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Abstract: We synthesized a pH-responsive conjugate of 10-hydroxycamptothecin- 

thiosemicarbazide-linear polyethylene glycol 2000 (PEG2000). The conjugate was confirmed 

by matrix-assisted laser desorption time of flight mass spectrometry, 1H NMR, and 13C NMR. 

The water solubility of the prodrug was increased by over 3,000 times; much longer body cir-

culation time, higher tumor-targeting ability, and reduced toxicity were observed, compared 

with commercial 10-HCPT injection. The linker contains a pH-sensitive hydrazone bond, which 

breaks under low pH conditions in the tumor microenvironment. The conjugates showed good 

stability in phosphate-buffered saline (pH 7.4) and rat plasma. This amphiphilic conjugate could 

self-assemble into nanosized micelles of 80–100 nm. Cytotoxicity assay results indicate signifi-

cantly higher efficacy of the conjugate (IC
50

 [half maximal inhibitory concentration] =0.117 µM 

on SW180 cells) than 10-HCPT solution (IC
50

 =0.241 µM on SW480 cells). Cellular uptake 

analysis suggested its rapid internalization and nuclear transport. Pharmacokinetic analysis 

of the conjugates demonstrated that the conjugate circulated for a longer time in the blood 

circulation system (T
2/1

 =10.516±1.158 h) than did 10-HCPT solution (T
2/1

 =1.859±1.385 h), 

and that it also enhanced the targeting and mean residence time (MRT
0–inf

 =39.873±4.549 h) 

in the tumor site, compared with 10-HCPT (MRT
0–inf

 =9.247±1.026 h). Finally, the conjugate 

demonstrated an increased tumor growth inhibition effect (TIR =82.66%±7.175%) in vivo and 

lower side effects than 10-HCPT (TIR =63.85%±5.233%). This prodrug holds great promise 

in improving therapeutic efficacy and overcoming multidrug resistance.

Keywords: 10-hydroxycamptothecin, conjugate, controlled release, prodrug, pH-responsive, 

hydrazone

Introduction
10-Hydroxycamptothecin (10-HCPT) has a broad spectrum of anticancer activity 

in vitro and in vivo.1 Its mechanism of therapeutic action is based on targeting the 

nuclear enzyme topoisomerase I by stabilizing a cleavable complex to inhibit DNA 

S-phase replication and RNA transcription.2 However, the clinical use of 10-HCPT 

has been hampered by its poor water solubility and chemically unstable lactone ring 

(E-ring).2 Moreover, it is accompanied by severe side effects, such as myelosup-

pression and hematuria, which also limit its clinical application. Combination with 

a macromolecule as a prodrug to achieve better targeting and controlled release is 

one of the most promising strategies. Polymer–drug prodrugs, which are obtained by 

covalent linkage of active drugs to water-soluble macromolecular carriers, have been 

investigated in a number of studies.3–5 These prodrugs lead to the improvement of drug 

water solubility and chemical stability,6 a much longer systemic circulation time or 

sustained release effect,7 passive tumor targeting through an enhanced permeability 

and retention effect,8 promotion of drug uptake into cells via endocytosis,9 decreased 
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toxicity,10 better availability at the tumor site, and antimul-

tidrug resistance.11 Apart from introducing cell-targeting 

biomolecules for specific delivery, stimuli-responsive drug 

systems based on different internal environments in the 

human body can also enable controlled drug delivery and 

targeted therapeutics.12 Owing to rapid proliferation-induced 

glucose consumption and lactic acid accumulation, the pH 

in tumor tissues is frequently 0.5–1.0 units less than that in 

healthy tissues,13 and endosomes and lysosomes show lower 

pH values (4.5–6.5) than do normal extracellular matrices and 

blood (pH =7.4). As an important signal, an acid-sensitive 

chemical bond between drug and polymer can be considered 

an ideal trigger for selectively releasing drugs in tumor tis-

sues or directly within tumor cells. Of all pH-responsive 

bonds, the most important are hydrazone, acetal,14–16 and 

cis-aconityl.17–20 As the preferred pH-responsive chemical 

bond, hydrazone has been extensively studied, owing to its 

acute response in drug delivery behavior.

