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Abstract

Redox-responsive drug delivery system emerges as a hopeful platform for tumor treatment. Dihydroartemisinin
(DHA) has been investigated as an innovative tumor therapeutic agent. Herein, a DHA dimeric prodrug bridged with
disulfide bond as linker (DHA,-SS) has been designed and synthesized. The prepared prodrugs could self-assemble
into nanoparticles (SS NPs) with high DHA content (> 90%) and robust stability. These SS NPs display sensitive redox
responsive capability and can release DHA under the tumor heterogeneity microenvironment. SS NPs possess prefer-
able antitumor therapeutic activity in contrast with free DHA. Moreover, the possible anti-cancer mechanism of SS
NPs was investigated through RNA-seq analysis, bioinformatics and molecular biological method. SS NPs could induce
apoptosis via mitochondrial apoptosis pathway, as well as glycolysis inhibition associate with the regulation of PI3K/
AKT/HIF-1a signal path, which may offer an underlying therapeutic target for liver cancer. Our study highlights the
potential of using redox responsive prodrug nanoparticles to treat cancer, meanwhile provides insights into the anti-
cancer mechanism of DHA prodrug.
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Introduction
Currently, chemotherapy remains the predominant
therapy in cancer treatment due to its versatility and
high efficiency [1-4]. For the past few years, traditional
herbal medicines have generated many chemotherapy
drugs which could inhibit a variety of tumor entities [5].
For instance, dihydroartemisinin (DHA), one derivative
of artemisinin, has been proved to possess a potent and
broad anti-tumor effect in addition to anti-malarial [6—
9]. However, some existing problems, for example strong
hydrophobicity, nonspecific distribution, and rapid elimi-
nation from the body, impede the application of DHA
in cancer treatment [10—12]. To overcome these limita-
tions, nano drug-delivery systems have been employed
to increase the solubility, prolong systemic circulation,
and promote passive tumor targeting owing to EPR effect
[13-17]. However, low drug content and uncontrolled
drug release of these nanoparticle formulations are still
far from satisfactory [18-20]. Hence, developing effec-
tive nanoplatforms with the tumor microenvironment-
responsive drug release and high drug content is highly
desirable for various chemotherapeutic drugs.

In recent vyears, growing evidences demonstrate
that dimerization of drug molecules has emerged as a

Page 2 of 12
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SS NPs

powerful tool for developing new prodrugs [16, 21-25],
and organic dimers are liable to self-assemble into NPs
in aqueous solution [18, 25-30]. In addition, the drug-
delivery system should also possess the responsive and
controllable drug release, which can realize specific
selectivity towards tumor cells and the low side effects
[31-36]. As we known, in contrast with normal cells,
tumor cells usually exhibit higher levels of intracellular
glutathione (GSH) and reactive oxygen species (ROS)
[37-40]. A variety of redox-responsive chemical bonds
have been developed to fabricate the tumor microenvi-
ronment-responsive nanomaterials [41-46]. Therefore, it
is of great significance to design DHA nanoprodrug with
redox-responsive linker, which can effectively resolve the
existing problems of DHA and further improve its thera-
peutic effects.

In our present work, a DHA dimer containing disulfide
bond linker, which has been proven to possess dual-
responsiveness [47-49], was designed and successfully
synthesized, named as DHA,-SS. And this DHA dimer
could self-assembly into nanoparticles (SS NPs) in aque-
ous media by nanoprecipitation method. The formed SS
NPs possess nanoscale size, robust stability, and ultra-
high drug content. The redox response, cellular uptake
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Scheme 1 Schematic illustration of (a) the construction of disulfide bond linker-bridged dihydroartemisinin dimeric prodrug nanoparticles (SS

and antitumor efficacy of SS NPs have been studied, and
the gene expression of tumor cells after SS NPs treatment
was analyzed by RNA-seq analysis (Scheme 1).

Results and discussion

Preparation and characterization of DHA dimeric NPs
Firstly, the DHA,-SS was synthesized through the
esterification reaction of DHA with dicarboxylic acid
(Additional file 1: Fig. S1) [23]. After purification by sil-
ica gel column chromatography, DHA,-SS was obtained
in high yields (>90%) and the chemical construction
has been characterized via proton nuclear magnetic
resonance (‘"H NMR) spectroscopy and a linear ion
trap mass spectrometer (LTQ-MS). In 'H NMR spec-
tra, the disappearance of proton of 10-hydroxyl group
from DHA at around 4.7 ppm and the appearance
of new peaks near 3.66 ppm validated the success of
esterification reaction, and the reaction site was at the
10-hydroxyl group of DHA (Additional file 1: Fig. S2).
The peak value corresponding to DHA,-SS at around
737 in mass spectrometry was consistent with the theo-
retical calculated value (Additional file 1: Fig. S3), fur-
ther confirming the structure of DHA dimer. In order
to compare the redox responsiveness of DHA,-SS, we

also synthesized another DHA dimer with the same
length of carbon chain (DHA,-C6) as control (Addi-
tional file 1: Figs. S1, S2 and S4).

