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Background: The clinical utility of camptothecin (CPT) is restricted by poor aqueous 
solubility, high lipophilicity, active lactone ring instability, and off-targeted toxicities. We 
report here a prostate-specific membrane antigen (PSMA) and esterase dual responsive self- 
assembled nanoparticles (CPT-WT-H NPs) for highly efficient CPT delivery and effective 
cancer therapy.
Methods and Results: In this study, smart self-assembled nanoparticles CPT-WT-H NPs 
were elaborately designed and synthesized by combing hydrophobic CPT with hydrophilic 
PSMA-responsive penta-peptide via a cleavable ester bond. This dual responsive nanoparti-
cle with negatively charged surface first respond to the extracellular PSMA and then to the 
intracellular esterase, achieving a programmable release of CPT at the tumor site and 
producing the byproducts of biocompatible glutamic acid and aspartic acid. Our data 
demonstrated that CPT-WT-H NPs exhibited greatly improved water solubility and stability. 
Results from MTT and flow cytometry showed CPT-WT-H NPs exhibited significantly 
higher cytotoxicity as well as apoptosis-inducing activity against PSMA-expressing LNCaP- 
FGC cells than the non-PSMA-expressing cancer cells, showing excellent cytotoxic selec-
tivity. Moreover, the unique nanostructure provided the efficient transportation of CPT to 
tumor site, which resulted in the effective inhibition of tumor growth and low systemic 
toxicity in vivo.
Conclusion: CPT-WT-H NPs exhibited excellent in vitro PSMA-response ability and 
in vivo antitumor activity and safety, holding the promise to become a new and potent 
anticancer drug. The current research presents a promising strategy for efficient drug 
delivery.
Keywords: CPT prodrug, dual responsive, sequential drug release, prostate-specific 
membrane antigen, self-assembly

Introduction
Conventional chemotherapy is still a preferential cancer therapeutic strategy 
because of its high medical efficiency.1–3 As one of the DNA topoisomerases 
I inhibitors, camptothecin (CPT) has demonstrated remarkable antitumor properties 
against a variety of cancers in preclinical studies, but frequently failed in clinical 
uses due to its poor aqueous solubility, high lipophilicity, active lactone ring 
instability, and off-targeted toxicities.4–7 Great efforts have been devoted to 
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increasing its tumor targeting and lowing the systemic 
toxicity by means of nano chemistry, their large-scale 
clinical application is still limited due to several major 
drawbacks, including low drug loading capacity (typically 
less than 10%), premature drug leakage, potential long- 
term toxicity of carrier materials, poor stability in vivo, 
and lack of active targeting.8–10

The self-assembling prodrugs with active targeting 
ability are emerging as a potential strategy for efficient 
chemo-therapeutic agents’ delivery due to their superior 
targeting ability, well-defined chemical structures, high 
drug loading capacities, and high stability.11–18 This drug 
self-delivery systems could not only take advantage of the 
enhanced permeability and retention (EPR) effect and the 
active targeting effect but also avoid the significant toxi-
city of drug carriers, showing excellent biocompatibility, 
safety and stability.19–21 Meanwhile previous researches of 
CPT derivative SN-38 (7-ethyl-10-hydroxycamptothecin) 
polymeric prodrugs confirmed the self-deliverable nano 
therapy was feasible, which maintained pharmacological 
activity while substantially alleviated the drug toxicity. 
The SN-38 polymeric prodrug nanoparticles exhibited 
higher stability and prolonged circulation, improved anti-
tumor efficacy and lower toxicity compared to irinotecan 
(CPT-11), an approved drug for clinical applications.22–25 

Prostate-specific membrane antigen (PSMA), a 750-amino 
acid type II membrane glycoprotein, has attracted signifi-
cant research interests due to its unique glutamate carbox-
ypeptidase II (GCPII) activity and selective expression in 
the neo vasculature of nearly all types of solid tumors.26–29 

The expression level of PSMA is positively correlated 
with the tumor grade, pathological stage and tumor recur-
rence of prostate cancer.30,31 PSMA has been used as 
a biomarker for the cancer diagnosis as well as 
a therapeutic target for cancer treatments.28,29,32–36 

Meanwhile, previous researches demonstrated that the 
PSMA-activated prodrug strategy produced a sufficient 
therapeutic index and excellent tumor targeting, which 
could be used to treat all solid tumors.29,37,38

The surface charges of the nanoparticles exert a great 
impact on their blood circulation, phagocytosis and 
nuclear localization functions.39–42 It is reported that the 
positive charge facilitated the binding of nanoparticles to 
the cell membrane and the uptake of nanoparticles by cells 
due to the electrostatic attraction with the anionic cell 
membrane. However, the positive charge might also 
strengthen the nonspecific binding of nanoparticles to the 
luminal surface of vascular wall and the clearance of 

nanoparticles by reticule-endothelial system (RES), thus 
shortening the blood circulation time.43–47 And the nano-
particles with neutral or negatively charged surface could 
reduce the undesirable clearance by RES and improve the 
blood compatibility, so that the anticancer drugs could be 
transported to the tumor site more efficiently.39,42–48

