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ABSTRACT

Affected by the complexity and heterogeneity of the tumor redox microenvironment, chemotherapy often fails to achieve

satisfactory clinical outcomes. Modular design of prodrug nanoassemblies presents tremendous potential in upgrading the

therapeutic index of chemotherapeutic agents. Given the biochemical vulnerability of tumor redox homeostasis, we fabricated

five-membered cyclic chalcogenide-linked paclitaxel prodrug nanoassemblies, which realized tumor site-specific activation and

reshaped the pro-apoptotic tumor redox homeostasis. Cyclic diselenide and cyclic disulfide bonds integrated the modification

modules and response modules to minimize the utilization of non-pharmacodynamic moieties and increase druggability.

Importantly, the modification-response integrated modules could simultaneously block the glutathione-glutathione peroxidase

(GSH/GPx) antioxidant system and amplify reactive oxygen species (ROS) generation. The reshaping of the tumor redox

homeostasis cascade triggered the loss of mitochondrial membrane potential and apoptosis of tumor cells, which synergistically

potentiated the antitumor effects of paclitaxel. Such an intelligent prodrug nanoplatform brought new perspectives for

constructing advanced antitumor nanomedicines with significant clinical research value.

1 | Introduction

The complexity of the tumor microenvironment remains a chal-
lenge for chemotherapy [1, 2]. The construction of intelligent
drug delivery systems (DDS s) is one of the mainstream strategies
to overcome this drawback [3-7]. Oncogenic factors, such as
the activation of oncogenes and alterations in mitochondrial
activity, promote the generation of ROS within cancer cells [8]. To
compensate for the excessive accumulation of ROS, cancer cells
utilize the antioxidant system to elevate the level of glutathione
(GSH) to maintain redox homeostasis. Consequently, cancer cells

display higher ROS and GSH levels than normal cells. Due to
the remarkable discrepancy in redox levels from tumor cells
to normal cells, redox-responsive DDSs have attracted extensive
attention [9-12]. However, most redox-responsive DDSs can only
respond but fail to interfere with tumor redox homeostasis,
restricting the effectiveness of chemotherapy.

Intracellular redox homeostasis, a dynamic balance of ROS
production and scavenging, is the cornerstone for maintaining
cellular physiological steady state [13, 14]. The biochemical
vulnerability of high-level redox homeostasis in tumor cells has
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emerged as a hotspot for effective tumor therapy [15]. When
tumor cells are exposed to harmful stimuli (e.g., chemotherapy or
radiotherapy), the excessive production of ROS exceeds the scav-
enging capacity of the antioxidant system, thereby tilting intra-
cellular redox homeostasis toward oxidative stress and inducing
tumor cell death [16-18]. However, the glutathione-glutathione
peroxidase (GSH/GPx) antioxidant system features a high expres-
sion in tumor cells to resist oxidative stress. Glutathione (GSH),
glutathione reductase (GR), and glutathione peroxidase (GPx) are
the three crucial components of the GSH/GPx system. GSH, an
important small molecule non-protein thiol, plays a critical role
in scavenging free radicals. GR catalyzes the reduction of oxidized
GSH (GSSG) to GSH and regulates the production of GSH [19].
GPx resists oxidative injury by catalyzing the decomposition of
hydrogen peroxide (H,0,, a species of ROS). Therefore, therapeu-
tic strategies that simultaneously block the GSH/GPx system and
promote ROS generation can synergistically disrupt tumor redox
homeostasis and exacerbate tumor cell apoptosis.

Prodrug nanoassemblies, which are obtained by self-assembly
of prodrugs, combine the merits of prodrug strategies and
nanomedicines. We are committed to the study of redox-
responsive prodrug nanoassemblies [20-23]. Briefly, the prodrugs
are typically formed by drug module, response module, and
modification module. The response modules govern the activa-
tion of prodrugs, which is essential for potency and safety. In
addition, the inherent space structure and intermolecular forces
of response modules also affect the assembly behavior of prodrugs
[24-27]. The modification modules facilitate the self-assembly of
the prodrugs. However, there are two bottlenecks in the modular
design: i) the commonly used modification modules are non-
pharmacodynamic moieties that may pose safety risks, decreasing
the druggability of prodrug nanoassemblies; ii) the ternary system
constructed by the drug module, response module, and modifi-
cation module increases the complexity of the structure-activity
relationship.

