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In brief

A smart stimuli-responsive SN38 prodrug 
nanoassembly for efficient cancer therapy 
is reported. SN38 prodrug nanoassemblies 
provide multiple therapeutic advances 
including ultrahigh drug loading, good 
colloidal stability, tumor-specific drug release, 
and high cellular uptake, thereby potently 
inhibiting colon cancer growth without 
causing systemic toxicity.
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Highlights

•	 A novel SN38 prodrug that self-assembles into prodrug 
nanoassemblies independently of carrier materials is reported.

•	 SN38 prodrug nanoassemblies specifically release active SN38 
in response to the redox environment inside tumor tissues but 
remain intact in other normal tissues.

•	 The smart stimuli-responsive SN38 prodrug nanoassemblies 
elicited significantly better antitumor outcomes than 
commercial Campto®.
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ABSTRACT

The compound 7-ethyl-10-hydroxy-camptothecin (SN38) is a broad-spectrum antitumor agent whose applications 
are greatly limited by its poor solubility. Therefore, irinotecan, the hydrophilic derived prodrug of SN38, has been 
developed as the commercial formulation Campto® for colorectal cancer. However, only 1% to 0.1% of irinotecan 
is converted to active SN38 in vivo, thus leading to unsatisfactory antitumor activity in clinical settings. Herein, 
we report a smart stimuli-responsive SN38 prodrug nanoassembly for efficient cancer therapy. First, SN38 was 
conjugated with an endogenous lipid, cholesterol (CST), via a redox dual-responsive disulfide bond (namely SN38-SS-
CST). The prodrug self-assembled into uniform prodrug nanoassemblies with good colloidal stability and ultrahigh 
drug loading. SN38-SS-CST NPs released sufficient SN38 in the redox environments of tumor cells but remained intact 
in normal tissues. Finally, SN38-SS-CST NPs potently inhibited the growth of colon cancer without causing systemic 
toxicity, thus indicating their promise as a translational chemotherapeutic nanomedicine.
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1. INTRODUCTION

Chemotherapy has long been the first-line choice for 
cancer treatment [1]. Among the various cytotoxic 
chemo-drugs, 7-ethyl-10-hydroxy-camptothecin (SN38), 
a semi-synthetic camptothecin derivative, has broad and 
potent antitumor efficacy by inhibiting the activity of 
topoisomerase I, thereby causing lethal DNA damage [2]. 
However, the extreme hydrophobicity and poor solubility 
of SN38 have severely limited its applications. Although 
the carboxylic acid ester form of SN38 improves its sol-
ubility, its systemic toxicity is also increased [3, 4]. The 
water-soluble derivative of SN38 irinotecan (Campto®) 
was developed and approved by the FDA for the treat-
ment of colorectal cancer [5]. Irinotecan is synthesized 
by conjugation of SN38 with a 4-piperidinopiperidine 
group via an easter bond. To exert cytotoxicity, irino-
tecan must be converted to active SN38 through cleav-
age of the easter bond. Unfortunately, the hydrolysis of 
the easter bond is so inefficient in vivo that only 1% 

to 0.1% of irinotecan is metabolized into SN38, thereby 
greatly diminishing the antitumor activity of irinotecan 
[6]. Consequently, the cytotoxicity of irinotecan is 100 to 
1,000-fold lower than that of SN38 [7].

Nanoparticulate drug delivery systems (Nano-DDSs) 
have been among the most successful facilitators of 
chemotherapy [8-11]. Well-designed Nano-DDSs pro-
tect loaded drugs from premature metabolism and 
clearance, and increase tumor accumulation through 
the known enhanced permeability and retention effect 
[12, 13]. Conventional nano-DDSs (e.g., liposomes and 
microspheres) are usually used to encapsulate drugs 
through intermolecular nonvalent interactions, such as 
hydrophobic interactions and electrostatic interactions 
between the carrier material and drug [14, 15]. However, 
SN38 has an extremely flat and highly rigid structure with 
a high crystallization tendency [16]. Therefore, SN38 has 
very low affinity toward carrier materials, thus result-
ing in low drug loading efficiency, poor stability and 
premature drug leakage. In addition, overused carrier 
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materials may introduce carrier- associated allergy and 
toxicity [17]. The rational design of SN38-based nano-
medicines remains a challenge.