It is reported that the organic dimers could self-assem-
ble into NPs in aqueous solution [25-30]. As anticipated,
both kinds of resulting dimers formed spherical nano-
particles (abbreviated as SS NPs and C6 NPs, respec-
tively) through nanoprecipitation method as observed
via transmission electron microscopy (TEM) (Fig. 1A,
B). And SS NPs had an average hydrodynamic diameter
of approximately 167.2 nm as determined by dynamic
light scattering (DLS), which was similar to those of C6
NPs (181.4 nm) (Fig. 1C). These two kinds of NPs were
found to be negative, and the zeta potential values were
around — 20 mV (Fig. 1D). The drug content of SS and
C6 NPs was 90.6% and 91.7%, respectively. In addition,
SS and C6 NPs both possessed robust stability with neg-
ligible changes in size and size distribution in one week
(Fig. 1E), and also kept stable in PBS (pH 7.4) contain-
ing 10% FBS after 24 h (Fig. 1F), in which a slight size
increase in the first two hours was ascribed to the protein
absorption on the surface of NPs. Furthermore, these two
kinds of NPs also had good structural stability after dif-
ferent treatments (Additional file 1: Figs. S5, S6 and S7).
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Fig. 1 Basic characterization of DHA dimeric NPs. TEM images of (A) SS NPs and (B) C6 NPs. C Size distribution and (D) zeta potential of prepared
SS and C6 NPs. Changes of hydrodynamic diameter and PDI of two kinds of NPs (E) in water and (F) in PBS with FBS (10%) over different times
measured by DLS. Data are expressed as mean £ SD (n=3)

DTT and GSH triggered release of DHA

As mentioned above, disulfide bond possess distinct
redox response capability [47-49]. Therefore, we inves-
tigated the responsiveness of DHA,-C6 and DHA,-SS

by using dithiothreitol (DTT) and H,O, as reducing
and oxidizing agents, respectively. As shown in Fig. 2A,
after incubation with 10 mM DTT, the HPLC peak of
DHA,-SS at 10.6 min declined significantly and entirely
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Fig. 2 Reduction responsiveness of (A) DHA,-SS and (B) DHA,-C6 dimers degradation and (C) the rate of DHA released from DHA dimers in the
presence of 10 mM DTT at 37 °C. Oxidation responsiveness of (D) DHA,-SS and (E) DHA,-C6 dimers degradation and (F) the rate of DHA released
from DHA dimers in the presence of 10 mM H,0, at 37 °C
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disappeared in 24 h, while the new peak for DHA at
6.4 min emerged and enhanced gradually (Additional
file 1: Fig. S8), indicating the dissociation of disulfide link-
age and the release of DHA. In comparison, drug release
from DHA,-C6 dimer was quite slow under the same
condition, and only approximately 10% of DHA released
even after 48 h treatment (Fig. 2B). In addition, we fur-
ther investigated the oxidation responsiveness of these
dimers. Similar to reduction responsiveness, DHA,-SS
also exhibited sensitive oxidation responsiveness. As
presented in Fig. 2D, DHA,-SS could release about 60%
DHA after 48 h of H,O, treatment (10 mM), while negli-
gible degradation was detected for DHA,-C6 at the same
time (Fig. 2E). The release curves of DHA over time in
the presence of DTT and H,0O, are revealed in Fig. 2C, F,
respectively. These results validate the redox responsive-
ness of disulfide bond linker and the controlled release of
DHA. The proposed degradation mechanism of DHA,-SS
dimers initiated by DTT or H,0O, are illustrated in Addi-
tional file 1: Fig. S9 [23, 24, 26-28]. For DTT triggered
drug release, because of —SH of DTT attacks, a sulfhy-
dryl — disulfide bond exchange reaction occurs, and the
generated thiol groups could facilitate the hydrolysis of
the adjacent ester bond and the release of DHA from
prodrugs. For H,O, triggered drug release, the disulfide
bond of DHA,-SS could be oxidized to hydrophilic sul-
foxide or sulphone upon exposure to H,O,, leading to
hydrolysis of the adjacent ester bond and subsequent
release of DHA.

Cellular uptake and in vitro cytotoxicity of DHA dimeric
NPs
Human hepatoma HepG2 cells were used to study the
cellular internalization of these NPs via confocal laser
scanning microscopy (CLSM). The fluorescent dye nile
red (NR) was utilized as a marker and encapsulated into
the NPs by coassembly with DHA dimer, and the blue
fluorescence of Hoechst 33258 was employed to localize
the cell nucleus. As exhibited in Fig. 3A, the strong red
fluorescence signals principally distributed in the cyto-
plasm, suggesting the efficient internalization of DHA
dimeric NPs. And we could also observe that the fluo-
rescence intensity increased obviously from 0.5 h to 4 h,
implying that endocytosis continued in a time-dependent
manner (Additional file 1: Fig. S10). However, when the
incubation time was extended to 8 h, the fluorescence
intensity of SS NPs decreased significantly, indicating the
dissociation of disulfide bond and the release of DHA,
whereas C6 NPs still displayed strong fluorescence signal
because of the insensitive responsiveness of C6 linker to
the tumor redox microenvironment.

