
Academic Editor: Avi Domb

Received: 21 July 2025

Revised: 1 September 2025

Accepted: 2 September 2025

Published: 4 September 2025

Citation: Liu, S.; Chen, L.; Zhang, H.;

Wang, Y.; Luo, C. Redox-Responsive

π-Conjugated Prodrug

Nanoassemblies for Cancer

Chemotherapy. Pharmaceutics 2025, 17,

1162. https://doi.org/10.3390/

pharmaceutics17091162

Copyright: © 2025 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license

(https://creativecommons.org/

licenses/by/4.0/).

Article

Redox-Responsive π-Conjugated Prodrug Nanoassemblies for
Cancer Chemotherapy
Shuwei Liu 1,†, Liuhui Chen 1,†, Hongyuan Zhang 1, Yuequan Wang 1,* and Cong Luo 1,2,*

1 Department of Pharmaceutics, Wuya College of Innovation, Shenyang Pharmaceutical University,
Shenyang 110016, China; liushuwei201@gmail.com (S.L.); chenyao5818@gmail.com (L.C.);
zhanghongyuan202@gmail.com (H.Z.)

2 Joint International Research Laboratory of Intelligent Drug Delivery Systems of Ministry of Education,
Shenyang Pharmaceutical University, Shenyang 110016, China

* Correspondence: shuowang.pharm@gmail.com (Y.W.); luocong@syphu.edu.cn (C.L.)
† These authors contributed equally to this work.

Abstract

Background: Redox-responsive prodrug nanoassemblies (NAs) have been extensively
utilized in precise cancer therapy. But there is no research shedding light on the impacts of
the π–π stacking interactions on the self-assembly capacity of redox-responsive prodrugs
and the in vivo delivery fate of NAs. Methods: Three structurally engineered doxorubicin
(DOX) prodrugs (FAD, FBD, and FGD) were developed through α-, β-, and γ-positioned
disulfide linkages with π-conjugated Fmoc moieties. The NAs were comprehensively
characterized for their self-assembly kinetics, redox-responsive drug release profiles, and
physicochemical stability. Biological evaluations included cellular uptake efficiency, in vivo
pharmacokinetics, and antitumor efficacy in tumor-bearing mouse models. Results: Sys-
tematic characterization revealed that π-conjugated disulfide bond positioning dictates
prodrug self-assembly and inversely regulates reductive drug release relative to carbon
spacer length. The FBD NAs demonstrated optimal redox-responsive release kinetics while
maintaining minimal systemic toxicity, achieving 101.7-fold greater tumor accumulation
(AUC) than DiR Sol controls. In 4T1 tumor-bearing models, FBD NAs displayed potent
antitumor efficacy, yielding a final mean tumor volume of 518.06 ± 54.76 mm3 that was
statistically significantly smaller than all comparator groups (p < 0.001 by ANOVA at a 99%
confidence interval). Conclusion: These findings demonstrate that strategic incorporation
of redox-sensitive disulfide bonds with different π–π stacking interactions in the prodrug
structure effectively optimizes the delivery-release balance of DOX in vivo, ensuring both
potent antitumor efficacy and reduced systemic toxicity.

Keywords: molecular design; doxorubicin prodrug; nanoassembly; drug delivery;
drug release

1. Introduction
Cancer remains a leading global health burden, with limited therapeutic efficacy and

debilitating complications [1–3]. Conventional therapeutic approaches include surgery and
chemotherapy, with evidence demonstrating that perioperative chemotherapy combined
with surgery markedly improves local tumor control and overall survival compared to
surgery alone [4]. Notably, chemotherapy remains indispensable for treating metastatic
tumors unsuitable for surgical resection [5,6]. Doxorubicin (DOX) is a first-line, broad-
spectrum chemotherapeutic agent that exerts its antitumor effects primarily through in-
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terference with DNA and RNA synthesis and inhibition of topoisomerase II. [7–9]. While
demonstrating remarkable efficacy against various solid tumors (e.g., breast, lung, and
ovarian cancers) and hematological malignancies (e.g., acute leukemia and lymphoma),
DOX administration is hampered by severe toxicities [10,11]. The aqueous formulation
exhibits dose-limiting cardiotoxicity, manifesting as arrhythmias and heart failure, creating
a narrow therapeutic window that restricts clinical utility [10]. The 1995 FDA approval of
PEGylated liposomal DOX (Doxil®) marked a milestone in nanomedicine. This formulation
utilizes an ammonium sulfate gradient loading method to encapsulate DOX crystals within
liposomes [12], demonstrating dual therapeutic advantages: enhanced tumor accumula-
tion through the Enhanced permeability and retention (EPR) effect coupled with reduced
cardiac distribution, along with prolonged circulation half-life achieved via PEG-mediated
evasion of reticuloendothelial system clearance [13]. Despite these improvements, Doxil®

had long been criticized for unsatisfactory clinical translation, inefficient drug release due
to rigid lipid bilayers, and potential biosafety risks of carrier materials [14,15]. These unre-
solved issues underscore the urgent need for novel drug delivery systems that optimize
the balance between efficacy and safety in clinical chemotherapy.

To overcome the limitations of conventional carrier-based nanomedicines, carrier-
free nanoassemblies composed of small-molecule drugs or prodrugs have emerged as a
promising platform for cancer therapy [16]. These systems retain the advantages of tradi-
tional nanomedicines while offering distinct benefits, including simple fabrication, high
drug loading (>50%), and the elimination of carrier-related toxicity [17,18]. In particular,
prodrug-based nanoassemblies integrate the precision of prodrug design with the efficiency
of nanoscale delivery, representing a paradigm shift in drug development [19]. An ideal
prodrug strategy involves transient inactivation of the parent drug via chemical modifica-
tion, followed by selective reactivation at disease sites, thereby minimizing off-target effects
and enhancing therapeutic specificity [20,21]. Tumor-specific activation is enabled by the
abnormal chemical milieu of tumors, such as elevated levels of reactive oxygen species
(ROS) and glutathione (GSH) [22,23]. Accordingly, researchers have engineered cleavable
linkers—such as disulfide bonds—that respond to these cues and trigger drug release
within tumors [24]. Beyond accelerating drug release, previous studies have shown that
certain linkers also enhance the self-assembly of prodrugs by strengthening intermolecular
interactions [19,25]. These insights have broadened the functional scope of chemical linkers
in prodrug-based delivery and sparked growing interest in the design of novel linker
chemistries. However, rationally designing linkers that are both tumor-responsive and
conducive to nanoassembly remains a significant challenge.

Precise modulation of intermolecular forces is a key driver in the formation of prodrug
nanoassemblies, enabling stable self-assembly and efficient delivery [26,27]. Strategically
designed prodrug molecules can introduce structural defects—such as specific functional
group arrangements or steric configurations—that facilitate spontaneous formation of
ordered nanostructures [19,28]. This process is governed by non-covalent interactions,
including π–π stacking, hydrophobic effects, and hydrogen bonding, which collectively
stabilize the assembled architecture [29,30]. Emerging evidence suggests that tuning hy-
drophobic and hydrogen bonding interactions can precisely control the morphology, size,
and stability of nanoassemblies, thereby regulating drug release kinetics and influencing
therapeutic efficacy [31–33]. For example, enhanced hydrophobicity may slow drug release
and prolong circulation time, while engineered hydrogen bond networks can confer stimuli-
responsive release behavior [34,35]. Despite the well-recognized role of π–π stacking in
organic self-assembly systems [36], its contribution to prodrug nanoassemblies remains
largely unexplored. How π–π interactions influence assembly behavior, shape nanoparticle
properties, and impact in vivo delivery and antitumor activity remains unclear. Addressing
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this gap is essential to advancing structure–function understanding and guiding the design
of next-generation anticancer nanomedicines.

