
Anim Models Exp Med. 2025;8:307–321.	﻿�   | 307wileyonlinelibrary.com/journal/ame2

Received: 23 March 2024  | Accepted: 15 June 2024

DOI: 10.1002/ame2.12468  

O R I G I N A L  A R T I C L E

Endogenous Fe2+-triggered self-targeting nanomicelles for  
self-amplifying intracellular oxidative stress

Zhongxiong Fan1  |   Guoyu Xia1 |   Qingluo Wang1 |   Shiduan Chen2 |   Jianmin Li1 |   
Zhenqing Hou1,2  |   Ziwen Jiang3 |   Juan Feng4

1School of Pharmaceutical Sciences and Institute of Materia Medica, Xinjiang University, Urumqi, China
2College of Materials, Xiamen University, Xiamen, China
3Department of Gynecology, Beijing Obstetrics and Gynecology Hospital, Capital Medical University, Beijing Maternal and Child Health Care Hospital, Beijing, 
China
4Department of Hematology, The First Affiliated Hospital of Xiamen University and Institute of Hematology, School of Medicine, Xiamen University, Xiamen, 
China

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in 
any medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.
© 2024 The Author(s). Animal Models and Experimental Medicine published by John Wiley & Sons Australia, Ltd on behalf of The Chinese Association for 
Laboratory Animal Sciences.

Zhongxiong Fan, Guoyu Xia, and Qingluo Wang have contributed equally to this work.  

Correspondence
Zhongxiong Fan, School of Pharmaceutical 
Sciences and Institute of Materia Medica, 
Xinjiang University, Urumqi 830017, 
China.
Email: fanzhongxiong@xju.edu.cn

Ziwen Jiang, Department of Gynecology, 
Beijing Obstetrics and Gynecology 
Hospital, Capital Medical University, 
Beijing Maternal and Child Health Care 
Hospital, Beijing 100006, China.
Email: jiangziwen@ccmu.edu.cn

Juan Feng, Department of Hematology, 
The First Affiliated Hospital of Xiamen 
University and Institute of Hematology, 
School of Medicine, Xiamen University, 
Xiamen, 361003, China.
Email: fengjuannihao@163.com

Funding information
National Natural Science Foundation of 
China, Grant/Award Number: 82000152; 
Natural Science Foundation of Xinjiang 
Uygur Autonomous Region, Grant/
Award Number: 2022D01C698; Xinjiang 
Uygur Autonomous Region Tianchi Talent 
Introduction Program-Young Doctor, 
Grant/Award Number: 51052300514; 
Key research and development program 
in Xinjiang Uygur Autonomous Region, 
Grant/Award Number: 2023B02030 and 
2023B02030-1; Autonomous Region 
universities basic research funds research 
projects-cultivation projects, Grant/Award 
Number: XJEDU2023P017

Abstract
Background: Artesunate (ASA) acts as an •O₂− source through the breakdown of en-
doperoxide bridges catalyzed by Fe2+, yet its efficacy in ASA-based nanodrugs is lim-
ited by poor intracellular delivery.
Methods: ASA–hyaluronic acid (HA) conjugates were formed from hydrophobic ASA 
and hydrophilic HA by an esterification reaction first, and then self-targeting nanomi-
celles (NM) were developed using the fact that the amphiphilic conjugates of ASA and 
HA are capable of self-assembling in aqueous environments.
Results: These ASA–HA NMs utilize CD44 receptor-mediated transcytosis to greatly 
enhance uptake by breast cancer cells. Subsequently, endogenous Fe2+ from the tumor 
catalyzes the released ASA to produce highly toxic •O₂− radicals to kill tumor cells, 
although sustained tumor growth inhibition can be achieved via in vivo experiments.
Conclusions: Self-targeting NMs represent a promising strategy for enhancing ASA-
based treatments, leveraging clinically approved drugs to expedite drug development 
and clinical research in oncology.
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1  |  INTRODUC TION

Very recently, reactive oxygen species (ROS)–dominated oxidative 
stress has become an effective antitumor strategy.1 Three ROS-
dominated oncotherapies, namely photodynamic therapy (PDT), 
sonodynamic therapy (SDT), and radiotherapy (RT), can produce 
ROS for enhancing oxidative stress in tumor cells.1,2 However, 
these techniques face challenges such as the poor tissue penetra-
tion ability of lasers in PDT,3 the low quantum yield of the sono-
sensitizer in SDT,4 and the inherent toxicity toward normal cells in 
RT.5 In addition, the introduction of exogenous equipment such as 
laser device, ultrasonic probe, and X-ray source seriously hinders 
further application of PDT, SDT, and RT, respectively.6,7 To elim-
inate the need for external equipment, chemodynamic therapy 
(CDT) utilizes Fenton/Fenton-like reactions to produce toxic ROS 
against tumor cells, presenting a hopeful anticancer approach. 
Nevertheless, the restricted H2O2 concentration (~50–100 μm) 
and mild acidity (pH 6.5) in the tumor microenvironment compro-
mise the efficacy of Fenton/Fenton-like reactions, thereby result-
ing in low ROS production.6,8 This phenomenon may occur due 
to the fact that the effectiveness of the Fenton/Fenton-like re-
action is guaranteed only under relatively high levels of H2O2 and 
low pH values (2–4).9,10 Therefore, to effectively overcome these 
disadvantages of CDT based on Fenton/Fenton-like reaction, this 
concept of the non-Fenton CDT without the high-abundance 
H2O2 and low pH value (2–4) requirements has been proposed by 
our group.11 For example, we fixed our focus on the antimalarial 
drug artesunate (ASA). It is worth noting that substantial evidence 
suggests that ASA can exhibit antitumor activity through various 
mechanisms, such as inhibiting tumor cell proliferation, blocking 
the cell cycle, and inducing oxidative stress,12 which can be at-
tributed to the well-established theory that tumor endogenous 
Fe2+ can catalyze the peroxo-bridge bond in ASA, resulting in the 
production of highly toxic •O₂− radicals.13 However, the efficacy of 
ASA is seriously weakened by some inherent disadvantages such 
as high hydrophobicity, poor pharmacokinetics, and low bioavail-
ability.14,15 To address these disadvantages, one efficient strategy 
is to encapsulate ASA into various nanocarriers to obtain ASA-
based nanodrugs.16 Even so, the lack of self-targeting tumor effect 
still hinders the further application of ASA-based nanodrugs in on-
cotherapy. Therefore, how to endow ASA-based nanodrugs with 
self-targeting tumor effect is crucial in non-Fenton CDT of ASA.

