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Background: Conventional chemotherapy using small molecular antitumor drugs suffers 
from several limitations, for instance poor water solubility, high toxicity, and lack of 
specificity. However, prodrugs constructed by covalent modification of anticancer drugs 
can overcome these limitations, which are able to release its active form after entering the 
tumor tissues by specific stimulus response.
Methods: A GSH-responsive glyco-nanoprodrug system has been constructed by self- 
assembled of amphiphilic lactosemodified camptothecin prodrug molecular (Lac-SS-CPT) 
for targeting drug delivery and combination therapy.
Results: Using HL7702 cells as experimental models, the cytotoxic effects of Lac-SS-CPT 
were investigated to 10–30 µmol/L for 48 hours. Notably, the cell viability of Lac-SS-CPT to 
HL7702 cells was higher compared with free CPT which indicated that Lac-SS-CPT can 
reduce side-effects. Simultaneously, we have evaluated the anticancer efficiency of doxor-
ubicin hydrochloride (DOX)-loaded Lac-SS-CPT glyco-nanoprodrug system (Lac-SS-CPT 
@DOX), where Lac-SS-CPT@DOX and free DOX incubated with HpeG2 cells and HL7702 
cells for 24, 48, and 72 hours, respectively. It turned out that Lac-SS-CPT@DOX encapsu-
lated anticancer drug (DOX) could decrease DOX side-effect on HL7702 cells and increase 
DOX anticancer efficiency. More importantly, the CPT and DOX were released from Lac-SS 
-CPT@DOX in HepG2 cells where a higher GSH concentration exists. Moreover, combina-
tion therapy efficiency was evaluated, where free DOX and Lac-SS-CPT@DOX incubated 
with DOX-resistance HepG2 cells (HepG2-ADR cells), respectively.
Conclusion: The results revealed that the Lac-SS-CPT@DOX could enhance the cytotoxi-
city of DOX for HepG2-ADR cells and provided a new idea for designing an advanced nano- 
prodrug system toward combination therapy.
Keywords: nanoprodrug, target, GSH-responsive, drug delivery, combination chemotherapy

Introduction
Nowadays, chemotherapy remains the most significantly important therapy for various 
types of cancer which was used in combination with surgical treatment.1–7 However, 
conventional chemotherapy, which uses small molecular anticancer drugs, also suffers 
from several limitations, for instance poor water solubility, high toxicity, and lack of 
specificity.8–13 In order to solve these problems, a clinically proven strategy, which is to 
construct prodrugs by covalent modification of anticancer drugs, has been developed, 
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where the drugs can release their active form after entering 
the tumor tissues by specific stimulus response.14–21 Many 
drugs contain active groups, such as hydroxyls and amines, 
that can be modified by simple chemical means and have laid 
a foundation for the construction of prodrugs. Among them, 
the nanoprodrug system as a novel prodrug system attracted 
much attention due to their good stability, negligible drug 
leakage during circulation, improved anticancer drug loading 
efficiency, and control of drug release in tumor tissues.22–26 

Especially, the nanoprodrug system has recently been used 
for drug co-delivery with successfully achieved combined 
chemotherapeutic effects, which provided a new way to 
overcome the resistance of tumor cells.27,28

It is well known that camptothecin (CPT), which inhi-
bits topoisomerase Ⅰ activity, has significant anticancer 
activity against various solid tumors in vitro.29,30 

However, the major problem encountered with CPT is its 
extremely low solubility and side effects, which lead to the 
failure of clinical treatment.31 In order to overcome the 
problem, CPT usually forms prodrug by linking to differ-
ent hydrophilic moieties such as peptides,32 oligomer ethy-
lene glycol,33–37 or drug molecules.11,38 Compared with 
these hydrophilic moieties, carbohydrates not only have 
excellent biocompatibility owing to the hydrophilic motif, 
but also possess the unique ability to target cancer cells on 
account of the specific interactions between carbohydrate 

and protein.39 In 2015, D’Souza and Devarajan40 reported 
that asialoglycoprotein which can improve the internaliza-
tion of galactose/lactose by carbohydrate-protein interac-
tion was overexpressed on the surface of the HepG2 cells 
membrane. So, nanoprodrugs modified with galactose/lac-
tose could be constructed to realize the purpose of target-
ing HepG2 cells to improve drug delivery efficiency and 
reduce the side effect.