Next, the cytotoxicity of DHA dimeric NPs was evalu-
ated against human HepG2 and HeLa cells through a
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standard MTT assay. As shown in Fig. 3B, both free DHA
and SS NPs showed efficient suppression of HepG2 via-
bility in concentration dependent manner for 48 h, and
SS NPs exhibited higher cytotoxicity than free DHA.
The cell viability of SS NPs was less than 30%, while it
was approximately 40% for free DHA at the equivalent
DHA concentration. This result may be attributed to the
enhanced cellular uptake of NPs into tumor cells and the
rapid release of DHA. And SS NPs could quickly release
active DHA once in living cells because of the responsive-
ness of disulfide bond in redox environment. However,
C6 NPs exhibited apparent lower cytotoxicity compared
with SS NPs (Additional file 1: Fig. S11). Similarly, SS
NPs still possessed the strongest cellular toxicity towards
HeLa cells (Additional file 1: Fig. S12). In addition, we
evaluated the cytotoxicity of SS NPs toward normal
hepatocytes (HL-7702), and also compared its toxicity on
HepG2, HeLa and HL-7702 cells. As revealed in Fig. 3C,
SS NPs exhibited no significant cellular toxicity against
HL-7702 cells, and enhanced cytotoxicity against these
two kinds of tumor cells (Additional file 1: Fig. S13), indi-
cating the selectivity of DHA,-SS prodrug towards tumor
cells. This result is ascribed to the different redox condi-
tions in normal cells and tumor cells.

To further understand the contribution of SS NPs on
apoptosis, we stained HepG2 cells with Annexin V-FITC
and PI, and analyzed them by flow cytometry. As pre-
sented in Fig. 3D, the ratio of early apoptotic cells was
9.40%, 15.00%, and 24.56%, respectively, as the drug
concentration increases (20, 40 and 60 uM), validating
the cell apoptosis in a concentration-dependent man-
ner. Additionally, we also examined the nuclear morpho-
logical changes by CLSM. The cell nucleus emerged as a
homogeneous blue chromatin with an organized struc-
ture in normal cells, whereas the cells incubated with
SS NPs displayed representative morphological changes
(Additional file 1: Fig. S14), including intense fluorescent
spots, nuclear pyknosis, and extensive blebbing, further
verifying the apoptosis of tumor cells.

Antitumor mechanism of SS NPs

To elucidate the mechanism of SS NPs in inhibiting
tumor cell proliferation and inducing apoptosis, RNA
sequencing (RNA-seq) technology was applied to collect
the gene expression [50]. The total RNA extracted from
SS NPs treatment group (SS) and the control group (C)
have been analyzed for quality and integrity by utilizing
formaldehyde agarose gel electrophoresis. The results
verified that the obtained RNA was intact, undegraded,
and suitable for RNA-seq analysis. Meanwhile, prin-
cipal component analysis (PCA) of samples was per-
formed on the complete dataset [51], which can display
changes of overall gene expression. As shown in the PCA
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cells treated with different concentrations of SS NPs

results (Additional file 1: Fig. S15), there were two clus-
ters, verifying a distinct directionality between SS NPs
treatment and the control groups based on the similar-
ity of gene expression. Subsequently, the differentially
expressed genes (DEGs) induced by SS NPs have been
identified and described by volcano plots and heatmaps.
After comparing with the untreated control group (log,

fold-change > 2.0 and adjusted P value <0.05), we distin-
guished 6546 DEGs, including 3288 up-regulated and
3258 down-regulated expression genes (Fig. 4A, B). The
above results imply that SS NPs play an important role on
gene expression of the treated tumor cells.

According to the RNA-seq data, we performed the
Gene Ontology (GO) and Kyoto Encyclopedia of Genes
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and Genomes (KEGG) pathway analysis for 6546 differ-
entially expressed genes. Three domains were involved:
cellular components (CC), biological processes (BP) and
molecular function (MF). In the BP domain, a large pro-
portion of genes were associated with cellular process,
metabolic process, biological regulation (Fig. 5A). For
the CC domain, the enriched genes covered cell, cell part,
organelle, membrane and so forth (Fig. 5B). Binding, cat-
alytic activity, transcription regulator activity and molec-
ular function regulator were primarily influenced for the
MF domain (Fig. 5C).

On the basis of the DEGs results, we also executed
KEGG functional enrichment analysis and pathway clas-
sification. The KEGG functional enrichment analysis
result (Fig. 5D) demonstrated that multiple pathways
have been affected by DHA,-SS NPs, and the signaling
pathways of carbon metabolism, biosynthesis of amino
acids, fatty acid metabolism, HIF-1 signaling pathway
and pathways in cancer were among the top 20 pathways.
On the other hand, KEGG pathway classification results
(Additional file 1: Fig. S16) displayed that there were six
branches for KEGG pathways, including cellular pro-
cesses, environmental information processing, genetic
information processing, human diseases, metabolism,
and organismal systems. And the DEGs in HepG2 cells
after SS NPs treatment were mainly enriched in PI3K-Akt
signaling pathway, MAPK signaling pathway and path-
ways in cancer.