Guided by fundamental principles of molecular self-assembly, we engineered a next-
generation DOX delivery system that couples π–π stacking with spatially programmed
disulfide bonds (α, β, γ), achieving dual benefits of reduced carrier toxicity and controlled,
efficient release. By leveraging the strong π–π stacking capability of Fmoc moieties to facilitate
robust nanoassembly formation while systematically investigating the impact of disulfide
bond positioning on both structural stability and redox-responsive drug release kinetics. As
illustrated in Scheme 1, we first successfully synthesized three structurally optimized pro-
drug variants, DOX-SS(α)-Fmoc (FAD), DOX-SS(β)-Fmoc (FBD), and DOX-SS(γ)-Fmoc (FGD),
which spontaneously self-assembled into stable carrier-free nanoassemblies (FAD NAs, FBD
NAs, FGD NAs). Following intravenous administration, these nanoassemblies maintained
structural stability to ensure tumor-targeted delivery while minimizing off-target toxicity of
DOX. Upon internalization by tumor cells, the high intracellular GSH levels triggered their dis-
assembly to release DOX, thereby exerting potent antitumor effects. Through comprehensive
investigations encompassing prodrug synthesis and structural characterization, nanoassem-
bly preparation and physicochemical evaluation, cellular uptake and cytotoxicity profiling,
pharmacokinetic and biodistribution analyses, as well as systematic assessment of antitumor
efficacy and preliminary safety evaluation in tumor-bearing models, we demonstrated that
FBD NAs exhibited particularly stable tumor reduction-responsive drug release behavior
and superior antitumor activity. This integrated approach not only yields critical insights
into structure-activity relationships but also establishes a promising optimized DOX delivery
platform with significant therapeutic potential.

Scheme 1. Redox-responsive π-conjugated prodrug nanoassemblies for cancer chemotherapy.
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2. Materials and Methods
2.1. Experimental Materials

Chemical reagents including HBTU, DIPEA, DMAP, DOX·HCl, and Fmoc were
sourced from Anaiji Chemical Co., Ltd. (Shanghai, China). DSPE-PEG2K was acquired
from AVTPharmaceutical Technology Co., Ltd. (Shanghai, China).All cell culture vessels
(glass-bottom dishes, culture dishes, and plates) were obtained from NEST Biotechnology
Co., Ltd. (Wuxi, China).

2.2. Design and Synthesis of Position-Specific Disulfide-Bridged DOX Prodrugs

We referred to the methods in the literature and synthesized three position-specific
disulfide bridging DOX prodrugs (FAD, FBD, FGD) through a standardized three-step
protocol [33,37]. First, dithiodiacids (2 mmol) were reacted with acetic anhydride (5 mL) at
25 ◦C for 2 h under N2, followed by toluene-assisted drying. The ints were then coupled
with Fmoc (2 mmol) and DMAP (0.2 mmol) in dichloromethane (10 mL) at 25 ◦C for 12 h,
purified by silica column chromatography (CH2Cl2: MeOH, 500:1). Finally, the Fmoc inter-
mediates (0.5 mmol) were conjugated with DOX·HCl (0.5 mmol) using HBTU/DIPEA in
DMF (10 mL) at 30 ◦C for 48 h. All products were purified by preparative high-performance
liquid chromatography (HPLC, acetonitrile:water, 70:30) with yields >50% and character-
ized by mass spectrometry (MS) and NMR. The MS characterization of prodrugs was
carried out by high-resolution electrospray ionization mass spectrometry (HR-ESI-MS) in
the positive ion mode. The molecular structure and purity of the prodrug were confirmed
by precisely measuring the molecular ion peaks ([M + H]+) and characteristic fragment
peaks. The specific parameters are as follows: Scanning range: m/z 100–1500; drying
temperature: 300 ◦C; capillary voltage: 3.5 kV; and collision energy: 20–40 eV (gradient
optimized). The prodrugs were characterized by 1H NMR (400/600 MHz, DMSO-d6 with
0.03% TMS) at 25 ◦C, analyzing chemical shifts (δ 0–15 ppm), peak patterns (e.g., aromatic
protons at 7.5–8.5 ppm), and integration ratios (e.g., Fmoc 9H protons) with acquisition
parameters of 32–64 scans, 12 ppm spectral width, and 2 s relaxation delay.

2.3. Preparation of DOX Prodrug NAs

The three prodrug-based nanoassemblies (FAD NAs, FBD NAs, and FGD NAs) were
synthesized using a standardized nanoprecipitation protocol [38,39]. In brief, individual
prodrugs (1 mg) were initially dissolved in a 1:1 (v/v) THF/ethanol cosolvent system
(200 µL total volume). This organic solution was then rapidly injected into deionized
water (1 mL) under continuous magnetic stirring at 1050 rpm. For PEGylated variants,
DSPE-PEG2K (20% w/w relative to prodrug) was incorporated into the organic phase prior
to aqueous injection. Following nanoassembly formation, residual organic solvents were
removed by rotary evaporation at 30 ◦C under reduced pressure in 5 min.

Prior to full-scale production, comprehensive parameter optimization was conducted.
This systematic evaluation assessed the impact of different organic solvents (THF, ethanol,
methanol, acetonitrile, and various combinations) and stirring speeds (650–1950 rpm) on
nanoassembly characteristics. Based on extensive characterization data, the THF/ethanol (1:1)
cosolvent system combined with 1050 rpm stirring was identified as the optimal formulation
condition, yielding nanoassemblies with the most favorable physicochemical properties.

For quality control, the prepared nanoassemblies were characterized using dy-
namic light scattering (Malvern Zetasizer, NanoZS, Malvern Co., Worcestershire, UK).
Samples were appropriately diluted (50 µL nanoassemblies in 950 µL deionized water)
and equilibrated for 120 s prior to measurement. We evaluated three critical parame-
ters (hydrodynamic diameter, PDI, and zeta potential) with triplicate measurements to
verify reproducibility.
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2.4. In Vitro Stability Study of NAs

The colloidal stability of PEGylated FAD NAs, FBD NAs, and FGD NAs (0.5 mg/mL)
was systematically evaluated under three conditions: (1) in PBS containing 10% FBS
(pH 7.4) at 37 ◦C with shaking (100 rpm), with particle size monitored over 24 h; (2) during
30-day storage at 4 ◦C; and (3) the formulations were mixed with 100 mg sucrose in 2 mL
tubes, vortexed for complete dissolution, transferred to vials, and lyophilized (−80 ◦C
pre-freeze for 24 h followed by 24 h primary drying) in a freeze-dryer. Reconstitution with
1 mL of deionized water yielded homogeneous nanosuspensions, with stability assessed
via pre-/post-lyophilization particle size changes and powder morphology. In addition,
the encapsulation rates of the three nanoassemblies during the stability experiment were
determined by ultrafiltration and HPLC.

2.5. Evaluation of Intermolecular Interaction

We conducted a comprehensive evaluation of the driving forces underlying nanoassem-
blies. The computational analysis was performed using the Yinfu Cloud platform
(Guangzhou Yinfu Information Technology Co., Ltd., Guangzhou, China), which involved
the following: (1) constructing energy-minimized three-dimensional prodrug structures (in
mol2 format) with precise disulfide bond positioning and (2) performing small-molecule
docking through conformational searching to characterize hydrogen bonding, π–π stacking,
and hydrophobic interactions. Then three chemical disruptors were used to probe inter-
molecular forces in NAs: 50 mM NaCl (electrostatic interactions), 50 mM urea (hydrogen
bonds), and 50 mM SDS (hydrophobic interactions). For each test, 900 µL of disruptor
solution was mixed with 100 µL of PEGylated prodrug nanoassemblies in 2 mL tubes,
then incubated (37 ◦C, 100 rpm, 3 h). Particle size and PDI were measured pre- and
post-incubation. Significant increases confirmed force-specific disruption.

2.6. Drug Release

The release study was conducted using PBS (pH 7.4) containing 25% ethanol as
the solvent, with three different dithiothreitol (DTT) concentrations (0, 10, and 100 µM).
PEGylated FAD NAs, FBD NAs, and FGD NAs were introduced into 5 mL of release
medium at a DOX-equivalent concentration of 200 µg/30 mL. The mixtures were then
incubated in a constant-temperature shaker maintained at 37 ◦C with 100 rpm agitation.
Aliquots were collected at specified time points: 0, 0.5, 1, 2, 4, 6, 8, 10, and 12 h for standard
conditions; 0, 0.5, 1, and 4 h for FAD NAs in 10 µM DTT; and 0, 0.167, and 0.333 h for FAD
NAs in 100 µM DTT. The released DOX prodrug was quantified by HPLC through peak
area analysis.

