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Poor solubility often results in low efficacy of antitumor drugs. Nevertheless, limited research has been
conducted on the potential decrease in drug efficacy following the self-assembly of hydrophobic pure
drugs into nanodrugs, and solutions to this problem are even rarer. Loading water-insoluble antitumor
drugs into nanocarriers offers a promising solution. However, intricate carrier preparation, limited drug
loading capacity, and carrier-associated safety remain key challenges. In this study, based on the discov-
ery that hydrophobic gambogic acid (GA) self-assembles into nanostructures with diminished antitumor
efficacy in aqueous environments, we developed a carrier-free nanodrug system, designated as GA-S-S-AS
nanoparticles (NPs), characterized by straightforward preparation, high drug loading, fluorescence imag-
ing, tumor-targeting, and responsive drug release in reducing environments. Specifically, the hydrophobic
GA was covalently linked to the hydrophilic aptamer through a disulfide bond and then self-assembled
into the nanodrugs. About 92 % of drug was encapsulated in self-assembled NPs, demonstrating remark-
able stability under physiological conditions and controlled release of GA in the high-glutathione environ-
ment characteristic of tumor sites. Furthermore, by utilizing the synergistic interaction between the en-
hanced permeability and retention (EPR) effect and ligand-receptor active targeting mechanisms, the nan-
odrugs significantly increased the accumulation of GA at tumor locations. Consequently, the nanodrugs
exhibited optimal therapeutic efficacy against the tumor both in vitro and in vivo, significantly inhibit-
ing tumor growth. Furthermore, the nanodrugs demonstrated enhanced biosafety compared to free GA,
effectively reducing GA-induced hepatotoxicity. Taken together, these findings underscore the significant
potential of this multifunctional carrier-free nanodrugs for the targeted delivery of GA, thereby laying a
foundation for future endeavors aimed at developing novel formulations of hydrophobic antitumor drugs.
© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia
Medica, Chinese Academy of Medical Sciences.

Malignant neoplasms represent a considerable threat to human
health, accounting for a substantial proportion of global morbidity
and mortality each year [1,2]. The primary modalities for tumor
treatment encompass surgical, radiation, and chemotherapeutic ap-
proaches [3]. Pharmacotherapy is gaining recognition as a more ef-
fective strategy for managing postoperative, advanced, recurrent,
and metastatic tumors, compared to localized interventions such
as surgery and radiation therapy [4]. However, the therapeutic effi-
cacy of potent antitumor agents is often compromised by the con-
siderable heterogeneity of tumor microenvironment [5-8].
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The utilization of traditional Chinese medicine (TCM) has facil-
itated the advancement and utilization of TCM constituents and
bioactive compounds [9]. Gambogic acid (GA), a bioactive com-
pound derived from the traditional Chinese medicine Garcinia,
has demonstrated efficacy as a natural broad-spectrum antitumor
agent and an inhibitor of heat shock protein 90 (HSP90), a pro-
tein closely associated with the regulation of tumor cell prolifera-
tion and apoptosis [10,11]. Research has indicated that GA exhibits
a lower effective therapeutic concentration compared to other an-
titumor drugs and is relatively safe, with minimal adverse ef-
fects on cardiovascular and respiratory systems [12]. Its antitumor
mechanism involves various processes including apoptosis induc-
tion, autophagy, anti-proliferation, accumulation of reactive oxy-
gen species (ROS), inhibition of enzymes (such as telomerase) and
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growth factors (such as vascular endothelial growth factor (VEGF)),
modulation of the nuclear transcription factor k-activated B cell
light chain enhancer (NF-«xB) signaling pathway [13-15], and other
related pathways. The National Medical Products Administration
(NMPA) has granted approval for GA as an antitumor medication
for solid tumors in phase 3 clinical trials [16]; however, its effec-
tiveness remains suboptimal due to limited drug solubility and in-
adequate off-target toxicity [17]. Therefore, in order to obtain the
intended anticancer effects, greater doses and repeated administra-
tions are required; nevertheless, using this strategy runs the risk of
aggravating systemic toxicity, chemotherapy resistance, and tumor
metastasis.