From GO and pathway analysis results, we discovered
that the metabolic process was involved in the inhibition
of tumor cells proliferation, thus we carried out network
statistical analysis on the protein—protein interaction
(PPI) of these genes correlated with metabolism. As
shown in Fig. 6, the metabolism of carbohydrates, amino
acids and lipids have been remarkably regulated in the
cells after SS NPs treatment, indicating that SS NPs could
induce metabolic reprogramming in tumor cells. There-
fore, we concentrated on the metabolism reprogramming
of tumor cells after being treated with SS NPs.

Apoptosis is a highly regulated process of cell death,
which is important to maintain the inherent stability of
multicellular organisms, and involves a variety of signal
pathways [52—-54]. The Bcl-2 protein family contains pro-
apoptotic and anti-apoptotic regulators of programmed
cell death/apoptosis, and plays a dominant role in regu-
lating cell apoptosis. In this family, Bax gene, a pro-apop-
totic member, can form heterodimers with Bcl-2 protein,
and the ratio of Bax/Bcl-2 could determine the sensitiv-
ity of cells to apoptosis. The activation of Bax can release
cytochrome ¢ (Cyt C), and Cyt C activates caspase-9 and
downstream caspase-3 through a cascade reaction to
promote cell apoptosis, whereas the anti-apoptotic Bcl-2
operates in the opposite way. Therefore, we detected
expression of Bax, Bcl-2, cleaved caspase-3, cleaved cas-
pase-9 and Cyt C by western blotting. As displayed in
Fig. 7, the expression levels of Bax, caspase-3, caspase-9,
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and Cyt C were obviously increased, and the expres-
sion levels of Bcl-2 was reduced compared to the control
group. The above results demonstrate that mitochondrial
apoptosis pathway is involved in the apoptosis of HepG2
cells induced by SS NPs.

As we known, tumor cells generally reveal aberrant
metabolism due to metabolic reprogramming [55]. As a
hallmark of tumor cells, the Warburg effect means that
tumor cells rely heavily on glycolysis for energy, rather
than oxygen [56-58]. To investigate whether SS NPs
treatment could suppress the glycolysis of tumor cells,
the glucose uptake, contents of lactic acid and ATP prod-
ucts of HepG2 cells treated with SS NPs were detected.
As shown in Fig. 8, the glucose uptake was decreased,
and the contents of intracellular ATP and extracellular
lactic acid were also declined, indicating that SS NPs may
inhibit glycolysis of tumor cells.

Cancer metabolic reprogramming is regulated by
multiple pathways, which includes the PI3K-AKT sign-
aling pathway [59]. The activated PI3K-AKT can pro-
mote the transition to aerobic glycolysis, and AKT could
result in the phosphorylation of some important down-
stream targets, such as Bcl-2 apoptosis-related family,
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and mammalian target of rapamycin (mTOR), to protect
cells from apoptosis. Meanwhile, this pathway also could
regulate HIF-1a through mTOR, and activated HIF-1a
is related to the up-regulation of glucose transporters
(Gluts) and glycolytic enzymes. To understand whether
the activation of PI3K/AKT and HIF-la were involved
in metabolic reprogramming of tumor cells treated by
SS NPs, we detected the related protein expression. As
displayed in Fig. 9, SS NPs treatment could decrease the
expression of glycolytic enzymes, such as PFKP, HK2,
LDH, Glutl. The ratio of p-PI3K/PI3K, p-AKT/AKT,
p-mTOR/mTOR and HIF-1a were also reduced accord-
ingly. Collectively, these findings confirm that SS NPs
could induce apoptosis and suppress glycolysis by regu-
lating the PI3K/AKT/HIF-1« signaling pathway.