Well known for their effectiveness, self-targeting nanodrugs 
can significantly improve the targeted accumulation of nanodrugs 
within the tumor region, thereby minimizing adverse effects on 
healthy cells or organs.17 Notably, although some exogenous target-
ing ligands such as folic acid, hyaluronic acid (HA), antibodies, and 
peptides exhibit binding affinity to receptors overexpressed on the 
surface of tumor cell membranes, these exogenous ligands them-
selves have minimal therapeutic effects and serve only as targeting 
ligands for the specific delivery of nanodrugs.18 A careful compari-
son of the aforementioned ligands shows that HA has an excellent 
water solubility, biocompatibility, and biodegradability.19 In addition, 

HA can be directly regarded as a drug carrier, which can specifically 
bind to the CD44 receptor on the surface of the tumor cells and fa-
cilitate drug delivery.20 Therefore, how to modify these exogenous 
ligands and include HA in some multifunctional molecules with ther-
apeutic and self-targeting effect are beneficial for simplifying the 
preparation process and internal structure of self-targeting nanod-
rugs, thereby providing some possibilities for the clinical application 
of self-targeting nanodrugs.

With regard to the aforementioned factors, as shown in 
Scheme  1, both hydrophilic HA and hydrophobic ASA are conju-
gated by a hydrolyzable ester bond to synthesize the amphiphilic 
ASA–HA conjugate. The amphiphilicity of the ASA–HA conjugate 
enables direct self-assembly into endogenous Fe2+-triggered self-
targeting ASA–HA nanomicelles (NM). The benefit of ASA–HA 
NMs lies in their ability to specifically transport non-Fenton anti-
tumor CDT agents into tumor cells in vivo via a self-targeting effect 
mediated by CD44 receptors. By facilitating the self-amplification 
of oxidative stress within tumor cells, HA added to ASA–HA NMs 
effectively reduces phagocytosis by macrophages while circulating 
in the body. This feature helps minimize potential side effects on 
healthy cells or organs.21 On reaching the tumor region, the HA li-
gands will autonomously target the CD44 receptors on the surface 
of tumor cells, thereby improving the accumulation within the tumor 
and enhancing the cellular uptake of ASA–HA NMs.22 In addition, 

S C H E M E  1  Schematic illustration of endogenous Fe2+-
triggered self-targeting ASA–HA (artesunate–hyaluronic acid) NMs 
(nanomicelles) for self-amplifying intracellular oxidative stress.



    |  309FAN et al.

the acidic esterase-rich lysosome from tumor cells will result in the 
rapid liberation of ASA within tumor cells. Subsequently, the liber-
ated ASA undergoes catalysis by endogenous Fe2+ in tumor cells to 
produce a potent •O₂− surge, fostering self-amplifying intracellular 
oxidative stress. In brief, we propose a new orientation for oxidative 
stress-mediated self-targeting oncotherapy.

2  |  MATERIAL S AND METHODS

2.1  |  Materials

ASA, 4-dimethylaminopyridine (DMAP), 1-(3-dimethylaminopropyl)-
3-ethylcarbodiimide (EDC), and Hoechst 33258 were obtained from 
Shanghai Myriad Chemical Technology Co. HA was obtained from 
Chengdu McCarthy Chemical Co., Ltd. Disodium hydrogen phos-
phate, paraformaldehyde, fetal bovine serum (FBS-ST30-3302), iso-
flurane, and 4-chloro-7-nitro-1,2,3-benzoxadiazole (NBD-Cl) were 
purchased from Shanghai Maclean Biochemical Technology Co., Ltd. 
Cyanine 5.5 (Cy5.5) was obtained from Xi'an Ruixi Biotechnology 
Co., Ltd (Xi'an, China). Unless specified otherwise, all chemical rea-
gents were of analytical grade and commercially available, and used 
without further purification. Experiments were conducted follow-
ing relevant laws and institutional guidelines. Animal experiments 
adhered to the guidelines set by the Ethical Committee of Xiamen 
University.

2.2  |  Synthesis and characterization of ASA–
HA conjugate

The amphiphilic ASA–HA conjugate was synthesized through an 
esterification reaction between hydrophobic ASA and hydrophilic 
HA. Initially, 57.6 mg of ASA (0.15 mmol) was weighed and dissolved 
in 3 mL of dimethyl sulfoxide (DMSO). Subsequently, 76 mg of EDC 
(0.40 mmol) and 45 mg of DMAP (0.37 mmol) were added to the so-
lution; the mixture was stored in a dark environment and stirred at 
room temperature for 1 h to activate the carboxyl group. After the 
carboxyl group of ASA was activated, 50 mg of HA was dissolved 
in 3 mL of formamide; and the mixture was added to the ASA so-
lution. Subsequently, the reaction mixture was stirred on a heated 
magnetic stirrer at 50°C for 12 h under dark conditions and stirred 
again at room temperature for 36 h to ensure complete progress of 
the esterification reaction. Throughout the entire reaction, the so-
lution was shielded with nitrogen. Subsequently, the solution was 
carefully transferred into a dialysis bag with a molecular weight cut-
off (MWCO) of 3500 Da (Slide-A-Lyzer, Thermo Scientific, USA) and 
dialyzed using a mixture of deionized (DI) water and EtOH in vary-
ing ratios (1:3, 1:2, and 1:1) for 8 h each to facilitate the purification 
process. Finally, the dialysis was continued with DI water for an ad-
ditional 24 h to remove any remaining DMAP, EDC, and organic sol-
vents. The resulting product was then filtered through an aqueous 
filter membrane and dried under vacuum to obtain the final product.