2.7. Cell Culture

The mouse breast tumor cell line (4T1 cells), human non-small cell lung cancer
(NSCLC) epithelial cell line (A549 cells), and murine fibroblasts (3T1 cells) were derived
from the Cell Bank of the Chinese Academy of Sciences (Beijing, China). For cryopreser-
vation, adherent cells at logarithmic growth phase (80% confluency) were trypsinized
(0.25% trypsin, 1 min), centrifuged (1000 rpm, 5 min), and resuspended in freezing medium
before storage at −80 ◦C. For recovery, frozen vials were rapidly thawed (37 ◦C, <1 min),
centrifuged, and seeded in pre-warmed medium. Subculture followed the same trypsiniza-
tion procedure, with a 1:5 split ratio into fresh medium. All cells were maintained at
37 ◦C/5% CO2 and passaged ≥3 times before experimental use to ensure stable morphol-
ogy and proliferation.
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2.8. Cellular Uptake

C-6-labeled nanoassemblies were prepared by co-dissolving DOX prodrug and C-6
(1.0 mg each, at a 9:1 molar ratio) in THF/ethanol (1:1, v/v), mixed with DSPE-PEG2K

(20% w/w), then nanoprecipitated into deionized water under stirring (1050 rpm, 3 min).
Subsequently, organic solvents were removed by rotary evaporation (30 ◦C) to obtain
nanoassemblies (200 µg/mL DOX equivalent, 20 µg/mL C-6). For uptake studies, 4T1 cells
were treated with C-6 formulations (200 ng/mL) for 0.5/2 h. Qualitative analysis involved
fixation, Hoechst staining, and confocal microscopy by DAPI/FITC channels (CLSM, C2,
Nikon, Tokyo, Japan).

After incubation periods of 0.5 or 2 h, 4T1 cells were processed for flow cytometric
analysis (BD FACSCalibur, BD Biosciences, San Jose, CA, USA) following the same protocol
used for confocal microscopy. Cells were trypsinized, centrifuged, and resuspended
in PBS (pH 7.4), then filtered into flow cytometry tubes for quantitative fluorescence
measurement. All procedures were performed under light-protected conditions to prevent
fluorophore degradation.

2.9. In Vitro Cytotoxicity Investigation

The cytotoxic effects of DOX Sol, FAD NAs, FBD Nas, and FGD NAs on tumor cells
(4T1 and A549 cells) and normal cells (3T3 cells) were evaluated by MTT assay. Briefly, cells
were enzymatically detached with trypsin, pelleted by centrifugation (1000 rpm, 5 min),
and adjusted to 104 cells/mL in complete medium. Cell suspensions (2000 cells/well) were
seeded in 96-well plates and allowed to adhere for 15 h under standard culture conditions
(37 ◦C, 5% CO2). Post-treatment, 20 µL of MTT reagent (5 mg/mL in PBS) was introduced
per well. Following 4 h of metabolic conversion, the resulting formazan crystals were
solubilized in 200 µL DMSO with orbital shaking (30 min, 300 rpm). Optical density was
quantified at 490 nm using a microplate reader (ThermoFisher Scientific, Waltham, MA,
USA), with cell viability expressed relative to untreated controls. Dose–response curves
were generated via nonlinear regression to derive IC50 values. Strict aseptic techniques
were maintained throughout all procedures.

2.10. Animal Housing

All experimental animals were purchased from Liaoning Changsheng Biotechnology
Co., Ltd. (Benxi, China), with confirmed good health status, without genetic modification,
and without any prior experimental procedures. Animal procedures were approved by
the Institutional Animal Care and Use Committee of Shenyang Pharmaceutical University
(Shenyang, China). The animal study protocol was approved by the Institutional Animal
Ethics Committee (Approval Code: SYPU-2ACUC-S2024-0919-201; Approval Date: 19
September 2024). The study used adult male Sprague-Dawley (SD) rats (8–12 weeks old,
~200 g) and adult female BALB/c mice (6–8 weeks old, ~20 g). 20 SD rats and 68 BALB/c
mice were housed under standard laboratory conditions with free access to food and water.
Randomization of treatment order and cage positions was implemented, with blinded
assessments to minimize handling and environmental biases.

2.11. Pharmacokinetics

A total of 20 SD rats were randomly allocated into four treatment groups: DiR Sol,
FAD@DiR NAs, FBD@DiR NAs, and FGD@DiR NAs (n = 5 per group; the experimen-
tal unit is a single animal). Test compounds—either DiR Sol or DiR-labeled prodrug
nanoassemblies—were administered via tail vein injection at a standardized DiR-equivalent
dose of 2 mg/kg. Serial blood samples were obtained through the ophthalmic venous
plexus at predetermined time points. Following collection, whole blood was immedi-
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ately centrifuged to isolate plasma fractions. DiR concentrations in plasma samples were
subsequently quantified using fluorescence measurement with a microplate reader, with
appropriate standard curves and quality controls included in each assay run. No animals,
experimental units, or data points were excluded, as all animals maintained normal health
status, body weight, and experimental data without abnormalities.

2.12. Biodistribution

For tumor model establishment, 4T1 cells suspended in PBS (pH 7.4) were subcuta-
neously inoculated into the right flank of female BALB/c mice. When tumor volumes
reached approximately 400 mm3, the 20 tumor-bearing mice were randomly allocated
into four treatment groups: DiR Sol, FAD@DiR NAs, FBD@DiR NAs, and FGD@DiR NAs
(n = 5) and intravenously administered either DiR Sol or DiR-labeled prodrug nanoassem-
blies at a DiR-equivalent dose of 2 mg/kg. Whole-body fluorescence imaging was con-
ducted using an IVIS Spectrum imaging system (PerkinElmer IVIS Spectrum, Waltham,
MA, USA) at predetermined time intervals. At the predetermined peak fluorescence time
point, mice were euthanized, followed by excision of tumors and major organs (heart,
liver, spleen, lungs, and kidneys) for ex vivo fluorescence imaging analysis. No animals,
experimental units, or data points were excluded, as all animals maintained normal health
status, body weight, and experimental data without abnormalities.

2.13. In Vivo Anti-Tumor Efficiency of Three NAs

When 48 4T1 tumor-bearing BALB/c mice reached a tumor volume of ~100 mm3,
they were randomly divided into six groups (n = 5): Saline, DOX Sol, Doxil, FAD NAs,
FBD NAs, and FGD NAs. Treatments were administered intravenously (DOX-equivalent
dose: 10 mg/kg) every 3 days for five cycles (Day 0–12). Tumor volumes were calculated
(V = a × b2/2, where a and b are the long and short diameters, respectively), and growth
curves were plotted. On Day 14 (48 h post-final dose), mice were euthanized, and tumors
were excised, weighed, and fixed for histopathological analysis (H&E staining, Servicebio,
Wuhan, China). Serum biochemical parameters were analyzed to assess hepatorenal
function. The initial group size was n = 8. During the experiment, animals from certain
groups that failed to meet health standards were excluded, ensuring a final count of n = 5
per group for analysis. We also performed in vivo efficacy studies of FBD NAs at varying
doses.