In vivo antitumor efficacy of DHA dimeric NPs

We further evaluated the anti-cancer activity of SS NPs
on H22 tumor-bearing Kunming mice. Mice bearing the
tumors were randomly divided into 4 groups with differ-
ent treatments: PBS, free DHA, C6 NPs, and SS NPs, and
injected intravenously at equivalent DHA doses every
second day. As illustrated in Fig. 10A, DHA treatment
exhibited a moderate inhibitory effect on tumor growth
compared with the control group, which is mainly owing
to its intrinsic toxicity. Notably, SS NPs exhibited evi-
dent antitumor activity, which is more potent than free
DHA group. The improved therapeutic efficacy of SS NPs
should be ascribed to the multiple advantages of nano-
particle formulations, including enhanced tumor accu-
mulation, effective endocytosis, and rapid drug release
in tumor sites. Unsurprisingly, C6 NPs group displayed
the weakest tumor growth inhibition effect in these treat-
ment groups on account of the insensitivity of C6 linker
to redox microenvironment. What’s more, the tumor
weight (Fig. 10B) and the photographs of resected tumors
(Fig. 10C) visually demonstrated the greatest tumor inhi-
bition efficacy obtained by SS NPs, further validating
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Fig. 8 SS NPs suppress glycolysis level in HepG2 cells. A After HepG2 cells were treated with SS NPs, glucose content in the culture media was
immediately tested, and glucose uptake was calculated. B Lactic acid product was detected. C ATP content was detected through bioluminescence
assay. Data arepresented as mean = SD, n = 3. Statistical significance: *p <0.05, and **p <0.01
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the enhanced antitumor effect of disulfide-bond bridged
prodrug nanoparticles. In addition, all mice had no sig-
nificant weight fluctuation during the whole treatment
period (Fig. 10D), and there was also no detectable his-
tological damage observed after SS NPs treatment from
the hematoxylin and eosin (H&E) stained tissue sections
of major organs (heart, liver, spleen, lung, and kidney)
(Additional file 1: Fig. S17). The above results validate
SS NPs at current doses possess favorable biosafety and
ignorable systemic toxicity. The H&E staining of tumor
slices revealed that SS NPs group exhibited the most
severe cellular damage compared with the control group.
The tumor cells after SS NPs treatment shrank largely
and the tumor tissue significantly decreased. (Fig. 10E).
All of the results substantiate that DHA,-SS NPs could be
safely used for the in vivo treatment, and possess better
treatment effects in contrast with free DHA.

Conclusion

In conclusion, a DHA dimeric nanoprodrug using
disulfide bond as linkage (DHA,-SS) was obtained. The
SS NPs not only possess favorable stability and high drug
content of 90.6 wt%, but also can respond to the tumor
redox microenvironment, thus resulting in the effective
release of DHA for chemotherapy. Importantly, both
in vitro and in vivo therapy experiments indicate these
obtained SS NPs have efficient endocytosis, potent cyto-
toxicity and enhanced antitumor efficacy in contrast with
free DHA. RNA sequencing and bioinformatics analy-
sis demonstrate that SS NPs could induce apoptosis via
the intrinsic mitochondrial apoptosis pathway, as well as
inhibit glycolysis through PI3K/AKT/HIF-1a signaling
pathway. Our finding provides a reference for the rational
design of responsive prodrug nanoparticles, and could
potentially spur the similar study of Chinese medicine
and related natural active ingredients.

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/512951-021-01200-z.

Additional file 1: Fig. S1. The synthetic route of DHA,-SS and DHA,-Cé6.
Fig. S2. "HNMR spectra of (A) DHA, (B) DHA,-C6 and (C) DHA,-SS in CDCl,.
Fig. S3. Mass spectrum of DHA,-SS. Fig. S4. Mass spectrum of DHA,-C6.
Fig. S5. Photographs of SS and C6 NPs which were (a) freshly made, (b)

7 days after being immersed in water and () 24 h after being immersed
in PBS with FBS (10%). Fig. S6. FTIR spectra of SS and C6 NPs which were
(a) freshly made and (b) 7 days after being immersed in water. Fig. S7.
TEM images of SS NPs after being immersed in (A) PBS (pH 7.4) and (B)
PBS with FBS (10%) for 24 h. TEM images of C6 NPs after being immersed
in (C) PBS (pH 7.4) and (D) PBS with FBS (10%) for 24 h. Fig. $8. HPLC
spectrum of DHA. Fig. $9. Schematic illustration of redox-responsive drug
release from DHA,-SS triggered by DTT/H,0.. Fig. $10. CLSM images of
HepG2 cells incubated with (A) SS NPs and (B) C6 NPs at 37 °C for different
times. Scale bars, 20 um. Fig. S11. Cell viabilities of C6 and SS NPs against



https://doi.org/10.1186/s12951-021-01200-z
https://doi.org/10.1186/s12951-021-01200-z

Li et al. Journal of Nanobiotechnology

(2021) 19:441

HepG2 cells at different concentrations after incubation for 48 h. Fig. S12.
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concentrations after incubation for 48 h. Fig. S13. Cell viabilities of SS NPs
against HL-7702, HelLa and HepG2 cells at different concentrations after
incubation for 48 h. Fig. S14. Morphological apoptosis by staining with
Hoechst 33258 in HepG2 cells treated with different concentrations of SS
NPs. Fig. S15. Principal component analysis (PCA) of HepG2 cells based
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Scale bars: 100 pm.

Authors’ contributions
The manuscript was written through contributions of all authors. All authors
read and approved the final manuscript.

Funding

This work was supported by the National Nature Science Foundation of China
(No.32101154), the Science and Technology Development Project of Jilin
Province (Nos. YDZJ202101ZYTS094 and 20210204127YY), Scientific Research
Project of Education Department of Jilin Province (No. JJKH20210493KJ), and
Traditional Chinese Medicine Science and Technology Project of Jilin Province
(No. 2021090).

Availability of data and materials
All data generated or analysed during this study are included in this article
and its Additional file.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
All authors gave their consent for publication.

Competing interests
The authors declare that they have no competing interests.