Recently, prodrug nanoassemblies have emerged 
as a versatile nanoplatform for antitumor drug deliv-
ery [18]. Through a simple one-step nanoprecipitation 
method, prodrug molecules self-assemble into nano-
sized assemblies independently of carrier materials [19]. 
Prodrug nanoassemblies act as both the carrier and 
cargo, and have shown ultrahigh drug loading (>30%)  
and negligible carrier-associated adverse effects [18]. 
Additionally, the simple fabrication helps overcome 
barriers to industrial translation. More importantly, 
according to the characteristics of the tumor microen-
vironment (TME), smart tumor stimulus-responsive 
prodrugs have been widely developed to facilitate 
tumor-specific drug release [20, 21]. By combining the 
merits of both techniques, stimulus-responsive prodrug 
nanoassemblies provide a potent and safe antitumor 
platform.

Herein, we report smart stimuli-responsive SN38 prod-
rug nanoassemblies for efficient cancer therapy. SN38 
was conjugated with the endogenous lipid cholesterol 
(CST) via a redox dual-responsive disulfide bond (termed 
SN38-SS-CST). Through a one-step nanoprecipitation 
method, SN38-SS-CST self-assembled into nanoassem-
blies (SN38-SS-CST NPs) of approximately 100 nm, driven 
by hydrophobic interactions, π-π stacking and hydrogen 
bonding. In the redox-overexpressed TME, SN38-SS-CST  
NPs released sufficient SN38 and showed no burst 
release under normal physiological conditions. Finally, 
SN38-SS-CST NPs potently inhibited the growth of colon 

cancer without causing systemic toxicity, thus indicat-
ing their potential as a translational nanomedicine for 
chemotherapy.

2. RESULTS AND DISCUSSION

2.1 Chemical synthesis
To construct a self-assembling prodrug, we chose CST 
as the side chain to conjugate with SN38 (Figure S1). In 
addition, because the disulfide bond has been reported 
to be a redox dual-responsive chemical bond that facil-
itates tumor-specific drug release [22], we developed 
a disulfide-bridged SN38-SS-CST prodrug. According 
to 1H nuclear magnetic resonance spectroscopy (NMR) 
and mass spectrometry, intermediate CST-SS-COOH and 
SN38-SS-CST were successfully synthesized (Figure S2–5). 
The purity of SN38-SS-CST reached 99.74% (Figure S6).

2.2 Characterization of prodrug nanoassemblies
As shown in Figure 1a, SN38-SS-CST self-assembled into 
prodrug nanoassemblies through the one step nanopre-
cipitation method, independently of the carrier mate-
rial. Only a small amount of DSPE-PEG2k (20%, w/w) was 
added to decrease the free surface energy and increase 
stability. The self-assembled SN38-SS-CST NPs were 
spherical particles of approximately 100 nm (Figure 1b,c 
and Table S1), and showed an ultrahigh drug loading 
of 31.94%. After laser irradiation, SN38-SS-CST NPs 
showed a clear Tyndall effect, thus indicating colloidal 
properties. In addition, the negative zeta protentional 
(−22.3 mV) helped maintain the colloidal stability of the 
prodrug nanoassemblies.

a b c

d
e f

Figure 1 | Characterization of prodrug nanoassemblies. 
a) Schematic illustration of the self-assembly of SN38-SS-CST NPs. b) Size distribution and images of SN38-SS-CST NPs. c) Transmission electron 
microscopy image of SN38-SS-CST NPs. Scale bar = 200 nm. d) Molecular dynamics simulations of the self-assembly of SN38-SS-CST NPs. Green 
lines indicate π-π stacking. Blue lines indicate hydrogen bonding. Gray lines indicate hydrophobic interactions. e) Colloidal stability of SN38-SS-
CST NPs in PBS (pH 7.4) containing 10% FBS. f) Storage stability of SN38-SS-CST NPs at 4°C.
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2.3 Self-assembly mechanisms
The self-assembly process of SN38-SS-CST NPs was 
analyzed with molecular dynamics simulations. The 
conformation of the prodrug molecules (Figure 1d) 
revealed that during the self-assembly process, the 
aromatic rings of S38 molecules were packed through 
π-π stacking interactions, and the CST molecules clus-
tered through hydrophobic interactions. In addition, 
the hydroxyl groups of SN38 participated in hydro-
gen bonding. The diameters according to molecular 
dynamics simulation also verified the spontaneous 
self-assembly of SN38-SS-CST (negative grid score and 
positive internal energy repulsion) and indicated that 
the process was driven primarily by Van der Waals 
forces (Table S2).