In this study, smart self-assembled nanoparticles CPT- 
WT-H NPs were elaborately designed and synthesized for 
highly efficient CPT delivery and effective cancer therapy, 
which could not only take advantage of the enhanced 
permeability and retention (EPR) effect and the active 
targeting effect but also avoid the significant toxicity of 
drug carriers, showing excellent biocompatibility, safety 
and stability. The prostate-specific membrane antigen 
(PSMA) and esterase dual responsive self-assembled 
nanoparticles CPT-WT-H NPs were prepared by combing 
hydrophobic CPT with hydrophilic PSMA-responsive 
penta-peptide via a cleavable ester bond. The relatively 
stable chemical linkage between PSMA-responsive penta- 
peptide and CPT, no expression of PSMA in blood and the 
negatively charged surface ensured that CPT-WT-H NPs 
were stable and inactive in blood circulation. Once they 
reached the tumor site, the dual responsive CPT-WT-H 
NPs were hydrolyzed by cell membrane antigen PSMA 
and the intracellular esterase successively, achieved 
a programmable release of CPT (Scheme 1). Our data 
demonstrated that CPT-WT-H NPs exhibited greatly 
improved water solubility and stability. Meanwhile, CPT- 
WT-H NPs exhibited excellent in vitro PSMA-targeting 
ability and in vivo antitumor activity and safety, holding 
the promise to become a new and potent anticancer drug.

Materials and Methods
More details of the experimental section and additional 
results are available in the Supporting Information.

Self-Assembly of the CPT-WT-H Prodrug
CPT-WT-H prodrug (10.0 mg) was dissolved in 10.0 mL 
phosphate-buffered saline (PBS, pH 7.4), and the solution 
was stirred at room temperature for 1 h. Finally, the con-
centration of CPT-WT-H NPs solution was adjusted to 
0.1 mg·mL−1 for further experiments. For in vivo fluores-
cence imaging, DiR, a fluorescent probe, was loaded within 
the CPT-WT-H NPs. Briefly, 2.0 mg of DiR was dissolved in 
1 mL of dichloromethane (DCM). Then, the DCM solution 
was injected dropwise into 10.0 mL PBS (pH 7.4) solution 
containing 10.0 mg CPT-WT-H prodrug while stirring 
slightly for 0.5 h. After that, the dispersion was frozen at 
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−80°C overnight and lyophilized for 72 h, and DiR-loaded 
CPT-WT-H NPs was successfully prepared.

Characterization of CPT-WT-H NPs
The size distribution, polydispersity index (PDI), and zeta 
potential were evaluated using dynamic light scattering 
(DLS) (Zs90, Malvern, UK). The morphology was 
observed by transmission electron microscope (TEM) 
instrument (JEM2100, JEOL, Japan) operated at an accel-
erating voltage of 100 kV. The ultraviolet-visible (UV-vis) 
absorption spectrum between 200 and 400 nm was mea-
sured by a UV-vis spectrophotometer (Hitachi, Japan).

Characterization of in vitro PSMA 
Response of CPT-WT-H NPs
The in vitro PSMA response of the CPT-WT-H NPs was 
performed as described in the product catalog 
(Recombinant Human PSMA/FOLH1/NAALADase I, 
4234-ZN, bio-techne, USA) with some modifications 
using LC-MS. CPT-WT-H NPs solutions (125 μL, 
0.1 mg·mL−1 in HEPS buffer) were incubated with the rh- 

PSMA solution (125 μL, 1.0 μg·mL−1 in HEPS buffer) at 
37°C for 2 h, 8 h, 12 h, 24 h and 48 h in a remonstrated 
oscillator (HZQ-QX, Harbin Donglian Instrument Co. 
Ltd., China). The sample incubating with the inactivated 
rh-PSMA (heating rh-PSMA at 95°C for 5 minutes) used 
as the control. After incubation, the reactions were stopped 
by heating at 95°C for 5 minutes and were centrifuged at 
10,000 rpm for 10 min with high-speed centrifuge 
(Sorvall™ Legend™ Micro 21, Thermo Fisher Scientific, 
USA). A 100 μL sample of the supernatants was analyzed 
with LC-MS.

Characterization of Esterase Response of 
CPT-WT-H NPs
Esterase-mediated hydrolysis of CPT-WT-H NPs was per-
formed by HPLC analysis in the presence of thermomyces 
lanuginosus lipase (Sigma-Aldrich, USA), a type of ester-
ase, in PBS at 37 °C.49 Briefly, 0.6 mL of an aqueous 
solution of CPT-WT-H NPs (0.2 mg/mL) was incubated 
with 0.6 mL of thermomyces lanuginosus lipase (≥100,000 
U/g, Sigma-Aldrich, USA). At predetermined time points 

Scheme 1 Schematic illustration of the PSMA and esterase dual responsive CPT nanoparticles (CPT-WT-H NPs) with negatively charged surface, prolonged blood 
circulation, excellent PSMA-targeted delivery, enhanced tumor accumulation, potent antitumor efficacy and low side effects.
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(1, 2, 4 h), aliquot samples (0.2 mL) were collected and 
200 μL of methanol was added to each sample, then it was 
centrifuged for 10 min at 10000r/min. Then, 200 μL of 
supernatant was subjected to HPLC analysis. UV detection 
was performed at a wavelength of 365 nm, and a C18 
reverse-phase column (5 µm, 250 mm × 4.6 mm, 
Kromasil, Akzo Nobel Co., Ltd., Amsterdam, 
Netherlands) was utilized.