Herein, to address the above issues, five-membered cyclic mod-
ules were developed, which integrated the response module
and the modification module into one system. The prodrug
nanoassemblies were constructed by linking 1,2-diselenolane-4-
carboxylic acid (Cy-Se), 1,2-dithiolane-4-carboxylic acid (Cy-S),
or cyclopentanecarboxylic acid (Cy-C) to paclitaxel (PTX). Com-
pared to conventional self-assembly prodrugs, the integration
of the response module and modification module in a five-
membered ring significantly reduced the complexity of the
prodrugs, which minimized the use of non-pharmacological
moieties from the source of structure design. Interestingly, the
cyclic diselenide module not only ensured the stable assembly
of the prodrug but also realized the responsive modulation of
tumor redox homeostasis. In particular, the prodrug with a
cyclic diselenide module possessed the best assembly stability
due to the strong chalcogen bonding (intermolecular force)
and the suitable bond angle (steric hindrance). More impor-
tantly, the prodrug nanoassemblies systematically modulated the
tumor redox homeostasis and induced apoptosis in multiple
pathways, including preventing microtubule protein depolymer-
ization, blocking the GSH/GPx system, inducing ROS overpro-
duction, and causing loss of mitochondrial membrane potential
(Scheme 1).

2 | Results and Discussion
2.1 | Fabrication and Characterization of Prodrug
Nanoassemblies

Three unreported prodrugs were synthesized as illustrated in
Supplementary Figure S1. First, the 1,2-diselenolane-4-carboxylic
acid intermediate was synthesized. Then, PTX was conju-
gated with 1,2-diselenolane-4-carboxylic acid, 1,2-dithiolane-4-
carboxylic acid, or cyclopentanecarboxylic acid by esterification
reaction to synthesize PTX-Cy-Se, PTX-Cy-S, or PTX-Cy-C. The
successful synthesis of three prodrugs was verified using high-
resolution mass spectrometry (HRMS), 'H nuclear magnetic
resonance spectroscopy (‘"H NMR), and high performance liquid
chromatography ((HPLC), Supplementary Figures S2-S4).

Next, a one-step nanoprecipitation method was used to pre-
pare nanoassemblies. Three prodrugs self-assembled into non-
PEGylated nanoparticles in deionized water (Supplementary
Figure S5, Supplementary Table S1, 0.2 mg mL™). As the prodrug
concentration increased, precipitation and enlarged particle size
were observed for PTX-Cy-S NPs and PTX-Cy-C NPs (Figures 1A,
B, 0.6 mg mL™). Interestingly, no significant precipitation and
particle size variation occurred in PTX-Cy-Se NPs, suggesting
that the five-membered cyclic diselenide bond was more con-
ducive to stable self-assembly of the prodrugs. To explore this
reason, molecular dynamics simulations and force disruption
experiments were carried out. The presence of intermolecular -7
stacking, hydrophobic forces, hydrogen bonding, and chalcogen
bonding (ChB) contributed to prodrug assembly (Figures 1C,
D). ChB was the interaction between the positively polarized
chalcogen atom and the Lewis base, leading to the appearance of
o-hole (a region of positive electrostatic potential) [28]. Notably,
ChB was observed in the intermolecular forces of PTX-Cy-Se and
PTX-Cy-S. Compared to S, the o-hole of Se was more positive, and
Se was more polarizable, which offered the possibility to generate
a stronger ChB interaction than that of S [29]. Furthermore,
the charge distribution of PTX-Cy-Se and PTX-Cy-S was more
uniform and balanced (Figure 1E). Then, we conducted proof-
of-concept experiments to demonstrate that hydrophobic forces
(disrupted by Triton X-100 and SDS) and hydrogen bonding
(disrupted by urea) drove the self-assembly of the prodrugs
(Figure 1F).