The application of nanotechnology in the delivery of GA is con-
sidered a promising and effective approach [18-24]. Researchers
both domestically and internationally have explored various meth-
ods, including the incorporation of gambogic acid into liposomes,
micelles, vesicles, and magnetic nanoparticles (NPs) [25-27]. How-
ever, many nano-delivery systems rely on encapsulating drugs
within carrier materials through intermolecular interactions, such
as hydrophobic interactions. This can lead to a lack of affinity be-
tween the drug and carrier materials, resulting in premature drug
leakage [28-30]. Furthermore, the excessive use of carrier ma-
terials can hinder drug loading efficiency and potentially intro-
duce toxicity associated with the carriers. Despite advancements
in some new nano-delivery systems, challenges such as complex
preparation processes, high production costs, and the use of or-
ganic solvents hinder their clinical transformation [31,32]. Conse-
quently, the rational design of advanced nano-delivery systems re-
mains a challenge. In recent years, the utilization of the hydropho-
bic properties of drugs has garnered considerable attention for the
self-assembly of pure drugs, owing to its notable therapeutic effi-
cacy, straightforward preparation process, and high administration
efficiency [33,34]. The self-assembled pure drug system is a new
generation of drug delivery nanoplatforms that completely consists
of active drug components, hence resolving concerns regarding the
toxicity caused by non-therapeutic carriers [35-38]. Nevertheless,
limited research has been conducted on the potential decrease in
drug efficacy following the self-assembly of pure drugs into nan-
odrugs, and solutions to this problem are even rarer [39-42].

Herein, we introduce a novel finding that hydrophobic GA can
undergo self-assembly into NPs with specific structures through
one-step nanoprecipitation in an aqueous medium. Unlike the im-
proved therapeutic outcomes seen with the self-assembly of other
monomeric drugs, the therapeutic effectiveness of GA post self-
assembly is determined to be suboptimal in comparison to the
equivalent free drug. According to the aforementioned results, a
multifunctional carrier-free nanodrug was formulated in the cur-
rent study, offering benefits such as straightforward preparation,
high drug loading capacity, active targeting of tumor, as well as tu-
mor microenvironment responsiveness. Specifically, the anticancer
drug GA was utilized to establish a connection with the aptamer
(AS) via a disulfide bond, resulting in the formation of nanodrugs
GA-S-S-AS NPs through self-assembly. This approach maintains
nano-size delivery, inhibits the self-assembly of pure drugs, and
enhances the antitumor efficacy (Scheme 1). The aptamers incor-
porated in the nanodrugs provide both stability and specificity by
targeting nucleolin receptors overexpressed on liver cancer cells
[43-45]. The introduction of disulfide bonds disrupted the self-
assembly properties of GA, enabling GA-S-S-AS NPs to react to ele-
vated levels of glutathione in the tumor site, leading to the libera-
tion of free GA. The negative charge of GA-S-S-AS NPs, attributed to
the external aptamer, significantly enhances the circulation dura-
tion of the drug delivery system and the accumulation of the nan-
odrug within the tumor. Furthermore, the incorporation of Cy5 into
the aptamer facilitates convenient visualization of the nanodrugs
both in vitro and in vivo. Collectively, the findings demonstrate that
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Scheme 1. Schematic overview of the preparation and in vitro and in vivo applica-
tions of the nanodrugs, designated as GA-S-S-AS-NPs.
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Fig. 1. (A) Preparation process of GA-S-S-AS NPs. (B) SEM and TEM images of GA
NPs, GA-S-S-NH,, GA-AS NPs, and GA-S-S-AS NPs. (C) Particle sizes of GA NPs, GA-
AS NPs and GA-S-S-AS NPs. (D) Zeta potentials of GA NPs, GA-S-S-NH,, GA-AS NPs
and GA-S-S-AS NPs. Data are presented as mean =+ standard deviation (SD) (n=3).

the GA-S-S-AS NPs exhibit targeted tumor localization, effective in-
ternalization, robust fluorescence imaging capabilities, and notable
antitumor efficacy. In summary, this research effectively addresses
the issue of diminished efficacy resulting from the self-assembly
of hydrophobic drugs in aqueous environments, enhances the an-
titumor potency of such drugs, and establishes a basis for further
exploration of novel formulations for hydrophobic antitumor drugs.