We designed a pH-responsive conjugate with a hydrazone 

bond as a linker to provide triggered release of 10-HCPT after 

cellular internalization in acidic endosomes and lysosomes 

(Figure 1). The blue part is the lactone functionality in the 

E-ring, which is not only essential for anticancer activity but 

also confers a degree of instability in aqueous solutions.21 

Therefore, we did not choose this site to avoid the destruc-

tion of lactone functionality. The yellow part is an ester 

bond, which is stable under physiological pH conditions and 

degrades under high pH conditions. The red part is a hydra-

zone bond, which degrades under low pH conditions.6 The 

green part is a 2,000 Da MPEG (methoxy polyethylene gly-

col) group, which is highly hydrophilic and which can greatly 

improve the water solubility of 10-HCPT by .3,000 times.22 

Owing to its high molecular weight, the conjugate circulates 

in the body for much longer than free 10-HCPT.23 After enter-

ing cells through endocytosis, the hydrazone bond degrades 

and the drug is released to enter the cell nucleus.

Multidrug resistance is the major obstacle that troubles 

almost all of drug delivery systems.24,25 According to the 

literature, macromolecules can bypass the P-glycoprotein 

efflux system and promote intracellular accumulation of 

drugs.26,27 Unlike small molecule drugs, which diffuse 

passively across the plasma membrane, polymer–drug 

conjugates are liberated from within the lysosomal com-

partment and subsequently eliminated from the cytoplasm. 

Consequently, the interaction and recognition effects of the 

P-glycoprotein efflux pump toward such macromolecules 

are minimized.28–30 Furthermore, the pH responsivity of con-

jugates tends to trigger effective drug release in acid tumor 

cells and concentrates the intracellular drug to a sufficiently 

high level,31,32 see Figure 2. The final conjugate was synthe-

sized in four steps (Figure 3). In vitro release, cytotoxicity, 

and endocytosis of the conjugate were monitored. Finally, 

in vivo pharmacokinetics, biodistribution, and antitumor 

efficacy were evaluated.

Materials and methods
Materials
10-HCPT, EDCI (1-ethyl-3-(3-dimethylaminopropyl)- 

carbodiimide), and MTT (methylthiazolyldiphenyl-

tetrazolium bromide) were obtained from Sigma Chemical 

Co. (St Louis, MO, USA). 5-carbonyl caproic acid and 

dichloromethane were obtained from Shanghai Topbiochem 

Ltd. (Shanghai, People’s Republic of China). Anhydrous  

N,N-dimethylformamide (DMF), thiosemicarbazide, and 

sulfoxide chloride were obtained from Aladdin Industrial 

Corporation (Shanghai, People’s Republic of China). 

MeO-PEG2000–COOH (molecular weight ~2,000 Da) was 

obtained from Xi’an Ruixi Biological Technology Co. Ltd. 

(Xi’an, People’s Republic of China). Sephadex LH-20 was 

obtained from Shanghai Yuanye Bio-Technology Co. Ltd. 

(Shanghai, People’s Republic of China). All other chemi-

cals were of analytical grade and were used without further 

purification.

cells and animals
Cell lines MCF-7, HepG2, and SW480 were obtained from 

ATCC and cultured in Roswell Park Memorial Institute 

1640 or L-15, supplemented with 10% inactivated fetal 

bovine serum in a humidified atmosphere (5% CO
2
) at 37°C. 

BALB/c mice (4–5 weeks old, female) were purchased 

Figure 1 Design of the conjugate.
Abbreviations: 10-hcPT, 10-hydroxycamptothecin; MPeg, methoxy polyethylene glycol.
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from Aiermaite Inc. (Suzhou, People’s Republic of China). 

Tumor-bearing mice were housed under a 12 h light/12 h dark 

cycle and were given free access to water and food.

synthesis of cPT-5-carbonyl caproic acid 
ester (compound B)
A solution of compound A (1.00 g, 2.7 mmol) and 5-carbonyl 

caproic acid (1.07 g, 8.1 mmol) in pyridine (10 mL) was 

added to EDCI (2.06 g, 10.8 mmol) at 25°C, and stirred 

for 3 h. Thin layer chromatography was used to detect 

the reaction progress. The mixture was added to dichlo-

romethane (50 mL) and H
2
O (50 mL) and stirred for 30 min; 

the organic layer was separated, dried, and concentrated to 

obtain a residue, which was purified by silica gel column 

(dichloromethane: MeOH =10:1) to produce compound B 

(1.25 g, 96%) as a yellow solid.