2.4 Colloidal stability
First, we investigated the storage stability of SN38-SS-CST  
NPs at 4°C. During a 15-day storage period, no clear 
changes in particle size were observed, thus indicating 
that SN38-SS-CST NPs can be stored for long time peri-
ods for future use (Figure 1f). In addition, to stimulate 
in vivo conditions, we incubated SN38-SS-CST NPs with 
PBS (pH 7.4) containing 10% fetal bovine serum (FBS). 
As shown in Figure 1e, the SN38-SS-CST NPs remained 
stable and showed almost no changes in particle size 
and zeta potential during the 12 h incubation. Thus, 
SN38-SS-CST NPs have superior in vitro and in vivo col-
loidal stability.

2.5 In vitro drug release
Prodrugs ideally release active parent drugs at tar-
geted sites but remain intact in other cells and tissues 
[23]. Both oxidative reactive oxygen species (ROS) and 
reductive glutathione (GSH) are present in the TME [24]. 
Consequently, various tumor-specific stimuli responsive 
chemical bonds have been developed to produce smart 
antitumor prodrugs and nanomedicines [25, 26]. Among 
them, disulfide bonds have been reported to have redox 
dual-responsiveness [27, 28]. Therefore, we introduced 
a disulfide bond into the SN38-SS-CST prodrug. On the 
basis of previous research [27], the release mechanisms 
are illustrated in Figure 2a.

The stimulus-responsive drug release profiles of 
SN38-SS-CST NPs were investigated by using H2O2 as a 
ROS stimulus and DTT as a GSH stimulus. As depicted in 
Figure 2b,c, the stimulus-dependent release of SN38 was 
dependent on time and concentration. SN38-SSCST NPs 
showed much better reductive responsiveness than oxi-
dative responsiveness. Approximately 60% of SN38 was 
released in the presence of 10 mM DTT in 24 h. Notably, 
no burst release of SN38 was observed in the absence 
of stimuli, thus demonstrating excellent selectivity of 
SN38-SS-CST NPs toward redox-overexpressed tumor 
cells and normal cells.

2.6 Cytotoxicity
The cytotoxicity of SN38-SS-CST NPs and Campto was 
compared in CT26 and 4T1 cells. As shown in Figure 3a,b 

a
b

c

Figure 2 | In vitro redox-responsive drug release. 
a) Proposed release mechanisms of SN38-SS-CST NPs. In GSH medium, the SN38-sulfhydryl compound (SN38-SH) is first released through sulfur 
exchange between SN38-SS-CST and GSH. The exposed sulfhydryl of SN38-SH attacks the adjacent ester bond in intramolecular cyclization, 
and SN38 is released. In ROS medium, the disulfide is oxidized into hydrophilic sulfoxide or sulfone, thereby facilitating hydrolysis of the adja-
cent ester bond and SN38 release. b) GSH stimulus-responsive release profiles of SN38-SS-CST NPs. c) ROS stimulus-responsive release profiles 
of SN38-SS-CST NPs. Data are presented as means ± SD (n = 3).
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and Table S3, the half-maximal inhibitory concentration 
(IC50) of Campto (2,063 nM on CT26 cells; 2,638 nM on 
4T1 cells) was much higher than that of SN38-SS-CST 
NPs (291.2 nM on CT26 cells; 335.7 nM on 4T1 cells). 
The poor cytotoxicity of Campto was attributed to the 

slow hydrolysis rate of the easter bond of irinotecan, 
thus leading to slow and inefficient release of active 
SN38. In contrast, SN38-SS-CST NPs rapidly released suf-
ficient SN38 in tumor cells, thereby achieving potent 
cytotoxicity.