Received: 16 October 2021 Accepted: 9 December 2021
Published online: 20 December 2021

References

1.

Sung H, Ferlay J, Siegel RL, Laversanne M, Soerjomataram |, Jemal A, Bray
F. Global cancer statistics 2020: GLOBOCAN estimates of incidence and
mortality worldwide for 36 cancers in 185 countries. CA Cancer J Clin.
2021;71(3):209-49.

Bocci G, Kerbel RS. Pharmacokinetics of metronomic chemotherapy: a
neglected but crucial aspect. Nat Rev Clin Oncol. 2016;13(11):659-73.
Lee SM, O'Halloran TV, Nguyen ST. Polymer-caged nanobins for synergis-
tic cisplatin-doxorubicin combination chemotherapy. J Am Chem Soc.
2010;132(48):17130-8.

Li HH, Zhang P, Luo JW, Hu DR, Huang Y, Zhang ZR, Fu Y, Gong T. Chon-
droitin sulfate-linked prodrug nanoparticles target the golgi apparatus
for cancer metastasis treatment. ACS Nano. 2019;13(8):9386-96.

Zhang Y, Lou YN, Wang JB, Yu CG, Shen WJ. Research status and molecular

mechanism of the traditional Chinese medicine and antitumor therapy
combined strategy based on tumor microenvironment. Front Immunol.
2021;11:609705.

Wan XY, Zhong H, Pan' W, Li YH, Chen YY, Li N, Tang B. Programmed
release of dihydroartemisinin for synergistic cancer therapy using
CaCO; mineralized metal-organic framework. Angew Chem Int Edit.
2019;58(40):14134-9.

20.

21.

22.

23.

24.

25.

26.

28.

29.

Page 11 of 12

Woerdenbag HJ, Moskal TA, Pras N, Malingre TM, Elferaly FS, Kampinga
HH, Konings AWT. Cytotoxicity of artemisinin-related endoperoxides to
Ehrlich ascites tumor cells. J Nat Prod. 1993;56(6):849-56.

Efferth T, Dunstan H, Sauerbrey A, Miyachi H, Chitambar CR. The
anti-malarial artesunate is also active against cancer. Int J Oncol.
2001;18(4):767-73.

Chaturvedi D, Goswami A, Pratimsaikia P, Barua N, Rao PG. Artemisinin
and its derivatives: a novel class of anti-malarial and anti-cancer agents.
Chem Soc Rev. 2010;39(2):435-54.

. LiuR, Yu XW, Su C, ShiYJ, Zhao L. Nanoparticle delivery of artesunate

enhances the anti-tumor efficiency by activating mitochondria-mediated
cell apoptosis. Nanoscale Res Lett. 2017;12:403.

. Efferth T. From ancient herb to versatile, modern drug: Artemisia annua

and artemisinin for cancer therapy. Semin Cancer Biol. 2017;46:65-83.

. ChenY, Lin X, Park H, Greever R. Study of artemisinin nanocap-

sules as anticancer drug delivery systems. Nanomed-Nanotechnol.
2009;5(3):316-22.

. Wicki A, Witzigmann D, Balasubramanian V, Huwyler J. Nanomedicine

in cancer therapy: challenges, opportunities, and clinical applications. J
Control Release. 2015;200:138-57.

. Shi JJ, Kantoff PW, Wooster R, Farokhzad OC. Cancer nanomedicine: pro-

gress, challenges and opportunities. Nat Rev Cancer. 2017;17(1):20-37.

. Li HJ, Yan WX, Suo XM, Peng HT, Yang XJ, Li ZH, Zhang JC, Liu DD.

Nucleus-targeted nano delivery system eradicates cancer stem cells by
combined thermotherapy and hypoxia-activated chemotherapy. Bioma-
terials. 2019;200:1-14.

Wang S, Yu GC, Wang ZT, Jacobson O, Tian R, Lin LS, Zhang FW, Wang J,
Chen XY. Hierarchical tumor microenvironment-responsive nano-
medicine for programmed delivery of chemotherapeutics. Adv Mater.
2018;30(40):1803926.

Mahapatro A, Singh DK. Biodegradable nanoparticles are excellent
vehicle for site directed in-vivo delivery of drugs and vaccines. J Nano-
biotechnol. 2011;9:55.

Cai K, He X, Song Z,Yin Q, Zhang Y, Uckun FM, Chen J, Cheng J.
Dimeric drug polymeric nanoparticles with exceptionally high

drug loading and quantitative loading efficiency. J Am Chem Soc.
2015;137(10):3458-61.

Nehate C, Jain S, Saneja A, Khare V, Alam N, Dubey RD, Gupta PN. Pacli-
taxel formulations: challenges and novel delivery options. Curr Drug
Deliv. 2014;11(6):666-86.

Aderibigbe BA. Design of drug delivery systems containing artemisinin
and its derivatives. Molecules. 2017;22(2):323.

Zhang WJ, Hong CY, Pane CY. Artificially smart vesicles with superior
structural stability: fabrication, characterizations, and transmembrane
traffic. ACS Appl Mater Interfaces. 2017;9(17):15086-95.