Firstly, the GA NPs were formed via self-assembly of unmodified
GA without the use of surfactants through a one-step nanoprecipi-
tation process. Subsequently, the multifunctional nanodrug GA-S-S-
AS NPs were synthesized through a simple acylation reaction and
subsequent self-assembly process (Fig. 1A). In order to enhance the
responsiveness of the nanodrug to the reducing conditions found
at the tumor site and promote the release of active drugs, a disul-
fide bond was integrated between GA and the aptamer. Initially,
the disulfide bond was introduced onto GA via an acylation reac-
tion to produce GA-S-S-NH,, with validation of successful synthesis
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confirmed through mass spectrometry and nuclear magnetic reso-
nance analysis (Figs. S1 and S2A in Supporting information). Sub-
sequently, the reaction between GA-S-S-NH, and the carboxylated
aptamer AS1411 resulted in the formation of GA-S-S-AS through
acylation. The larger molecular weight of GA-S-S-AS led to a slower
migration rate in electrophoresis compared to the free aptamer, in-
dicating successful preparation as evidenced by the shift in band
position in gel electrophoresis (Fig. S2B in Supporting information).
Finally, since aptamer is highly hydrophilic and GA is hydropho-
bic, the amphiphilic GA-S-S-AS conjugates spontaneously assemble
into GA-S-S-AS NPs in aqueous solution. Meanwhile, the control
nanodrug GA-AS NPs without disulfide bond were also prepared
through acylation reaction and self-assembly.

To ascertain and delineate the formation of nanodrugs, the Tyn-
dall effect of each group was initially examined (Fig. S2C in Sup-
porting information). The GA-NPs, GA-AS NPs, and GA-S-S-AS NPs
groups all exhibited notable Tyndall effect, indicating the success-
ful formation of stable nanostructures. Conversely, under identical
conditions, the GA-S-S-NH, group did not display the Tyndall ef-
fect, suggesting a lack of nanostructure formation, potentially at-
tributed to the disruption of self-assembly conditions following GA
modification of the disulfide bond. Next, the morphological fea-
tures of each group were illustrated through the use of scanning
electron microscopy (SEM) and transmission electron microscopy
(TEM) (Fig. 1B). The AS NPs displayed a consistent spindle-shaped
structure with a diameter exceeding 200 nm, which was found to
be unfavorable for the enhanced permeability and retention (EPR)
effect within the tumor microenvironment. Conversely, the GA-S-
S-NH, did not display any discernible nanostructure, providing ad-
ditional evidence that the modification of GA impeded its self-
assembly, resulting in the drug remaining in a free state. Both
GA-AS NPs and GA-S-S-AS NPs exhibited spherical nanostructures
measuring <100 nm in size, facilitating drug accumulation at the
tumor site via the EPR effect. The GA-S-S-AS NPs group, in particu-
lar, presented a dual-layer configuration, possibly attributed to the
localization of the aptamer on the outermost layer as a hydrophilic
moiety, thus enhancing the efficacy of targeted cell delivery. At the
same time, in order to observe the water dispersibility and col-
loidal properties of each group of nanodrug, the particle size, dis-
persibility and potential of each group in the water phase were
tested (Figs. 1C and D). The particle sizes of GA NPs, GA-AS NPs
and GA-S-S-AS NPs were 528, 90, and 97 nm, respectively, and the
polydispersity index (PDI) were 0.12, 0.078, and 0.084. The slightly
larger particle size of GA-S-S-AS NPs compared to GA-AS NPs may
be attributed to the presence of disulfide bonds. The zeta potential
analysis revealed that GA NPs exhibited a positive charge, whereas
GA-AS NPs and GA-S-S-AS NPs displayed a negative charge due to
the presence of the negatively charged phosphate group in the ap-
tamer. This characteristic is expected to enhance the circulation
time of nanodrugs in the bloodstream. The reason for the posi-
tive charge of GA NPs may be that it contains a carboxyl group
(-COOH) and a hydroxyl group (-OH) in the molecular structure,
and when GA is in aqueous solution, the COOH will dissociate and
release a hydrogen ion (H*), thus making the molecule positively
charged. Additionally, the release of positively charged free drugs
at the tumor site is anticipated to facilitate tumor cell endocyto-
sis. These findings collectively support the successful conjugation
of GA to the aptamer, enabling the development of nanodrug for-
mulations with high GA loading capacities.