Next, to characterize the ASA–HA conjugate, Fourier-transform 
infrared (FT-IR) spectrum analysis was performed using a Nicolet 
IS50 infrared spectrometer (Thermo Fisher, USA). The UV–Vis. ab-
sorption spectra were obtained using a UV–Vis. spectrophotometer 
UV2550 (Shimadzu, Japan). The proton nuclear magnetic resonance 
(1H-NMR) spectra were analyzed using a Bruker AVANCE III HD 
300 MHz NMR spectrometer (Bruker, Germany) using the solution 
of both DMSO-d6 and D2O as solvents. The X-ray diffraction (XRD) 
pattern was tested using an XRD analyzer D8-A25 (Bruker). In addi-
tion, ASA, HA, and ASA + HA (the physical mixture of ASA and HA) 
were used as control groups in the aforementioned characterization.

2.3  |  Synthesis and characterization of ASA–
HA NMs

ASA–HA NMs were synthesized using a cosolvent method, according 
to our previous report.23 In brief, 10 mg of the already-synthesized 
ASA–HA conjugate was dispersed in 0.5 mL of DMSO and placed in 
an ultrasonic cleaner (200 W) for ~0.5 h in an ice-water bath. The 
resulting DMSO solution was slowly added dropwise to 4.5 mL of 
preprepared DI water to obtain a 2-mg/mL dispersion of the ASA–
HA conjugate. This mixture was then shaken in a constant tempera-
ture shaker (37°C, 100 rpm) for 3 h under lightproof conditions to 
produce ASA–HA NM dispersion. The obtained ASA–HA NM dis-
persion was transferred to a dialysis bag (MWCO = 3500 Da) and 
then dialyzed using a DI water–EtOH (v:v, 1:3, 1:2, and 1:1) solution 
for 8 h based on each proportion. Then, dialysis was continued using 
DI water to further remove the unassembled ASA–HA conjugate and 
trace organic solvents for 24 h. Finally, to obtain the ASA–HA NMs 
of uniform hydrodynamic size and good dispersion, the obtained 
ASA–HA NMs were further extruded using aqueous microporous 
filter membranes (Millex needle filter, pore size: 220 nm; diameter: 
33 mm, sterility, hydrophilicity, USA).

Next, to characterize the ASA–HA NMs, a Malvern Zetasizer 
2000 (Malvern, UK) was utilized. This instrument was used to mea-
sure the hydrodynamic particle size and surface potential of the 
ASA–HA NMs using dynamic light scattering (DLS) and electro-
phoretic light scattering (ELS), respectively. The morphology of the 
ASA–HA NMs was visualized using a transmission electron micro-
scope (JEM2100, JEOL, Tokyo, Japan). Drug payload of ASA–HA 
NMs was quantified using a UV–Vis. spectrophotometer UV2550 
(Shimadzu).

2.4  |  Determination of critical micelle 
concentration value

Critical micelle concentration (CMC) value for the ASA–HA conju-
gate was assessed using fluorescence probes. The associated ex-
perimental procedures are as follows: acetone solution of pyrene 
(5 × 10−5 M) was added to each test tube, and acetone was allowed 
to evaporate and dry naturally. Then, 1 mg/mL of ASA–HA NMs in 
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phosphate-buffered saline (PBS) was diluted to a series of concen-
trations and added to these tubes. Each tube contained 3 mL of solu-
tion at pH 7.4. All samples were sonicated in an ice-water bath for 
0.5 h, incubated at 40°C for an additional 0.5 h, and then left over-
night at 60°C. Finally, the fluorescence intensity of all samples was 
measured using a Hitachi F4500 fluorescence spectrophotometer 
(Hitachi, Japan).

2.5  |  Drug release of ASA–HA NMs

In vitro release behaviors of ASA in ASA–HA NMs were evaluated 
using a series of simulated physiological conditions. In brief, 3 mL 
of pure ASA drug or ASA–HA NM solution (with an ASA concen-
tration of 1 mg/mL) was placed in a dialysis bag (MWCO = 3500 Da, 
Slide-A-Lyzer, Thermo Scientific), and the bag was placed in a 
beaker containing 17 mL of PBS (pH 7.4, 6.5, or 5.0) with/without 
esterase (5 mg, 30 U/mL). Then, 3 mL of external PBS was removed 
and promptly replaced with 3 mL of fresh PBS at predetermined 
time intervals. The released amount of ASA was determined using 
the UV–Vis. spectrophotometer UV2550 (Shimadzu). Finally, the 
cumulative release of ASA was calculated using the following 
equation:

Where, n: the number of dialysate collection time points; Ci: 
Drug concentration in the dialysate at time point (n-1); Cn: Drug con-
centration in the dialysate at time point (n).

2.6  |  Cell line

The cell lines utilized were sourced from the American Type Culture 
Collection. HeLa (human cervical cancer cells) and A549 cells (human 
lung cancer cells) were cultured in Dulbecco's modified Eagle's me-
dium, whereas 4 T1 (mouse breast cancer cells) and L02 cells (human 
normal hepatocytes) were cultured in RPMI 1640.

2.7  |  In vitro cellular uptake

To assess the cellular uptake in  vitro of ASA–HA NMs, ASA and 
ASA–HA were tagged with NBD-Cl, a small molecular structure, 
through a nucleophilic substitution reaction (termed as ASANBD and 
ASANBD–HA NMs), according to our previous report.24 HeLa cells 
known for their high expression of CD44 receptors, A549 cells with 

a low expression of CD44 receptors, and L02 cells lacking CD44 re-
ceptor expression were seeded into six-well plates and then treated 
with ASANBD and ASANBD–HA NMs based on 75 μg/mL of NBD con-
centration for 1 and 4 h. Finally, the cellular uptake effect of ASA–
HA NMs was qualitatively analyzed using a confocal laser scanning 
microscope (Leica TCS SP5, Germany).