synthesis of cPT-5-carbonyl caproic 
acid-thiosemicarbazide hydrazone 
(compound c)
Compound B (377 mg, 2.1 mmol) was dissolved in 100 mL 

of anhydrous dichloromethane at room temperature.33 

Thiosemicarbazide was dissolved in 50 mL of anhydrous 

methanol at room temperature. The two solutions were mixed 

together and stirred for 24 h at 50°C. Subsequently, the 

mixture was allowed to come to room temperature. A white 

precipitate was produced, which was filtered and washed with 

100 mL dichloromethane and 100 mL methanol, in turn. The 

solvent was evaporated under reduced pressure.34

synthesis of MeO-Peg2000–cOOcl 
(compound e)
Linear MeO-PEG2000–COOH was dissolved in 2 mL 

anhydrous DMF at room temperature; to it was added 100 mL 

of anhydrous dichloromethane at room temperature and then 

5 mL sulfoxide chloride. The reaction was stirred for 5 h at 

50°C under N
2
. The solvent and excess sulfoxide chloride 

were removed under reduced pressure. Compound E was 

kept at 4°C under N
2
.

synthesis of 10-hcPT-thiosemicarbazide-
Peg2000-MeO conjugate (compound F)
Compound E (205 mg, 0.1 mmol) was dissolved in 50 mL 

anhydrous DMF and to it were added compound C (55 mg, 

0.1 mmol) drop by drop at 0°C under N
2
.35 K

2
CO

3
 was added 

to the reaction to maintain a basic pH. After stirring for  

3 h in an ice-bath, the solvent was evaporated under reduced 

pressure to concentrate the mixture. The product was purified 

using size-exclusion chromatography (LH-20 Sephadex).  

A Sephadex LH-20 column (3.0×20 cm) was packed 

using the gravity method. The product was applied to the 

column as a DMF solution at room temperature. Elution 

was performed using dichloromethane and methanol (1:1).  

Each 5 mL of eluent was collected in a tube and inspected 

Figure 2 Overcoming tumor cell multidrug resistance.
Abbreviations: 10-hcPT, 10-hydroxycamptothecin; Peg, polyethylene glycol.
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using thin layer chromatography. The pure fractions of com-

pound F were pooled and the solvent was evaporated under 

reduced pressure. The purified product was washed thrice 

by dichloromethane and methanol (1:1) to remove remain-

ing impurities and then dried under vacuum overnight. The 

conjugate was characterized using proton nuclear magnetic 

resonance (1H NMR; Bruker, 400 MHz), carbon nuclear 

magnetic resonance (13C NMR), and matrix-assisted laser 

desorption time of flight mass spectrometry (MALDI-TOF 

MS). The instrument was operated in the linear positive ion 

mode at 15 mV (sum =850 mV). Data processing used was 

Kratos PC Axima CFR plus V 2.4.1.

Fluorescence properties of compound F
Compound F was dissolved in methanol at a concentration 

of 5 µg/mL and scanned for its fluorescence spectrum from 

300 to 900 nm in a fluorescence spectrophotometer (F-4600, 

Hitachi High-Technologies Corporation, Japan) to get its max-

imum fluorescence excitation and absorption wavelength.

Preparation of coumarin-6 incorporated 
micelles
Twenty milligram of compound F was dissolved in 4 mL 

water. The solution was added with 1.0 mL of coumarin-6 

ethanol solution at the concentration of 60 µg/mL, and then 

was ultrasonicated for 3 min in ice-bath by a probe-type 

ultrasonicator (JY92-2D, Ningbo Scentz Biotechnology Co., 

Ltd., People’s Republic of China). The solution was dialyzed 

against an excess amount of distilled water with a dialysis 

bag (MWCO 2000) overnight, filtering through a 0.22 µm 

pore-sized microporous membrane and the particle size, size 

distribution, and zeta potential of micelles were determined 

by dynamic light scattering. The morphology was observed 

by transmission electron microscopy.