a

c

b

Figure 3 | Cytotoxicity and cellular uptake.  
a) Viability of CT26 cells treated with the formulations. b) Viability of 4T1 cells treated with the formulations. Data are presented as means ± SD 
(n = 3). c) CLSM images of CT26 cells incubated with free C-6 or C-6-labeled SN38-SS-CST NPs for 0.5 h and 2 h. Scale bar = 50 μm.
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2.7 Cellular uptake
The cellular uptake efficiency of prodrug nanoassem-
blies was investigated on CT26 cells. Free coumarin-6 
(C-6) solution and C-6-labeled SN38-SS-CST NPs were 
incubated with CT26 cells for 0.5 h or 2 h. Subsequently, 
the intracellular fluorescence intensity was evaluated 
with confocal laser scanning microscopy (CLSM). As dis-
played in Figure 3c, the intracellular fluorescence inten-
sity of C-6-labeled SN38-SS-CST NPs was much higher 
than that of free C-6 solution at both time intervals. 
These results indicated that prodrug nanoassemblies are 
sufficiently endocytosed by tumor cells.

2.8 In vivo antitumor effects
The in vivo antitumor efficacy of SN38-SS-CST NPs was 
investigated on xenograft CT26 bearing BALB/c mice. 
The formulations were administered to the mice every 
other day in a total of five injections (Figure 4a). As 
shown in Figure 4b,d,e, CT26 tumors rapidly grew in an 
unrestricted manner the PBS-treated group. Commercial 
Campto moderately inhibited tumor growth, yet the 
tumor volume reached approximately 800 mm3 by the end 
of treatment. In comparation, SN38-SS-CST NPs showed 
potent tumor inhibitory effects in terms of both tumor 
volume and tumor burden. The H&E staining of tumors 

a

b c

d e

Figure 4 | In vivo antitumor efficacy. 
a) Pharmacodynamics study protocol. b) Tumor volumes of CT26 bearing mice during the treatment. c) Body-weight changes in CT26 bearing 
mice during treatment. d) Tumor burden of CT26 bearing mice at the end of treatment. e) Images of resected CT26 tumors at the end of treat-
ment. Data are presented as means ± SD (n = 8), *p < 0.05, ***p < 0.001, ****p < 0.0001.
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revealed that the SN38-SS-CST NP-treated group had 
more necrotic areas than the control (Figure 5). In addi-
tion, immunofluorescence indicated that SN38-SS-CST  
NPs successfully inhibited tumor proliferation (Ki67) 
and induced more tumor apoptosis than the control 
(TUNEL).

Systemic toxicity was evaluated on the basis of body 
weight, hepatorenal function and H&E staining of 
major organs. Neither formulation led to body-weight 
changes, hepatorenal damage or discernible histologi-
cal lesions in major organs (Figure 4c and Figure S7–8),  
thus indicating the excellent safety of SN38-SS-CST 
NPs. Overall, SN38-SS-CST NPs overcame the drawbacks 
of commercially formulated Campto, thus providing a 
safe and potent antitumor platform with translational 
potential.

3. CONCLUSION

In this work, we developed a tumor redox-responsive 
carrier-free nanoplatform for the efficient delivery of 
SN38. First, the endogenous lipid CST was conjugated 
with SN38 via a disulfide bond to form the SN38-SS-CST 
prodrug. Through a simple one-step nanoprecipitation 
method, SN38-SS-CST self-assembled in uniform nano-
assemblies of approximately 100 nm with good colloi-
dal stability. Under redox environments, SN38-SS-CST 
NPs rapidly released active SN38 yet showed no burst 
release under normal physiological conditions. Finally, 
the SN38-SS-CST NPs demonstrated potent antitumor 
efficacy in both cell studies and in vivo studies, without 
causing additional toxic effects. Therefore, SN38-SS-CST 
NPs overcome the drawbacks of commercial Campto 
and may have value in translational applications.

4. MATERIALS AND METHODS

4.1 Materials
SN38 and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl 
tetrazolium bromide (MTT) were purchased from Dalian 
Meilun Biotechnology Co., Ltd; CST, 4,4’-dithiodibutyric 
acid and 4-dimethylaminopyridine were purchased from 
Macklin Co., Ltd.; 1-ethyl-3(3-dimethylpropylamine) car-
bodiimide and 1-hydroxybenzotriazole were purchased 
from Aladdin Co., Ltd.; and 1,2-distearoylsn–glyce-
ro-3-phosphoethanolamine-N-methyl (polyethylene 
glycol)-2000 (DSPE-PEG2k) was obtained from Shanghai 
Advanced Vehicle Technology Pharmaceutical Ltd. 
(Shanghai, China). Other reagents in this study were of 
analytical grade.