Notably, the balance between intermolecular forces and steric
hindrances was essential to the aggregation or dispersion of
nanoassemblies [30]. Excessive intermolecular forces induced
the aggregation of nanoassemblies and poor colloidal stability.
Therefore, the suitable steric hindrance was also an important
guarantee for the stability of nanoassemblies. It was documented
that the introduction of sulfur-containing bond angles approach-
ing 90° could modulate the steric hindrances and increase
the structural flexibility of prodrugs, which promoted the self-
assembly of prodrugs [31]. After geometry optimization, the bond
angles of -C-Se-Se-C (91.4°/92.6°), -C-S-S-C (93.2°/96.3°), and -C-
C-C-C (103.0°/103.3°) in the five-membered ring of the prodrugs
were calculated (Figure 1G) [32, 33]. Importantly, the bond angle
of -C-Se-Se-C (91.4°/92.6°) was closest to 90°, which was more
favorable for increasing the structural flexibility of the prodrugs
to form more stable nanoassemblies. In addition, the solvent-

20f12

Exploration, 2026

851801 SUOLLILIOD SAIESID 3|edldde L) AQ pauBA0D a2 SDILE YO ‘88N J0 SN 10§ AXRIG1T 8UIIUO A3 ]I\ UO (SUOTHPUOO-PUE-SWLBIWIOD" A3 1M ARR.q[BU1[UO//:StY) SUOTIPUOD PLE SIS | 3U) 885 *[9202/90/80] UO Afiqi auIUO AB1IA BUIIDBLEILI0D AQ 8iY0YZ0Z d X3/Z00T OT/10p/Wi0d A8 I Aeiqipu! uo//Say Wiy papeojumod ' ‘9202 ‘860299.2



A Preparation of prodrug nanoassemblies
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SCHEME 1 | Schematic illustration. Modification-response integrated modules drove the stable assembly of prodrug nanoassemblies and reshaped

the pro-apoptotic tumor redox homeostasis.

accessible surface area (SASA) of PTX-Cy-Se (100,000 ps = 107.77
nm?) was smaller than that of PTX-Cy-S (100,000 ps = 129.68 nm?)
and PTX-Cy-C (100,000 ps = 121.51 nm?), suggesting that PTX-Cy-
Se might form more compact nanostructures (Figure 1H). This
was consistent with the room temperature stability of the non-
PEGylated PTX-Cy-Se NPs, PTX-Cy-S NPs, and PTX-Cy-C NPs
(Supplementary Figure S6).

Next, DSPE-mPEG,,,, (20%, w/w) was utilized to increase the
colloidal stability and decrease protein adsorption. For PEGy-
lated NPs, three prodrug nanoassemblies displayed spherical
morphology, featuring particle sizes around 120 nm and surface
zeta potential of about -20 mV (Figures 2A, B and Supple-
mentary Table S2). Uniform distribution of different elements
in the prodrug nanoassemblies was observed in the elemental
mapping images, especially S and Se elements (Figure 2C).
Dual role of prodrugs as nanocarriers and payloads resulted in
ultra-high drug-loading of the prodrug nanoassemblies (63.18%
for PTX-Cy-Se, 69.33% for PTX-Cy-S and 71.95% for PTX-Cy-
C). Moreover, the prodrug nanoassemblies exhibited satisfac-
tory long-term storage stability (Figures 2D, E). As shown in

Figure 2F, PTX-Cy-Se NPs had better colloidal stability than
PTX-Cy-S NPs and PTX-Cy-C NPs due to the strong inter-
molecular forces and the optimal selenium-containing bond
angles.