Cytotoxicity Assay
The in vitro cytotoxicity of CPT-WT-H NPs was assessed 
by the MTT method against PSMA-expressing LNCaP- 
FGC cells, non-PSMA-expressing cancer cells HepG2, 
HeLa, MCF-7, DU145, PC-3 cells and normal liver cells 
LO2 using CPT as the positive control. Briefly, the tumor 
cells growing in the logarithmic phase were seeded in 96- 
well plates at a density 4×103 cells/well and cultured for 
24 h. Then, the cells were treated with serial dilutions of 
free CPT and CPT-WT-H NPs for 72 h. After incubation, 
20 μL of 5.0 mg·mL−1 methylthiazol tetrazolium (MTT) 
was added to each well and incubated for another 4 h at 
37°C. Following the incubation, 150 μL dimethyl sulfox-
ide (DMSO) was added to each well and absorbance was 
measured with a plate reader (BIORAD 550 spectrophot-
ometer, Bio-Rad Life Science Development Ltd., 
Berkeley, CA, USA) at 490 nm. Experiments were per-
formed in triplicates, and the values were the average of 
three (n = 3) independent experiments.

In vitro Cellular Uptake
The cellular uptake of the CPT-WT-H NPs was carried on 
LNCaP-FGC (PSMA+) and HepG2 (PSMA−) cell lines by 
confocal laser scanning microscopy. The LNCaP-FGC and 
HepG2 cells were seeded in 35 mm glass bottom dishes at 
a density of 1×104 cells per well with 1 mL complete 1640 
medium. After incubation at 37°C for 24 h, the culture 
media was replaced with 2.0 mL of fresh medium contain-
ing 10.0 μM CPT-WT-H NPs. Then, the cells were incu-
bated further for different incubation time periods (1 and 4 
h). Following the removal of culture media, cells were 
washed with cold PBS, fixed with 70% ethanol for 30.0 
min at 4°C. Subsequently, the cells were stained with 5 
μg·mL−1 propidium iodide (excitation wavelength was 488 
nm) for 5 min to visualize nucleus. The cells were 
observed by an Ultra View RS confocal laser scanning 
microscopy (PerkinElmer, Waltham, MA, USA).

Detection of Apoptosis Using Annexin 
V-FITC/PI Staining
Apoptosis of LNCaP-FGC (PSMA+) and HepG2 (PSMA−) 
cells was detected using the Annexin V-FITC Apoptosis 
Detection Kit (Beyotime Biotechnology, Jiangsu, China) as 
per-manufacturer instruction. The tumor cells were seeded 
into 6-well plates at a density of 1.0×105 cells per well and 
cultured for 24 h. Then, the cells were treated with different 
concentrations of CPT-WT-H NPs (2.5, 5.0, 20.0 μM for 
LNCaP-FGC; 20.0, 40.0, 80.0 μM for HepG2) for 72 
h. Afterwards, the cells were harvested with trypsin (without 
EDTA) digestion, washed twice with cold PBS and centri-
fuged at 3000 g for 5 min. Then, the cells were re-suspended 
in 200 μL binding buffer and stained with Annexin V-FIT 
and PI according to the manufacturer’s instructions. Finally, 
the cells were immediately analyzed with flow cytometry 
(FACSCalibur, BD Biosciences, USA).

In vivo Near-Infrared Fluorescence 
(NIRF) Imaging
To investigate the bio-distribution of CPT-WT-H NPs, NIR 
fluorescence imaging experiments were carried out and ana-
lyzed using an IVIS Imaging Spectrum System in combina-
tion with IVIS Living Imaging 3.0 software (PerkinElmer, 
USA). DiR, a hydrophobic and lipophilic near-infrared fluor-
escence dye was encapsulated within CPT-WT-H NPs 
(designed as DiR-doped CPT-WT-H NPs). When the tumors 
reached to approximately 100–200 mm3, free DiR or DiR- 
doped CPT-WT-H NPs was intravenously injected via the tail 
vein into the MCF-7 tumor-bearing mice at an equivalent 
concentration of DiR (0.25 mg·mL−1, 100 μL). After the 
injection, the real-time bio-distribution and tumor accumula-
tion of CPT-WT-H NPs in MCF-7 tumor-bearing mice were 
imaged by IVIS imaging system under certain parameters 
(λex = 740 nm, λem = 783 nm) at 0.5, 2.0, 4.0, 6.0, 8.0, 24.0, 
32.0, and 48.0 h post-intravenous injection. The mice were 
euthanized after 48.0 h post-intravenous injection. The major 
organs (heart, liver, spleen, lung, kidney, and intestine) and 
tumor were harvested, and subjected for ex vivo fluorescence 
imaging. Their fluorescence intensities were analyzed by 
Living Image Software.

In vivo Antitumor Effect and Safety 
Studies
The antitumor efficacy of CPT-WT-H NPs was evaluated 
in MCF tumor-bearing BALB/c nude mice. The irinotecan 
group served as a positive control and the PBS group as 
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the blank control. MCF tumor-bearing BALB/c nude mice 
were prepared by subcutaneously injecting 1×106 cells 
into the alar region. When the tumors reached to 100– 
200 mm3, the mice were randomly divided into five groups 
(n = 6/group). The tumor-bearing mice were intravenously 
injected via tail vein with PBS, irinotecan at 
a concentration of 10 mg·kg−1 and CPT-WT-H NPs at 
a dose of 10 mg·kg−1, 30 mg·kg−1 and 60 mg·kg−1 on 
days 0, 2, 4, 6, 8, 10, 12 and 14. The length and width of 
the tumor and the body weight of mice were measured 
every 2 days for 16 days. The tumor volume (V) was 
calculated as V =1/2 × length (mm) × width (mm)2. On 
the 16th day, the mice were euthanized, tumors were 
separated, weighted and photographed. Then, 0.5 mL of 
blood was collected from mice to investigate the blood 
biochemical analyses. Blood tests including alanine trans-
aminase (ALT), aspartate transaminase (AST), blood urea 
nitrogen (BUN) and creatinine (CRE) were performed.