The physiological stability of GA-S-S-AS NPs is a crucial con-
sideration for their efficacy as a novel drug delivery system. Re-
sults from a 9-day storage study indicated that the size and PDI of
GA-S-S-AS NPs remained relatively unchanged. Notably, in phos-
phate buffered saline (PBS) with 10% fetal bovine serum (FBS),
the particle size of GA-S-S-AS NPs exhibited a slight increase from
100nm to ~120nm compared to distilled water or PBS, while
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the PDI remained stable (Figs. S3A and B in Supporting informa-
tion). Furthermore, to ensure real-time monitoring of nanodrugs
post-administration, the fluorescence stability of Cy5 within the
nanodrugs was assessed at various intervals. Over time, the fluo-
rescence intensity of the nanodrugs consistently exceeded 3000,
demonstrating the sustained fluorescence stability of GA-S-S-AS
NPs over an extended period (Fig. S3C in Supporting informa-
tion). The presence of a highly reducing environment at the tu-
mor site is a widely recognized phenomenon. Consequently, our
investigation delved deeper into the release of GA from GA-S-S-AS
NPs in varying levels of glutathione (GSH) environments (Fig. S3D
in Supporting information). Specifically, we simulated the phys-
iological conditions of blood and normal tissue using PBS sup-
plemented with 5pumol/L GSH, and the reducing tumor environ-
ment with PBS containing 5mmol/L GSH. Under GSH-free nor-
mal conditions, the cumulative release rate of GA-S-S-AS NPs over
a 24-h period was found to be 15%. Conversely, in the pres-
ence of 5umol/L GSH, the cumulative release rate over the same
time period increased to 45%. This observed increase in drug re-
lease may be attributed to the low concentration of GSH causing
the disruption of disulfide bonds within small part of the nan-
odrugs, thereby facilitating drug release. Significantly, the highest
release rate of GA was observed in the 5mmol/L GSH environ-
ment, reaching 84% within a 24-h period. Concurrently, the ma-
jority of disulfide bonds within the nanodrugs were found to have
been cleaved. These findings suggest that GA-S-S-AS NPs exhibit
the capability to retain stability in normal environments, facili-
tate drug release in highly reducing tumor environments, and dis-
play a heightened sensitivity to reducing conditions. In addition to
this, the results of molecular simulation calculations indicate the
presence of mw-m stacking interactions and intramolecular hydro-
gen bonds between GA and aptamer AS1411, with a binding force
of —12.85 kcal/mol (Fig. S4 in Supporting information). The molec-
ular docking model further confirms the stable formation of the
nanodrugs.

The AS1411 aptamer incorporated into GA-S-S-AS NPs demon-
strates a pronounced binding affinity for nucleolins that are over-
expressed on the surface of HepG2 cells, thus facilitating the inter-
nalization of nanodrugs by tumor cells through a ligand-receptor
interaction mechanism. To assess the enhanced cellular uptake me-
diated by GA-S-S-AS NPs, we employed the intense fluorescence of
Cy5 within the nanodrugs for both cell imaging and flow cytome-
try analysis. The uptake kinetics of GA-S-S-AS NPs by HepG2 and
L-02 cells at various time points were evaluated using an auto-
mated cell imaging system. As depicted in Fig. S5 (Supporting in-
formation), the fluorescence intensity of Cy5 exhibited a gradual
increase over time in both HepG2 and L-02 cells, with a notably
higher intensity observed in HepG2 cells compared to L-O2 cells
(Fig. S5A). Remarkably, significant red fluorescence was detected in
HepG2 cells after 2 h. Quantitative analysis further confirmed the
enhanced uptake capacity of GA-S-S-AS NPs in HepG2 cells relative
to L-02 cells (Fig. S5B). Additionally, flow cytometry was utilized
to quantify the fluorescence signal of GA-S-S-AS NPs in HepG2
cells, yielding results consistent with those obtained through cell
imaging (Fig. S5C). Finally, the intracellular localization of GA-S-
S-AS NPs within HepG2 cells was examined using confocal laser
scanning microscopy (CLSM). Following a 4-h incubation period,
the red fluorescence emitted by Cy5 within the GA-S-S-AS NPs
was observed to have escaped the lysosomal compartment, pre-
dominantly localizing within the cytoplasm (Fig. S5D). These find-
ings substantiate the efficient internalization of GA-S-S-AS NPs by
HepG2 cells, attributable to the specific binding of aptamers to re-
ceptors on tumor cells, thereby enhancing the intracellular deliv-
ery of the therapeutic agent. Concurrently, the fluorescence imag-
ing capability of GA-S-S-AS NPs offers a valuable tool for real-time
monitoring of the drug delivery process.
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Fig. 2. Cytotoxicity of HepG2 cells (A) and L-O2 cells (B) exposed to different con-
centrations of treatment groups (GA dose was 0, 0.5, 1, 1.5, 2, 3pg/mL) for 24h.
(C) Staining analysis images of live/dead cells in different treatment groups (scale
bar: 100um). (D) Apoptosis of HepG2 cells induced by different treatment groups
analyzed by flow cytometer. (E) Quantitative staining results of live/dead cells in
different treatment groups. (F) Percentage of apoptotic cells including early and
late-stage apoptotic cells in different groups. Values represented were means +SD
(n=5). *P<0.05, **P < 0.01, ***P < 0.001.