°

°

°

°

Figure 3 synthetic scheme for 10-hcPT-thiosemicarbazide-Peg2k.
Notes: (A) 10-hcPT; (B) 10-ester derivative; (C) 10-hydrazone derivative; (D) Och3-Peg2K-cOOh; (E) Och3-Peg2K-cOcl; (F) ph-responsive prodrug of 10-hcPT.
Abbreviations: 10-hcPT, 10-hydroxycamptothecin; DMF, dimethylformamide; eDcI, 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide; Peg, polyethylene glycol; DcM, 
dichloromethane.
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In vitro drug release from conjugates
Drug release from conjugates in phosphate-
buffered saline (PBs)
The conjugates were dissolved in a series of PBS solutions 

(0.01 mol/L) at pH 3.0, 4.0, 5.0, 6.0, and 7.4, to give a final 

concentration of 0.5 mg/mL. The buffer solutions were incu-

bated at 37°C for 48 h and 0.1 mL portions of each solution 

were withdrawn and centrifuged at 12,000 rpm for 5 min at 0, 

0.5, 1, 2, 4, 6, 8, 12, 24, and 48 h and the supernatants were 

analyzed by high performance liquid chromatography–mass 

spectrum (UPLC/MS) (Agilent Technologies 6460 Triple 

Quad, Palo Alto, CA, USA; ZORBAX Eclipse XDB-C18 

Rapid Resolution HD 2.1×100 mm, 1.8 µm, Agilent). The 

multiple reactions monitoring mode was used to confirm 

the precursor ions and select product ions. Full-scan spec-

tra produced a predominant peak of (MH)+ at M/Z 477.0. 

Collision-induced dissociation of the (MH)+ ion produced a 

major fragment at M/Z 433.1. Therefore, the transition pair 

477.0/433.1 was selected.7

Drug release from conjugates in plasma
Solutions of compound F (5.0 mg/mL) and camptothecin with 

a final concentration of 1.0 µg/mL as an internal standard were 

added to 5 mL human serum to give a final concentration of 

0.5 mg/mL and incubated at 37°C. At intervals of 0.5, 1, 2, 4, 

6, 8, 12, 24, and 48 h, 100 µL samples were withdrawn. After 

precipitating the protein with 300 µL acetonitrile, the mixture 

was vortexed and centrifuged at 12,000 rpm for 5 min; 300 µL 

of the supernatant was evaporated to dryness under N
2
 at 40°C. 

The dry extracts were dissolved in 100 µL of acetonitrile for 

UPLC/MS analysis. The 10-HCPT was then further diluted 

with human serum to make a set of standards ranging from 

0.5 to 1,000 ng/mL and tested quantitatively by the internal 

standard method. Test conditions were the same as described 

in the “Fluorescence properties of compound F” section.

In vitro cytotoxicity
Cell lines were seeded in 96-well plates at a concentration 

of 5,000 cells/well and allowed to attach overnight. Cells 

were then exposed to various concentrations of test com-

pounds in quintuplicate for 48 h under 5% CO
2
 at 37°C. 

Next, MTT was added and the culture was incubated for 

an additional 4 h and the absorbance was measured using 

a SpectraMax M2 microplate reader (Molecular Devices, 

Sunnyvale, CA, USA) at 490 nm. The results were also 

expressed as IC
50

 (the compound concentration required for 

50% growth inhibition of tumor cells).36 All experiments 

were performed three times.

In vitro endocytosis
To analyze the endocytosis effect of the conjugate, MCF-7 

cells were seeded at 8,000 cells per well in 24-well plates. 

After 24 h culture, cells were treated with compound F and 

10-HCPT solution for 1, 2, or 4 h under 5% CO
2
 at 37°C. 

The cells were washed three times with PBS and then fixed 

in cold ethanol for 10 min at room temperature. A laser 

scanning confocal fluorescence microscope (Olympus 

IX81 microscope, Olympus corporation, Japan) was used 

to visualize the cellular uptake and intracellular distribution 

of coumarin-6 incorporated micelles.

In vivo pharmacokinetics and 
biodistribution
All animal research were performed following the protocol 

approved by the ethics committee of Henan Laboratory 

Animal Center and followed the guidelines of the Regulations 

for the administration of affairs concerning experimental 

animals.