Further, flow cytometry analysis was used to quantitatively 
determine the cellular uptake of ASA–HA NMs. HeLa, A549, 
and L02 cells were seeded into six-well plates and then treated 
with ASANBD and ASANBD–HA NMs based on 75 μg/mL of NBD 
for 1 and 4 h, respectively. The cellular fluorescence intensity of 
NBD was captured using a FACSCalibur flow cytometer (Becton 
Dickinson, USA), and the results were analyzed using Cell Quest 
software.

2.8  |  In vitro cytotoxicity

MTT assay was conducted to evaluate the in vitro cytotoxic effect 
of ASA, ASA + HA physical mixture, and ASA–HA NMs on HeLa, 
A549, and L02 cells. In brief, HeLa, A549, and L02 cells were seeded 
in 96-well plates and incubated for 24 h. Cell viability was assessed 
using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide (MTT) assay following the manufacturer's instructions. The ab-
sorbance values were measured using an ELISA reader (WD-2102B, 
Beijing, China). Subsequently, the half-maximal inhibitory concen-
trations (IC50) in cells were calculated using SPSS Statistics 20.0 
software.

Next, the apoptosis effect of ASA–HA NMs was also deter-
mined using the Annexin V-FITC/PI Apoptosis Detection Kit (BD 
Biosciences, USA). In detail, HeLa cells (5.0 × 105 cells/well) were 
seeded in six-well plates. After incubation for 24 h, the cells were 
separately incubated with PBS (control), ASA, ASA + HA, and ASA–
HA NMs at ASA of 75 μg/mL. Finally, the cells were analyzed using 
a FACSCalibur flow cytometer (Becton Dickinson), and the results 
were analyzed utilizing Cell Quest software.

2.9  |  Intracellular ROS determination

The intracellular production of ROS in HeLa cells was assessed using 
2,7-Dichlorodihydrofluorescein diacetate (DCFH-DA). Initially, HeLa 
cells were seeded in six-well plates. Subsequently, the cell culture 
was removed, and the cells were washed thrice with PBS. The HeLa 
cells were then incubated with ASA and ASA–HA NMs at a concen-
tration of 75 μg/mL of ASA for 1 and 4 h, respectively. Then, the 
cell nuclei were stained with Hoechst 33258 for 10 min. Finally, the 

Cumulative release (%) =
3 ×

∑n−1

i=1
Ci + 20 × Cn

weight of drug in the ASA − HANMs
× 100%

F I G U R E  1  Characterization of ASA–HA (artesunate–hyaluronic acid) conjugate and ASA–HA NMs (nanomicelles). (A) UV–Vis. and (B) 
FT-IR (Fourier-transform infrared) spectra of ASA, HA, ASA + HA, and ASA–HA conjugate. (C) 1H-NMR of ASA (the solvent was DMSO-d6), 
HA (the solvent was D2O), and ASA–HA conjugate (the solvent was the solution of DMSO and D2O, and the ratio of DMSO to D2O was 2:1). 
(D) XRD (X-ray diffraction) spectra of ASA, HA, ASA + HA, and ASA–HA conjugate. (E) Hydrodynamic particle size (insert: Tyndall effect), (F) 
zeta potential, (G) transmission electron microscopic image, and (H) enlarged transmission electron microscopic images of ASA–HA NMs.
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effect of ROS production was assessed using a confocal laser scan-
ning microscope (Leica TCS SP5).

2.10  |  Animals

Female Kunming mice (aged 4–6 weeks and weighing 20–22 g) were 
obtained from the Xiamen University Laboratory Animal Center. All 
animal experiments were performed in compliance with the guide-
lines and policies of the Animal Care and Use Committee of Xiamen 
University. The Kunming mice were subcutaneously injected with 

4 T1 cells expressing high levels of CD44 receptors in the right hind 
limb to develop a tumor model.

2.11  |  In vivo fluorescence imaging

To assess the self-targeting effect of ASA–HA NMs, in vivo fluores-
cence imaging of the tumor-bearing mice was conducted. Briefly, 
ASA and ASA–HA were conjugated using a near-infrared fluores-
cence probe Cy5.5-NH2 through an amide reaction (named as 
ASACy5.5 and ASACy5.5–HA NMs), according to our previous report.23 

F I G U R E  2  In vitro disassembly and drug release of ASA–HA (artesunate–hyaluronic acid) NMs (nanomicelles). (A) In vitro drug release 
profiles of ASA and ASA–HA NMs at pH 7.4. In vitro drug release profiles of ASA–HA NMs at different pH values (B) without and (C) with 
esterase (5 mg, 30 U/mL). (D) Transmission electron microscopic image of ASA–HA NMs at pH 5.0 with esterase. All data are represented as 
mean ± SD (standard deviation) (n = 3). ***p < 0.001.

F I G U R E  3  In vitro cellular uptake and ROS (reactive oxygen species) production. Confocal laser scanning microscopic images (scale 
bar = 75 μm) of (A) HeLa and (B) A549 cells incubated with ASANBD–HA NMs (nanomicelles) with/without HA pretreatment for 1 and 4 h 
(scale bar = 75 μm). (C) Flow cytometry of HeLa treated with ASANBD, ASANBD with HA pretreatment, and ASANBD–HA NMs. (D) Mean 
fluorescence intensity of ASANBD and ASANBD–HA NMs without/with HA pretreatment for 4 h. (E) Confocal laser scanning microscopic 
images (scale bar = 75 μm) of HeLa, A549, and L02 cells treated with ASANBD and ASANBD–HA NMs for 1 and 4 h, respectively. (F) Confocal 
laser scanning microscopic images of DCFH-stained HeLa cells after incubation for 1 and 4 h with ASA and ASA–HA NMs, respectively (scale 
bar = 75 μm). All data are represented as mean ± SD (standard deviation) (n = 3). **p < 0.01.
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When the tumor volume became ~150 mm3, 200 μL of ASACy5.5 and 
ASACy5.5–HA NMs based on 0.4 mg/kg of Cy5.5 concentration was 
intravenously injected into the 4 T1 tumor-bearing mice through 

the tail vein. After intravenous injection at 1, 2, 4, 8, 12, and 24 h, 
in vivo fluorescence images were captured using the Small Animal 
Live Fluorescence Imaging System FX pro (Carastream, USA) and 
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subsequently semiquantitatively analyzed using the Living Image 
Software.