2.14. Processing of Animal Experimental Data

Animals were randomly assigned to control and treatment groups to prevent se-
lection bias (e.g., avoiding unintentionally assigning healthier animals to one group),
balance confounding variables (e.g., weight, age, litter effects), and meet statistical as-
sumptions (e.g., independence of observations). For basic comparisons (e.g., *t*-tests or
one-way ANOVA), n = 5 per group may provide ~80% power to detect a large effect size
(e.g., Cohen’s *d* > 1.0) if variability is low. Healthy animals meeting predefined age,
weight, and baseline health criteria were included in the study, while those exhibiting
severe adverse effects (>20% weight loss) or technical failures were excluded, with all
criteria established a priori. Data points identified as outliers (>2SD) through predefined
statistical methods were excluded, and technical errors were discarded. The study adhered
to these pre-established inclusion/exclusion protocols throughout the experimental and
analytical processes. Animals were randomly assigned to control and treatment groups to
prevent selection bias (e.g., avoiding unintentionally assigning healthier animals to one
group), balance confounding variables (e.g., weight, age, litter effects), and meet statistical
assumptions (e.g., independence of observations). Only the randomization coordinator
knew group assignments during allocation but was excluded from subsequent procedures,
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while all other personnel (treatment administrators, outcome assessors, and statisticians)
remained blinded throughout the study, using coded identifiers and analyzing de-identified
data until final results were completed.

2.15. Statistical Analysis

All statistical analyses were conducted using GraphPad Prism version 9.0 (GraphPad
Software, San Diego, CA, USA). Continuous variables are expressed as mean ± standard
deviation. Between-group differences were analyzed by two-tailed Student’s t-test or one-
way ANOVA followed by Tukey’s post hoc test, respectively, for two groups and multiple
groups. Statistical significance was defined as p < 0.05, with the following levels indicated:
* p < 0.05, ** p < 0.01, and *** p < 0.001.

3. Results and Discussion
3.1. Synthesis of Three Redox-Specific Prodrugs of DOX

To systematically investigate the impact of disulfide bond positioning on prodrug
release kinetics and therapeutic efficacy, we designed three DOX prodrugs with distinct
disulfide linkage modes at the α-, β-, and γ-positions relative to the amide bond (des-
ignated as FAD, FBD, and FGD, respectively). This structural optimization focused on
the amino terminus of DOX, which represents an ideal site for chemical modification.
The synthetic routes and chemical structures for these prodrugs are illustrated in Figures
S1 and 1A, with their chemical structures unequivocally confirmed by high-resolution
mass spectrometry (HRMS) and 1H nuclear magnetic resonance (NMR) spectroscopy
(Figures S2–S7).

3.2. Preparation and Characterization of NAs

Three disulfide-bridged DOX prodrug nanoassemblies (FAD NAs, FBD NAs, FGD
NAs) were successfully prepared through optimized one-step nanoprecipitation (Figure 1B),
incorporating 20% DSPE-PEG2K for enhanced colloidal stability and prolonged circu-
lation. Comprehensive formulation screening (Tables S1 and S2) established optimal
preparation conditions. Characterization revealed monodisperse spherical nanoassemblies
with a mean diameter of 110 ± 5 nm and exceptionally low polydispersity (PDI < 0.1)
(Figure 1C–E, Table S3). The systems exhibited a zeta potential of −40 ± 2 mV
(Table S3), ensuring electrostatic stabilization, along with FGD NAs exhibiting impres-
sive drug loading capacity (45–50% w/w). TEM imaging (Figure S8) confirmed the uniform
spherical morphology and successful self-assembly of all three configurations (α, β, and γ

disulfide positions).
Mechanistic studies employing intermolecular force disruption (Figure 1F) demon-

strated that while electrostatic (NaCl) and hydrogen bonding (urea) interactions contributed
minimally to nanoassembly integrity, hydrophobic forces (SDS) played a predominant
role in maintaining assembly stability. Complementary molecular docking simulations
(Figure 1G) identified three key stabilizing interactions: (1) hydrogen bonding networks,
(2) π–π stacking (particularly between Fmoc and the anthracycline moiety), and
(3) hydrophobic effects, with the latter two contributing most significantly to
molecular self-assembly.

Stability assessments under physiological conditions (10% FBS/PBS, pH 7.4) showed
that FAD and FBD NAs maintained their original size distribution over 24 h, while FGD
NAs reached a stable plateau at 130 nm (Figure 1H). Extended storage stability evaluations
revealed consistent performance (Figure 1I), with the 20% PEG formulation demonstrating
optimal characteristics (Figure 1J). In addition, all three nanoassemblies maintained high
encapsulation efficiencies exceeding 90% during the stability study (Table S4), further
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demonstrating their excellent assembly stability. Lyophilization studies produced mechani-
cally stable, orange-red cakes (Figure S9) that upon reconstitution showed minimal size
variation for FAD NAs and FBD NAs and only a modest increase for FGD NAs (Figure 1K),
confirming excellent lyophilization stability across all formulations.

 

Figure 1. Fabrication and physicochemical characterization of DOX prodrug-based nanoassemblies.
(A) The chemical structural formulas of FAD, FBD, and FGD. (B) Schematic diagram of the formulation
process of one-step nano-precipitation method; particle size distribution images of the (C) FAD NAs,
(D) FBD NAs, and (E) FGD NAs. (F) Particle size stability profiles of prodrug nanoassemblies (n = 3).
(G) Molecular docking analysis of prodrug nanoassemblies. (H) Size evolution of prodrug NAs in
PBS (pH 7.4, 10% FBS) was tracked (n = 3). (I) The long-term stability investigation results of three
NAs (n = 3). (J) Colloidal stability of NAs with different PEG contents (n = 3). (K) The particle size of
FAD, FBD, and FGD NAs before and after freeze-drying (n = 3) * p < 0.05, ns no significant.

3.3. Redox-Responsive Drug Release Behavior of NAs In Vitro

Malignant cells maintain substantially elevated intracellular GSH levels compared to
their normal counterparts, creating a characteristically reductive tumor microenvironment.
The disulfide bonds incorporated into DOX prodrugs undergo selective cleavage under
these conditions, releasing DOX–thiol derivatives (DOX–SH). As established in previous
studies, the release mechanism proceeds through sequential thiol–disulfide exchange
reactions: (1) initial nucleophilic attack by GSH generates DOX-SSG, followed by (2) a
second GSH-mediated cleavage that releases oxidized glutathione (GSSG) and yields the
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active DOX–SH species. The amide linkage in these prodrugs exhibits greater stability than
ester bonds, preventing further hydrolysis to free DOX and maintaining DOX–SH as the
terminal active form, which retains potent antitumor activity [17].

The drug release behavior of DOX prodrug NAs was evaluated by monitoring prodrug
degradation under simulated reductive conditions using DTT-containing media. In the
absence of DTT, all three NA formulations (FAD NAs, FBD NAs, and FGD NAs) exhibited
minimal degradation, demonstrating excellent stability (Figure 2A). However, distinct
redox-responsive release profiles emerged with increasing DTT concentrations. FAD NAs
showed the most rapid degradation, with over 80% and 90% of the prodrug released within
4 h at 10 µM and 100 µM DTT, respectively (Figure 2B,C). In contrast, FBD NAs displayed
intermediate release kinetics, achieving 60% DOX release after 12 h at 100 µM DTT, as clearly
illustrated in the time-dependent release profile (Figure 2D–F). FGD NAs demonstrated
the slowest release, with less than 40% DOX liberated under the same conditions.

 

Figure 2. In vitro drug release of FAD, FBD, and FGD NAs in the presence of (A) 0 µM DTT,
(B) 10 µM DTT, and (C) 100 µM DTT. The release amount of the parent drug DOX from FBD NAs in
(D) 0 µm, (E) 10 µm, (F) 100 µm DTT. (G) Drug release mechanism of FAD NAs was triggered by
DTT, FBD NAs, and FGD NAs. Data represent mean ± SEM; **** p < 0.0001, ns no significant, red
lightning symbol, drug release speed.
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A clear concentration-dependent release pattern was observed, with accelerated degra-
dation kinetics at higher DTT concentrations. As shown in Figure 2G, comparative analysis
revealed a consistent structure-activity relationship, where reduction sensitivity followed
the order: FAD NAs > FBD NAs > FGD NAs. This trend indicates that the drug release
rate decreases with increasing carbon number in the disulfide linkage, highlighting the
critical role of molecular structure in governing redox-responsive release behavior. Molecu-
lar docking simulations unexpectedly revealed that π–π stacking interactions serve as a
dominant driving force for molecular assembly, highlighting the crucial regulatory role of
Fmoc groups in this process—a key finding of our study.

