBM). (A) *H NMR spectra of PBDBM and BDBM. (B) FT-IR spectra of PBDBM and BDBM. (C) GPC
profiles of PBDBM and PBDBM after incubation with dithiothreitol for 12 and 24 h.

centration-dependent. Therefore, the uptake of C6 gradually
slowed down after 1 h. However, after being encapsulated in
PBDBM NPs, its internalization is mainly through endocytosis,
which is time-dependent and energy-dependent regardless of
the concentration gradient. Thus, it can be observed that its
uptake gradually increased with time. The above results
demonstrated that PBDBM NPs could be efficaciously captured
by 4T1 cells.

Antitumor effect of DTX@PBDBM NPs in vitro

Given the favorable cellular uptake performance, we next inves-
tigated the in vitro antitumor effects of PBDBM NPs, DTX, and
DTX@PBDBM NPs in 4T1 cells using an MTT assay. The equi-
valent DTX concentration range was from 0.001 pg mL ™" to
2 pg mL™". As shown in Fig. 4A, dose-dependency of cell viabi-
lity in PBDBM NPs, free DTX, and DTX@PBDBM NPs treat-
ments could be observed. Notably, DTX@PBDBM NPs sup-
pressed the proliferation of 4T1 cells more significantly with

This journal is © The Royal Society of Chemistry 2023

drug concentrations over 0.01 ug mL™". To further explore the
superior antitumor effects of DTX@PBDBM NPs, their antitu-
mor mechanism was preliminarily investigated.

First, the apoptosis of PBDBM NPs, DTX, and
DTX@PBDBM NPs was evaluated with an Annexin V-FITC/PI
kit by flow cytometry (Fig. 4B and C). After treatment with
DTX, PBDBM NPs, and DTX@PBDBM NPs for 48 h with equi-
valent DTX concentrations (0.25 pg mL™"), the apoptosis rate
of each group was detected. As shown in the flow scatter plots
(Fig. 4C), 4T1 cells treated with PBDBM NPs showed a slightly
elevated apoptosis rate (22.29%) in comparison with the
control group (7.94%), whereas the DTX group and
DTX@PBDBM NP group showed significantly increased apop-
tosis rates of 45.18% and 49.06%, respectively. The quantitat-
ive results shown in Fig. 4B also clearly demonstrated that
DTX@PBDBM NPs could more significantly induce 4T1 cell
apoptosis, verifying the
DTX@PBDBM NPs.

superior antitumor effects of
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Fig. 2 Synthesis and characterization of DTX@PBDBM NPs. (A) Z-average
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size of DTX@PBDBM NPs. (B) TEM image of DTX@PBDBM NPs. (C) Zeta

potential of DTX@PBDBM NPs. (D) Stability of DTX@PBDBM NPs. (E) Release of DTX from DTX@PBDBM NPs at different reducing concentrations. All

data are expressed as mean + S.D. (n = 3).

DTX is known to inhibit microtubule depolymerization,
inducing G2/M cell cycle arrest. Therefore, the effects of
different formulations on the cell cycle distribution of 4T1
cells were evaluated after 24 h of treatment. According to
the flow cytometric results shown in Fig. 4D and E, PBDBM
NPs slightly induced cycle arrest in G2/M. DTX and
DTX@PBDBM NPs significantly induced 4T1 cell cycle arrest
in G2/M, with the proportion increasing from 11.1% (control
group) to 44.6% and 52.7%, respectively. The significant cell
cycle arrest was due to DTX treatment. The enhanced cell cycle

4258 | Biomater. Sci,, 2023, 11, 4254-4264

arrest effect of DTX@PBDBM NPs compared to DTX may be
due to the active endocytic transport of DTX@PBDBM NPs,
which was independent of the concentration and corre-
sponded to previous cellular uptake results. In addition, this
effect may be partially related to the redox-responsive PBDBM
NPs, which have GSH-depleting and ROS-amplifying
abilities.*®

To further clarify its mechanism for inducing cell cycle
arrest, we next detected the intracellular ROS level after 12 h of
different treatments, as a redox-responsive system could syner-

This journal is © The Royal Society of Chemistry 2023
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Fig. 3 Qualitative and quantitative study on the cellular uptake of free C6 and C6@PBDBM NPs. (A) CLSM images (qualitative study) of 4T1 cells
after exposure with C6 (left) and C6@PBDBM NPs (right) for 10 min, 1 h, 3 h, or 6 h. Flow cytometric analysis of 4T1 cells after treatment with (B) C6
and (C) C6@PBDBM NPs for 10 min, 1 h, 3 h, or 6 h. (D) Relative mean fluorescence intensity (quantitative study) of 4T1 cells treated as (B) and (C).

