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ABSTRACT: Artemisinin derivatives show antitumor potential

via their peroxide bridge, but dihydroartemisinin (DHA) suffers AR

from poor solubility and limited targeting. In this study, Qe

inspired by artesunate (ART), we synthesized two derivatives,

DHA-CC and DHA-SS, and prepared their PEGylated nano- Tumor cell death @

assemblies (pNAs) using DSPE-PEG, to enhance their in vivo . / High safety
nig DH o o of v High selectivity

stability and prolong circulation. Between the two derivatives, -

. Y © v High antitumor activity
DHA-SS pNAs, with their unique disulfide bond structure, oSy o

demonstrated superior stability, circulation time, and tumor e
accumulation. Importantly, DHA-SS pNAs exhibited specific DHA-SS pNAs o

. 9 q Disassembly
responsive drug release under the reductive tumor micro-

environment (TME), thereby achieving a favorable balance

between systemic stability and efficient activation at the tumor

site. In vitro and in vivo evaluations demonstrated that DHA-SS pNAs have higher reactive oxygen species (ROS) generation,
greater cytotoxicity, and enhanced antitumor effects without evident systemic toxicity. Overall, these findings demonstrate that
this rational structural modification offers a promising strategy for advancing artemisinin-based antitumor therapies toward
clinical translation.

ancer remains one of the leading causes of mortality promising mechanisms, the clinical application of artemisinin-
worldwide, with both incidence and death rates based drugs is constrained by pharmacokinetic and phys-
continuing to rise. Despite advances in treatment, it icochemical limitations."® The representative derivative DHA
poses a substantial threat to global pubhc health.l_3 Conven- exhibits extremely poor aqueous solublhty and undergoes rapjd
tional chemotherapeutic agents are limited by poor tumor metabolism in vivo, resulting in low bioavailability and
targeting, high systemic toxicity, and the frequent development diminished therapeutic efficacy. ART, through the introduction
of drug resistance.'”" Although novel modalities such as of a succinate monoester group, improves water solubility but

targeted therapy and immunotherapy have demonstrated
remarkable clinical progress, challenges, including systemic
adverse effects, therapeutic resistance, and tumor recurrence
persist.” Consequently, structural optimization and dosage-
form innovation of existing agents to develop efficient and low-
toxicity treatment strategies remain important directions in
cancer research.”” In recent years, the antitumor potential of
artemisinin and its derivatives, including dihydroartemisinin
(DHA) and artesunate (ART), has attracted increasing
attention.'”"" Their activity is primarily attributed to the Received:  October 21, 2025

unique endoperoxide bridge within the molecular structure, Revised:  December 8, 2025
which undergoes Fenton-like reactions catalyzed by high- Accepted: - December 9, 2025
concentration Fe?* in the tumor microenvironment (TME), Published: December 15, 2025
leading to the generation of reactive oxygen species (ROS) and

oxidative stress-induced tumor cell death.'” Despite these

still suffers from limited tumor targeting and suboptimal
intratumoral accumulation.'* In response to these challenges, a
variety of delivery strategies for artemisinin-based drugs have
been investigated. For instance, encapsulation within nano-
carriers like liposomes, polymeric micelles, and metal—organic
frameworks (MOFs) has been employed to enhance their
solubility and bioavailability.">™'® Other approaches have
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Figure 1. Structure—assembly relationship of DHA-R. (a) Precise structures of DHA, ART, DHA-CC, and DHA-SS. (b) Appearance of DHA-
R NAs at different concentrations without the addition of DSPE-PEG,y. (c) Stability of DHA-R NAs without the addition of DSPE-PEG,y in
phosphate-buffered saline (PBS) (pH 7.4) mixed with 10% fetal bovine serum (FBS) (n = 3). (d) LogP of DHA, ART, DHA-CC, and DHA-
SS. (e) Molecular docking and binding energies of ART, DHA-CC, and DHA-SS molecules. (f) Molecular simulation: bond angles and
dihedral angles of —CC— in DHA-CC and —SS— in DHA-SS. (g) Simulation of the assembly mechanisms of the DHA-CC NAs and DHA-SS