In addition, the main organs (liver, lungs, kidney, 
spleen and heart) were excised, washed with 0.9% NaCl, 
and fixed in the 10% neutral buffered formalin. For the 
hematoxylin and eosin (H&E) staining, the formalin-fixed 
tumors and main organs were embedded in paraffin, sec-
tioned at 5 mm, stained with H&E, and examined by 
optical microscope (Axio Imager 2, ZESISS, Germany).

Statistical Analysis
Each experimental value is expressed as the mean ± SD. 
One-way analysis of variance (ANOVA) was performed to 
determine the significance between groups; p < 0.05 was 
considered as statistically significant and indicated by 
a single asterisk (*). p < 0.001 is considered as highly 
significant and indicated by three asterisks (***).

Results and Discussion
Synthesis of CPT-WT-H Conjugate
The amphiphilic CPT-WT-H conjugate was designed and 
s y n t h e s i z e d  a s  s h o w n  i n  S c h e m e s  S 1  a n d  2  
(Supplementary Materials). Firstly, WT-H (Asp- 
Glu*Glu*Glu*Glu) (“*” means the γ-glutamyl linkage; “-” 
means the α-glutamyl linkage), the penta-peptide employed 
as the hydrophilic part and tumor-targeting group, was pre-
pared by liquid-phase peptide synthesis (LPPS) (Scheme 
S1). The successful synthesis of WT-H was confirmed by 
1H NMR, 13C NMR and HRMS (Figures S1–S3, Supporting 
Materials). For the synthesis of PSMA-activated prodrug 
CPT-WT-H, the intermediates CPT-A-L12 and CPT-B-L12 

were synthesized as shown in Scheme S2 according to our 
previous report.50 Then, reaction of CPT-B-L12 with WT-H 
in the presence of EDCI, N, N-Diisopropylethylamine 
(DIPEA), and 1-hydroxybenzotriazole (HOBt) in DCM 
afforded the corresponding intermediate CPT-WT-H-L12, 
which was further treated with TFA to remove the protective 
groups, yielding the final prodrug CPT-WT-H (Scheme S2). 
The structure of CPT-WT-H was confirmed by 1H NMR and 
13C NMR, HRMS and UV absorbance (Figures S4–S7, 
Supplementary Materials). As shown in Figure S7A, the 
proton signals at ~ 6.53 ppm related to the hydroxyl of 
CPT disappeared in CPT-WT-H conjugate, demonstrating 
the successful formation of ester linkage. Furthermore, the 
appearance of signals at ~ 8.11 and 1.7–2.3 ppm belonging 
to imide protons and the methylene of penta-peptide, respec-
tively, demonstrated the penta-peptide was successfully 
linked to CPT. High resolution mass spectrometry (HRMS) 
and analytical HPLC further verified the synthesis and purity 
of CPT-WT-H (Figure S7B and C). The determined mole-
cular weight of CPT-WT-H conjugate (m/z, [M + H]+) was 
1177.4950, which was consistent with the theoretical value 
(m/z, [M + H]+, 1177.4941). HPLC analysis indicated that 
the purity of CPT-WT-H was more than 96% (Figure S7C). 
The result of UV-vis absorption spectra also showed that 
CPT-WT-H exhibited the characteristic absorption peaks of 
CPT (~ 380 nm) in dimethyl sulfoxide (Figure S7D). 
Compared to the absorption peak of CPT, a 5 nm blue 
shift of the absorption peak from 382 nm to 378 nm was 
observed from the absorption of CPT-WT-H conjugate. 
Worth noting, the PSMA-activated prodrug CPT-WT-H con-
tained as high as > 29.0% CPT. These experimental results 
further demonstrated the successful synthesis of CPT-WT-H 
conjugate.

Preparation and Characterization of 
CPT-WT-H NPs
Inherent amphiphilicity of CPT-WT-H molecule made it 
easy to self-assemble into nanoparticles spontaneously in 
aqueous solution such as PBS. When diluted into PBS, CPT- 
WT-H exhibited obvious Tyndall effect (Figure 1A), indicat-
ing the successful formation of abundant nanoparticles. To 
further confirm the formation of CPT-WT-H NPs from CPT- 
WT-H conjugate, the dynamic light scattering (DLS), trans-
mission electron microscopy (TEM) was performed to deter-
mine and visualize the size and morphology of CPT-WT-H 
NPs. TEM suggested that CPT-WT-H NPs formed uniform 
spherical shapes in PBS (pH 7.4) with a mean diameter of 
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around 100.0 nm (Figure 1A), which was in accordance with 
the result of DLS analysis. The DLS analysis revealed that 
CPT-WT-H NPs had average hydrodynamic diameter of 
100.4 nm (PDI 0.247) (Figure 1B) and zeta potential of 
−22.3 ± 0.7 mV. The formation of stable nanoparticles also 
significantly enhanced the aqueous solubility of the prodrug 
CPT-WT-H (76 mg·mL−1 in PBS, pH = 7.4), which was 
much higher than CPT (0.003 mg·mL−1 in PBS, pH = 7.4).