3.4. Cellular Uptake

The three DOX prodrug variants, differing in disulfide bond positioning (α, β, and γ),
all formed monodisperse nanoassemblies via self-assembly. Following PEGylation, these
nanoassemblies exhibited enhanced colloidal stability and distinct redox-responsive drug
release profiles, suggesting promising antitumor potential. To evaluate cellular uptake, we
employed C-6 labeled formulations (C-6 Sol, FAD@C-6 NAs, FBD@C-6 NAs, and FGD@C-6
NAs) in 4T1 cells.

Confocal microscopy analysis demonstrated time-dependent cellular internaliza-
tion, with significantly greater fluorescence intensity observed at 2 h compared to 0.5 h
(Figure 3A,B). All three nanoformulations showed comparable uptake efficiency, each
substantially exceeding that of free C-6 Sol, as evidenced by FITC fluorescence (green)
relative to DAPI-stained nuclei (blue). Flow cytometric quantification corroborated these
findings (Figure 3C,D), revealing (i) progressive accumulation over time (2 h > 0.5 h) and
(ii) markedly enhanced cellular association of nanoassemblies versus free drug, with no
significant differences among the three nanoformulations (p > 0.05).

3.5. Cytotoxicity

Previous in vitro characterization revealed distinct reduction-sensitive release profiles
among the three prodrug nanoassemblies (FAD NAs, FBD NAs, and FGD NAs). While
rapid drug release typically enhances cytotoxicity, the structural variations in the liberated
DOX–thiol derivatives—with sulfhydryl groups at distinct positions (α, β, or γ) relative to
the amide bond—may significantly influence their biological activity.

To elucidate these structure-activity relationships, we conducted comprehensive
cytotoxicity evaluations using 4T1 cells, A549 cells, and 3T3 cells as normal cell con-
trols. Comparative analysis demonstrated a consistent cytotoxic hierarchy in tumor cells
(4T1/A549 cells): DOX Sol > FBD NAs > FAD NAs > FGD NAs (Figure 3E,F, Table S5).
Notably, FBD NAs exhibited superior cytotoxicity compared to FAD NAs despite slower
release kinetics, suggesting enhanced bioactivity of the β-position DOX–thiol derivative. In
addition, FGD NAs exhibited the lowest cytotoxicity among all three cell lines, attributable
to the stable assembly properties conferred by the γ-position disulfide bonds, which re-
sulted in the slowest drug release rate and consequently minimal cellular toxicity. The drug
release kinetics of NAs critically determine their therapeutic efficacy. While γ-disulfide
bonds exhibit the strongest assembly stability with consequently slow drug release and min-
imal cytotoxicity, excessively rapid drug leakage (as seen with some linkers) compromises
antitumor efficacy by disrupting the delivery-release balance. Notably, β-disulfide bonds
demonstrate optimal intermediate release kinetics, achieving the ideal equilibrium between
nanocarrier stability and efficient drug liberation for maximal therapeutic performance.

All nanoformulations showed significantly reduced cytotoxicity in 3T3 cells compared
to malignant cells (Figure 3G), confirming their tumor-selective therapeutic potential. These
findings collectively demonstrate that while release kinetics influence drug availability,
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the specific chemical architecture of the active metabolite ultimately determines cytotoxic
potency, with the β-configuration proving most efficacious among the tested variants.

Figure 3. Cellular uptake and cytotoxicity. (A) Confocal laser scanning microscopy (CLSM) im-
ages of 4T1 cells incubated with C-6 Sol or C-6-labeled DOX prodrug NAs for 0.5 h and 2 h
(scale bar = 10 µm). (B) Fluorescence quantification of CLSM images; flow cytometry measure-
ments of 4T1 cells treated with C-6 Sol or C-6-labeled DOX prodrug NAs for 0.5 h (C) and 2 h
(D) (n = 3). Cell viability of (E) 4T1, (F) A549, (G) 3T3 cells after being treated with various concentra-
tions of DOX Sol and DOX prodrug NAs for 48 h (n = 3). Data represent mean ± SEM; *** p < 0.001,
** p < 0.01. * p < 0.05, ns no significant.

3.6. Pharmacokinetics and Biodistribution

Our three strategically designed NAs with different disulfide bond positions demon-
strated excellent stability, redox-responsive release of DOX–thiol derivatives, efficient tumor
cell uptake, and significant in vitro cytotoxicity in previous studies. These promising prop-
erties necessitated further in vivo evaluation to assess their therapeutic potential. Following
intravenous administration, nanotherapeutics must successfully reach tumor sites to exert
pharmacological effects, raising the question of whether disulfide position variations would
affect their pharmacokinetic behavior and tumor accumulation profiles. Due to its strong
binding affinity with NAs, excellent fluorescence properties, minimal interference with
in vivo fate, and low toxicity, DiR was selected as the fluorescent tracer to investigate the
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pharmacokinetic behavior of three DOX prodrug-based nanoassemblies. Pharmacokinetic
analysis in SD rats revealed distinct plasma concentration-time curves for DiR Sol versus
the three prodrug NAs (Figure 4A). This analysis was conducted under the premise of en-
suring compliance with the standard curve requirements of DiR in rat plasma (Figure S10).
While DiR Sol was rapidly cleared, PEGylation of the prodrug NAs created a protective
hydration layer that minimized recognition by the reticuloendothelial system, resulting
in significantly prolonged circulation times and greater AUC0–24h values—properties con-
ducive to enhanced tumor accumulation via the EPR effect. Comparative analysis showed
FAD@DiR NAs exhibited the lowest AUC0–24h, likely due to excessive redox sensitivity
leading to premature degradation by blood reductases. FGD@DiR NAs demonstrated
suboptimal stability consistent with in vitro observations. In contrast, FBD@DiR NAs
displayed balanced redox-responsiveness and stability, yielding superior pharmacokinetic
performance with reduced degradation risk and optimal circulation characteristics among
the three formulations (Table S6). These findings establish FBD@DiR NAs as the most
promising candidate for further development.

Effective intratumoral drug accumulation represents a fundamental requirement for
therapeutic efficacy, with drug concentration directly correlating with antitumor activity.
Through quantitative in vivo fluorescence imaging, we evaluated the tumor-targeting ca-
pability of DiR-labeled prodrug nanoassemblies, where fluorescence intensity served as
a direct indicator of tumoral drug enrichment. All three nanoformulations demonstrated
superior tumor accumulation compared to DiR Sol (Figure 4B), reaching peak concentra-
tions at 12 h post-administration. The tumor accumulation efficiency followed a distinct
hierarchy: FBD@DiR NAs > FGD@DiR NAs > FAD@DiR NAs, directly mirroring their
pharmacokinetic profiles. This correlation confirms that prolonged circulation time signifi-
cantly enhances tumor deposition through the EPR effect. Comprehensive biodistribution
analysis at 12 h (Figure 4C,D) revealed minimal tumor accumulation of DiR Sol, while
the nanoassemblies showed substantial tumor enrichment, maintaining the same rank
order. This enhanced targeting capability stems from synergistic effects of PEG-mediated
prolonged circulation and optimized EPR characteristics, with FBD@DiR NAs exhibiting
the most favorable profile for therapeutic applications.

3.7. In Vivo Antitumor Efficacy

Our designed DOX prodrug nanoassemblies with distinct disulfide linkages demon-
strate four key advantages: (1) simple preparation with minimal excipients and high
drug loading (~50%), (2) redox-responsive drug release in tumor microenvironments,
(3) enhanced cellular uptake and cytotoxicity, and (4) prolonged circulation with tumor ac-
cumulation. While sharing these benefits, the α (FAD), β (FBD), and γ (FGD) configurations
displayed differential release kinetics, cytotoxicity, pharmacokinetics, and biodistribution
profiles due to their structural variations. This prompted a comprehensive evaluation of
their therapeutic efficacy and safety in 4T1 tumor-bearing BALB/c mice.