Tumor-bearing nude mice were randomly divided into 

two groups (n=6). Mice were administered a single dose 

of 10-HCPT (5 mg/kg) and compound F solution (equal to 

10-HCPT 5 mg/kg) intravenously. After 10, 20, 30 min, 1, 

2, 4, 8, 12, 24, and 48 h of injection, blood samples were 

collected from the orbital vein, then centrifuged to obtain 

plasma samples. The mice were then killed to obtain tissue 

samples. The organs (heart, liver, spleen, lung, kidney, brain, 

and tumor) were removed and washed with physiological 

solution (0.9% NaCl), weighed and stored at −20°C. Plasma 

samples were also stored at −20°C until analysis. For the 

analysis, 150 µL of plasma was mixed with 50 µL of 0.1 

N NaOH for 20 min in a water bath at 37°C, allowing 

hydrolysis of the conjugate. After this, 0.1 N HCl (50 µL) 

was added, followed by 20 µL camptothecin in acetonitrile 

(10 µg/mL) as internal standard and 600 µL acetonitrile. 

After vortexing for 2 min, the mixture was sonicated for 

5 min and centrifuged at 10,000 rpm for 5 min. The clear 

supernatant was dried under nitrogen at 40°C, reconstituted 

by 100 µL acetonitrile and centrifuged at 12,000 rpm for 

10 min before analysis.23,37,38 Tissues were homogenized 

in saline. Samples of 200 µL of tissue homogenate were 

analyzed using the same processing steps as for the plasma 

samples. The concentrations of 10-HCPT from each tissue 

homogenate and plasma were measured using UPLC/MS. 

Pharmacokinetic data were analyzed using Drug and Statis-

tics (DAS) software version 3.0 (Mathematical Pharmacol-

ogy Professional Committee of China, Shanghai, People’s 

Republic of China).
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In vivo antitumor efficacy
In vivo antitumor efficacy of compound F was assessed 

using tumor-bearing nude mouse models. Tumor treatment 

was started when the tumor volume reached ~50–100 mm3. 

Tumor-bearing mice were divided into three groups (n=8) in 

such a way as to minimize weight and tumor size differences 

among the groups: the control group received saline; one 

treatment group received 10-HCPT solution, which is a 

commercial injection (5.0 mg/kg); the other treatment group 

received compound F solution (35.1 mg/kg, equivalent to 

5.0 mg/kg 10-HCPT). The mice received a dose of 5 mg/kg 

once a day through tail vein injection for 14 days. The tumor 

volume was measured every 2 days and calculated as a × b2/2, 

with a the largest and b the smallest diameter. Moreover, the 

toxicity of these regimens was determined by monitoring 

animal behavior and weight loss.

statistical analysis
All statistical tests were performed using Statistical Package 

for Social Science, version 13.0 (SPSS Inc., Chicago, IL, 

USA). A minimal P=0.05 was used as the significance level 

for all tests. One-way analysis of variance and Tukey’s test 

were performed on the uptake data. All data are reported as 

mean ± standard deviation unless otherwise noted.

Results
characterization of compound B
The ester formation was confirmed by 1H NMR (400 MHz), 
13C NMR (100 MHz), and high resolution mass spectrometry 

(ESI, Agilent 6540; Figure 4). The following abbreviations are 

used for spin multiplicity: s = singlet, d = doublet, t = triplet, q = 
quartet, m = multiplet, dd = double doublet, dt = double triplet. 

The 1H NMR spectra and 13C NMR spectra were recorded in 

CDCl
3
-d6. The following signals were obtained:

1H NMR (400 MHz, CDCl
3
) δ 8.31 (s, 1H), 8.22 (d, J =9.2 

Hz, 1H), 7.72–7.61 (m, 2H), 7.53 (dt, J =35.3, 17.7 Hz, 1H), 

5.71 (t, J =17.7 Hz, 1H), 5.30 (d, J =15.5 Hz, 3H), 4.17–3.96 

(m, 1H), 2.68 (dt, J =19.8, 7.1 Hz, 4H), 2.22 (d, J =9.8 Hz, 

3H), 2.08 (dt, J =12.0, 6.1 Hz, 2H), 2.01–1.85 (m, 2H), 1.03 

(t, J =7.4 Hz, 3H).
13C NMR (101 MHz, CDCl

3
) δ 207.82, 173.82, 171.53, 

157.58, 152.40, 150.15, 149.56, 146.81, 146.12, 131.24, 

130.69, 129.14, 128.44, 125.91, 118.85, 118.68, 98.16, 72.78, 

66.30, 50.03, 42.22, 33.37, 31.65, 30.06, 18.70, 7.84.