In order to assess the in vitro anti-tumor efficacy of various
treatment groups, the cytotoxicity of GA, GA NPs, GA-S-S-NH,,
GA-AS NPs, and GA-S-S-AS NPs on both HepG2 and L-O2 cells
was initially determined through MTT assay. The results depicted
in Fig. 2A, following a 24-h incubation period, each treatment
group exhibited a dose-dependent cytotoxic effect on HepG2 cells,
wherein cell viability decreased with escalating drug concentra-
tions. Meanwhile, some interesting findings were also obtained.
Specifically, the GA-S-S-NH, and GA-S-S-AS NPs groups exhibited
enhanced cell cytotoxicity, whereas the GA NPs groups displayed
diminished cytotoxicity compared to the GA group. This discrep-
ancy may be attributed to two factors: the excessive size of GA
NPs post self-assembly, hindering cellular uptake, and the poten-
tial concealment of the pharmacophore following GA self-assembly,
thereby impacting the drug’s anti-tumor efficacy. The cytotoxicity
of the GA-AS NPs group exhibited a slight superiority over that of
the GA NPs group, potentially attributed to the small size of the
GA-AS NPs enabling specific binding to the overexpressed nucle-
olin on HepG2 cell surfaces, thereby facilitating cellular internal-
ization. The reduced toxicity of the GA-AS NPs group compared to
the GA-S-S-NH, and GA-S-S-AS NPs groups may be attributed to
the stable polymerization state of GA on the GA-AS NPs, prevent-
ing the release of free GA. It is noteworthy that the GA-S-S-AS NPs
group demonstrates the most pronounced cytotoxicity, attributed
to its dual mechanism of actively targeting tumor cells and facili-
tating environment-responsive drug release. These findings suggest
that the free form of GA exhibits greater efficacy in inducing tumor
cell death compared to polymerized GA. In L-O2 cells, each treat-
ment group also exhibited dose-dependent cytotoxicity (Fig. 2B).
The cytotoxic effects of GA and GA-S-S-NH, were found to be more
pronounced compared to GA NPs, GA-AS NPs, and GA-S-S-AS NPs.
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This difference in cytotoxicity can be attributed to the small molec-
ular size of GA and GA-S-S-NH,, facilitating their penetration into
cells to exert pharmacological effects without discrimination be-
tween tumor cells and normal cells. Finally, the GA-AS NPs and
GA-S-S-AS NPs exhibit reduced toxicity towards L-O2 cells even
at elevated concentrations. This can be attributed to the absence
of nucleolin overexpression and high concentration of GSH in nor-
mal hepatocytes, which hinders the cellular uptake and release of
free drugs by the nanodrugs. These findings suggest that the self-
assembled GA NPs diminish the efficacy of the drug, whereas the
GA-S-S-AS NPs demonstrate a synergistic and mitigated effect. The
aforementioned findings suggest that the self-assembly of GA NPs
as a pure drug may diminish its cytotoxicity, whereas the GA-S-
S-AS NPs exhibit an augmented therapeutic effect with decreased
toxicity towards normal cells.