After a 24-h intravenous injection, the tumor-bearing mice were 
euthanized. Major organs and tumors were obtained, and ex  vivo 
fluorescence images were acquired utilizing the Small Animal 
Live Fluorescence Imaging System FX pro (Carastream). Semi-
quantitative analysis was then carried out using the Living Image 
software.

2.12  |  In vivo antitumor effect

In vivo antitumor effect of ASA–HA NMs was assessed in tumor-
bearing mice. Once the tumor volume reached ~150 mm3, the 4 T1 
tumor-bearing mice were randomly divided into three groups. Then, 
the tumor size of every mouse was determined using a caliper every 
2 days for 21 days. After the 21-day therapy period, all mice were 
humanely euthanized. Subsequently, the subcutaneous tumors and 
major organs (heart, liver, spleen, lung, and kidney) were excised, 
weighed, and rinsed with saline thrice. To assess tissue damage and 
cell apoptosis post-therapy, the collected tumors and major organs 
were sectioned into small pieces, fixed in 10% formalin, and embed-
ded in paraffin blocks. The treated tissues embedded in paraffin 
were then sliced into 8-μm sections, stained with hematoxylin and 
eosin (H&E), and examined using a light microscope (Nikon Eclipse 
Ci, Tokyo, Japan).

2.13  |  Hemolysis assay

Hemolysis assay was conducted to evaluate the biocompatibility of 
ASA–HA NMs. Briefly, blood samples from Sprague–Dawley rats' 
retro-orbital choroid plexus were obtained under mild anesthesia; 
the red blood cells were isolated by centrifugation and washed 
thrice with PBS (pH 7.4) until the supernatant turned colorless. Then, 
200 μL of cell suspension was diluted to 10% (v/v) of cell suspen-
sion. For the experimental groups, 1 mL of HA (1000 μM), ASA (10, 
100, and 1000 μM), and ASA–HA NMs (10, 100, and 1000 μM) was 
injected dropwise into 200 μL of cell suspension separately. Finally, 
the UV–Vis absorption spectrum of the obtained supernatant at 
541 nm was assessed using a UV–Vis. spectrophotometer UV2550 
(Shimadzu).

2.14  |  Statistical analysis

All data were represented as mean ± standard deviation. Statistical 
differences among groups were analyzed using one-way analysis of 

variance (ANOVA) and Tukey's posttest. p < 0.05 was considered to 
be statistically significant (**p < 0.01 and ***p < 0.001).

3  |  RESULTS

3.1  |  Synthesis and characterization of ASH–HA 
conjugate

The amphiphilic drug–polymer ASH–HA conjugate was first suc-
cessfully synthesized through the esterification reaction by de-
hydration between the carboxyl group of ASA and the hydroxyl 
group of HA (Figure S1). To further confirm the formation mecha-
nism of the ASA–HA conjugate, UV–Vis. absorbance spectrum, FT-
IR spectroscopy, 1H-NMR, and XRD were carried out. Figure 1A 
shows that the physical mixture (referred to as ASA + HA) of ASA 
and HA exhibited an absorption peak at 235 nm, attributed to the 
presence of both ASA and HA. Moreover, a thorough examina-
tion revealed that the peak at 235 nm in the ASA–HA conjugate 
had shifted to 239 nm and exhibited a new characteristic peak at 
285 nm. This observation indirectly confirmed the successful syn-
thesis of the ASA–HA conjugate. Additionally, Figure 1B shows a 
distinct absorption peak at 1744 cm−1 in the ASA–HA conjugate, 
setting it apart from ASA, HA, and ASA + HA. This peak can be 
attributed to the stretching vibration of the C=O group from the 
ester bond.25 In addition, the absorption peak at 1753 cm−1, in-
dicative of the carboxyl group, disappeared in ASA on conjuga-
tion with HA. Instead, two specific peaks characteristic of ASA 
emerged in the ASA–HA conjugate. Similarly, Figure 1C shows the 
distinctive 1H-NMR spectra of ASA and HA evident in the ASA 
conjugate. Furthermore, the new characteristic peak at 2.62 ppm 
was observed in the ASA–HA conjugate, which could be due to 
the appearance of the proton from the ester bond.26 These data 
jointly revealed the appearance of the ester bond between ASA 
and HA to form the ASA–HA conjugate.

Next, to further explore the crystal structure of the ASA–HA 
conjugate, the XRD experiment was also conducted. Figure  1D 
shows that ASA exhibited obvious crystal diffraction peaks be-
cause of the crystallization properties of ASA. On the contrary, HA 
exhibited a broad peak, suggesting that HA belonged to an amor-
phous compound.27 Remarkably, the XRD spectrum of ASA + HA 
clearly showed that certain crystalline peaks were still present, 
indicating that ASA in its crystalline form persisted in the physical 
mixture. Conversely, all crystalline peaks disappeared in the XRD 
spectrum of the ASA–HA conjugate, attributed to the formation 
of the ester bond.28 Therefore, the aforementioned experimental 
results jointly verified the successful synthesis of the ASA–HA 
conjugate.

F I G U R E  4  In vitro antitumor evaluation of ASA–HA (artesunate–hyaluronic acid) NMs (nanomicelles). Cell viability of (A) L02, (B) A549, 
and (C) HeLa cells incubated with ASA, ASA + HA, and ASA–HA NMs at different concentration gradients for 24 h. (D) IC50 (half-maximal 
inhibitory concentration) value of ASA, ASA + HA, and ASA–HA NMs. (E) Apoptosis of HeLa cells incubated with ASA, ASA + HA, and ASA–
HA NMs for 24 h. All data are represented as mean ± SD (standard deviation) (n = 3). *p < 0.05, **p < 0.01, and ***p < 0.001.



316  |    FAN et al.



    |  317FAN et al.