characterization of compound c
The hydrazone formation was confirmed by 1H NMR (400 

MHz), 13C NMR (100 MHz), and high resolution mass 

spectrometry (ESI, Agilent 6540; Figure 5). 1H NMR spectra 

Figure 4 (Continued)
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Figure 4 1h NMr spectra (A), 13c NMr spectra (B), and mass spectra (C) of compound B.
Abbreviation: NMr, nuclear magnetic resonance.

and 13C NMR spectra were recorded in dimethyl sulfoxide 

(DMSO)-d6. The following signals were obtained:
1H NMR (400 MHz, DMSO) δ 9.99 (s, 1H), 8.67 

(s, 1H), 8.40–7.99 (m, 2H), 7.98–7.23 (m, 4H), 6.54 (s, 1H),  

5.36 (d, J =60.0 Hz, 4H), 2.70 (t, J =6.7 Hz, 2H), 2.32 

(dd, J =55.8, 49.1 Hz, 2H), 1.92 (dt, J =13.7, 7.7 Hz, 7H), 

0.90 (t, J =6.8 Hz, 3H).
13C NMR (101 MHz, DMSO) δ 178.60, 172.41, 171.71, 

156.77, 153.51, 152.48, 149.98, 148.95, 145.85, 145.30, 

131.17, 130.37, 130.30, 128.28, 126.04, 119.19, 119.10, 
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96.70, 72.35, 65.23, 50.18, 37.24, 32.80, 30.31, 20.63, 

16.54, 7.75.

characterization of compound F
The conjugate was confirmed by 1H NMR, 13C NMR, and 

MALDI-TOF MS (Figure 6). The 1H NMR spectra and  

13C NMR spectra were recorded in DMSO-d6. The following 

signals were obtained:
1H NMR (Bruker, 400 MHz) δ 0.89 CH

3
 (t), δ 1.87 CH

2
 

(m), δ 1.95 CH
3
 (s), δ 2.37 CH

2
 (t), δ 2.42 CH

3
 (s), δ 2.70 CH

2
 

(t), δ 3.23 CH
2
 (s), δ 3.43 CH

2
 (t), δ 3.50 (CH

2
CH

2
)45 (s), δ 

3.68 OH (s), δ 4.11 CH
2
 (t), δ 5.30 CH

2
 (s), δ 5.44 CH

2
 (s),  

Figure 5 (Continued)
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Figure 5 1h NMr spectra (A), 13c NMr spectra (B), and mass spectra (C) of compound c.
Abbreviation: NMr, nuclear magnetic resonance.

δ 6.54 CH (s), δ 7.35 CH (s), δ 7.55 NH (s), δ 7.67 CH (dd), 

δ 7.90 CH (d), δ 8.13 NH (s), δ 8.21 CH (d).
13C NMR (Bruker, 100 MHz) 8.2, 17.0, 21.1, 29.1, 29.2, 

30.7, 33.3, 37.7, 58.5, 63.8, 65.7, 68.7, 70.0, 70.2, 71.7, 72.8, 

97.1, 119.6, 119.8, 126.6, 128.8, 130.9, 131.7, 145.8, 149.5, 

150.5, 153.9, 157.3, 172.2, 172.9, 173.8, 174.0.

A comparison of MALDI spectra of unreacted poly-

ethylene glycol (PEG) (MW 2,026) with those of the final 

bio conjugate revealed a shift of 531 Da in the single 

mass peaks, indicating that the polymer conjugate car-

ried exact molecule. Additionally, no sub-distribution of 

unreacted PEG was observed in the mass spectra of the 

Figure 6 (Continued)
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camptothecin bioconjugate confirming that the conjugate 

solutions contained no free amino-PEG. The yield of the 

final conjugate was 32.4%.

Fluorescence properties of compound F
The fluorescence spectra of compound F are shown 

in Figure 7. We can see that the maximum excitation 

wavelength of compound F is 365 nm, and the maximum 

emission wave-length of compound F is 472 nm.

characterization of compound F self-
assembly micelles
It was found that conjugates can self-assemble into micelles 

at the concentration of 7.5 mg/mL. Transmission electron 

microscopy images revealed their spherical shapes and 

particle size, and zeta potential was measured using dynamic 

light scattering (Figure 8). The particle size of micelles 

was ~80–100 nm and zeta potential was about −0.23 mV.