Subsequently, the in vitro antitumor effectiveness of each treat-
ment group against HepG2 cells was assessed through live/dead
cell staining and apoptosis assays. Initially, the viability of cells
treated with various groups was observed using calcein AM and
propidium iodide (PI) staining to distinguish between living (green)
and dead (red) cells, allowing for a visual assessment of the anti-
tumor efficacy. Figs. 2C and E demonstrate that GA-S-S-AS NPs re-
sulted in the highest rate of cell death among the tumor cells,
surpassing the effectiveness of free GA and other nanodrugs. Con-
currently, Annexin V-allophycocyanin (APC)/7-aminoactinomycin D
(7-AAD) staining and flow cytometry were employed to quantify
the rates of apoptotic HepG2 cells. The results depicted in Figs. 2D
and F revealed a reduction in apoptotic cells following treatment
with GA NPs in comparison to the GA group, suggesting that GA
NPs formed through GA self-assembly led to diminished drug ef-
ficacy and a weaker inhibition of tumor growth. Significantly, the
GA-S-S-AS NPs exhibited the highest capacity for inducing apopto-
sis, indicating that the targeted GA-S-S-AS NPs possess enhanced
cytotoxicity and superior inhibition of tumor growth. The findings
were in line with the results of the cytotoxicity assay conducted
in each experimental group. Overall, the study underscores the po-
tential of GA-S-S-AS NPs to enhance the anti-tumor efficacy of GA,
thereby improving its utility in cancer treatment.

HSP90, a class of highly conserved proteins, is intimately asso-
ciated with the biological behavior of tumors and has emerged as
a novel target for anticancer therapeutics. GA is recognized as a
natural inhibitor of HSP90, capable of inducing apoptosis in tumor
cells via the HSP90-regulated pathway, thereby exerting an anti-
tumor effect [46]. To further explore the potential role of GA-S-S-
AS NPs in augmenting the anti-tumor efficacy of drugs, a West-
ern blot analysis was conducted to assess the expression levels
of HSP90 in HepG2 cells subjected to various treatments (Figs. S6
and S7 in Supporting information). The findings initially indicated
a 45% reduction in HSP90 expression in GA-treated cells compared
to the control group, thereby confirming the inhibitory effect of
GA on HSP90. Concurrently, the GA-S-S-AS NPs demonstrated the
most pronounced inhibitory effect on HSP90 protein expression.
The sequence of effects observed across all treatment groups on
the inhibition of HSP90 was as follows: GA-S-S-AS NPs > GA-S-S-
NH; > GA-AS NPs > GA > GA NPs. This sequence aligns closely
with the apoptosis results presented in Fig. 2, suggesting that each
treatment group may exert anti-tumor effects through the apop-
totic pathway mediated by HSP90. Notably, GA NPs exhibited min-
imal inhibitory impact on HSP90, further indicating that the self-
assembly of hydrophobic GA is not favorable for the drug’s efficacy.

We assessed the pharmacokinetics of GA-S-S-AS NPs after in-
travenous injection to show that the negatively charged NPs have
better circulatory capabilities. The drug-time curve was drawn and
the main drug dynamic parameters were calculated. The average
blood concentration was taken as the Y axis and the blood col-
lection time as the X axis. The concentrations of injected GA and
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Fig. 3. (A) Fluorescence pictures of HepG2 tumor-bearing mice taken at various in-
tervals following intravenous injections of GA/Cy5 NPs, GA-S-S-AS NPs, and Cy5.
(B) Fluorescence pictures captured in vitro 24h after injection of main organs and
tumors that were removed. (C) Quantitative evaluation of the average Cy5 fluores-
cence intensity in tumors at various in vivo time intervals. (D) Twenty-four hours
after injection, the average fluorescence intensity of the tumors and organs visible
in ex vivo imaging. Values represented were means+SD (n=4). ***P <0.001.

GA-S-S-AS NPs in the plasma as a function of time is displayed in
Fig. S8 (Supporting information). In the blood circulation, GA-S-S-
AS NPs had an extended terminal elimination half-life in compar-
ison to GA, as was predicted. Compared with GA group, the MRT
was prolonged, AUCy_; was significantly increased, and bioavailabil-
ity was higher in GA-S-S-AS NPs group. Also note that the blood
clearance (CL) of the GA was much faster than that of GA-S-S-AS
NPs. Consequently, compared to GA with a short half-life, the GA-
S-S-AS NPs showed a prolonged circulation in the blood circula-
tion, indicating a less frequent dosage schedule.