Herein, we fabricated a novel amphiphilic lactose- 
camptothecin prodrug molecular Lac-SS-CPT which can 
self-assemble into Lac-SS-CPT glyco-nano prodrug sys-
tem for GSH responsive and targeted drug co-delivery due 
to the existence of disulfide bond and lactose.41–44 Then, 
the CPT-based glyco-nano prodrug system further 
provides a suitable environment for entrapping another 
anticancer drug DOX for combination therapeutic effects 
(see Scheme 1).45

Materials and Methods
Materials and Instrumentations
All of the reagents and solvents used in this paper were 
used directly if there are no specifically noted was bought 
from commercial sources and the water used in this work 
was triple distilled (Table S1, ESI†). All the cells were 
cultured in carbon dioxide incubator at 37°C containing 
5% CO2.

Scheme 1 Schematic illustration of the structure of amphiphilic prodrug Lac-SS-CPT, formation of Lac-SS-CPT glyco-nano vesicles, drug delivery, and release for cancer 
therapy.
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Methods
Prepare and Characterize the Lac-SS-CPT 
Glyco-Nano Vesicles
Lac-SS-CPT (1.1 mg) was dissolved in 1 mL distilled 
water and ultrasonic for 30 minutes to obtain Lac-SS- 
CPT glyco-nano vesicles (1 mM). The same as the Lac- 
SS-CPT, Lac-SS-CPT@DOX glyco-nano vesicles (Lac-SS 
-CPT@DOX) were obtained by adding 1 mL 1 mM DOX 
aqueous solution to Lac-SS-CPT and ultrasonic for 30 
minutes. Then Lac-SS-CPT@DOX was rested overnight 
and dialysis in the dialysis bag of molecular weight cutoff 
8,000–14,000 in water. Next, the dialysate was replaced 
every 2 hours until the dialysate contained no DOX. Lac- 
SS-CPT@DOX was observed and characterized by the 
Tyndall effect, SEM, TEM, DLS, and CAC.

Release Efficiency of CPT and DOX from Lac-SS-CPT 
@DOX
The release efficiency of CPT and DOX from Lac-SS-CPT 
@DOX was researched in 10 mM GSH solutions due to 
the existence of a disulfide bond.46,47 Firstly, 1 mL of Lac- 
SS-CPT@DOX glyco-nano vesicles was added into 
a dialysis bag and then dialysis was performed in 30 mL 
GSH solution of 10 mM. Secondly, 100 μL of dialysate 
was taken out and the OD value was measured with 
enzyme-labeled instrument within a specified time. 
Lastly, the amount of drug at different times to get the 
release rate was calculated.

Cell Culture and Cell Viability
In this work, HepG2 (human liver cancer cells) and 
HL7702 (human normal liver cells) were selected to eval-
uate the efficacy of anticancer and reduction of side 
effects. HepG2 cells, HepG2-ADR cells (DOX-resistance 
HepG2 cells) and HL7702 cells were obtained from 
KeyGEN BioTECH Co. (Nanjing, China) and 1640 med-
ium was used to culture them. Fetal Bovine Serum and 
Penicillin-Streptomycin were found in all the culture med-
ium at concentrations of 10% and 1%, respectively.

Results and Discussion
To obtain amphiphilic prodrug Lac-SS-CPT, hydrophilic 
lactose derivative 4 and hydrophobic camptothecin deriva-
tive 6 were first synthesized. Then 8 was synthesized by 
clicking reaction which was catalyzed by copper between 
4 and 6. The synthesis and characterization details can be 
seen from the ESI† (Supplementary Scheme S1–S3, 
Figure S1–S12).

Aqueous solution of amphiphilic prodrug Lac-SS-CPT 
was sonicated for 30 minutes to obtain the supramolecular 
Lac-SS-CPT glyco-nano vesicles. SEM (Figure 1A) 
showed a spherical nanostructure was formed. It could be 
observed by TEM (Figure 1B) that nanoparticles have 
hollow shells and it can be used to load drugs. Then, the 
diameter and zeta potential were analysis by DLS and the 
glyco-nano vesicles with 150 nm (Figure 1C) and −19 
V could be found. The polydispersity of Lac-SS-CPT 
glyco-nano vesicles was measured to be 0.309 by DLS. 
Last, the CAC of the glyco-nano vesicles was measured to 
be 0.9 mM with the water surface tension method 
(Supplementary Figure S13, ESI†).