NAs.

included the construction of artemisinin dimers or their
covalent conjugation to targeting moieties to improve stability
and target specificit.* Nevertheless, these conventional, carrier-
based strategies often face significant hurdles, such as poor
drug-loading efficiency, burst release during circulation,
complicated fabrication procedures, and carrier-associated
biosafety issues.'”~>' Consequently, the development of a
novel paradigm that allows for high drug loading, improved
stability, and tumor-specific delivery is of critical importance
for the clinical translation of these therapeutics.
Self-assembled nanoassemblies (NAs) have recently gar-
nered attention as a novel delivery strategy. Unlike traditional
nanocarriers, NAs leverage noncovalent interactions, such as
hydrogen bonding, hydrophobic interactions, and #—z
stacking, enabling drug molecules themselves to self-assemble
into NAs with high drug-loading efficiency.”** This carrier-
free approach effectively addresses compatibility and safety
concerns associated with exogenous delivery systems. The
success of this strategy depends on rational chemical
modification of drug molecules, typically by introducing
functional groups or side chains to confer amphiphilicity.”*
These modified molecules can spontaneously self-assemble in
aqueous environments into NAs primarily composed of the
drug itself.”” Importantly, the chemical design not only dictates
self-assembly behavior (morphology, size, stability) but also
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directly influences in vivo pharmacokinetics and targeting
performance.*®

Among various functional modifications, disulfide bonds
represent a classic reduction-responsive moiety with unique
advantages in tumor-targeted drug delivery.””*® The TME is
characterized by a significantly elevated concentration of
glutathione (GSH).”” Specifically, the GSH level in tumor
tissues is at least 4-fold higher than that in normal tissues. Drug
delivery systems incorporating disulfide linkages exhibit
stability in the extracellular environment and systemic
circulation, yet undergo rapid cleavage upon cellular internal-
ization within the reductive TME, thereby enabling triggered
drug release or nanostructure disassembly.”””" This reduction-
sensitive property renders disulfide bonds an ideal molecular
switch for controlled tumor-specific drug release.”” Beyond
reduction-responsivity, disulfide bonds also impart unique
structural features that influence molecular self-assembly.”
With a bond angle and dihedral angle approaching 90°
disulfide linkages introduce steric hindrance and molecular
rigidity, disrupting linear symmetry and promoting more
compact molecular packing. Such conformational constraints
can enhance hydrophobic interactions and z—7 stacking,
thereby improving the stability, uniformity, and colloidal
performance of NAs.”* Compared with the flexible C—C
single bonds, the moderate rigidity conferred by the disulfide
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Figure 2. Characterization, stability, and reduction response comparison of DHA-R pNAs. (a) Particle size distribution profiles of DHA-CC
pNAs and DHA-SS pNAs. (b) Transmission electron microscope (TEM) images of DHA-CC pNAs and DHA-SS pNAs. The scale bars
correspond to 200 nm. (c) Stability of DHA-CC pNAs and DHA-SS pNAs at room temperature (n = 3). (d) Stability of DHA-CC pNAs and
DHA-SS pNAs at 4 °C (n = 3). (e) Stability of DHA-CC pNAs and DHA-SS pNAs in PBS (pH 7.4) (n = 3). (f) Stability of DHA-CC pNAs
and DHA-SS pNAs in PBS (pH 7.4) mixed with 10% FBS (n = 3). (g, h) Relative particle size of DHA-CC pNAs and DHA-SS pNAs in 0 mM
dithiothreitol (DTT) and 10 mM DTT environments (n = 3). (i) Reduction-responsive mechanism of the disulfide bond. Data are presented

as mean + SD.

bonds effectively suppresses excessive molecular motion,
yielding more stable NAs.*