To investigate the distribution of nanodrugs, imaging studies
were conducted using a HepG2 tumor-bearing BALB/c nude mouse
model. The Institutional Animal Care and Use Committee of Tian-
jin University of Traditional Chinese Medicine approved all an-
imal studies. The fluorescence imaging properties of Cy5 were
harnessed for visualization in vivo, leading to the preparation of
GA/Cy5 NPs physically loaded with Cy5 dye for comparative imag-
ing analysis across various treatment groups. The in vivo fluores-
cence images of Cy5, GA/Cy5 NPs, and GA-S-S-AS NPs were cap-
tured within 24 h post-injection, as depicted in Figs. 3A and C. Over
time, the fluorescence intensity at the tumor site exhibited a grad-
ual increase in the GA/Cy5 NPs and GA-S-S-AS NPs groups, whereas
the fluorescence in the Cy5 group remained relatively stable. No-
tably, the fluorescence intensity of GA-S-S-AS NPs at the tumor site
surpassed that of Cy5 and GA/Cy5 NPs at 2h post-injection and
persisted up to 24 h. Subsequently, BALB/c nude mice were euth-
anized, and samples of tumor tissues as well as major organs in-
cluding the heart, liver, spleen, lung, and kidney were harvested for
analysis (Figs. 3B and D). The distribution of GA-S-S-AS NPs was
predominantly observed in the isolated liver and tumor tissues,
with a minor presence in the kidney. Conversely, GA/Cy5 NPs ex-
hibited a primary distribution in the isolated liver and kidney, with
lower levels detected in tumor tissues. The fluorescence marker
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Fig. 4. (A) Changes in body weight of mice in different treatment groups. (B) Tumor

growth curves of mice treated with different groups (4 mg/kg GA). The therapeutic
terminal’s tumor weight (C) and photo of the tumors removed from the mice (D).
(E) TUNEL and H&E staining of the tumor tissues that were extracted from vari-
ous groups. Scale bar: 100 um. The data is shown as mean+SD (n=6). ***P < 0.001,
%P < 0.0001.

Cy5 demonstrated widespread distribution throughout various or-
gan regions, suggesting non-specific targeting. These distribution
patterns are consistent with in vivo imaging results. Overall, GA-
S-S-AS NPs demonstrated the highest tumor aggregation, poten-
tially attributed to the combined effects of passive EPR targeting
and active ligand-receptor recognition. These findings suggest that
GA-S-S-NPs can enhance the accumulation of GA at the tumor site,
leading to improved efficacy.

Because of the notable cytotoxicity demonstrated by GA-S-S-AS
NPs in vitro, we proceeded to investigate their anti-tumor efficacy
in vivo. Upon reaching a tumor volume of approximately 250 mm?,
mice bearing tumors were randomly divided into four treatment
groups and administered PBS (control), GA, GA NPs, and GA-S-S-
AS NPs every 3 days for a duration of 24 days. Fig. 4A illustrates
the weight change trajectory of mice across four distinct treatment
groups spanning a 24-day duration. The findings indicate that the
body weight of mice in the GA and GA NPs groups remained rel-
atively constant initially, but exhibited a notable decrease after
12 days, suggesting potential systemic toxicity of the drugs. Con-
versely, mice in the GA-S-S-AS NPs group did not experience any
weight fluctuation, potentially attributed to the heightened tar-
geting efficacy of the aptamer and the activating response of the
disulfide bond, thereby mitigating the systemic toxicity of the drug.
The tumor growth rate was found to be significantly lower in all
treatment groups compared to the control group treated with nor-
mal PBS (Fig. 4B). Specifically, the tumor growth rate in the GA-
S-S-AS NPs group was significantly reduced compared to the GA
group, while the GA NPs group showed a significant increase in tu-
mor growth rate. These findings provide additional evidence sup-
porting the reduced therapeutic efficacy of GA self-assembled GA
NPs, with the GA-S-S-AS NPs group demonstrating superior anti-
tumor properties and a potential for tumor elimination. Figs. 4C
and D similarly demonstrated that the GA-S-S-AS NPs group exhib-
ited the smallest tumors. Hematoxylin and eosin (H&E) and TdT-
mediated dUTP nick-end Labeling (TUNEL) staining of the excised
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tumors were employed to further corroborate their antitumor ef-
ficacy. The results are depicted in Fig. 4E, wherein H&E staining
revealed dense tumor cells in the PBS group with no discernible
damage, whereas tumor cells in each treatment group exhibited
varying degrees of reduction, indicative of nuclear and cytoplasmic
degradation. It is noteworthy that the tumor tissue structure in the
GA-S-S-AS NPs group exhibited abnormalities when compared to
other groups, characterized by fusiform tumor cells with oval nu-
clei and prominent nucleoli. Additionally, a majority of tumor cells
showed signs of degeneration and necrosis, along with inflam-
matory cell infiltration in the tissue. Furthermore, the GA-S-S-AS
NPs group displayed the highest percentage of apoptotic TUNEL-
positive cells. In summary, the findings align with the aforemen-
tioned tumor volume and weight data, demonstrating the superior
antitumor efficacy of GA-S-S-AS NPs. This pronounced therapeutic
effect may be attributed to the targeted delivery of GA-S-S-AS NPs
to the tumor site and the subsequent release of free drugs within
the tumor microenvironment. These results underscore the impor-
tance of strategic nanodrug design in enhancing antitumor efficacy,
suggesting that not all pure drug self-assemblies will yield optimal
therapeutic outcomes.