3.2  |  Construction and characterization of ASH–
HA NMs

The ASA–HA conjugate could readily self-assemble as nanoparticles 
in an aqueous solution because of its inherent amphiphilic proper-
ties.29 Inspired by this factor, numerous attempts revealed that the 
ASA–HA conjugate could be synthesized via the cosolvent method. 
Figure S2 shows that the CMC value of ASA–HA NMs was 27 μg/
mL, indicating that the ASA–HA conjugate had a good self-assembly 
ability to form ASA–HA NMs. Therefore, the average hydrodynamic 
particle size and zeta potential of ASA–HA NMs were detected using 
DLS and ELS, respectively. Figure 1E shows that ASA–HA NMs ex-
hibited a uniform hydrodynamic size of ~180 nm and superior dis-
persibility polydispersity index (PDI = 0.14). Furthermore, Figure 1F 
shows that the zeta potential of ASA–HA NMs was found to be 
−23 mV, indicating good stability likely attributed to the presence 
of ester bonds.30 Furthermore, Figure  1G,H shows that a regular 
spherical morphology, uniform diameter, integrated structure, and 
good dispersion were observed using a transmission electron micro-
scope. The aforementioned results confirmed that ASA–HA NMs 
have not only been successfully synthesized but also exhibited good 
physicochemical properties. Simultaneously, Figure S3 shows stand-
ard curves constructed for the quantification of subsequent ASA. 
Furthermore, it is important to highlight that the drug payload of 
ASA–HA nanoparticles amounted to 30 wt%. Such a high drug pay-
load can be attributed to the fact that HA as a polysaccharide has 
many hydroxy groups, which can graft with the carboxyl groups of 
ASA to form the amphiphilic drug–polymer conjugate ASA–HA.

3.3  |  pH- and esterase-responsive drug release of 
ASA–HA NMs

It is widely recognized that the outstanding physiological stability 
and on-demand drug release of nanodrugs can effectively prevent 
premature drug leakage or off-target release during blood circula-
tion. Instead, they can be rapidly released at the lesion site using 
controlled release methods.31 Therefore, to establish the basis for 
subsequent in  vitro or in  vivo experiments, we conducted further 
evaluations of the physiological stability and the drug release pro-
files responsive to pH and esterase of ASA–HA nanoparticles.

To assess the physiological stability of ASA–HA nanoparticles, 
we conducted DLS experiments at different time intervals. Figure S4 
shows that the hydrodynamic particle size of ASA–HA nanoparticles 

did not exhibit significant changes after being incubated with water 
and PBS for 5 days. This finding suggests that ASA–HA nanoparticles 
possess excellent physiological stability in a biological medium, indi-
cating their capacity to maintain an intact nanostructure and high 
stability during blood circulation, which is likely advantageous for 
tumor accumulation.

The amphiphilic nature of the ASA–HA conjugate, along with the 
intermolecular interactions among the conjugates, enables the self-
assembly of NMs.32 In addition, the ASA–HA conjugate was linked 
by a hydrolyzable ester bond. Therefore, it is reasonable to speculate 
that ASA–HA NMs could disintegrate within the acidic esterase-rich 
lysosomal environment of tumor cells, leading to the release of ASA. 
Therefore, the drug release behavior of ASA–HA NMs was evalu-
ated by the simulated physiological condition (pH 7.4) and the acidic 
medium (pH 5.0) with esterase at 37°C. Figure 2A shows that under 
neutral conditions and in the absence of esterase, the release of ASA 
from ASA–HA NMs was less than 30% within 24 h, indicating the 
excellent stability of ASA–HA under physiological conditions when 
compared to ASA alone. By contrast, the released quantity of ASA 
from ASA–HA NMs was more than 60% at pH 5.0 after incubation 
for 24 h (Figure  2B), indicating that ASA–HA NMs could be partly 
disassembled in the weakly acidic medium (see Figure S5). Moreover, 
a distinct contrast was observed, where the presence of esterase no-
ticeably enhanced the release of ASA from ASA–HA NMs. It should 
be pointed out that the released quantity of ASA from ASA–HA NMs 
reached at more than 95.4% after incubation for 48 h (Figure 2C), 
suggesting that ASA–HA NMs could be thoroughly disassembled in 
the acidic medium (pH 5.0) with esterase (Figure 2D). These experi-
mental findings suggest that ASA–HA NMs have the potential to sig-
nificantly improve cellular uptake efficiency in tumor cells via CD44 
receptor-mediated transcytosis.

3.4  |  In vitro cellular uptake and intracellular 
ROS storm

Based on our hypothesis, the efficient cellular uptake of ASA–HA 
NMs in tumor cells through CD44 receptor-mediated transcytosis 
plays a pivotal role in enabling intracellular Fe2+ to catalyze the re-
leased ASA, resulting in the production of a highly toxic •O₂− storm 
that amplifies intracellular oxidative stress. Therefore, to evaluate 
the cellular uptake effect of ASA–HA NMs using qualitative confocal 
laser scanning microscopy (CLSM) and quantitative flow cytometry, 
ASA was labeled with NBD-Cl with a very small molecular structure 