Building upon the clinically validated structural design of
ART, which successfully improved the solubility of DHA via
succinic acid modification, this study proposed the rational
design and synthesis of two novel DHA derivatives: DHA-CC,
incorporating sebacic acid side chains, and DHA-SS,
incorporating disulfide bond—containing side chains. Both
derivatives were formulated into self-assembled NAs and
subsequently modified with DSPE-PEG, to enhance systemic
stability and prolong circulation time. By systematically
comparing their self-assembly behavior, colloidal stability,
pharmacokinetic profiles, in vitro antitumor activity, and in
vivo therapeutic efficacy, this work aimed to elucidate the role
of disulfide bond modification in enhancing the therapeutic
performance of artemisinin derivatives. This study was
designed to provide a potential antitumor candidate with
translational potential, as well as to contribute to the ongoing
development of structural optimization and delivery system
strategies for clinically approved drugs.

To address the limitations of artemisinin derivatives,
inspired by the structural design of ART, two DHA derivatives
were synthesized via the pathway illustrated (Figures la and
S1). These derivatives retain the essential peroxide pharmaco-
phore, while incorporating a longer-chain sebacic acid in place
of succinic acid and introducing a disulfide bond. Such
structural modifications were intended to enhance molecular
self-assembly and enable drug release in response to the TME.
The chemical structures and purity of these synthesized
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compounds were confirmed by mass spectrometry (MS) and
proton nuclear magnetic resonance ('H NMR) (Figures S2—
SS).

The self-assembly behavior of ART and DHA derivatives at
different concentrations was investigated using a one-step
nanoprecipitation method. DHA-SS formed uniform and stable
NAs across all tested concentrations, indicating that the self-
assembly capacity followed the order: DHA-SS > DHA-CC >
ART. Furthermore, we evaluated the stability of two DHA
derivatives NAs in PBS (pH 7.4) containing 10% FBS (Figure
1c). DHA-CC NAs disintegrated within 4 h, whereas DHA-SS
NAs remained stable for 12 h, further confirming the superior
self-assembly capacity of DHA-SS compared with DHA-CC.

The introduction of side chains increased the hydro-
phobicity of the molecules. The logP values were shown in
Figure 1d. As logP is generally regarded as a key determinant of
self-assembly behavior, the theoretical order of self-assembly
ability based on hydrophobicity alone should be DHA-CC >
DHA-SS > ART. However, this prediction did not align with
the experimental results. These findings indicated that
hydrophobicity was not the primary factor driving the superior
self-assembly of DHA-SS. To elucidate the mechanism
underlying the superior self-assembly behavior of DHA-SS
compared with DHA-CC, molecular docking was first
employed to calculate the binding energies of the respective
molecules. The calculated binding energy of DHA-SS (—31.2
kcal/mol) was significantly lower than that of DHA-CC
(—28.6 kcal/mol) and ART (—20.3 kcal/mol), indicating the
strongest molecular interaction (Figure le). This theoretical
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Figure 3. In vitro antitumor activity and mechanism. (a) CLSM images of cellular uptake in 4T1 cells at 0.5 and 4 h, respectively. The scale
bars correspond to 50 um. (b) Cytotoxicity of different formulations against 4T1 cells for 48 h (n = 3). (c) ICy, values of different
formulations on 4T1 cells (n = 3). (d) Cytotoxicity of different formulations against 3T3 cells for 48 h (n = 3). (e) IC, values of different
formulations on 3T3 cells (n = 3). (f) CLSM images and three-dimensional surface plot images analyzed by Image] showing ROS generation
in 4T1 cells after 4 h of exposure to DHA-R pNAs. The scale bars correspond to 100 ym. (g) Quantitative analysis of ROS production in 4T1
cells by Image]J (n = 4). (h) Intratumor content of GSH treated with different formulations (n = 3). Data are presented as mean + SD. *p <

0.05, *¥p < 0.01, **¥p < 0.001, ***¥*p < 0.0001.

result was highly consistent with the experimentally observed
self-assembly behavior, reflecting a clear structure—activity
relationship. Specifically, the lowest binding energy of DHA-SS
predicted stronger intermolecular forces from an energy
perspective, directly corresponding to the experimentally
optimal self-assembly performance. In the concentration
gradient experiments, DHA-SS formed uniform and stable
NAs at all tested concentrations, while DHA-CC, with a higher
binding energy, aggregated at higher concentrations (Figure
1b). DHA-SS NAs also showed the best antidilution stability in
PBS (pH 7.4) containing 10% FBS (Figure lc).