2.2 | Activation Mechanism of Redox-Responsive
Prodrug Nanoassemblies

As far as we know, the difference between the redox responsive-
ness of the cyclic diselenide bond and the cyclic disulfide bond
was unclear. Here, we explored the in vitro activation behavior
of PTX-Cy-Se NPs, PTX-Cy-S NPs, and PTX-Cy-C NPs and the
intracellular release of PTX. Under oxidizing conditions, the
oxidative responsiveness was PTX-Cy-Se NPs > PTX-Cy-S NPs
> PTX-Cy-C NPs (Figures 2G-I). The higher the concentration
of hydrogen peroxide (H,O,), the faster the degradation of
the prodrug nanoassemblies. The oxidative activation mecha-
nism was investigated in detail. The cyclic disulfide bond was
attacked by H,0, to generate a monoxide, which enhanced the
hydrophilicity and accelerated the hydrolysis of the adjacent
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FIGURE 1 | Exploration of the assembly mechanism. (A) The appearance of non-PEGylated PTX-Cy-Se NPs, PTX-Cy-S NPs, and PTX-Cy-C NPs
(0.6 mg mL™1). (B) Particle size of non-PEGylated PTX-Cy-Se NPs, PTX-Cy-S NPs, and PTX-Cy-C NPs (0.6 mg mL™"),. (C) Intermolecular forces of

prodrugs. (D) The oil-water partition coefficient of PTX-Cy-Se, PTX-Cy-S,

and PTX-Cy-C,. (E) Electrostatic potential map of PTX-Cy-Se, PTX-Cy-S, and

PTX-Cy-C. (F) The particle size changes of PEGylated NPs and non-PEGylated NPs after treatment with 0.4 M of urea, SDS, and Triton X-100. (G) Bond
angles of -C-Se-Se-C, -C-S-S-C, and -C-C-C-C in prodrugs, and (H) SASA of three prodrugs for molecular simulations at 0-100,000 ps.

ester bond (Figure 3A and Supplementary Figure S7). Compared
with the cyclic disulfide bond, the cyclic diselenide bond was
more easily oxidized due to its larger atomic radius and lower
bond energy (Figure 3A). Interestingly, the -1 valent diselenide
bond was first oxidized to monoxide, which could be further

oxidized to selenenic acid and seleninic acid. The selenenic acid
underwent the intramolecular selenoxide elimination reaction
to generate the acrylate-like structure. Meanwhile, seleninic
acid was further oxidized to selenonic acid, which suffered
from the hydrolysis reaction to produce the final intermediate.
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FIGURE 2 | Characterization and redox responsiveness of prodrug nanoassemblies. (A) Particle size distribution, and TEM images (scale bars:
200 nm), (B) Zeta potential, and (C) element mapping (scale bar: 100 nm) of prodrug nanoassemblies (1 mg mL ™). Long-term storage stability of PTX-Cy-
Se NPs, PTX-Cy-S NPs, and PTX-Cy-C NPs at (D) 4°C for 30 days and (E) room temperature for 7 days. (F) Colloidal stability of prodrug nanoassemblies
in PBS containing 10% fetal bovine serum. Activation profiles of prodrug nanoassemblies in release media containing (G) 0.1 mM H,0, (n = 3), (H)
1mM H,0, (n =3),(I)2mM H,0, (n =3), J) 1 mM DTT (n = 3), (K) 2 mM DTT (n = 3), and (L) 5 mM DTT (n = 3).

The oxidation intermediates were corroborated by HRMS and
'H-NMR (Figure 3B and Supplementary Figure S8). After the
oxidation of PTX-Cy-Se NPs, a peak of 59.8 eV appeared in X-
ray photoelectron spectroscopy (XPS) analysis (Figure 3C), which
could be classified as +4 valence selenium [34]. The XPS spectrum
further supported the oxidation process of the five-membered
cyclic diselenide bond.

Under reducing conditions, the reducing responsiveness of pro-
drug nanoassemblies was PTX-Cy-S NPs > PTX-Cy-Se NPs >
PTX-Cy-C NPs (Figures 2J-L). From the perspective of the
reducing mechanism, dithiothreitol (DTT) was able to break the
disulfide bond of PTX-Cy-S NPs to generate free thiols, thus
enhancing the hydrophilicity of the intermediate and promot-
ing the hydrolysis of the adjacent ester bond (Figure 3D and
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of reductive activation of PTX-Cy-S NPs and PTX-Cy-Se NPs. The released PTX from PTX-Cy-Se NPs, PTX-Cy-S NPs, and PTX-Cy-C NPs (10 uM) after
(E) 6 h and (F) 12 h of cellular uptake (n = 3). (G) Schematic diagram of tumor-selective drug release of prodrug nanoassemblies.