Figure 6 1h NMr spectra (A), 13c NMr spectra (B), and mass spectra (C) of compound F.
Abbreviation: NMr, nuclear magnetic resonance.
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Figure 7 Fluorescence spectra of compound F.

Drug release from conjugate
From the results, we can see that compound B has 

stronger in vitro cell cytotoxicity than 10-HCPT. After 

entering tumor cells, the hydrazone bond in compound 

F is to rupture to generate compound B and play efficacy 

so the release of compound B is important. As shown 

in Figure 9, the release of compound B from conjugate 

was significantly pH-dependent. Specifically, compound 

B was released rapidly from the conjugate for pH ,6.0. 

After 1 h, the amounts of compound B released from the 

conjugate in solutions of pH 3.0, 4.0, 5.0, and 6.0 at 37°C 

were 87%, 79%, 72%, and 31%, respectively; however, 

in the solution of pH 7.4 and in plasma the releases were 

2% and 5%, respectively. The less the pH values were, the 

more quickly the drug was released. After 4 h, as shown, 

the amount of compound B released under pH 5.0 at 

37°C was almost 100%; however, in solutions of pH 6.0,  

7.4 PBS, and plasma, the releases were 47%, 8%, and 15%, 

respectively. In addition, the amounts that compound B 

released from the conjugate in pH 7.4 PBS or plasma after 

48 h were all ,30%. These results indicate that in blood 

and at physiological pH levels, the conjugate is relatively 

stable; however, in the acidic microenvironment of tumor 

cells, particularly in lysosomes, compound B would be 

released quickly. This means that the drug delivery system 

exerts a better antitumor effect and while exerting a smaller 

toxicity on normal tissues.

In vitro cytotoxicity
The antitumor activities of 10-HCPT and compound F were 

tested on three cancer cell lines using MTT assay. The results 

showed that compound F had the strongest cytotoxicity for 

the three cell lines. Compound B had stronger cytotoxicity 

than 10-HCPT or compound C, which probably because its 

molecular polarity was reduced and the ability to pass through 

the cell membrane was improved or presumably because 

its molecular structure has higher topoisomerase I affinity 

and led to higher cytotoxicity. Compound C had stronger 

cytotoxicity than 10-HCPT. This probably because after 

entering cells the hydrazone bond in its molecule ruptured 

to generate compound C and produce stronger cytotoxicity. 

When conjugated with PEG, the cytotoxicity of 10-HCPT was 

much enhanced for the three cell lines (Figure 10). In contrast, 

PEG has no inhibitory effect. This is presumably because 

tumor cells lack an exocytosis pathway for macromolecules, 

Figure 8 TeM image (A), size distribution (B), and zeta potential (C) of compound F micelles.
Abbreviation: TeM, transmission electron microscopy.
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which promotes the gathering of drug in cells to achieve a 

higher concentration. 5-Carbonyl caproic acid has almost no 

cytotoxicity for the three cell lines.

In vitro endocytosis
Endocytosis was examined using MCF-7 cells. Coumarin-6 

was used as fluorescent marker by being incorporated into 

compound F mice. In vitro release of coumarin-6 from 

micelles was negligible (,1%) after 24 h (data not shown). 

This guaranteed that the fluorescence detected was attributed 

to coumarin-6 incorporated micelles.

As shown in Figure 11, the fluorescent signals were 

detected from tumor cells that were treated with micelles for 

1 h, and became stronger as the incubation time increased. 

In addition, fluorescence of coumarin-6 was observed in the 

nuclei of MCF-7 cells after 1 h, suggesting the rapid internal-

ization and nuclear transport of compound F micelles.

In vivo pharmacokinetics and 
biodistribution
The concentrations of compound F in the plasma and tissues 

of heart, liver, spleen, lung, kidney, brain, and tumor were 

measured after intravenous injection of compound F solution. 

The results are presented in Table 1. A value of P,0.05 was 

considered statistically significant, using SPSS.

As can be seen, the total area under the curve (AUC) and 

mean residence time (MRT) of compound F were significantly 

higher than those of 10-HCPT solution in plasma (Figure 12). 