In vitro Colloidal Stability
The colloid stability of nanoscale drug delivery system 
appeared to be one of the most important factors for their 
biomedical application.51,52 Previous studies have demon-
strated that CPT lactone ring was hydrolyzed quickly in 
PBS, with a half-life of 24 min, and only 17% of CPT lactone 
form remained at equilibrium.53,54 It was reported that struc-
tural modifications at the 20-OH of CPT could enhance the 
stability of the lactone ring.50 In addition, the formation of 
stable nanoparticles not only enhanced the aqueous dispersity 
of CPT but also the stability of the lactone ring.55 The 
stability of CPT-WT-H NPs was estimated by DLS and 
HPLC analysis in this study. The DLS measurements 
revealed that the hydrodynamic diameter, PDI, and zeta 
potential of CPT-WT-H NPs showed almost no change in 
PBS buffer within 120 h, indicating high stability of CPT-WT 
-H NPs (Figure 1C). Furthermore, the HPLC analysis showed 

that no free CPT and degradation products were observed 
after incubating CPT-WT-H NPs in PBS buffer (pH 7.4) at 
37°C for 24 h, further confirming their high stability (Figure 
S8, Supporting Information). All these results demonstrated 
that CPT-WT-H NPs showed excellent stability in aqueous 
environment without precipitation and phase separation, 
which were suitable for tumor-targeting delivery.

Characterization of in vitro PSMA and 
Esterase Response of CPT-WT-H NPs
One ideal prodrug should be inactive until activated by 
PSMA and be readily hydrolyzed by PSMA.29 The PSMA 
response of the CPT-WT-H NPs was evaluated by LC-MS 
in vitro. As shown in Figure 1D and E and Figure S9, after 
incubation with rh-PSMA for 2 h, CPT-WT-H (CPT12A- 
βAsp-GluγGluγGluγGlu) was sequentially hydrolyzed by 
rh-PSMA, the peak of the CPT-WT-H NPs was disap-
peared, the chromatographic peak of specific hydrolysate 
CPT12A-βAsp-GluγGluγGlu (peak 1), CPT12A-βAsp- 
GluγGlu (peak 2), CPT12A-βAsp-Glu (peak 3) generated. 
With the extension of incubation time, peak 1 and peak 2 
disappeared gradually, while peak 4 (CPT12A-βAsp) gra-
dually increased. This sequence hydrolysis process of 
CPT-WT-H was consistent with the PSMA activated pro-
drug G202.29 Above results that showed the prodrug CPT- 
WT-H exhibited excellent in vitro PSMA response.

Figure 1 Characterization of CPT-WT-H NPs. (A) A TEM image of CPT-WT-H NPs dispersed in PBS (pH 7.4); inserts are the photographs of CPT-WT-H NPs in PBS in 
bright field (left) and under UV light at 365 nm with a red laser passing through (right). (B) DLS histograms of CPT-WT-H NPs in PBS. (C) Change of hydrodynamic diameter 
(Dh) of CPT-WT-H NPs in PBS for 120 h. (D) Schematic of sequential PSMA hydrolysis of CPT-WT-H (CPT12A-βAsp-GluγGluγGluγGlu) to yield the PSMA hydrolysate 
CPT12A-βAsp. (E) Characterization of in vitro PSMA response of CPT-WT-H NPs by LC-MS.
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To verify our proposed strategy of PSMA and esterase 
dual responsive, the CPT-WT-H NPs were incubated with 
thermomyces lanuginosus lipase (Sigma-Aldrich, USA), 
a type of esterase, in PBS at 37 °C. At predetermined 
time points (1, 2 and 4h), aliquot samples were collected 
and subjected to HPLC analysis. As shown in Figure S10, 
CPT-WT-H NPs could be hydrolyzed by thermomyces 
lanuginosus lipase easily in the beginning 1h. After 2 
h and 4h incubation, CPT-WT-H NPs were almost com-
pletely hydrolyzed, which in principle validated our dual 
enzymatic strategy.

In vitro Cytotoxicity
The selective cytotoxic activities of CPT-WT-H NPs was 
investigated in PSMA-expressing (PSMA+) cancer cells 
LNCaP-FGC and non-PSMA-expressing (PSMA−) cancer 
cells (HepG2, MCF-7, HeLa, DU145, and PC-3) and the 
normal cell LO2 by MTT assay.56–60 The CPT was used as 
positive control. As presented in Figure 2A–F, the CPT- 
WT-H NPs exhibited moderate to potent cytotoxicity 
against all the tested tumor cell lines. But the cytotoxicity 
was much lower than that of the parent compound CPT at 
the same concentration. Meanwhile, CPT-WT-H NPs 
exhibited significantly higher cytotoxicity against the 
PSMA-expressing cell line LNCaP-FGC than the non- 
PSMA-expressing cell lines HepG2, HeLa, MCF-7, 
DU145, and PC-3, which could be attributed to the high 
expression of PSMA on the membrane of LNCaP-FGC 
cells. The cytotoxicity of CPT-WT-H NPs (IC50 = 1.12 ± 
0.62 μM) against LNCaP-FGC (PSMA+) was 35-fold, 13- 
fold, 7-fold, 6-fold, and 10-fold, respectively, higher than 
that of the non-PSMA-expressing cells HepG2 (IC50 = 
36.02 ± 4.46 µM), HeLa (IC50 = 13.47 ± 2.00 µM), 
MCF-7 (IC50 = 7.23 ± 1.23 µM), DU145 (IC50 = 6.87 ± 
1.31 µM), and PC-3 (IC50 = 11.84 ± 2.14 µM) cells 
(Figure 2H). Moreover, CPT-WT-H NPs showed low toxi-
city to human normal liver cell LO2 (IC50 > 40.00 µM) 
(Figure 2G). Interestingly, among the non-PSMA- 
expressing cells, the CPT-WT-H NPs, showed much 
higher cytotoxicity against MCF-7, DU145, and PC-3 
cell lines than other cell lines (HeLa and HepG2). Those 
significant difference cytotoxicity of CPT-WT-H NPs 
against the PSMA-expressing and non-PSMA-expressing 
cancer cells demonstrated that CPT-WT-H NPs could 
effectively target tumor cells overexpressing PSMA recep-
tors, thereby confirming the successful construction of the 
targeted drug delivery system.