Stanley PA, Spiteri C, Moore JC, Barrow AS, Sharma P, Moses JE. Biomi-
metic approaches towards the synthesis of complex dimeric natural
products. Curr Pharm Design. 2016;22(12):1628-57.

Pei Q, Hu XL, Liu S, Li'Y, Xie ZG, Jing XB. Paclitaxel dimers assembling
nanomedicines for treatment of cervix carcinoma. J Control Release.
2017;254:23-33.

Pei Q Hu XL, Zheng XH, Liu S, Li YW, Jing XB, Xie ZG. Light-activatable
red blood cell membrane-camouflaged dimeric prodrug nano-
particles for synergistic photodynamic /chemotherapy. ACS Nano.
2018;12(2):1630-41.

Kasai H, Murakami T, Ikuta Y, Koseki Y, Baba K, Oikawa H, Nakanishi H,
Okada M, Shoji M, Ueda M, Imahori H, Hashida M. Creation of pure
nanodrugs and their anticancer properties. Angew Chem Int Ed.
2012;51(41):10315-8.

Lin W, SunT, Xie Z, Gu J, Jing X. A dual-responsive nanocapsule via
disulfide-induced self-assembly for therapeutic agent delivery. Chem
Sci. 2016;7(3):1846-52.

Pei Q, Hu XL, Li ZS, Xie ZG, Jing XB. Small molecular nanomedicines
made from a camptothecin dimer containing a disulfide bond. RSC
Adv. 2015;5(99):81499-501.

Zhou S, Hu X, Xia R, Liu S, Pei Q, Chen G, Xie Z, Jing X. A paclitaxel prod-
rug activatable by irradiation in a hypoxic microenvironment. Angew
Chem Int Edit. 2020;59(51):23198-205.

Huang P, Wang DL, Su'Y, Huang W, Zhou YF, Cui DX, Zhu XY, Yan DY.
Combination of small molecule prodrug and nanodrug delivery:



Li et al. Journal of Nanobiotechnology (2021) 19:441

30.

32.

33.

34

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

amphiphilic drug-drug conjugate for cancer therapy. J Am Chem Soc.
2014;136(33):11748-56.

Guo X, Wang L, Duval K, Fan J, Zhou SB, Chen Z. Dimeric drug poly-
meric micelles with acid-active tumor targeting and fret-traceable
drug release. Adv Mater. 2018;30(3):1705436.

. Luo Z, Cai KY, HuY, Zhao L, Liu P, Duan L, Yang WH. Mesoporous

silica nanoparticles end-capped with collagen: redox-responsive
nanoreservoirs for targeted drug delivery. Angew Chem Int Edit.
2011;50(3):640-3.

Yu GC, Zhao XL, Zhou J, Mao ZW, Huang XL, Wang ZT, Hua B, Liu YJ,
Zhang FW, He ZM, Jacobson O, Gao CY, Wang WL, Yu CY, Zhu XY, Huang
FH, Chen XY. Supramolecular polymer-based nanomedicine: high
therapeutic performance and negligible long-term immunotoxicity. J Am
Chem Soc. 2018;140(25):8005-19.

Lan QM, Lu RB, Chen HM, Pang YF, Xiong F, Shen C, Qin ZN, Zheng L, Xu
GJ, Zhao JM. MMP-13 enzyme and pH responsive theranostic nanoplat-
form for osteoarthritis. J Nanobiotechnol. 2020;18:117.

Danhier F, Feron O, Preat V. To exploit the tumor microenvironment:
passive and active tumor targeting of nanocarriers for anti-cancer drug
delivery. J Control Release. 2010;148(2):135-46.

Fu B, Dang M, Tao J, Li YJ, Tang YX. Mesoporous platinum nanoparticle-
based nanoplatforms for combined chemo-photothermal breast cancer
therapy. J Colloid Interface Sci. 2020;570:197-204.

Phua S, Xue C, Lim W, Yang G, Chen H, Zhang Y, Wijaya CF, Luo Z, Zhao Y.
Light-responsive prodrug-based supramolecular nanosystems for site-
specific combination therapy of cancer. Chem Mat. 2019;31(9):3349-58.
Sharma A, Lee MG, Won M, Koo S, Arambula JF, Sessler JL, Chi SG, Kim

JS. Targeting heterogeneous tumors using a multifunctional molecular
prodrug. J Am Chem Soc. 2019;141(39):15611-8.

Wang JR, Sun XR, Mao WW, Sun WL, Tang JB, Sui MH, Shen YQ, Gu ZW.
Tumor redox heterogeneity-responsive prodrug nanocapsules for cancer
chemotherapy. Adv Mater. 2013;25(27):3670-6.

Laurent A, Nicco C, Chereau C, Goulvestre C, Alexandre J, Alves A, Levy E,
Goldwasser F, Panis Y, Soubrane O, Weill B, Batteux F. Controlling tumor
growth by modulating endogenous production of reactive oxygen spe-
cies. Cancer Res. 2005;65(3):948-56.