It is worth noting that the only structural difference between
DHA-SS and DHA-CC lies in the introduction of a disulfide
bond structure in the former. Therefore, based on the above
results, it can be inferred that the disulfide bond played a
critical role in modulating both assembly performance and
colloidal stability of the DHA derivatives NAs. Specifically, the
bond angle/dihedral angle of disulfide bonds can confer
enhanced spatial flexibility, thereby facilitating self-assembly
and improving structural stability. The most stable con-
formation has been found to correspond to the bond angle/
dihedral angle of 90°. Therefore, we used the Materials Studio
software package to calculate the bond angles of the sulfur (S)/
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C bonds and the dihedral angles of C—CC—C and C—SS—C.
The —SS— bond angle in DHA-SS (102.9°/102.8°) was
smaller than the —CC— bond angle in DHA-CC (113.7°/
113.0°), and was closer to the ideal 90° (Figure 1f). Similarly,
significant differences were observed in the dihedral angles: the
C—SS—C dihedral angle (83.5°) was much closer to 90° than
C—CC—C (179.2°). This structural advantage may further
promote DHA-SS molecules to adopt a spatial orientation
conducive to self-assembly, thereby enhancing the colloidal
stability of the nanoscale assembly.

To further elucidate the assembly driving force at the
molecular level, we conducted in-depth studies on the
assembly mechanism of DHA-R using molecular docking and
nanoassembly disruption experiments (Figures lg and S6).
The simulation and experimental results jointly confirmed that
hydrophobic interactions remained the main fundamental
force driving the initial aggregation of DHA-R molecules.
Although DHA-CC had a higher logP value, its assembly
stability was much lower than that of DHA-SS. This seemingly
contradictory phenomenon precisely indicated that, based on
the initial driving force provided by hydrophobic interactions,
the structural rigidity imparted by disulfide bonds played a
crucial “strengthening” role in forming ordered and stable

https://doi.org/10.1021/acsmaterialslett.5c01414
ACS Materials Lett. 2026, 8, 249—-257


https://pubs.acs.org/doi/suppl/10.1021/acsmaterialslett.5c01414/suppl_file/tz5c01414_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsmaterialslett.5c01414?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmaterialslett.5c01414?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmaterialslett.5c01414?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmaterialslett.5c01414?fig=fig3&ref=pdf
www.acsmaterialsletters.org?ref=pdf
https://doi.org/10.1021/acsmaterialslett.5c01414?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Materials Letters

www.acsmaterialsletters.org

(a) Intravenous
injection
2
Long blood circulation y
. / )
High tumor accumulation
Tumor cells
&)
Q
(b) _ <
=l 10000 z
g, =— DIiR Sol E
& g - DHA-CC pNAs c
-g < 4000
w ®
g 6000 — % o DHA-SS pNAs
s g
3 g .
g 4000 | § -
o :
© 2000 g o ‘ ‘ »
£ b 8 1 (II)
Time(h) < o
d . L0
o 0 f T T T T 1 8z
0 8 16 24 32 40 4
a
Time(h)
(d)
2.5%x1010 P
> DiR Sol .
Q  2.0x10'°+ ==
5 DHA-CC pNAs @)
2 1.5x10° DHA-SS pNAs
)
E 1.0%10'°
S
o 5.0x10° .
0= . : Al il
I SR S S
4 ) & & e
‘2‘0 W "OQ\ \,“ {‘\bo &0&

High

Low

DiR Sol

DiR/DHA-SS
pNAs

DiR/DHA-CC
pNAs

Figure 4. In vivo pharmacokinetics and biodistribution study. (a) DHA-R pNAs in the bloodstream and at the tumor site. (b)
Pharmacokinetic behavior of DHA-R pNAs in vivo (2 mg/kg, DiR equivalent) (n = 5). (c) In vivo fluorescence images of 4T1 tumor-bearing
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advanced assembly structures. Therefore, the excellent self-
assembly property of DHA-SS was attributed to the efficient
synergy of the hydrophobic driving force and the structural
stabilization mediated by the disulfide bonds.