In vitro Cellular Uptake
In addition to solubilization, the penta-peptide serves to 
mask the cytotoxicity by preventing nonspecific uptake of 
drug into cells due to the presence of negatively charged 
amino acids. The cellular uptake behavior of CPT-WT-H 
NPs was investigated by confocal laser scanning micro-
scope (CLSM) in the LNCAP-FGC (PSMA+) and HepG2 
(PSMA−) cell lines. Propidium iodide (PI) was used to 
label the nuclei (red) and the fluorescence of CPT was 
pseudo-colored with blue. The cells were cultured with 
CPT-WT-H NPs for 1 and 4 h before observation. As 
shown in Figure 3A, the blue fluorescence generated 
from CPT was clearly observed inside LNCAP-FGC 
(PSMA+) cells and localized in the cytoplasm and nuclei 
after 1 h incubation, indicating that the active compound 
could enter the cancer cells successfully. In addition, the 
blue fluorescence intensity in LNCAP-FGC (PSMA+) 
increased with the prolonging incubation time (4 h), show-
ing a time-dependent manner (Figure 3A). There was 
almost no blue fluorescence from CPT was detected in 
HepG2 (PSMA−) cells when treated with CPT-WT-H 
NPs for 1 h (Figure 3B). Although the fluorescence from 
CPT in HepG2 (PSMA−) cells increased with the prolong-
ing incubation time (4 h) (Figure 3B), which was highly 
lower than that of LNCAP-FGC (PSMA+), demonstrating 
the poor uptake of CPT-WT-H NPs. It was mainly due to 
the hydrophilic and negative charge of the penta-peptide 
WT-H, which hampered the cellular uptake of CPT-WT-H 
NPs. Moreover, the mean fluorescence intensities of CPT 
at the above time points in each cell line were calculated 
using ImageJ software.61 As shown in Figure 3C, the blue 
fluorescence intensity detected in the LNCAP-FGC 
(PSMA+) cells was much higher than that of the HepG2 
(PSMA−) cells (p < 0.001), demonstrating excellent 
PSMAresponse of CPT-WT-H NPs.

In vitro Apoptosis
To further demonstrate the selective cytotoxicity of CPT-WT 
-H NPs against LNCaP-FGC (PSMA+) and HepG2 
(PSMA−), the Annexin V-FITC/PI apoptosis detection was 
performed. The apoptotic effect was determined by counting 
the apoptosis ratios (including the early and late apoptosis 
ratios). It was observed that the LNCaP-FGC (PSMA+) cell 
demonstrated a remarkable response to the apoptotic effect 
of CPT-WT-H NPs in a dose-dependent manner. The per-
centage of apoptotic LNCaP-FGC cells was evaluated to be 
64.10%, 75.20%, and 99.00% after treatment with 2.50, 
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Figure 2 In vitro cytotoxicity of CPT-WT-H NPs and CPT against PSMA-expressing (PSMA+) cancer cell LNCaP-FGC (A) and non-PSMA-expressing (PSMA−) cancer cells 
HepG2 (B), MCF-7 (C), HeLa (D), DU145 (E), PC-3 (F) and normal liver cells LO2 (G), the IC50 values of CPT and CPT-WT-H NPs on different cell lines (H). ***p < 0.001, 
vs LNCaP-FGC cells.
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Figure 3 Cellular uptake of CPT-WT-H NPs in vitro. (A) CLSM images of LNCaP-FGC (PSMA+) cells incubated with CPT-WT-H NPs (10 μM) for 1 and 4 h. (B) CLSM 
images of HepG2 (PSMA−) cells incubated with CPT-WT-H NPs (10 μM) for 1 and 4 h. Nuclei were stained by PI (red), the blue color was indicative of CPT. (C) Mean 
fluorescence intensity of CPT-WT-H NPs internalized by LNCaP-FGC and HepG2 cells after incubation for 1, and 4 h. ***p < 0.001. (D) Flow cytometry analysis for 
apoptosis of LNCaP-FGC (PSMA+) (1) and HepG2 (PSMA−) (2) cells induced by CPT-WT-H NPs for 72 h. Q1, necrotic cells; Q2, late apoptotic cells; Q3, living cells; Q4, 
early apoptotic cells. Inserted numbers in the profiles indicate the percentage of the cells present in this area.
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5.00, and 20.00 μM of CPT-WT-H NPs, respectively 
(Figure 3D1). On the contrary, the drug-induced apoptosis 
for HepG2 (PSMA−) cell demonstrated a totally different 
trend. The percentage of apoptotic HepG2 (PSMA−) cell 
was evaluated to be 33.4%, 51.90%, and 51.90% after treat-
ment with 20.00 μM, 40.00 μM and 80.00 μM of CPT-WT 
-H NPs, respectively (Figure 3D2). Thus, consistent with the 
in vitro cytotoxicity, the results demonstrated CPT-WT-H 
NPs showed PSMA-oriented targeting activity.