Supplementary Figure S9). Compared to the disulfide bond, the
diselenide bond was more likely to exchange with the thiol of DTT
to form Se-S bonds, which only exposed one hydrophilic selenol
in the intermediate (Figure 3D and Supplementary Figure S10).
Therefore, the reduction responsiveness of PTX-Cy-Se NPs was
weaker than that of PTX-Cy-S NPs. PTX-Cy-C NPs showed the
lowest activation efficiency due to the absence of redox-sensitive
moieties. To investigate the selective activation of PTX-Cy-Se NPs,
PTX-Cy-S NPs, and PTX-Cy-C NPs in tumor cells, HPLC was

used to detect the released PTX in tumor cells (4T1 cells and
A549 cells) and 3T3 normal cells. The quantitative results of PTX
in cells were Taxol > PTX-Cy-Se NPs > PTX-Cy-S NPs > PTX-
Cy-C NPs (Figures 3E-G, Supplementary Figure S11). For Taxol,
there was no difference between tumor cells and 3T3 normal
cells. However, the PTX release from the PTX-Cy-Se NPs, PTX-
Cy-S NPs and PTX-Cy-C NPs was lower in 3T3 cells than in
tumor cells, which guaranteed the potency and safety of the
chemotherapy.
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Cytotoxicity and multiple pathway-mediated apoptosis. (A) ICs, values of Taxol, PTX-Cy-Se NPs, PTX-Cy-S NPs, and PTX-Cy-C NPs

(n = 3). (B) Intracellular ROS generation after treatment with Taxol and prodrug nanoassemblies (n = 3). Effects of Taxol and prodrug nanoassemblies
(100 nM, PTX equivalent) on (C) microtubulin (scale bar: 20 um). (D-E) GR and GPx activities and GSH levels (n = 3), (F) mitochondrial membrane
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2.3 | Cytotoxicity

The in vitro antitumor activity and safety of PTX-Cy-Se NPs,
PTX-Cy-S NPs and PTX-Cy-C NPs were evaluated by detecting
the cytotoxicity against tumor cells (4T1, B16-F10 and A549) and
normal cells (3T3). According to Figure 4A and Supplementary

Table S3, the half-maximum inhibitory concentration (ICs,) of
PTX-Cy-Se NPs, PTX-Cy-S NPs and PTX-Cy-C NPs was lower
than that of Taxol. For the prodrug nanoassemblies, the order
of potency against tumor cells was PTX-Cy-Se NPs > PTX-Cy-S
NPs > PTX-Cy-C NPs, which was in line with the PTX release
in cellular uptake (Figures 3E, F). Compared with Taxol, more
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normal cells survived after treatment with prodrug nanoassem-
blies, suggesting the higher tumor-selective cytotoxicity and
superior safety of prodrug nanoassemblies (Supplementary
Table S4).

2.4 | Multiple Pathway-Mediated Apoptosis

The antitumor activity of PTX-Cy-Se NPs, PTX-Cy-S NPs, and
PTX-Cy-C NPs was preliminarily evaluated by cytotoxicity. Sub-
sequently, we tried to elucidate the antitumor mechanism of
PTX-Cy-Se NPs, PTX-Cy-S NPs, and PTX-Cy-C NPs. Firstly,
it was well known that PTX killed tumor cells by inhibiting
microtubule protein depolymerization. As shown in Figure 4C,
4T1 cells showed different degrees of inhibition of microtubule
protein depolymerization after treatment with Taxol and prodrug
nanoassemblies. Compared with PTX-Cy-S NPs and PTX-Cy-
C NPs, PTX-Cy-Se NPs had stronger red fluorescence intensity
due to more efficient intracellular PTX release, which effectively
inhibited the growth of tumor cells.