The primary challenge in implementing drug therapy in vivo
is the presence of toxic side effects, underscoring the importance
of monitoring the systemic toxicity of drugs [31]. To assess the
biosafety of different treatment groups, the effects of PBS, GA, GA
NPs, and GA-S-S-AS NPs on H&E staining and serum biochemi-
cal analysis of the heart, liver, spleen, lung, and kidney of HepG2
tumor-bearing mice were investigated. H&E staining revealed no
pathological alterations in the organs of the GA-S-S-AS NPs group,
suggesting the absence of significant toxicity associated with GA-
S-S-AS NPs (Fig. S9 in Supporting information). The hepatic tis-
sue structure of mice in the GA and GA NPs groups exhibited ab-
normalities, characterized by hepatocytes arranged radially around
the central vein, hepatocytes displaying balloon-like changes, cen-
tral vein congestion, and inflammatory cell infiltration (indicated
by the black arrow). Additionally, elevated levels of serum enzymes
(aspartate aminotransferase (AST), aminotransferase (ALT)) in the
liver and (blood urea nitrogen (BUN), creatinine (CRE)) in the kid-
ney in the GA and GA NPs groups indicated an increase in AST and
ALT, suggesting hepatotoxicity (Fig. S10 in Supporting information).
On the contrary, GA-S-S-AS NPs exhibited no aberrant alterations
in the aforementioned serum biochemical parameters, attributed
to the active targeting capability of aptamers that facilitated en-
hanced accumulation within the tumor site and mitigated systemic
toxicity of the drug. Consequently, this mechanism contributed to
the potentiation of therapeutic efficacy and reduction of toxicity.
Collectively, the capacity of GA-S-S-AS NPs to alleviate GA-induced
toxicity underscores the significance of nanomedicine in targeted
cancer treatment.

In conclusion, we have developed a simple approach to cre-
ate carrier-free nanodrugs with multiple functions, including ac-
tive targeting, responsiveness to environmental stimuli, and fluo-
rescence imaging capabilities. These nanodrugs, designated as GA-
S-S-AS NPs, are designed to address the diminished efficacy of hy-
drophobic GA in aqueous environments. Notably, the nanodrugs
display exceptional stability in physiological conditions. The EPR
effect combined with ligand-receptor active recognition, facilitate
the accumulation and internalization of nanodrugs at the tumor
site. Upon internalization by tumor cells, elevated intracellular glu-
tathione levels induce the degradation of nanodrugs, leading to
the rapid release of free drugs for cell destruction. Consequently,
treatment with GA-S-S-AS NPs demonstrated enhanced therapeu-
tic efficacy both in vitro and in vivo, resulting in significant inhi-
bition of tumor growth. Simultaneously, the utilization of Cy5 flu-
orescence enables the nanodrugs to exhibit effective imaging ca-
pabilities both in vivo and in vitro. Moreover, in vivo distribution
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tracking has demonstrated a notable enhancement in drug accu-
mulation at the tumor site facilitated by the nanodrugs. As antic-
ipated, the nanodrugs exhibit superior biosafety compared to free
GA, effectively mitigating GA-induced hepatotoxicity. Besides, ini-
tial mechanistic investigations indicated that the nanodrugs ex-
hibited a greater propensity for inhibiting the expression of the
HSP90 protein. Collectively, these findings underscore the consid-
erable potential and advantages of the carrier-free nanodrugs, po-
sitioning them as a promising delivery system for GA in cancer
therapy. This straightforward carrier-free nanodrug approach of-
fers novel dosage formulations to improve the therapeutic efficacy
of hydrophobic antitumor drugs, thereby broadening the scope of
their utilization.
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