Schumacker PT. Reactive oxygen species in cancer cells: live by the
sword, die by the sword. Cancer Cell. 2006;10(3):175-6.

de Vries WC, Grill D, Tesch M, Ricker A, Nusse H, Klingauf J, Studer A,
Gerke V, Ravoo BJ. Reversible stabilization of vesicles: redox-responsive
polymer nanocontainers for intracellular delivery. Angew Chem Int Edit.
2017,56(32):9603-7.

Liu Z, CaoT, XueY, Li M, Wu M, Engle JW, He Q, Cai W, Lan M, Zhang WJAC.

Self-amplified photodynamic therapy through the O-1(2)-mediated
internalization of photosensitizers from a Ppa-bearing block copolymer.
Angew Chem Int Edit. 2020;59(9):3711-7.

Cheng DB, Zhang XH, Gao YJ, Ji L, Hou DY, Wang ZQ, Xu WH, Qiao ZY,
Wang H. Endogenous reactive oxygen species-triggered morphology
transformation for enhanced cooperative interaction with mitochondria.
J Am Chem Soc. 2019;141(18):7235-9.

Shim MS, Xia YN. A reactive oxygen species (ROS)-responsive polymer for
safe, efficient, and targeted gene delivery in cancer cells. Angew Chem
Int Edit. 2013;52(27):6926-9.

Pei P, Sun CY, Tao W, Li J, Yang XZ, Wang J. ROS-sensitive thioketal-linked
polyphosphoester-doxorubicin conjugate for precise phototriggered
locoregional chemotherapy. Biomaterials. 2019;188:74-82.

Ikuta Y, Koseki'Y, Onodera T, Oikawa H, Kasai H. The effect of molecular

structure on the anticancer drug release rate from prodrug nanoparticles.

Chem Commun. 2015;51(64):12835-8.

Sun BJ, Luo C, Yu H, Zhang XB, Chen Q, Yang WQ, Wang ML, Kan QM,
Zhang HT, Wang YJ, He ZG, Sun J. Disulfide bond-driven oxidation- and
reduction-responsive prodrug nanoassemblies for cancer therapy. Nano
Lett. 2018;18(6):3643-50.

Luo C, Sun J, Sun BJ, Liu D, Miao L, Goodwin TJ, Huang L, He ZG. Facile
fabrication of tumor redox-sensitive nanoassemblies of small-molecule
oleate prodrug as potent chemotherapeutic nanomedicine. Small.
2016;12(46):6353-62.

Guo XS, Cheng Y, Zhao XT, Luo YL, Chen JJ, Yuan WE. Advances in
redox-responsive drug delivery systems of tumor microenvironment. J
Nanobiotechnol. 2018;16:74.

Page 12 of 12

50. Liu CG, Calin GA, Volinia S, Croce CM. MicroRNA expression profiling using
microarrays. Nat Protoc. 2008;3:563-78.

51. Wang J,Hu K, Guo J, Cheng F, Lv J, Jiang W, Lu W, Liu J, Pang X, Liu M.
Suppression of KRas-mutant cancer through the combined inhibition of
KRAS with PLK1 and ROCK. Nat Commun. 2016;7:11363.

52. Wong RSY. Apoptosis in cancer: from pathogenesis to treatment. J Exp
Clin Cancer Res. 2011;30:87.

53. Green DR, Reed JC. Mitochondria and apoptosis. Science.
1998;281(5381):1309-12.

54. Liu JJ, Lin M, Yu JY, Liu B, Bao JK. Targeting apoptotic and autophagic
pathways for cancer therapeutics. Cancer Lett. 2011;300(2):105-14.

55. Chang CH, Pearce EL. Emerging concepts of T cell metabolism as a target
of immunotherapy. Nat Immunol. 2016;17(4):364-8.

56. Liberti MV, Locasale JW. The Warburg effect: how does it benefit cancer
cells? Trends Biochem Sci. 2016;41(3):211-8.

57. LuJR, Tan M, Cai QS. The Warburg effect in tumor progression: mitochon-
drial oxidative metabolism as an anti-metastasis mechanism. Cancer Lett.
2015;356(2):156-64.

58. Palsson-McDermott EM, O'Neill LAJ. The Warburg effect then and now:
from cancer to inflammatory diseases. BioEssays. 2013;35(11):965-73.

59. Schiliro C, Firestein BL. Mechanisms of metabolic reprogramming in
cancer cells supporting enhanced growth and proliferation. Cells.
2021;10(5):1056.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions . BMC




	A redox-responsive dihydroartemisinin dimeric nanoprodrug for enhanced antitumor activity
	Abstract 
	Introduction
	Results and discussion
	Preparation and characterization of DHA dimeric NPs
	DTT and GSH triggered release of DHA
	Cellular uptake and in vitro cytotoxicity of DHA dimeric NPs
	Antitumor mechanism of SS NPs
	In vivo antitumor efficacy of DHA dimeric NPs

	Conclusion
	References