By adding GSH to the vesicular solution to investigate 
the GSH-responsive property of the Lac-SS-CPT glyco- 
nano vesicles. An obvious Tyndall effect (Supplementary 
3-2 and Figure S14, ESI†) could be observed in Lac-SS- 
CPT aqueous solution (100 mM) which indicated that abun-
dant nanoparticles exist while the Tyndall effect of Lac-SS- 
CPT glyco-nano vesicles disappeared after adding 10 mM 
GSH which indicated that nanoparticles were burst. SEM 
showed nothing after adding GSH to the vesicular solution 
which was consistent with the disappearance of Tyndall 
effect (Figure 1D). These results all proved that the Lac- 
SS-CPT glyco-nano vesicles can burst and release the drug 
in GSH aqueous solution efficiently.

Then, DOX was selected to be loaded into Lac-SS-CPT 
glyco-nano vesicles to achieve the goal of combination 
treatment with CPT to improve the anticancer efficiency. 
After loaded into Lac-SS-CPT glyco-nano vesicles, SEM, 
DLS, and other measurement methods were used to observe 
the morphology, size, DOX loading efficiency, and release 
rate of Lac-SS-CPT@DOX. The surface of Lac-SS-CPT 
@DOX was found to be quite rough by SEM 
(Supplementary Figure S15) and the average diameter of 
Lac-SS-CPT@DOX was around 270 nm detected by DLS 
(Supplementary Figure S16). Last, the loading content of 
CPT was found to be 31 wt%, and the encapsulation effi-
ciency of the DOX was 78%, which was because of the 
stable chemical structure of prodrug making it hard to 
destroy.

As a good drug-loaded nano vesicle, it is necessary to 
release active drugs in cancer cells. Therefore, it is extremely 
important to study the release efficiency of drug-loaded 
nanovesicles. As a GSH responsive group, disulfide bonds 
which would break in GSH solution were used in this work 
to make glyco-nano vesicles rupture and release drug mole-
cules with anticancer activity. The GSH response principle of 
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disulfide bonds is shown in Scheme 1. Firstly, in order to 
imitate the microenvironment of cancer cells (GSH concen-
tration was 1–11 mM), 10 mM GSH solution was configured. 
Then, the CPT and DOX release behavior from Lac-SS-CPT 
@DOX were investigated in 10 mM GSH and 23% and 76% 
of CPT were released under water and GSH aqueous solu-
tion, while 21% and 86% of DOX were released under water 
and GSH aqueous solution, which can be seen in Figure 2A.

Next, it is extremely important to study the targeting 
effect of the glycol-nano prodrug systems. HepG2 cells and 
HL7702 cells were chosen as target cancer cells and normal 

cells to study the targeting effect of different cells, respec-
tively. Lac-SS-CPT and Lac-SS-CPT@DOX were used to 
culture two different cells for 4 hours with or without being 
preincubated with lactobionic acid (LBA). The targeting 
effect was analyzed by flow cytometry, where strong fluor-
escence intensity means more cellular uptake. Seen in 
Supplementary 4-1, Supplementary Figure S17 and 
Figure 2B, when HepG2 cells were incubated with Lac-SS- 
CPT and Lac-SS-CPT@DOX, the fluorescence intensity (red 
curve) was stronger than preincubated with lactose (blue 
curve), which was a result from the glyco-nano vesicles 

Figure 1 (A) SEM, (B) TEM, and (C) DLS data of Lac-SS-CPT glyco-nano vesicles based on self-assembly of amphiphilic prodrug Lac-SS-CPT; (D) SEM image of Lac-SS-CPT 
glyco-nano vesicles in GSH aqueous solution.

Figure 2 (A) Camptothecin and Doxorubicin release from Lac-SS-CPT and Lac-SS-CPT@DOX with 10 mM GSH concentrations at a specific time; (B). Flow cytometry 
analyzes the targeting effect of Lac-SS-CPT@DOX of HepG2 cells.
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targeting cancer cells and a higher uptake of glyco-nano 
vesicles. To further study the endocytosis of Lac-SS-CPT 
@DOX, CLSM was selected to observe the fluorescence of 
CPT and DOX. When HepG2 cells were cultured for 4 hours 
with Lac-SS-CPT@DOX, blue fluorescence could be seen 
with CLSM under 365 nm and red fluorescence could be 
observed under 488 nm, indicating that Lac-SS-CPT@DOX 
entered into the HepG2 cells (Supplementary 4-2 and 
Figure 3). Thus, the above results demonstrate that Lac-SS- 
CPT and Lac-SS-CPT@DOX have good HepG2 cells target-
ing ability and can be applied into nanodrug delivery systems 
effectively.