F I G U R E  5  In vivo fluorescence imaging and antitumor evaluation of ASA–HA (artesunate–hyaluronic acid) NMs (nanomicelles). (A) 
Representative in vivo fluorescence images and (B) corresponding semiquantitative analysis of 4 T1 tumor-bearing mice after intravenous 
injection of ASACy5.5 and ASACy5.5–HA NMs at equal ASACy5.5 concentration. (C) Representative ex vivo fluorescence images and (D) 
corresponding semiquantitative analysis of major organs and tumors from 4 T1 tumor-bearing mice after intravenous injection of ASACy5.5 
and ASACy5.5–HA NMs at equal ASACy5.5 concentration. Changes in (E) tumor volume of 4 T1 tumor-bearing mice treated with saline, ASA, 
and ASA–HA NMs for 21 days. (F) Images and (G) weight of representative excised tumors after therapy with saline, ASA, and ASA–HA NMs 
for 21 days. (H) Changes in body weight of 4 T1 tumor-bearing mice treated with saline, ASA, and ASA–HA NMs for 21 days. All data are 
represented as mean ± SD (standard deviation) (n = 3). **p < 0.01, ***p < 0.001, and ****p < 0.0001.
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by a nucleophilic substitution reaction (termed as ASANBD). Next, 
high CD44 receptor expression in HeLa cells, low expression in A549 
cells, and no expression in L02 cells were cultured with ASANBD and 
ASANBD–HA NMs for 1 or 4 h. As shown in Figure 3A–C, the fluo-
rescence intensity of NBD demonstrates that ASANBD–HA NMs 
exhibited greater internalization in HeLa and A549 cells compared 
with ASANBD or ASANBD + HA at the same time point. In addition, the 
cellular uptake effect of ASANBD–HA NMs was obviously enhanced 
on increasing the incubation time. These experimental results dem-
onstrate that the incorporation of the nanostructure significantly 
enhanced the cellular uptake efficiency.33 In addition, observa-
tions revealed that HeLa cells preincubated with excessive HA as a 
CD44 receptor blocker significantly inhibited the cellular uptake of 
ASANBD–HA NMs. This result revealed that ASANBD–HA NMs might 
specifically recognize HeLa cells by self-targeting CD44 receptors 
due to the specifically binding affinity of HA ligands on the surface 
of ASANBD–HA NMs. To further confirm the aforementioned hy-
pothesis, the selective cellular uptake of ASANBD–HA NMs was also 
evaluated using HeLa, A549, and L02 cells. Figure 3E shows that the 
fluorescence intensity of ASANBD–HA NMs in HeLa cells was signifi-
cantly higher compared to that in A549 or L02 cells. Therefore, these 
experimental results, in conjunction with prior studies, collectively 
demonstrate that ASA–HA NMs exhibited a selective self-targeting 
effect. This effect stems from the binding affinity of HA ligands on 
the surface of ASA–HA NMs to CD44 receptors on the HeLa cell 
membrane, resulting in efficient cellular uptake of ASA–HA NMs.

After the effectiveness of ASA–HA NMs in selectively targeting 
tumor cells with CD44 receptors, the intracellular ROS levels were 
subsequently assessed using the DCFH-DA probe. After diffusion 
into the cytoplasmic matrix, DCFH-DA could be oxidized into the 
DCF with fluorescence via ROS. The fluorescence signals of DCFH 
in HeLa cells were further evaluated using CLSM. Figure 3F shows 
that after HeLa cells were incubated by ASA and ASA–HA NMs for 
1 h, no obvious DCFH fluorescence signals could be found in cells. In 
contrast, after culture for 4 h, HeLa cells treated with ASA–HA NMs 
exhibited much stronger fluorescence signals compared with ASA; 
Figure S6 shows that, simultaneously, the corresponding semiquan-
titative results confirmed the sharp increase in fluorescence levels 
at 4 h. These experimental results strongly imply that ASA–HA NMs 
could produce the highly toxic •O₂− storm for self-amplifying intra-
cellular oxidative stress, thereby expecting to achieving the highly 
efficient antitumor.

3.5  |  In vitro cytotoxicity of ASA–HA NMs

The highly intracellular ROS level can induce oxidative stress, 
thereby resulting in irreversible apoptosis.34 Using the selective 
cellular uptake and intracellular ROS production of ASA–HA NMs, 
its potential antitumor effect in vitro was further determined using 
MTT assay. Figure 4A–C shows that after A549 and L02 cells were 
treated with ASA, ASA + HA, and ASA–HA NMs for 24 h, no signifi-
cant difference in cytotoxicity could be found in all groups, which 

is due to low or no expression of the CD44 receptor on the surface 
of these cells. Additionally, it is important to highlight that ASA–
HA NMs exhibited a clear inhibitory effect on tumor cells with high 
CD44 receptor expression but almost no toxic effect on normal 
cells. Moreover, the cytotoxic effect of ASA–HA NMs on HeLa cells 
was substantially greater than that of ASA and ASA + HA, which 
is attributed to the enhanced cellular uptake facilitated by the 
CD44 receptors. The aforementioned experimental results were 
well consistent with IC50 (Figure  4D) and apoptosis (Figure  4E). 
Consequently, the selective antitumor effect of ASA–HA NMs 
could be expected to enhance the therapeutic effect and reduce 
the undesirable side effect.

3.6  |  In vivo distribution and antitumor effect

As is well known, the efficient tumor-targeting effect plays a vital 
role in oncotherapy.35 In addition, drawing inspiration from the 
highly selective cellular uptake and antitumor efficacy of ASA–HA 
NMs in vitro, the self-targeting effect on the solid tumor with the 
high expression of CD44 receptors was determined using the 4 T1 
tumor-bearing mouse model and then evaluated using in vivo fluo-
rescence imaging. Figure 5A,B shows that ASACy5.5 and ASACy5.5–
HA NMs were distributed in the reticuloendothelial system (RES) 
system 1 h postinjection. Nevertheless, no ASACy5.5 was accumu-
lated in the tumor site during the real-time fluorescence imaging 
period. In addition, ASACy5.5 almost disappeared 12 h postinjec-
tion, which may be attributed to the fact that ASACy5.5 as a small 
molecule is subject to entrapment by plasma.36 As expected, 
ASACy5.5–HA NMs could gradually accumulate in tumors over 
time. To further evaluate the biodistribution of ASACy5.5–HA NMs, 
the major organs and tumors were collected 24 h postinjection 
for ex  vivo fluorescence imaging (see Figure  5C,D). In ASACy5.5–
HA NMs, the fluorescence intensity of the tumors was far higher 
compared with that of other tissues. In addition, an inspection of 
liver tissues found that the fluorescence intensity of ASACy5.5 was 
higher than that of ASACy5.5–HA NMs, which might be because 
the hydrophobic ASACy5.5 were more likely to accumulate in the 
RES system compared with the amphiphilic ASACy5.5–HA NMs.37 
Thus, the results of the experiments mentioned earlier provide 
compelling evidence that ASA–HA NMs could be delivered to the 
tumor site effectively through the CD44 receptor-mediated self-
targeting mechanism.