In vivo NIRF Imaging
Encouraged by the excellent selective toxicity and high 
cellular uptake to PSMA-producing prostate cancer cells, 
the in vivo tumor-targeting ability of CPT-WT-H NPs was 
next evaluated in MCF-7 human breast cancer xenograft 
(PSMA-producing).29 The lipophilic near-infrared fluores-
cence dye DiR was incorporated into CPT-WT-H NPs for 
in vivo NIRF imaging.2,5,61 After the injection of free DiR 
and DiR-doped CPT-WT-H NPs intravenously, the real-time 
bio-distribution and accumulation of CPT-WT-H NPs in 
MCF-7 tumor-bearing mice were monitored by IVIS ima-
ging system. As shown in Figure 4A, in animals injected 
with free DiR into mice, the fluorescence signals mainly 
distributed within liver and no fluorescent signals could be 
observed in the tumor tissues. After injection of DiR-doped 
CPT-WT-H NPs, a strong fluorescence signal was observed 
in the whole body at 0.5 h, suggesting the rapid circulation of 

the DiR-doped CPT-WT-H NPs in the bloodstream. As time 
elapsed, the fluorescence signal was obviously accumulated 
at the tumor sites at 2 h post-injection. The average fluores-
cence signals in tumor tissue continued to increase gradually, 
reaching a maximum value at 24 h after post-injection 
(Figure 4A and B). The result indicated that the CPT-WT 
-H NPs could reduce the rapid capture by the reticuloen-
dothelial system (RES) and accumulate in the tumor by the 
EPR effect and PSMA-mediated active targeting.

To provide further evidence of the tumor targeting of 
the CPT-WT-H NPs, the tumor and major organs (heart, 
liver, spleen, lung, and kidney, respectively) were excised 
for ex vivo NIRF imaging after 48 h post-injection. As 
shown in Figure 4C and D, the brightest fluorescence was 
found in both the tumor and the liver in DiR-doped CPT- 
WT-H NPs group, which was significantly higher than the 
other organs. It should be noted that the relatively strong 
fluorescence of the important metabolic organs liver and 
spleen should be due to the macrophage clearance of CPT- 
WT-H NPs from the blood, which was a universal phe-
nomenon for nano medicine. As confirmed by these data, 
the CPT-WT-H NPs could efficiently deliver CPT-WT-H 
NPs to the tumor site, which was likely attributed to both 
the EPR effect and PSMA-mediated active tumor targeting 
mechanisms. The result would contribute to improving the 
therapeutic efficiency as well as reducing the side effects.

Figure 4 In vivo NIRF imaging of DiR-doped CPT-WT-H NPs. (A) In vivo NIRF images of the MCF-7 tumor-bearing nude mice (PSMA-producing) after intravenous injection 
of free DiR (0.25 mg·mL−1, 100 µL) or DiR-doped CPT-WT-H NPs (0.25 mg·mL−1, 100 µL). (B) Integrated fluorescence intensity of tumor obtained after intravenous 
injection of DiR-doped CPT-WT-H NPs (0.25 mg·mL−1, 100 µL). (C) Ex vivo NIRF images and (D) Integrated fluorescence intensity of the major organs and tumors excised 
at 48 h post intravenous injection of DiR-doped CPT-WT-H NPs, ***p < 0.001, vs tumor. (E) In vivo pharmacokinetics profiles of CPT-WT-H NPs s at the equivalent dose 
(30 mg·kg−1) in BALB/c mice. Error bars indicate SD (n = 6).
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In vivo Blood Circulation
Previous studies showed that NPs with a suitable size 
(smaller than 200 nm) had a longer retention time in the 
bloodstream than free small molecular drugs.2,62,63 In this 
study, the pharmacokinetic studies were performed in 
BALB/c mice (~20 g) after intravenous injection of CPT- 

WT-H NPs (30 mg·kg−1). It is worth noting that CPT-WT 
-H NPs with negatively charged surface showed 
a significantly extended blood circulation half-life (t1/2 = 
10.9 ± 1.86 h) (Figure 4E and Table S1) without the help 
of any drug carriers than free CPT (t1/2 = 0.165 ± 0.134 
h).64 Thus, the significantly improved retention in 

Figure 5 CPT-WT-H NPs significantly inhibited tumor progression and dramatically reduced side effects in an MCF-7 human breast cancer model. (A) The growth curves of 
MCF-7 tumor after treatment, which was initiated on day 13 post tumor inoculation, and drugs were intravenously injected every 2 days for 8 times (n = 6/group). (B) 
Changes of body weight in each group. (C) The tumor pictures in each group. (D) Excised tumor weight in each group. (E) Excised tumor volume in each group. *p < 0.05; 
***p < 0.001. (F) Histological analysis of tumor sections stained with H&E.
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Figure 6 Representative H&E-stained histological images obtained from liver (A) and kidneys (B) after intravenous administration of irinotecan (10 mg·kg−1) and CPT-WT-H 
NPs (10, 30, 60 mg·kg−1). The PBS-treated group and the untreated group were used as the control. (I: PBS, II: CPT-WT-H NPs (10mg·kg−1), III: CPT-WT-H NPs (30mg·kg−1), 
IV: CPT-WT-H NPs (60mg·kg−1), V: Irinotecan (10 mg·kg−1), VI: Normal group). (C) Blood biochemical analysis of after the antitumor efficacy evaluation. The PBS-treated 
group and the untreated group were used as the control. The main parameters of hepatic and renal function are alanine transaminase (ALT), aspartate transaminase (AST), 
blood urea nitrogen (BUN), and creatinine (CRE). Error bars indicate SD (n = 6). *p < 0.05; ***p < 0.001.
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bloodstream would provide the possibility of enhanced 
accumulation of CPT-WT-H NPs at the tumor site.