4.2 Chemical synthesis
The chemical synthesis of the SN38-SS-CST prodrug is 
shown in Figure S1. First, 4,4’-dithiodibutyric acid (0.5 
mmol) and acetic anhydride (5 mL) were mixed and 
stirred at room temperature for 4 h. Subsequently, ace-
tic anhydride was removed through rotary evaporation 
to obtain 4,4’-dithiodibutyric anhydride. Afterward, 
4,4’-dithiodibutyric anhydride, 4-dimethylaminopyri-
dine (0.15 mmol) and CST (0.6 mmol) were dissolved in 
anhydrous dichloromethane. The reaction proceeded 
at room temperature for 12 h under stirring. The com-
pletion of the reaction was monitored with thin-layer 
chromatography. Finally, the product was extracted 
and separated by column chromatography (with 
dichloromethane-methanol as the mobile phase). The 
product (CST-SS-COOH) was a white solid (yield 73%). 
The chemical structure of CST-SS-COOH was identified 
with NMR.

Figure 5 | H&E staining, Ki67 immunofluorescence and TUNEL staining of resected CT26 tumors. Scale bar = 50 μm.
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Subsequently, SN38 (0.3 mmol), 1-ethyl-3(3-dimeth-
ylpropylamine) carbodiimide (0.4 mmol), 4-dimethyl-
aminopyridine (0.1 mmol), 1-hydroxybenzotriazole (0.3 
mmol) and CST-SS-COOH (0.3 mmol) were dissolved in 
anhydrous dichloromethane. The reaction proceeded 
at in room temperature for 12 h under stirring. After 
completion of the reaction, the product was extracted 
and separated by preparative liquid chromatography 
(with acetonitrile as the mobile phase). The product 
(SN38-SS-CST) was yellow solid (yield 56%). The chem-
ical structure of SN38-SS-CST was identified with mass 
spectrometry and NMR. The purity of SN38-SS-CST was 
assessed with high performance liquid chromatography 
at a wavelength of 365 nm.

4.3 Preparation and characterization of prodrug 
nanoassemblies
Prodrug nanoassemblies of SN38-SS-CST were pre-
pared through the typical one step nano-precipitation 
method. In brief, SN38-SS-CST (2 mg) was dissolved in 
300 μL of acetone, and DSPE-PEG2k (0.5 mg, 20% w/w) 
was dissolved in 100 μL of ethanol. The drug- containing 
solution was then mixed and added dropwise to 2 ml 
of aqueous solution under vigorous stirring for 10 min. 
The organic solvent was removed through rotary evap-
oration to obtain SN38-SS-CST NPs. The dye-labeled 
prodrug nanoassemblies were prepared through the 
same procedure with the addition of coumarin-6 (C-6) 
into the drug-containing solution. The particle size and 
zeta potential of SN38-SS-CST NPs were assessed with 
a Zetasizer instrument. The morphology of SN38-SS-CST 
NPs was observed with a transmission electron micro-
scope. The sample for observation were stained with 2% 
phosphotungstic acid.

4.4 Self-assembly mechanisms
The self-assembly mechanisms of SN38-SS-CST NPs were 
investigated with molecular dynamics simulations. First, 
the three-dimensional conformation of SN38-SS-CST 
was assessed with Sybyl software. Subsequently, the 
self-assembly process of SN38-SS-CST NPs was analyzed 
in Discovery Studio 2017 Visualizer software. The simu-
lated box center parameter was (-6.049, 0.406, 0.869). 
The simulated box size parameter was (48.897, 40.062, 
39.957). The maximum output conformation number 
was 9.

4.5 Colloidal stability of prodrug nanoassemblies
To investigate the storage stability of SN38-SS-CST NPs, 
we incubated the samples at 4°C for 15 days. The parti-
cle sizes of prodrug nanoassemblies were measured on 
days 0, 3, 5, 7 and 15. To investigate the colloidal stabil-
ity of SN38-SS-CST NPs under biological conditions, we 
incubated and SN38-SS-CST NPs in PBS containing 10% 
FBS (pH 7.4) at 37°C under shaking. The samples were 
collected, and the particle size and zeta potential were 
measured at 0, 1, 2, 4, 8 and 12 h.