Secondly, the redox homeostasis of tumor cells was more fragile
compared to that of normal cells. As the prodrug nanoassemblies
exhibited dual redox sensitivity and the discovery that diselenide
bonds could induce ROS generation, the effect of prodrug
nanoassemblies on tumor redox homeostasis was investigated.
Compared with PTX-Cy-S NPs and PTX-Cy-C NPs, PTX-Cy-
Se NPs increased the ROS levels in 4T1 cells (Figure 4B).
Moreover, the antioxidant system scavenged intracellular ROS
to resist the disruption of redox homeostasis. Therefore, inhi-
bition of the antioxidant system might promote apoptosis of
tumor cells. As presented in Figures 4D, E, PTX-Cy-Se NPs
significantly inhibited the activities of GPx and GR. Inhibi-
tion of GPx reduced the decomposition of hydrogen peroxide,
which further elevated the intracellular ROS level. Inhibition
of GR downregulated the conversion of GSSG to GSH, which
reduced the intracellular GSH level. Ultimately, the redox
balance within the tumor cells was tilted toward oxidative
stress.

Finally, the elevation of ROS could destroy the mitochondrial
membrane and alter the membrane permeability. Then, the ion
concentration difference between the inside and outside of the
membrane was reduced by free diffusion, which led to the loss of
membrane potential. Compared to the control, the dramatically
intensified green fluorescence and reduced red fluorescence of
prodrug nanoassembly-treated cells indicated the loss of mito-
chondrial membrane potential, implying the appearance of early
apoptosis (Figure 4F). Therefore, we further studied the apoptosis
of 4T1 cells. According to Figures 4G, H, the order of apoptosis
rates of 4T1 cells was Taxol (57.5%) > PTX-Cy-Se NPs (49.3%) >
PTX-Cy-S NPs (43.8%) > PTX-Cy-C NPs (28.5%). Among them,
the apoptosis rate of PTX-Cy-Se NPs was closer to Taxol and
consistent with cytotoxicity.

2.5 | Pharmacokinetics and Biodistribution
As intravenous agents, it is necessary to assess the hemocom-

patibility of the PTX-Cy-Se NPs, PTX-Cy-S NPs, and PTX-Cy-C
NPs before conducting in vivo studies. Supplementary Figure

S12 revealed that the hemolysis percentage of PTX-Cy-Se NPs,
PTX-Cy-S NPs, and PTX-Cy-C NPs was well below 5%, which
would not damage the erythrocytes and meet the requirements
of intravenous injection. Then, the pharmacokinetics of the DiR-
labeled prodrug nanoassemblies were examined (Figure 5A and
Supplementary Table S5). Free DiR was rapidly cleared with a low
area under the curve (AUC). In contrast, the AUC of PTX-Cy-
Se NPs, PTX-Cy-S NPs and PTX-Cy-C NPs was 11.3, 10.9, and 2.3
times higher than that of free DiR. PTX-Cy-S NPs, and PTX-Cy-
Se NPs had better pharmacokinetics than PTX-Cy-C NPs, which
should be attributed to their better assembly stability. Prodrug
nanoassemblies with good assembly stability could maintain the
integrity of the nanostructures to the maximum extent in plasma,
slowing down the degradation of the prodrug nanoassemblies.
Subsequently, the tumor accumulation and biodistribution of
PTX-Cy-Se NPs, PTX-Cy-S NPs, and PTX-Cy-C NPs were inves-
tigated by 4T1 tumor-bearing mice (Figures 5B, C). Consistent
with the pharmacokinetic characteristics, free DiR was rapidly
cleared in vivo, with significant accumulation only in the liver,
spleen, and lung, while negligible accumulation was observed
in tumor sites. However, prodrug nanoassemblies displayed
pronounced tumor accumulation after the administration. PTX-
Cy-Se NPs, with superior assembly stability, displayed enhanced
tumor accumulation.