Untreated 4T1 cells was used as a control (n = 3, **p < 0.01; ***p < 0.001).

gistically amplify oxidative stress.”® DCFH-DA, a ROS fluo-
rescent probe, was utilized in this study. As shown in Fig. 4F
and G, PBDBM NPs with redox-sensitive poly(disulfide)s
induced a slightly higher ROS level, DTX induced an almost
twofold increase in the ROS level, and DTX@PBDBM NPs
induced an over twofold increase in the ROS level compared to
the control group. It has been reported that disulfide groups
in a polymer can react with GSH and consume GSH, thereby
amplifying oxidative stress.” Thus, it is reasonable to specu-
late that PBDBM containing disulfide bonds can deplete GSH
in high reducing intracellular environments, thereby synergiz-
ing with DTX to increase ROS production. Notably, the over-
load of ROS can damage intracellular biomolecules such as
DNA, further inducing cell apoptosis and cell cycle arrest.*?
Overall, except for the effect of DTX on cell cycle arrest, the
better in vitro antitumor effect of DTX@PBDBM NPs than DTX
also benefited from the GSH-depletive property of PBDBM,
which may synergistically amplify ROS levels and further
induce cell apoptosis and cell cycle arrest.

Blood compatibility of DTX@PBDBM NPs

Blood compatibility is imperative for nanocarriers, considering
that they may finally be administered intravenously. Herein, a
hemolysis assay was employed using mouse red blood cells
(RBC) to evaluate the blood compatibility of PBDBM NPs and

This journal is © The Royal Society of Chemistry 2023

DTX@PBDBM NPs. Fig. 5A shows the RBC suspensions after
exposure to PBDBM NPs and DTX@PBDBM NPs at gradient
concentrations for 3 h followed by centrifugation. Although
hemolysis was slightly concentration-dependent with both
NPs, the maximal hemolysis of both NPs was less than the per-
missible level of 10% across all the tested concentrations,
which was quantified by measuring hemoglobin absorption in
the supernatant (Fig. 5B). These results suggest that both
PBDBM NPs and DTX@PBDBM NPs have good blood compat-
ibility and are suitable for systemic administration.

Biodistribution of DTX@PBDBM NPs

The biodistribution of PBDBM NPs in vivo was evaluated with
DiR-loaded PBDBM NPs (DiR@PBDBM NPs, Fig. S4%), which
were injected into 4T1 orthotopic tumor-bearing mice via the
tail vein. A fluorescent DiR probe, which mimicked DTX, was
injected as the control group. Noninvasive imaging of the fluo-
rescence of DiR in mice was checked using an IVIS Spectrum
in vivo imaging system. As demonstrated in Fig. 5C, the fluo-
rescence of free DiR accumulated rapidly in the liver tissue
and then decayed quickly. In contrast, although the fluo-
rescence signal of DIR@PBDBM NPs can also be detected in
the liver area, the fluorescence intensity in the tumor area
increased significantly with time. Moreover, fluorescence
signals could still be observed even after 96 h of tail vein injec-

Biomater. Sci, 2023, 11, 4254-4264 | 4259


https://doi.org/10.1039/d3bm00461a

Published on 18 April 2023. Downloaded on 8/2/2025 9:52:46 PM.

View Article Online

Paper Biomaterials Science

A mm PBDBM NPs mm DTX sm DTX@PBDBM NPs B §80 ok

120 o
o)
;\? 560+
9% e
- ¢ e (4]
5 r 3 40
S 60 S lE o 2
> 0
3 2
[} 20
o 30 e .
o
2,/
< o
0.0019005 001 005 04 05 1 2 cont®! o pgmNPS DTX o pwm NPS
DTX concentration (ug mL-) pTX@

CA Control PBDBM NPs DTX DTX@PBDBM NPs
10° {2.89% 10° 32.40% g 10° 3a.28% 5
10° 10° 1 10° 3 ¥
10'3 104 10t 4
10J 1 103 3 103 ?