4.6 In vitro drug release
To investigate the stimulus responsiveness of SN38-SS-CST  
NPs, we used a medium comprising PBS-ethanol solution 
(80: 20, v/v) with or without H2O2 or DTT as stimuli (1, 5 
or 10 mM). Briefly, SN38-SS-CST NPs (200 μg/mL, SN38 
equivalent) were placed in the release medium at 37°C 
under shaking. At selected time intervals (1, 2, 4, 8, 12 
and 24 h), samples were collected (n = 3 per group). The 
concentration of released SN38 was determined with 
high performance liquid chromatography at a wave-
length of 365 nm.

4.7 Cell culture
CT26 colon tumor cells were purchased from Dalian 
Meilun Biotechnology Co., Ltd (Dalian, China), and 
4T1 breast tumor cells were purchased from COBIOER 
Biotechnology Co., Ltd. (Nanjing, China). The cells were 
cultured in Gibco RPMI 1640 medium containing 10% 
FBS, streptomycin (100 μg/mL) and penicillin (100 units/
mL). The cells were grown in a cell incubator at 37°C 
under a 5% CO2 atmosphere.

4.8 Cytotoxicity
The cytotoxicity of SN38-SS-CST NPs and Campto was 
investigated in CT26 and 4T1 cells with MTT assays. The 
cells were pre-seeded into 96-well plates (3,000 cells 
per well) and incubated for 24 h before treatment. 
Subsequently, the medium was discarded and replaced 
with medium containing different drug concentra-
tions. After incubation for another 48 h, the drug- 
containing medium was discarded, and 25 μL MTT solu-
tion (5 mg/mL) was added to each well and incubated 
for 4 h. Finally, MTT solution was discarded, and 200 μL 
of DMSO was added to each well. After shaking, the 
absorbance at 570 nm was detected with a microplate 
reader. The IC50 values were calculated in GraphPad 
prism 8.0 software.

4.9 Cellular uptake
The cellular uptake efficiency of prodrug nanoassem-
blies was investigated in CT26 cells with C-6-labeled 
SN38-SS-CST NPs and C-6 solution. First, CT26 cells were 
seeded in 24-well plates (5 × 104 cells per well) and 
incubated for 24 h before treatment. Subsequently, the 
medium was discarded and replaced with C-6-labeled 
SN38-SS-CST NPs or C-6 solution (250 ng/ml, C-6 equiva-
lent). After incubation for 0.5 h or 4 h, cells were washed 
with cold PBS three times, and 4% formaldehyde was 
used to fix the cells. After further washing, Hoechst was 
used to counterstain the nuclei. The prepared coverslips 
were observed with CLSM.

4.10 Animal studies
The animal studies were performed under the guidance 
and supervision of the Institutional Animal Ethical Care 
Committee of Shenyang Pharmaceutical University.
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4.11 In vivo antitumor efficacy
The antitumor efficacy of SN38-SS-CST NPs and Campto 
was investigated on xenografted CT26 tumor models. 
For construction of the CT26 tumor models, CT26 cells 
(5 × 106 cells per 100 μL) were subcutaneously injected 
into the flanks of male BALB/c mice. When the tumor 
volume reached approximately 100 mm3, the treatments 
started. SN38-SS-CST NPs and Campto were adminis-
tered to the mice every other day (3 mg/kg, SN38 equiv-
alent) in a total of five injections (n = 8 for each group). 
Tumor volume and body weight were monitored during 
the treatment. At 2 days after the last treatment, the 
mice were scarified. Blood samples were collected, and 
major organs including the heart, liver, spleen, lungs 
and kidneys, as well as tumors were collected. The tum-
ors were weighed. Hepatorenal function, H&E staining 
and immunofluorescence staining were conducted by 
Servicebio Co., Ltd (Wuhan, China). The tumor volume 
was calculated as (long diameter × short diameter × 
2)/2. The tumor burden was calculated as tumor weight/
mouse weight.

4.12 Statistical analysis
All data are presented as mean ± SD. For statistical anal-
ysis, one-way analysis of variance and Student’s t-test 
(two-tailed) were performed in GraphPad Prism 8.0 soft-
ware. The thresholds for statistical differences were *p 
< 0.05, **p < 0.005, ***p < 0.001 and ****p < 0.0001.
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