Using 4T1 tumor-bearing BALB/c mice, we assessed antitumor efficacy through tumor
volume measurements, burden rates, and histopathological analysis (H&E staining) across
six treatment groups: Saline, DOX Sol, Doxil, and three prodrug nanoassemblies (FAD, FBD,
and FGD NAs) at 10 mg/kg DOX-equivalent doses once every 3 days through injection for
5 times (Figure 5A). Initial tumor volumes ranged from 100 to 110 mm3. While conventional
DOX formulations (DOX Sol and Doxil) proved lethal within 8 days, all nanoassemblies
demonstrated significant tumor growth inhibition compared to saline controls (900 mm3

at day 14). FBD NAs emerged as the most effective formulation, showing superior tumor
suppression (FBD > FAD > FGD; Figure 5B,C) that correlated with in vitro cytotoxicity data.
This enhanced efficacy reflected FBD’s optimal combination of strong cytotoxicity, favor-
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able pharmacokinetics, and efficient tumor accumulation, resulting in the lowest tumor
burden rate (Figure 5D) and most pronounced histological evidence of tumor cell death
(Figure S11). In contrast, FGD NAs exhibited reduced antitumor activity due to slower
drug release kinetics and weaker cytotoxicity, while FAD NAs demonstrated intermediate
performance. The consistent hierarchy across both in vitro and in vivo evaluations confirms
the critical relationship between prodrug structure and therapeutic outcome.

Figure 4. Pharmacokinetic and in vivo biodistribution. (A) Comparative pharmacokinetics of DiR
Sol vs. DiR-labeled prodrug NAs (1 mg DiR eq./kg; n = 5). (B) Representative in vivo fluores-
cence images of 4T1-tumor-bearing mice following administration of DiR Sol or DiR-prodrug NAs
(1 mg/kg; n = 5). (C) Quantitative results of fluorescence intensity in the major organs and tumors
of 4T1 tumor-bearing BALB/c mice at 12 h (n = 3). (D) Ex vivo biodistribution analysis of DiR
formulations in 4T1 tumor models. Data represent mean ± SEM; ** p < 0.01.

Comprehensive safety evaluation in 4T1 tumor-bearing BALB/c mice demonstrated
superior biocompatibility of the prodrug nanoassemblies (FAD, FBD, FGD NAs) compared
to conventional DOX formulations. While DOX Sol and Doxil (10 mg/kg DOX-equivalent)
caused 100% mortality within 8 days, all nanoassembly-treated groups maintained stable
body weights (Figure S12) and showed normal hepatic (ALT, AST) and renal (CRE, BUN)
function markers within physiological ranges (Figure S13). H&E analysis revealed intact
tissue architecture in major organs (Figure S14), confirming excellent in vivo compatibility.
These findings demonstrate that the prodrug nanoassemblies effectively mitigate DOX-
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associated systemic toxicity while maintaining antitumor efficacy, representing a significant
therapeutic advancement.

 

Figure 5. In vivo antitumor efficacy of prodrug nanoassemblies. (A) Treatment schedule of all
NAs and control groups (n = 5). (B) Image of tumors after the last treatment (n = 5). (C) Tumor
growth profiles treated with different formulations (n = 5). (D) Tumor burden after the last treatment.
(n = 5). (E) Treatment schedule of different doses of FBD NAs (n = 5). (F) Image of tumors after the
last treatment for different dose of FBD NAs and saline (n = 5). (G) Tumor growth profiles treated
with different doses of FBD NAs (n = 5). (H) Tumor burden after the last treatment (n = 5). * p < 0.05,
** p < 0.01, *** p < 0.001, **** p < 0.0001, blue arrows. Injection time point.

Capitalizing on the established safety and efficacy profile of FBD NAs, we investigated
its dose–response relationship in 4T1 tumor-bearing BALB/c mice at escalating DOX-
equivalent doses (10, 25, and 40 mg/kg). The dosing regimen is shown in Figure 5E.
Treatment initiation at 100 mm3 tumor volume revealed striking dose-dependent efficacy:
while saline controls developed 800 mm3 tumors by day 14 (Figure 5F,G), all FBD NA
groups showed significant growth inhibition, with tumor burden rates inversely correlating
with dosage (Figure 5H). H&E analysis (Figure S15) demonstrated progressive therapeutic
effects—from focal necrosis at 10 mg/kg to extensive tumor destruction at 40 mg/kg,
characterized by complete cell death and architectural disintegration. These findings not
only confirm dose-responsive antitumor activity of FBD NAs but also highlight their ability
to safely deliver up to 4× the standard clinical DOX dose while maintaining superior tumor
control. The preserved therapeutic index at high doses underscores exceptional clinical
translation potential of FBD NAs as a next-generation anthracycline delivery platform.
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Comprehensive safety assessment of FBD NAs at escalating doses (10–40 mg/kg DOX-
equivalent) revealed excellent in vivo tolerability. All dose groups maintained stable body
weights (Figure S16) and normal serum biochemistry (ALT, AST, CRE, BUN; Figure S17),
with hepatic/renal markers consistently within physiological ranges. H&E examination
(Figure S18) confirmed preserved architecture in major organs (heart, liver, spleen, lungs,
kidneys) without evidence of inflammation or necrosis, even at the maximum 40 mg/kg
dose. These findings demonstrate the exceptional safety profile of FBD NAs, maintaining
full biocompatibility at doses 4-fold higher than conventional DOX’s maximum tolerated
dose while delivering enhanced antitumor efficacy.

4. Conclusions and Discussion
In this study, we elucidate that the antitumor efficacy of precisely engineered prodrug

nanoassemblies is intricately governed by the strategic placement of disulfide bonds in
conjunction with π–π stacking interactions. These two factors synergistically modulate
the drug release kinetics, thereby offering a solution to the long-standing delivery-release
paradox that has plagued the field of nanomedicine. Our investigations reveal that robust
π–π stacking interactions endow the prodrug nanoassemblies with exceptional self-driven
assembly properties, facilitating their formation and stability. Concurrently, the systematic
manipulation of disulfide bond locations within the prodrug architecture provides a pre-
cise means of controlling the drug liberation dynamics. Our experimental results clearly
demonstrate position-dependent drug release kinetics, following the order of α > β > γ.
Notably, the β-disulfide configuration emerges as the most clinically promising candidate,
as it strikes an optimal balance between systemic stability and specific drug release, thus
achieving the desired therapeutic efficacy.