102 j 102 |
101 10
0 J524n 0 48T 5.96%
10 10 10 10 100 100 102 10‘l ﬁ
D Annexin V-FITC
Ag_ ‘ Control . PBDBM NPs DTX = DTX@PBDBM NPs
i Y ) 3
g_: [ Debris E—: ;d\ [ Debris =] [ Debris ] 1 Debris
E M pip G1 1 M pip 61 y M pip G1 2] M pip G1

. M pip G2 < ( M pip G2 E M pip G2 1 M pip G2

| [ oips ) Y pips £ | Y pips ] S pips

'g H £ ] i \‘ 3

= 1 £ ] ]

Z|: £ E ¥ ]

FL2-A (Pl)
mm Control smm PBDBM NPs _—

- m= DX  wm DTX@PBDBM NPs g

560- ## T 2 ek

= - DTX@PBDBM NPs, ‘ o 24

o Mo ~“ o

404 \ x

c DTX 5 \\\ ©

3 = # 214

a 20 PBDBM NPs ]

o # @

Control x
G0/G1 S G2/M P P P : pBDBM NPS o1x pBM NPS
Fluorescence Intensity D‘\')(@PB

Fig. 4 In vitro cellular anticancer evaluation of DTX@PBDBM NPs. (A) Cell viability of 4T1 cells exposed to PBDBM NPs, DTX, and DTX@PBDBM NPs
at different concentrations for 48 h (n = 6). (B) Apoptosis percentage of 4T1 cells following treatment with 1640 (control), PBDBM NPs, DTX, and
DTX@PBDBM NPs for 48 h (n = 3). (C) Representative flow scatter plots of 4T1 cell apoptosis. (D) Representative flow cytometry histograms of the
cell cycle of 4T1 cells treated with 1640 (control), PBDBM NPs, DTX, and DTX@PBDBM NPs for 24 h. (E) Quantitative analysis of 4T1 cell cycle distri-
bution (n = 3). (F) Representative fluorescence intensity histograms of 4T1 cells after treatment with 1640 (control), PBDBM NPs, DTX, and
DTX@PBDBM NPs for 12 h and incubated with DCFH-DA for 30 min. (G) Relative ROS level compared with the control group calculated by flow
cytometry analysis (n = 3). *p < 0.05; **p < 0.01; ***p < 0.001 vs. DTX group; #**p < 0.01; ***#p < 0.001 vs. control group.

tion, which indicated that the DiR@PBDBM NPs could achieve
longer blood circulation, passive tumor targeting, and accumu-
lation through the enhanced permeability and retention effect.
The fluorescence of organs and tumors ex vivo at 96 h post-
injection was also measured. As illustrated in Fig. 5D and E,
the fluorescence intensity of tumors in the DiR@PBDBM NP
group was notably greater than that in the free DiR group,
which matched the results of in vivo imaging and thus further

4260 | Biomater. Sci, 2023, 11, 4254-4264

indicated the potential of DTX@PBDBM NPs to improve the
antitumor efficacy in vivo.

In vivo antitumor efficacy of DTX@PBDBM NPs

To test the in vivo antineoplastic efficacy of PBDBM NPs, 4T1
orthotopic tumor-bearing mice were administered with
different formulations (PBS, PBDBM NPs, DTX, and
DTX@PBDBM NPs) via the tail vein with an equivalent DTX

This journal is © The Royal Society of Chemistry 2023
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Fig. 5 Blood compatibility and in vivo biodistribution of DTX@PBDBM NPs. (A) Photograph of RBC suspensions after exposure to PBS, water,
PBDBM NPs, and DTX@PBDBM NPs at different concentrations for 3 h followed by centrifugation. (B) Hemolysis percentage of PBDBM NPs and
DTX@PBDBM NPs at various concentrations (n = 3) (C) Biodistribution of DiR and DiR@PBDBM NPs in 4T1 orthotopic tumor-bearing mice post-
intravenous injection at different time points. (D) Fluorescence images of the harvested tumors and vital organs at 96 h post-intravenous injection.
(E) Quantitative analysis of the average radiant efficiency of the DiR in tumors and primary organs from (D) (n = 3, *p < 0.05).

dose of 5 mg kg™'. As shown in Fig. 6A, the tumors in mice
treated with PBS grew sharply, whereas the tumors in mice
treated with PBDBM NPs, free DTX, and DTX@PBDBM NPs
displayed different tumor inhibition effects. Specifically, the
tumor volume of the PBDBM NP group was slightly decreased
and contained compared with that of the control group, which
might be due to GSH depletion and oxidative stress amplifica-
tion. In addition, free DTX and DTX@PBDBM NPs displayed sig-
nificant tumor suppression, with tumor suppression rates of
46.3% and 54.4%, respectively. The tumors harvested at the ter-
mination of the study were imaged (Fig. 6C) and weighed
(Fig. 6D), which further confirmed the tumor-inhibiting effect of
different administrations. To further understand the anticancer
effect of DTX@PBDBM NPs, H&E staining and TUNEL detection
were performed with tumors harvested at the termination of the
study. As shown in Fig. 6E, the tumor cells in the PBS group and