In our previous study, non-PEGylated NAs were readily
phagocytosed by the reticuloendothelial system (RES), leading
to poor pharmacokinetic behavior and limited antitumor
efficacy. To address this limitation, DSPE-PEG,x was
introduced for PEGylation, aiming to prolong systemic
circulation in vivo. The characterization results showed that
the PEGylated NAs exhibited smaller particle sizes, uniform
spherical morphologies, and comparable zeta potentials
(Figures 2a,b and S7 and Table S1). Furthermore, energy-
dispersive X-ray spectroscopy (EDX) revealed the composition
of DHA-R pNAs (Figure S8). Remarkably, all DHA-R pNAs
demonstrated superior drug-loading capabilities. A uniform
drug loading of 80.0% (wt %) was achieved across all pNAs
when DHA-R itself was considered the drug, a direct result of
the constant mass ratio between DHA-R and the PEG modifier
used during synthesis (Table S2). Furthermore, even when
calculated based on the DHA as the drug, the pNAs
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maintained a substantial drug payload of at least 45.0%
(Table S3).

Subsequently, we conducted a systematic assessment of the
stability of DHA-R pNAs. Both formulations maintained their
particle size during storage at room temperature and 4 °C
(Figure 2c,d), as well as in PBS (pH 7.4) within 12 h (Figure
2e). Furthermore, they exhibited good stability in PBS (pH
7.4) containing 10% FBS (Figure 2f) and retained their
original size after lyophilization and reconstitution (Figure S9).
In summary, PEGylation markedly enhanced the stability of
DHA-R pNAs. These improvements were of critical
importance for extending systemic circulation, enhancing
drug delivery efliciency, and ultimately improving antitumor
efficacy in vivo.

The reduction-responsive disassembly of DHA-R pNAs was
assessed by monitoring particle size changes in the presence
and absence of DTT, a commonly used GSH analogue. While
both pNAs remained stable in PBS alone, DHA-SS pNAs
exhibited rapid size increase within 2 h under 10 mM DTT
(Figure 2gh), indicating reductive-triggered dissociation,
which was further corroborated by TEM (Figure S10).
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Figure S. In vivo evaluation of antitumor activity. (a) Schematic illustration of treatment schedule. (b) Tumor growth curves of 4T1 tumor-
bearing BALB/c mice under different treatment regimens (10 mg/kg, ART equivalent) (n = 5). (c) Images of tumors after treatment (n = §).
(d) Comparison of tumor burden across different treatment groups (n = §). (e) H&E staining images of tumor tissues. The scale bars
correspond to 100 gm. (f) Changes in mouse body weight during the treatment period (n = 5). (g, h) Liver function indicators during the
treatment period (n = 3). (i, j) Kidney function indicators during the treatment period (n = 3). Data are presented as mean + SD. *p < 0.05,
**p < 0.01, ¥¥¥p < 0.001, ***%p < 0.0001. a. Control, b. DHA Sol, c. ART Sol, d. DHA-CC pNAs, e. DHA-SS pNAs.

Correspondingly, the release rate of DHA-SS pNAs reached
approximately 60% within 8 h under 10 mM DTT (Figure
S11). These results clearly indicated that the specific cleavage
of disulfide bonds in DHA-SS pNAs led to the complete
dissociation of the NAs, thus confirming their excellent
reduction-responsive properties (Figure 2i).