2.6 | In Vivo Antitumor Effects

In the clinic, lung cancer and breast cancer were the two main
therapeutic indications for PTX. Therefore, we evaluated the
therapeutic effects of prodrug nanoassemblies on Lewis tumors
and 4T1 tumors. As illustrated in Figures 5D-H, the untreated
saline group showed rapid tumor growth. In contrast, Taxol
and commercially available Abraxane had a certain effect on
tumor suppression. PTX-Cy-S NPs and PTX-Cy-C NPs exhibited
comparable antitumor effects compared to Abraxane. But PTX-
Cy-Se NPs displayed the strongest tumor inhibition effect because
PTX-Cy-Se NPs possessed higher tumor accumulation and rapid
intracellular PTX release, which amplified the multiple pathway-
mediated apoptosis. H&E, TUNEL, and Ki-67 staining of tumor
tissues further confirmed that PTX-Cy-Se NPs could induce
extensive apoptosis and inhibit tumor proliferation (Supplemen-
tary Figures S13-S14). Additionally, a significant reduction in the
counts of white blood cells and lymphocytes was observed in mice
of the Taxol group, revealing the occurrence of myelosuppression
(Figure 5I). In addition, the aspartate aminotransferase (AST)
level of mice in the Abraxane group was significantly elevated,
indicating liver injury (Figure 5J). In contrast, mice in the pro-
drug nanoassemblies groups exhibited superior systemic safety
(Supplementary Figures S15-S16).

4T1 cells are representative cells for the study of paclitaxel-
associated breast cancer treatment with high reproducibility and
well-established manipulation techniques. Therefore, 4T1 tumor
cells were chosen in the antitumor studies. For heterotopic breast
cancer, PTX-Cy-Se NPs also exhibited the best tumor suppression.
Figures 6A-E revealed that the tumor volume and tumor weight
of mice in the PTX-Cy-Se NPs group were the smallest. Staining
of tumor tissue showed that PTX-Cy-Se NPs induced widespread
apoptosis of tumor cells with more effective tumor inhibition
(Supplementary Figures S17-S19). In addition, PTX-Cy-Se NPs
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FIGURE 5 | Pharmacokinetics, biodistribution, and antitumor effects. (A) Pharmacokinetic profiles of prodrug nanoassemblies within 24 h after

administration (n = 3). (B-C) Fluorescence images and quantification of main organs and tumor after administration of DiR and DiR-labeled prodrug
nanoassemblies at various intervals (1 h, 4 h and 12 h, n = 3). (D) Diagram of the dosing cycle of 10 mg kg~! of Taxol, Abraxane, PTX-Cy-Se NPs, PTX-Cy-S
NPs, and PTX-Cy-C NPs for the treatment of Lewis tumors. (E) Tumor growth profiles (n = 5), (F) tumor weights (n = 5), (G) body weights (n = 5), (H)
tumor photos (n = 5), (I) hematologic analysis (n = 3), and (J) hepatorenal function parameters (n = 3) of Lewis tumor-bearing mice after five doses.

intensely elevated ROS levels in tumor tissues, which promoted
tumor oxidative stress (Figure 6F). Similarly, the hematologic
analysis disclosed dramatic reductions in the counts of white
blood cells, lymphocytes, monocytes, and neutrophils of the mice
in the Taxol and Abraxane groups, revealing the myelosuppres-
sion and systemic toxicity (Figures 6G, H). In contrast, negligible

changes in hematologic analysis and hepatorenal function were
observed in prodrug nanoassemblies, indicating the excellent in
vivo safety (Supplementary Figures S20-S21).

To further evaluate the therapeutic effect and anti-metastatic
ability of PTX-Cy-Se NPs, PTX-Cy-S NPs, and PTX-Cy-C NPs, the
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FIGURE 6 | Antineoplastic therapy of heterotopic and orthotopic 4T1 tumors by prodrug nanoassemblies. (A) Diagram of the dosing cycle for
heterotopic 4T1 tumor-bearing mice. (B) Tumor growth profiles (n = 5), (C) tumor weights (n = 5), (D) body weights (n = 5), (E) tumor photos (n =
5), and (G-H) hematologic analysis (n = 3) of heterotopic 4T1 tumor-bearing mice treated with 10 mg kg~! of Taxol, Abraxane, PTX-Cy-Se NPs, PTX-
Cy-S NPs and PTX-Cy-C NPs. (F) Intratumoral ROS stained with dihydroethidium (DHE). Scale bar: 1 mm. (I) Timeline of drug administration for the
orthotopic 4T1 tumor model. (J) Tumor growth profiles (n = 4), (K) tumor weights (n = 4), (L) body weights (n = 4), and (M) tumor photos (n = 4) of
orthotopic 4T1 tumor-bearing mice after five doses.