This journal is © The Royal Society of Chemistry 2023

the PBDBM NP group were tightly organized, and only a small
amount of tumor cells in the PBDBM NP group underwent apop-
tosis. However, DTX and DTX@PBDBM NP treatments caused
apparent cell apoptosis. Notably, although there was no signifi-
cant difference in the tumor volume after treatments with DTX
and DTX@PBDBM NPs, DTX@PBDBM NPs showed a stronger
apoptosis-inducing effect (Fig. S51).

In addition, the body weight of mice administered with free
DTX showed a sustained and dramatic decrease until the end
of treatment, whereas mice administered with PBDBM NPs
and DTX@PBDBM NPs maintained the body weight in a small
range (Fig. 6B). To further investigate the biosafety of PBDBM
NPs, blood biochemical analysis of liver and kidney functions
(Fig. S67) and major tissue section analysis (Fig. S7t) were per-
formed. Compared with the control group, the ALP level of the
DTX group exhibited a significant decrease, and the BUN and
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Fig. 6 In vivo anticancer efficiency. (A) Tumor volume curves and (B) body weight of 4T1 orthotopic tumor-bearing mice treated with different for-
mulations with an equivalent DTX dose of 5 mg kg™, including PBS, PBDBM NPs, DTX, and DTX@PBDBM NPs (n = 5). (C) Representative photograph
and (D) weights of the harvested tumors from the mice following different administrations at the termination of the study. *p < 0.05, **p < 0.01, ***p
< 0.001. (E) Representative HGE and TUNEL images of tumor sections after systemic administration of PBS, PBDBM NPs, DTX, and DTX@PBDBM NPs.

Magnification factor: 20x.

CREA levels of the DTX group exhibited a significant increase,
revealing that DTX treatment had a certain degree of acute tox-
icity to the liver and kidneys. In addition, the H&E images in
Fig. S7t show an incomplete liver structure with vacuolar
degeneration in the PBS and DTX groups, which might be related
to tumor metastasis. However, no significant difference in blood
biochemical levels could be observed in the PBDBM NP and
DTX@PBDBM NP groups. Although some tumor metastasis
could also be discovered in the livers of the PBDBM NP and
DTX@PBDBM NP groups, vacuolar degeneration was alleviated.

4262 | Biomater. Sci, 2023, 11, 4254-4264

In addition, in the slices of the other major organs, pathological
or inflammation sites could hardly be observed. An evident
improvement in liver and kidney function impairment may be
attributed, on the one hand, to the good biocompatibility and
histocompatibility of DTX@PBDBM NPs and, on the other hand,
to the controllable redox-responsive release of DTX@PBDBM
NPs, which results in a relatively reduced drug release in nontar-
get tissues such as the liver and kidneys. Overall, the above
results demonstrated that DTX@PBDBM NPs had better antitu-
mor effects and negligible systemic toxicity.

This journal is © The Royal Society of Chemistry 2023


https://doi.org/10.1039/d3bm00461a

Published on 18 April 2023. Downloaded on 8/2/2025 9:52:46 PM.

Biomaterials Science

Conclusions

In summary, redox-responsive and biodegradable poly(di-
sulfide)s nano-carriers were facilely and successfully prepared
by one-step oxidative polymerization. The prepared
DTX@PBDBM NPs exhibited a suitable particle size (143 nm),
a favorable surface potential (—28.4 mV), a high drug loading
capacity (6.13%), and great size stability. In addition,
DTX@PBDBM NPs could be captured by 4T1 cells and reacted
with GSH, which synergistically increased ROS levels and
further induced cell apoptosis and cell cycle arrest, exhibiting
a superior anticancer effect compared to free DTX. Moreover,
in vivo studies revealed that the nanoparticle system can
prolong the blood circulation time and accumulate in tumors,
resulting in significant suppression of 4T1 tumor growth and
evident alleviation of systemic toxicity by DTX. Therefore, this
study provides a convenient one-step strategy for the synthesis
of a novel redox-responsive biocompatible poly(disulfide)s
nanocarrier. Compared with traditional drug delivery systems,
this nanocarrier has higher efficiency and control in drug
delivery and can also reduce the problem of systemic toxicity
caused by non-specific distribution, which is a very important
advancement.
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