Efficient cellular uptake is essential for pNAs to exert their
antitumor effects. To assess this property, we investigated the
uptake behavior of coumarin-6 (C-6)-labeled DHA-R pNAs
using confocal laser scanning microscopy. Cells treated with
DHA-R pNAs exhibited markedly stronger fluorescence signals
compared with the C-6 solution (Sol) group under identical
incubation conditions, indicating enhanced uptake efficiency of
the nanoformulations (Figure 3a). Furthermore, the cellular
uptake of pNAs exhibited a time-dependent manner.
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We next compared the cytotoxic effects of different
formulations on mouse breast cancer 4T1 cells (Figure 3b,c).
Notably, DHA-SS pNAs achieved the highest cytotoxicity,
which can be attributed to the synergistic effects of nanoscale
delivery and the reductive activation of disulfide bonds, jointly
facilitating efficient and selective drug release within tumor
cells. To further evaluate biosafety, the cytotoxicity of DHA-R
pNAs was examined in mouse embryonic fibroblast 3T3 cells
and HC11 mammary epithelium.DHA-SS pNAs were less
cytotoxic to 3T3 and HCI11 cells than DHA-CC pNAs,
indicating enhanced tumor selectivity (Figures 3d,e and S12).

Based on the cytotoxicity results described above, we further
evaluated the ability of different formulations to induce ROS
generation in 4T1 cells. In the DCFH-DA fluorescent probe
assay, the group treated with DHA-SS pNAs displayed the
most intense fluorescence, signifying a superior capacity for
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ROS generation (Figure 3fg). Flow cytometry further
confirmed this observation (Figure S13). We further
investigated the influence of drug treatment on the intracellular
GSH levels. Treatment with DHA-SS pNAs resulted in the
most pronounced reduction of intracellular GSH in 4T1 cells
(Figure 3h). This observation was consistent with the ROS
assay results, confirming that DHA-SS pNAs induce the
strongest oxidative stress response.

The in vivo delivery efficiency of pNAs, particularly their
pharmacokinetic behavior and tissue distribution, was a critical
determinant of therapeutic efficacy. Therefore, we conducted
pharmacokinetic studies in Sprague-Dawley rats by intra-
venously injecting different formulations, and systematically
evaluated the blood retention and biodistribution (Figure 4a).

DiR Sol was rapidly cleared from systemic circulation, with
its plasma concentration curve displaying a steep decline
(Figure 4b and Table S4). In contrast, all DHA-R pNAs
demonstrated markedly prolonged circulation times. These
results confirmed that PEGylation significantly improved the
stability of the nanodelivery system, thereby extending its
blood retention and facilitating tumor site accumulation via the
enhanced permeability and retention (EPR) effect. Notably,
DHA-SS pNAs displayed the most favorable pharmacokinetic
behavior among the tested groups, likely due to the additional
structural stabilization conferred by disulfide bonding in
combination with the protective PEG layer. This synergistic
effect enabled DHA-SS pNAs to better evade systemic
clearance, ultimately achieving more efficient tumor-targeted
delivery.

To further evaluate the in vivo distribution characteristics
and tumor-targeting ability of pNAs, we labeled DHA-R pNAs
with the near-infrared fluorescent dye DiR and systematically
studied their tissue distribution and tumor accumulation
behavior in tumor-bearing mice. After injecting the same
dose of DiR-labeled DHA-R pNAs or the free DiR Sol, the
latter had a significantly lower overall fluorescence signal due
to its poorer pharmacokinetic properties (Figure 4c). The
DHA-R pNAs group reached the peak fluorescence intensity at
36 h and exhibited a longer retention time. This phenomenon
can be attributed to the enhanced tumor aggregation achieved
by the pNAs through the enhanced permeability and EPR
effect.

To clarify the differences in the distribution of the pNAs in
the main organs and tumors, we collected heart, liver, spleen,
lung, kidney, and tumor tissues 36 h after injection (the peak
fluorescence intensity time point), and compared their
fluorescence intensities (Figure 4d,e). The results showed
that DHA-SS pNAs showed significantly higher accumulation
in the tumor site, which was consistent with the superior
pharmacokinetic behavior of this group. These results
indicated that the PEGylation modification not only
significantly optimized the pharmacokinetic characteristics of
DHA-R pNAs, but also improved their enrichment efficiency
in the tumors through improving the biological distribution,
thereby providing an in vivo distribution basis for its enhanced
antitumor efficacy.