Last but not least, the anticancer efficiency of nano vesi-
cles is extremely important, which is directly related to the 
application of nano vesicles in nano-drug delivery systems. 
Methyl thiazole tetrazolium (MTT) assay which can effec-
tively detect cell survival, growth, and proliferation was used 
to evaluate the anticancer efficiency of the Lac-SS-CPT 
glyco-nano prodrug system (Supplementary 4-3). Seen in 
Figure 4A, the cell viability of Lac-SS-CPT to HL7702 

cells was higher compared with free CPT, which indicated 
that Lac-SS-CPT can reduce side-effects (Supplementary 
Figure S18a). However, the cell viability of liver cancer 
cells (HepG2 cells, Figure 4B and Supplementary 
Figure S18b) was lower when incubated with Lac-SS-CPT 
than incubated with free CPT. And when preincubated with 
lactobionic acid and then incubated with Lac-SS-CPT, 
HepG2 cells viability was significantly higher than Lac-SS- 
CPT and free CPT, which indicated that the Lac-SS-CPT can 
target HepG2 cells and increase the toxicity.

MTT assay was used to evaluate the anticancer efficiency 
and combination therapy of Lac-SS-CPT@DOX, where free 
DOX, CPT+DOX, and Lac-SS-CPT@DOX were used to 
incubate HepG2 cells and HL7702 cells for 24, 48, and 72 
hours. Seen in Figure 4C, compared with free DOX and CPT 
+DOX, the viabilities HL7702 cells with Lac-SS-CPT@DOX 
were higher when cultured under the same conditions. 
However, the viabilities were visibly lower than free DOX 
and CPT+DOX, where HepG2 cells were incubated with Lac- 
SS-CPT@DOX for 24, 48, and 72 hours (Figure 4D).

Figure 3 CLSM of HepG2 cells after incubated with Lac-SS-CPT@DOX for 4 hours, (A) Lyso Tracker Green; (B) CPT; (C) DOX; (D) merged (Mean of CPT was 33.08 and 
DOX was 39.74).
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Next, HepG2-ADR cells were selected to study the 
combined anticancer efficiency of CPT and DOX, where 
DOX, CPT+DOX, and Lac-SS-CPT@DOX were used to 
incubate HepG2-ADR cells for 24, 48, and 72 hours. As 
show in Figure 5, the viabilities of HepG2-ADR cells incu-
bated with Lac-SS-CPT@DOX was much lower compared 
with free DOX and CPT+DOX, which indicated Lac-SS- 
CPT@DOX could enhance anticancer efficiency and com-
bine effects to cancer cells. All of the results above indicate 

that Lac-SS-CPT@DOX possesses many advantages, such 
as enhanced anticancer efficiency and combined effects to 
cancer cells, while reducing the side-effects to normal cells.

Conclusion
In summary, a multifunctional glyco-nano prodrug system 
was been successfully constructed based on the self- 
assembly of amphiphilic lactose modified camptothecin 
prodrug molecules which exhibited GSH responsiveness 
and cancer cells targetability. Lac-SS-CPT@DOX have 
high CPT loading content and its hollow can be used for 
antitumor drug such as DOX loading. It was verified that 
DOX was successfully encapsulated into the system by 
drug loading experiments and DOX was quickly released 
in 10 mM GSH aqueous solution by DOX release experi-
ments. As expected, Lac-SS-CPT@DOX, which can target 
to HepG2 cells and burst under tumor microenvironment, 
improved anticancer efficiency to cancer cells while redu-
cing side-effects to normal cells. Most notably, the Lac-SS 
-CPT@DOX which was used to incubate HepG2-ADR 
cells could enhance the anticancer efficiency and reduce 
the drug resistance of cancer cells by the combined effects. 
This work provides insights for rational design in the 
construction of a stimuli-responsive nano prodrug system 
for targeting drug delivery, which have great applications 
for combination therapy.

Figure 4 Cell viability of (A) HL7702 cells and (B) HepG2 cells after cultured with Lac-SS-CPT for 48 hours; Cell viability of (C) HL7702 cells (D) HepG2 cells after 
incubated with 1 μM Lac-SS-CPT@DOX for 24, 48, and 72 hours. Statistically significant differences were observed (*P<0.01).

Figure 5 Comparison of the viabilities of HepG2-ADR incubated with DOX, CPT 
+DOX and Lac-SS-CPT@DOX at different time periods; the concentration of CPT 
and DOX was 1 µM. Statistically significant differences were observed (*P<0.01).
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