This research represents an innovative integration of tumor reduction-responsive pro-
drug design with carrier-free nanoassembly technology. We have successfully developed
three DOX prodrug nanoassemblies, namely FAD, FBD, and FGD NAs, which are distin-
guished by the different positions of disulfide bonds (α, β, and γ). To enhance the inter-
molecular interactions within these nanoassemblies, we incorporated 9-fluorenylmethanol
as an aromatic conjugated side chain. Subsequently, we conducted a systematic evaluation
of the impact of disulfide bond positioning on the properties of these nanoassemblies. The
results indicate that the β-disulfide modified FBD NAs exhibit superior performance across
multiple aspects. Firstly, they possess high stability, as evidenced by a particle size of
approximately 110 nm, a zeta potential of −40 mV, and a drug loading capacity ranging
from 45% to 50%. Secondly, they demonstrate controlled reduction-responsive release,
with the release rate following the order of FAD > FBD > FGD. Thirdly, compared to their
α- and γ-modified counterparts, FBD NAs exhibit superior cytotoxicity, more favorable
pharmacokinetics (as indicated by the highest AUC0–24h value), and enhanced tumor accu-
mulation. In 4T1 tumor-bearing mice, FBD NAs not only achieved significantly enhanced
antitumor efficacy compared to FAD and FGD NAs but also maintained safety at a dose
of 40 mg/kg (DOX equivalent), effectively addressing the toxicity limitations associated
with conventional DOX formulations such as solutions and liposomes. These findings
underscore the critical importance of disulfide bond positioning in prodrug design, with
β-site modification uniquely optimizing the stability and release kinetics of the nanoassem-
blies. Overall, this study establishes a robust prodrug design strategy and a comprehensive
structure-activity relationship framework, which hold great promise for advancing the
clinical translation of tumor-targeted nanomedicines.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/pharmaceutics17091162/s1, Figure S1: The synthetic route of
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FAD, FBD, and FGD; Figure S2: Mass spectrum of FAD; Figure S3: 1H NMR spectrum of FAD; Figure
S4: Mass spectrum of FBD; Figure S5: 1H NMR spectrum of FBD; Figure S6: Mass spectrum of FGD;
Figure S7: 1H NMR spectrum of FGD; Figure S8: The transmission electron microscope image of (A)
FAD, (B) FBD, and (C) FGD NAs. Scale bar represents 200 nm; Figure S9: Photographs of FAD, FBD,
and FGD NAs before (A) and after (B) resolution; Figure S10: Standard curve of DiR in rat plasma;
Figure S11: H&E staining images of tumor sections after the last treatment. Scale bar = 100 µm;
Figure S12: Body weight changes in BALB/c mice bearing 4T1 tumor xenografts during treatment
with different formulations (n = 5); Figure S13: Hepatorenal function parameters of mice bearing
4T1 tumor xenografts after the last treatment (n = 3); Figure S14: H&E staining images of the major
organs of mice bearing 4T1 tumor xenografts after the last treatment. Scale bar = 100 µm; Figure
S15: H&E staining images of tumor sections after the last treatment. Scale bar = 100 µm; Figure S16:
Body weight changes in BALB/c mice bearing 4T1 tumor xenografts during treatment with different
doses of FBD NAs (n = 5); Figure S17: Hepatorenal function parameters of mice bearing 4T1 tumor
xenografts after the last treatment (n = 3); Figure S18: H&E staining images of the major organs of mice
bearing 4T1 tumor xenografts after the last treatment. Scale bar = 100 µm; Table S1: Characterization
of FAD, FBD, and FGD NAs with different solvents (n = 3); Table S2: Characterization of FAD, FBD,
and FGD NAs with different rotate speeds (n = 3); Table S3: The characteristics of FAD, FBD, and
FGD NAs; Table S4: Table S4. Encapsulation rates at different time points of FAD, FBD and FGD NAs
(n = 3). Table S5: IC50 values of DOX Sol and DOX prodrug NAs against 4T1, A549, and 3T3 cells;
Table S6: Pharmacokinetic parameters of DiR Sol and DiR-labeled DOX prodrug NAs (n = 5).
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9. Kullenberg, F.; Degerstedt, O.; Calitz, C.; Pavlović, N.; Balgoma, D.; Gråsjö, J.; Sjögren, E.; Hedeland, M.; Heindryckx, F.;
Lennernäs, H. In vitro cell toxicity and intracellular uptake of doxorubicin exposed as a solution or liposomes: Implications for
treatment of hepatocellular carcinoma. Cells 2021, 10, 1717. [CrossRef] [PubMed]

10. Christidi, E.; Brunham, L.R. Regulated cell death pathways in doxorubicin-induced cardiotoxicity. Cell Death Dis. 2021, 12, 339.
[CrossRef]

11. Bosman, M.; Krüger, D.; Van Assche, C.; Boen, H.; Neutel, C.; Favere, K.; Franssen, C.; Martinet, W.; Roth, L.; De Meyer, G.R.
Doxorubicin-induced cardiovascular toxicity: A longitudinal evaluation of functional and molecular markers. Cardiovasc. Res.
2023, 119, 2579–2590. [CrossRef]

12. Barenholz, Y.C. Doxil®—The first FDA-approved nano-drug: Lessons learned. J. Control. Release 2012, 160, 117–134. [CrossRef]
[PubMed]

13. Tran, S.; DeGiovanni, P.-J.; Piel, B.; Rai, P. Cancer nanomedicine: A review of recent success in drug delivery. Clin. Transl. Med.
2017, 6, 44. [CrossRef]

14. Ibrahim, M.; Abuwatfa, W.H.; Awad, N.S.; Sabouni, R.; Husseini, G.A. Encapsulation, release, and cytotoxicity of doxorubicin
loaded in liposomes, micelles, and metal-organic frameworks: A review. Pharmaceutics 2022, 14, 254. [CrossRef]

15. Lin, J.; Yang, H.; Zhang, Y.; Zou, F.; He, H.; Xie, W.; Zou, Z.; Liu, R.; Xu, Q.; Zhang, J. Ferrocene-based polymeric nanoparticles
carrying doxorubicin for oncotherapeutic combination of chemotherapy and ferroptosis. Small 2023, 19, 2205024. [CrossRef]

16. Karaosmanoglu, S.; Zhou, M.; Shi, B.; Zhang, X.; Williams, G.R.; Chen, X. Carrier-free nanodrugs for safe and effective cancer
treatment. J. Control. Release 2021, 329, 805–832. [CrossRef]

17. Yang, Y.; Sun, B.; Zuo, S.; Li, X.; Zhou, S.; Li, L.; Luo, C.; Liu, H.; Cheng, M.; Wang, Y. Trisulfide bond–mediated doxorubicin
dimeric prodrug nanoassemblies with high drug loading, high self-assembly stability, and high tumor selectivity. Sci. Adv. 2020,
6, eabc1725. [CrossRef]

18. Huang, L.; Zhao, S.; Fang, F.; Xu, T.; Lan, M.; Zhang, J. Advances and perspectives in carrier-free nanodrugs for cancer
chemo-monotherapy and combination therapy. Biomaterials 2021, 268, 120557. [CrossRef]

19. Li, G.; Sun, B.; Li, Y.; Luo, C.; He, Z.; Sun, J. Small-molecule prodrug nanoassemblies: An emerging nanoplatform for anticancer
drug delivery. Small 2021, 17, 2101460. [CrossRef] [PubMed]

20. Feng, B.; Zhou, F.; Hou, B.; Wang, D.; Wang, T.; Fu, Y.; Ma, Y.; Yu, H.; Li, Y. Binary cooperative prodrug nanoparticles improve
immunotherapy by synergistically modulating immune tumor microenvironment. Adv. Mater. 2018, 30, 1803001. [CrossRef]
[PubMed]

21. Fralish, Z.; Chen, A.; Khan, S.; Zhou, P.; Reker, D. The landscape of small-molecule prodrugs. Nat. Rev. Drug Discov. 2024, 23,
365–380. [CrossRef]

22. Wang, Y.; Deng, T.; Liu, X.; Fang, X.; Mo, Y.; Xie, N.; Nie, G.; Zhang, B.; Fan, X. Smart nanoplatforms responding to the tumor
microenvironment for precise drug delivery in cancer therapy. Int. J. Nanomed. 2024, 19, 6253–6277. [CrossRef] [PubMed]

23. Luo, L.; Qi, Y.; Zhong, H.; Jiang, S.; Zhang, H.; Cai, H.; Wu, Y.; Gu, Z.; Gong, Q.; Luo, K. GSH-sensitive polymeric prodrug:
Synthesis and loading with photosensitizers as nanoscale chemo-photodynamic anti-cancer nanomedicine. Acta Pharm. Sin. B
2022, 12, 424–436. [CrossRef]

24. Wang, C.; Sui, W.; Chen, W.; Zhang, Y.; Xing, J.; Jiang, H.; Xu, W.; Xing, D. Recent advances in polysulfide-based prodrug
nanomedicines for cancer therapy. Coord. Chem. Rev. 2024, 519, 216138. [CrossRef]

25. Ha, W.; Zhao, X.-B.; Chen, X.-Y.; Jiang, K.; Shi, Y.-P. Prodrug-based cascade self-assembly strategy for precisely controlled
combination drug therapy. ACS Appl. Mater. Interfaces 2018, 10, 21149–21159. [CrossRef]

26. Li, W.; Zhao, H.; Guo, J.; Shi, X.; Sun, Y.; He, Z.; Sun, B. Effects of modification modules-adjusted intermolecular forces on
docetaxel prodrug Nanoassemblies: From assembly mechanisms to in vivo fate. J. Control. Release 2025, 384, 113894. [CrossRef]