Based on the above favorable pharmacokinetic profile and
tumor-targeting capability, DHA-R pNAs demonstrated
marked therapeutic advantages, highlighting their potential as
a promising anticancer nanomedicine. To further assess their in
vivo efficacy, we systematically evaluated the antitumor activity
of different formulations in a 4T1 tumor-bearing mouse model.
Tumor-bearing mice were randomly assigned to groups and
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intravenously administered with different formulations (Figure
Sa). Following the final administration, blood, major organs,
and tumor tissues were collected for efficacy and safety
assessment. Tumor volume and body weight were monitored
daily throughout the treatment period.

Tumor growth inhibition was more pronounced in the
pNAs-treated groups compared to the DHA and ART Sol
groups (Figure Sb—e). Among these, DHA-SS pNAs achieved
the most significant tumor suppression. This superior outcome
can be attributed to multiple factors, including enhanced
stability, improved cellular uptake, elevated cytotoxicity, and
favorable in vivo pharmacokinetics.

The key mechanism study indicated that DHA-SS pNAs
exhibited unique activation characteristics in the TME.
Fluorescence imaging of ROS in tumor tissue sections (Figure
S14) showed that the DHA-SS pNAs treatment group
triggered the strongest ROS signal in the tumor area, indicating
that it effectively triggered a Fenton-like reaction at the tumor
site. At the same time, the results of intratumoral GSH level
determination (Figure S15) showed that the GSH content in
the tumor tissues of the DHA-SS pNAs treatment group was
significantly reduced, which confirmed that the disulfide bond
structure of DHA-SS pNAs was extensively reduced in tumor
cells, while also consuming the key antioxidant substances in
tumor cells, further intensifying oxidative stress. These findings
collectively indicated that DHA-SS pNAs not only achieved
tumor-targeted delivery through the EPR effect but also
underwent specific activation within tumor cells. Through the
dual effects of “ROS burst” and “GSH depletion”, they
effectively disrupted the redox balance of tumor cells, thereby
generating a powerful antitumor effect.

Histological analysis further supported these findings. H&E
staining of tumor tissues confirmed the marked tumor growth
inhibition observed in the DHA-SS pNAs group (Figure Se).
Regarding safety, body weight in all treatment groups remained
stable throughout the study, and no significant alterations were
detected in liver and kidney function parameters following
treatment (Figure Sf—j). Additionally, H&E staining of major
organs revealed no observable pathological abnormalities,
suggesting that DHA-R pNAs possess favorable biocompati-
bility and in vivo safety (Figure S16).

Inspired by the structure of the clinically used drug ART,
this study constructed a self-assembling, reduction-responsive
nanodrug, DHA-SS, through the precise structural modifica-
tion of DHA while preserving its core pharmacophore, the
peroxide bridge. From a molecular and structural perspective,
the nearly 90° dihedral angle of the disulfide bond imparted
suitable rigidity to the molecule, enhanced intermolecular
interactions, and drove the efficient assembly of DHA-SS into
structurally stable NAs. This structural advantage translated
into superior macroscopic pharmacokinetic behaviors, includ-
ing prolonged blood circulation and enhanced tumor-targeted
accumulation. Functionally, the disulfide bond acted as an
endogenous responsive switch that can be specifically activated
by the high concentration of GSH within tumor cells, enabling
controlled drug release and elegantly balancing the relationship
between in vivo stability and therapeutic activation. In the 4T1
breast cancer animal model, DHA-SS pNAs demonstrated
significant antitumor effects with no obvious systemic toxicity
observed, indicating a broad therapeutic window. In
conclusion, this research confirmed that the direct function-
alization of DHA, based on structural inspiration from
artemisinin-based drugs, was a highly effective strategy to
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simultaneously improve its pharmacokinetic properties, tumor-
targeting capability, and therapeutic index. The design and
performance of DHA-SS pNAs support its further investigation
as a potential artemisinin-based antitumor agent with transla-
tional promise.
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