orthotopic breast cancer model was constructed. The antitumor  associated with oxidative stress, the expression of NOX4 in
efficacy of PTX-Cy-S NPs and PTX-Cy-C NPs was comparable to tumor sites was examined, as NOX4 was an enzyme closely
that of Abraxane and Taxol (Figures 6I-M). However, PTX-Cy- associated with ROS generation. As shown in Supplementary
Se NPs still displayed the best antitumor efficacy. In addition, Figure S22, the expression of NOX4 was elevated in the PTX-Cy-Se
since the antitumor effects of the prodrug nanoassemblies were NPs group, which indicated that the treatment with PTX-Cy-
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Se NPs could aggravate the oxidative stress and promote tumor
cell apoptosis. H&E staining showed that there was large-scale
apoptosis of tumor cells after treatment with PTX-Cy-Se NPs
(Supplementary Figure S23). Ki-67 and TUNEL staining of tumor
tissues further verified that PTX-Cy-Se NPs could induce more
apoptosis and inhibit the proliferation of tumor cells (Supplemen-
tary Figures S24-S25). In addition, CD31 staining showed that the
prodrug nanoassemblies, especially PTX-Cy-Se NPs, could reduce
tumor angiogenesis after treatment (Supplementary Figure S26).
Moreover, PTX-Cy-Se NPs could significantly inhibit the lung
metastasis of tumors compared with PTX-Cy-S NPs and PTX-Cy-
C NPs (Supplementary Figure S27). Additionally, the hematologic
analysis suggested that the prodrug nanoassemblies displayed
better safety compared to Taxol (Supplementary Figures S28-
S29).

Overall, the reasons for the more effective antitumor efficacy of
PTX-Cy-Se NPs were as follows: firstly, PTX-Cy-Se NPs displayed
higher tumor accumulation than PTX-Cy-S NPs and PTX-Cy-C
NPs. Secondly, PTX-Cy-Se NPs could release more PTX in tumor
cells. Finally, PTX-Cy-Se NPs induced more ROS generation
and significantly inhibited the GSH/GPx antioxidant system,
which aggravated tumor oxidative stress and promoted tumor cell
apoptosis.

3 | Conclusions

Redox-responsive nanomedicines, as a precise and intelligent
tumor treatment scheme, realized on-command drug delivery
to tumor sites. Compared to conventional redox-responsive
prodrugs, the integration of the response module and modifi-
cation module in a five-membered ring significantly reduced
the complexity of the prodrugs, which minimized the use
of non-pharmacological moieties from the source of structure
design. Surprisingly, the five-membered ring structure facilitated
self-assembly due to the stronger chalcogen bonding interac-
tions and the nearly 90° bond angle, especially for PTX-Cy-Se.
In addition, we investigated the redox activation of prodrug
nanoassemblies, especially the differences in the redox response
mechanisms of five-membered cyclic chalcogen bonds. Impor-
tantly, the prodrug nanoassemblies induced tumor cell apoptosis
through multiple pathways, including preventing microtubule
protein depolymerization, blocking the GSH/GPx antioxidant
system, instigating ROS overproduction, and disrupting the mito-
chondrial membrane potential. Among them, PTX-Cy-Se NPs
displayed potent antitumor efficiency, which was attributed to the
superior self-assembly stability, strong redox responsiveness, and
systematic modulation of tumor redox homeostasis. Our studies
broke through the bottlenecks of modular design of prodrug
nanoassemblies and provided an insightful direction for effective
tumor therapy.
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