27. Wang, H.; Xie, H.; Wang, J.; Wu, J.; Ma, X.; Li, L.; Wei, X.; Ling, Q.; Song, P.; Zhou, L. Self-assembling prodrugs by precise
programming of molecular structures that contribute distinct stability, pharmacokinetics, and antitumor efficacy. Adv. Funct.
Mater. 2015, 25, 4956–4965. [CrossRef]

28. Cheetham, A.G.; Chakroun, R.W.; Ma, W.; Cui, H. Self-assembling prodrugs. Chem. Soc. Rev. 2017, 46, 6638–6663. [CrossRef]
[PubMed]

https://doi.org/10.1021/acsnano.1c06022
https://doi.org/10.1016/j.smaim.2020.04.001
https://doi.org/10.1016/j.carbpol.2019.115805
https://www.ncbi.nlm.nih.gov/pubmed/31952603
https://doi.org/10.7150/thno.61337
https://www.ncbi.nlm.nih.gov/pubmed/34335971
https://doi.org/10.3390/cells10071717
https://www.ncbi.nlm.nih.gov/pubmed/34359887
https://doi.org/10.1038/s41419-021-03614-x
https://doi.org/10.1093/cvr/cvad136
https://doi.org/10.1016/j.jconrel.2012.03.020
https://www.ncbi.nlm.nih.gov/pubmed/22484195
https://doi.org/10.1186/s40169-017-0175-0
https://doi.org/10.3390/pharmaceutics14020254
https://doi.org/10.1002/smll.202205024
https://doi.org/10.1016/j.jconrel.2020.10.014
https://doi.org/10.1126/sciadv.abc1725
https://doi.org/10.1016/j.biomaterials.2020.120557
https://doi.org/10.1002/smll.202101460
https://www.ncbi.nlm.nih.gov/pubmed/34342126
https://doi.org/10.1002/adma.201803001
https://www.ncbi.nlm.nih.gov/pubmed/30063262
https://doi.org/10.1038/s41573-024-00914-7
https://doi.org/10.2147/IJN.S459710
https://www.ncbi.nlm.nih.gov/pubmed/38911497
https://doi.org/10.1016/j.apsb.2021.05.003
https://doi.org/10.1016/j.ccr.2024.216138
https://doi.org/10.1021/acsami.8b05170
https://doi.org/10.1016/j.jconrel.2025.113894
https://doi.org/10.1002/adfm.201501953
https://doi.org/10.1039/C7CS00521K
https://www.ncbi.nlm.nih.gov/pubmed/29019492


Pharmaceutics 2025, 17, 1162 19 of 19

29. Yang, D.; Gao, S.; Fang, Y.; Lin, X.; Jin, X.; Wang, X.; Ke, L.; Shi, K. The π–π stacking-guided supramolecular self-assembly of
nanomedicine for effective delivery of antineoplastic therapies. Nanomedicine 2018, 13, 3159–3177. [CrossRef]

30. Ren, G.; Duan, D.; Wang, G.; Wang, R.; Li, Y.; Zuo, H.; Zhang, Q.; Zhang, G.; Zhao, Y.; Wang, R. Construction of reduction-sensitive
heterodimer prodrugs of doxorubicin and dihydroartemisinin self-assembled nanoparticles with antitumor activity. Colloids Surf.
B Biointerfaces 2022, 217, 112614. [CrossRef]

31. Sánchez-Iglesias, A.; Grzelczak, M.; Altantzis, T.; Goris, B.; Perez-Juste, J.; Bals, S.; Van Tendeloo, G.; Donaldson, S.H., Jr.;
Chmelka, B.F.; Israelachvili, J.N. Hydrophobic interactions modulate self-assembly of nanoparticles. ACS Nano 2012,
6, 11059–11065. [CrossRef] [PubMed]

32. Nonappa; Ikkala, O. Hydrogen bonding directed colloidal self-assembly of nanoparticles into 2D crystals, capsids, and supracol-
loidal assemblies. Adv. Funct. Mater. 2018, 28, 1704328. [CrossRef]

33. Feng, C.; Wang, Y.; Xu, J.; Zheng, Y.; Zhou, W.; Wang, Y.; Luo, C. Precisely tailoring molecular structure of doxorubicin prodrugs
to enable stable nanoassembly, rapid activation, and potent antitumor effect. Pharmaceutics 2024, 16, 1582. [CrossRef]

34. Maderuelo, C.; Zarzuelo, A.; Lanao, J.M. Critical factors in the release of drugs from sustained release hydrophilic matrices. J.
Control. Release 2011, 154, 2–19. [CrossRef]

35. Wu, X.; Wang, J.; Huang, J.; Yang, S. Robust, stretchable, and self-healable supramolecular elastomers synergistically cross-linked
by hydrogen bonds and coordination bonds. ACS Appl. Mater. Interfaces 2019, 11, 7387–7396. [CrossRef]

36. Wang, Z.; Chen, J.; Little, N.; Lu, J. Self-assembling prodrug nanotherapeutics for synergistic tumor targeted drug delivery. Acta
Biomater. 2020, 111, 20–28. [CrossRef]

37. Wang, Y.; Qiu, Q.; Liao, R.; Wang, X.; Zhou, Z.; Zhang, X.; Zhang, H.; He, Z.; Zhang, S.; Luo, C. Modularly engineered
prodrug-nanoassemblies for cancer therapy: Nonpharmacological moiety dominating delivery fates. Nano Res. 2023, 16, 980–990.
[CrossRef]

38. Sun, B.; Luo, C.; Zhang, X.; Guo, M.; Sun, M.; Yu, H.; Chen, Q.; Yang, W.; Wang, M.; Zuo, S. Probing the impact of sul-
fur/selenium/carbon linkages on prodrug nanoassemblies for cancer therapy. Nat. Commun. 2019, 10, 3211. [CrossRef]

39. Zhao, Z.; Zhang, X.; Zhang, H.; Shan, X.; Bai, M.; Wang, Z.; Yang, F.; Zhang, H.; Kan, Q.; Sun, B. Elaborately engineering a
self-Indicating dual-drug nanoassembly for site-specific photothermal-potentiated thrombus penetration and thrombolysis. Adv.
Sci. 2022, 9, 2104264. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.2217/nnm-2018-0288
https://doi.org/10.1016/j.colsurfb.2022.112614
https://doi.org/10.1021/nn3047605
https://www.ncbi.nlm.nih.gov/pubmed/23186074
https://doi.org/10.1002/adfm.201704328
https://doi.org/10.3390/pharmaceutics16121582
https://doi.org/10.1016/j.jconrel.2011.04.002
https://doi.org/10.1021/acsami.8b20303
https://doi.org/10.1016/j.actbio.2020.05.026
https://doi.org/10.1007/s12274-022-4819-z
https://doi.org/10.1038/s41467-019-11193-x
https://doi.org/10.1002/advs.202104264
https://www.ncbi.nlm.nih.gov/pubmed/34802198

	Introduction 
	Materials and Methods 
	Experimental Materials 
	Design and Synthesis of Position-Specific Disulfide-Bridged DOX Prodrugs 
	Preparation of DOX Prodrug NAs 
	In Vitro Stability Study of NAs 
	Evaluation of Intermolecular Interaction 
	Drug Release 
	Cell Culture 
	Cellular Uptake 
	In Vitro Cytotoxicity Investigation 
	Animal Housing 
	Pharmacokinetics 
	Biodistribution 
	In Vivo Anti-Tumor Efficiency of Three NAs 
	Processing of Animal Experimental Data 
	Statistical Analysis 

	Results and Discussion 
	Synthesis of Three Redox-Specific Prodrugs of DOX 
	Preparation and Characterization of NAs 
	Redox-Responsive Drug Release Behavior of NAs In Vitro 
	Cellular Uptake 
	Cytotoxicity 
	Pharmacokinetics and Biodistribution 
	In Vivo Antitumor Efficacy 

	Conclusions and Discussion 
	References