Potent Antitumor Efficacy and Reduced 
Side Effects of CPT-WT-H NPs
The in vivo antitumor efficacy of CPT-WT-H NPs was 
estimated in MCF-7 tumor xenograft models (PSMA- 
producing).29 When the tumors reached an average 
volume of 100–200 mm3, PBS, Irinotecan, and CPT-WT 
-H NPs were intravenously injected via the tail vein on 
days 0, 2, 4, 6, 8, 10, 12 and 14. Tumor size and body 
weight of MCF-7 tumor-bearing nude mice were moni-
tored every 2 days for 16 days. As shown in Figure 5A, the 
tumor volume of mice receiving PBS as control rapidly 
increased at 3 weeks, while the growth of tumor was 
significantly suppressed by the treatment of CPT-WT-H 
NPs and IR. CPT-WT-H NPs and IR displayed potent 
antitumor effects and dramatically delayed tumor progres-
sion. On day 16, the tumor volumes in CPT-WT-H NPs- 
treated mice were remarkably smaller compared with 
those mice treated with PBS. By comparison, the antitu-
mor efficacy of 30 mg·kg−1 CPT-WT-H NPs was similar to 
that of IR (10 mg·kg−1). Importantly, the body weights of 
mice receiving IR (10 mg·kg−1) treatments reduced obser-
vably compared to that of PBS (p < 0.05). However, mice 
treated with 30 mg·kg−1 CPT-WT-H NPs did not show any 
weight loss during the course of treatment (Figure 5B); 
Moreover, the antitumor efficacy of 60 mg·kg−1 CPT-WT 
-H NPs was comparable with IR.

At the end of the experiments, the MCF-7 tumor- 
bearing nude mice were sacrificed, and tumors were dis-
sected. The mice treated with CPT-WT-H NPs and IR had 
much smaller tumor size and tumor weight than that of the 
PBS group (Figure 5C–E). In addition, the inhibition rate 
of tumor growth of 30 mg·kg−1 CPT-WT-H NPs group 
was similar to the IR group, the tumor control rate of 
60 mg·kg−1 CPT-WT-H NPs group was higher than the 
IR group. These results clearly demonstrated that CPT-WT 
-H NPs elicited potent therapeutic efficacy and reduced 
side effects.

Histological Analyses
Histological analyses of hematoxylin and eosin (H&E) 
staining of the tumor and major organs (heart, liver, 
spleen, lung, and kidney, respectively) were used to eval-
uate the antitumor effect and the toxicity of the CPT-WT-H 
NPs and IR. Histological examination of hematoxylin and 

eosin–stained tissue section (Figure 5F) indicated that the 
tumors treated with CPT-WT-H NPs and IR showed much 
irregularly shaped necrotic area with cellular shrinkage, 
nuclear fragmentation, and nucleus dissolution. These 
results demonstrated the potent in vivo therapeutic efficacy 
of CPT-WT-H NPs, showing great potential for cancer 
chemotherapy. Furthermore, the H&E staining of the 
main organs (heart, liver, spleen, lung, kidney) demon-
strated that no significant organ damage was observed 
for the CPT-WT-H NPs-treated mice (Figures 6A and B, 
and S11). Notably, no significant organ damage was 
observed in the mice even treated with 60 mg·kg−1 of 
CPT-WT-H NPs. However, the mice treated with the posi-
tive drug IR (10 mg·kg−1) showed obvious interstitial 
inflammatory cell infiltration (Figure 6B), which was the 
characteristic pathologic changes of acute kidney 
injury.65,66 The H&E staining results further confirmed 
the superior in vivo antitumor efficacy of CPT-WT-H 
NPs without obvious systemic toxicity.

In vivo Safety Studies
In order to evaluate the hepatic and renal toxicity, the 
blood biochemical analyses were performed. The BALB/ 
c nude mice of in vivo antitumor efficacy study were used 
to conduct the hematological and blood biochemical ana-
lyses before they were put to execution. As shown in 
Figure 6C, the measured factors including alanine transa-
minase (ALT), blood urea nitrogen (BUN), and creatinine 
(CRE) levels of CPT-WT-H NPs groups showed no statis-
tically significant (p > 0.05) difference from those in PBS 
and the normal group. The aspartate transaminase (AST) 
levels of the model group and all the drug treatment group 
showed statistically significant (p < 0.001) difference from 
those in the normal group. However, the level of the blood 
urea nitrogen (BUN) and creatinine (CRE) in the irinote-
can group increased obviously compared with the normal 
group (p < 0.05, p < 0.001 respectively). The results 
indicated that the CPT-WT-H NPs induced no obvious 
hepatic and renal dysfunction.

Conclusions
In this study, a novel kind of PSMA and esterase dual 
responsive actively targeted drug delivery system (CPT- 
WT-H NPs) has been successfully constructed for efficient 
delivery of CPT from a PSMA-activated CPT prodrug. The 
prodrug could be facilely synthesized and self-assemble into 
well-defined nanoparticles in an aqueous solution with 
defined chemical structures, high drug loading content and 
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negatively charged surface, thus notably improving the solu-
bility, stability and blood circulation time of CPT. Our data 
demonstrated that CPT-WT-H NPs exhibited high selective 
toxicity towards the PSMA-expressing, non-PSMA- 
expressing cancer cells and normal liver cells, high tumor 
accumulation via both EPR effect-mediated passive target-
ing and PSMA-mediated active targeting. More importantly, 
CPT-WT-H NPs exhibited excellent in vivo antitumor activ-
ity with low systemic toxicity compared to the positive drug 
IR. In summary, we demonstrated for the first time that this 
PSMA-triggered nanomedicine strategy could be 
a promising strategy for efficient delivery of CPT.
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