Motivated by the efficient tumor-targeting effect of ASA–HA 
NMs, its antitumor effect was further evaluated. In particular, when 
the tumor volume reached ~150 mm3, the tumor-bearing mice were 
randomly assigned to three groups and administered saline (con-
trol), ASA, and ASA–HA NMs via tail vein injection every 3 days. 
Subsequently, the in vivo antitumor efficacy of ASA–HA NMs was 
assessed. Figure 5E–G shows that on completion of the full treat-
ment cycle the tumor volume in the saline group had increased to 
nearly 1800 mm3. Furthermore, there was a partial suppression of 
tumor volume in the ASA group. In contrast, the ASA–HA NM group 
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exhibited a notable inhibitory effect on tumor growth. These mac-
roscopic findings were consistent with the microscopic H&E stain-
ing of tumor sections (Figure S7). The superior antitumor effect of 
ASA–HA NMs may be attributed to the fact that ASA–HA NMs can 
effectively reach the tumor region and be internalized by tumor cells 
through the CD44 receptor-mediated self-targeting effect. On in-
ternalization into tumor cells, the liberated ASA can be catalyzed by 
endogenous Fe2+ within the tumor to produce a highly toxic •O₂− 
storm, thus triggering a self-amplifying intracellular oxidative stress 
response.

3.7  |  In vivo biosafety assessment

The assessment of in vivo biosafety plays a crucial role in advancing 
preclinical drug research.36,38 Figure S7 shows that the microscopic 
H&E staining of major organs revealed that ASA–HA NM therapy 
did not result in obvious histological damages, indicating that it was 
biosafe for normal tissues. Furthermore, Figure S8 shows that the 
hemolysis rate was maintained in the normal range (well far below 
international standards of 5%) after ASA–HA NM therapy, suggest-
ing its good biocompatibility. Thus, the low systemic toxicity of 
ASA–HA NMs makes it promising for future biomedical applications 
in clinic.

4  |  DISCUSSION

Oxidative stress due to elevated ROS has been extensively studied 
and proved to play a crucial role in current cancer therapies. ASA 
exhibited a high ROS yield, which is attributed to the unique peroxo-
bridge structure that is broken by endogenous Fe2+, further produc-
ing ROS. This study synthesized nanomaterials using esterase- and 
pH-responsive HA ligands embedded in ASA for specifically target-
ing cancer cells, releasing ASA on demand and inducing the produc-
tion of oxidative stress to further amplify the therapeutic effects of 
ASA.

The synthesis and characterization experiments revealed the 
changes in the absorption peaks, the formation of new absorp-
tion peaks, and the crystal structures of ASA–HA using UV–Vis. 
absorption spectroscopy, FT-IR spectroscopy, 1H-NMR spectros-
copy, and XRD experiments. Overall, these analyses demonstrated 
the successful formation of ester bonds between ASA and HA, 
which led to the formation of ASA–HA conjugates. Meanwhile, 
the CMC proved that the ASA–HA NMs exhibited good self-
assembly ability, and the TEM and DLS results showed that the 
ASA–HA NMs were spherical, uniform in size, structurally intact, 
and well dispersed. Further response release experiments proved 
that ASA–HA NMs exhibited pH- and esterase-response release 
ability, which lays a good basis for subsequent in vitro and in vivo 
experiments.

Cellular experiments revealed that ASA–HA NMs achieved strong 
cellular uptake by cancer cells through a CD44 receptor-mediated 

mechanism, which led to the production of ROS storms. Meanwhile, 
further evaluation of the killing effect on cancer cells revealed that 
ASA–HA NMs were able to enhance the anticancer effect and were 
less lethal to normal cells.

In vivo experiments analyzed the retention and distribution of 
ASA–HA in tumor-bearing mice using fluorescence imaging, and the 
results showed that ASA–HA NMs could specifically target tumor 
tissues and reduce the distribution in other tissues, and the supe-
rior anticancer ability of ASA–HA NMs was also confirmed, which 
may be due to the fact that they can effectively reach the tumor 
site through the CD44 receptor-mediated mechanism, followed 
by the responsive release of ASA drug in the presence of pH and 
esterase, which interrupts the peroxo-bridge bond by endogenous 
Fe2+, thereby producing a ROS storm and causing oxidative stress-
induced cell death.

In conclusion, by combining clinically approved drugs using ad-
vanced nanotechnology, our work not only improves the feasibility 
of clinical translation but also opens up avenues for innovative ap-
plications of existing drugs. Therefore, accelerating further research 
and clinical studies is essential to fully realize the therapeutic poten-
tial of these agents and expedite their clinical application.

5  |  CONCLUSIONS

Building on the concept of non-Fenton CDT, we successfully de-
signed endogenous Fe2+-triggered self-targeting ASA–HA NMs 
that are pH- and esterase responsive for self-amplifying intracel-
lular oxidative stress mediated by ROS production. After adminis-
tration via tail vein injection, these NMs with a high drug payload 
can efficiently target the tumor site and enter tumor cells through 
CD44 receptor-mediated transcytosis. Furthermore, our experi-
mental results confirmed that these NMs can disassemble within 
the acidic esterase-rich lysosomal environment of tumor cells, 
facilitating the on-demand burst release of ASA. Importantly, the 
ASA released from ASA–HA NMs, acting as a non-Fenton sub-
strate, can be catalyzed by tumor endogenous Fe2+ to produce 
a highly toxic •O₂− storm, leading to self-amplifying intracellular 
oxidative stress. Moreover, both in vitro and in vivo experimental 
outcomes collectively demonstrated the substantial antitumor ef-
ficacy of ASA–HA NMs, which is attributed to the incorporation of 
the self-targeting concept. In conclusion, the design and develop-
ment of enhanced formulations utilizing clinically approved drugs 
have the potential to expedite clinical research, facilitate the com-
mercialization of drugs, strategically innovate new applications for 
clinically approved medications, and represent a promising avenue 
for drug discovery.
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