It is suggested that compound F could circulate for a much 

longer time in the blood circulation system than 10-HCPT 

solution, which would result in their higher affinity to the 

tumor cells or extracellular spaces. Additionally, compared 

with 10-HCPT solution, the MRT
0–inf

 values of compound F 

were 4.31-fold in tumors. The AUC
0–inf

 values of compound 

F in tumor were 7.76-fold higher than those of 10-HCPT 

solution. These results indicated that a prolonged residence 

time supports reversible binding of the drug to topoisomerase 

I, which improved antitumor efficacy. Compound F also 

exhibited a higher accumulation in the liver, spleen, and lung. 

Drug levels in the heart and kidney were closely related to 

the inherent cardiac and renal toxicity. Therefore, compound 

F could reduce the corresponding toxic effects.

In vivo antitumor efficacy
To provide in vivo evidence for the antitumor potential 

of compound F, antitumor efficacy was evaluated using 

an in vivo nude mouse model. As shown in Figure 13, 

the tumor volume of the group treated with compound F 

solution was significantly smaller than that of the group 

treated with either saline or 10-HCPT solution (P,0.05). 

Moreover, the strongest antitumor efficacy was observed in 

this group. An important consideration is potential toxic-

ity, which is commonly assessed by analyzing the effect 

on animal behavior and body weight change. Body weight 

changes are shown in Figure 14. As can be seen, compound F  

did not cause significant loss of body weight, whereas 

Figure 9 Drug release from conjugate in phosphate-buffered saline and plasma.

Figure 10 (Continued)

 
In

te
rn

at
io

na
l J

ou
rn

al
 o

f N
an

om
ed

ic
in

e 
do

w
nl

oa
de

d 
fr

om
 h

ttp
s:

//w
w

w
.d

ov
ep

re
ss

.c
om

/ b
y 

12
1.

99
.2

07
.1

06
 o

n 
25

-S
ep

-2
01

8
F

or
 p

er
so

na
l u

se
 o

nl
y.

Powered by TCPDF (www.tcpdf.org)

                               1 / 1

www.dovepress.com
www.dovepress.com
www.dovepress.com


International Journal of Nanomedicine 2017:12 submit your manuscript | www.dovepress.com

Dovepress 

Dovepress

2239

10-hcPT for controlled release and tumor targeting

Figure 10 cytotoxicity of 10-hcPT, compound B, c, F, and 5-carbonyl caproic acid against hepg2, McF-7, and sW180 cells.
Abbreviation: 10-hcPT, 10-hydroxycamptothecin.

Figure 11 Confocal fluorescence microscopy images of MCF-7 cells incubated with 
coumarin-6 loaded 7.5 mg/ml of compound F micelles 100 µl at 37°c for 1, 2, and 4 h.
Notes: column (A), FITC channels showing the green fluorescence from 
coumarin-6 loaded compound F micelles. column (B), DaPI channels showing 
the blue fluorescence from DAPI-stained nuclei. Column (C), merged channels of 
A and B. Magnification ×400.
Abbreviations: DaPI, 4′,6-diamidino-2-phenylindole; FITC, fluorescein isothiocyanate.

10-HCPT solution exhibited significant body weight loss 

(P,0.05), which means that compound F has lower toxicity 

than 10-HCPT.

Conclusion
This article proposes a new-targeted conjugate for deliver-

ing HCPT specifically to tumors. The molecular weight of 

PEG affects the yield of reaction. When using PEG2000, the 

reaction yield was ,40%; however, when using PEG3400, 

the yield was ,10% and unstable. When using PEG5000, 

the yield is too low to obtain a pure product. Since our main 

purpose is to improve drug solubility, we intentionally 

selected PEG2000; prolonged circulation and good tumor 

localization were observed.

Compounds B and F showed blue fluorescence while 

10-HCPT showed yellow fluorescence and compound C 

showed violet fluorescence under 360 nm excitation, indicat-

ing that neither 10-HCPT nor compound C was taken in by 
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Table 1 Pharmacokinetic parameters of 10-hcPT and compound F to mice

Tissue AUC0–inf (µg/L h) MRT0–inf
 (h)

10-HCPT injectiona Compound Fb 10-HCPT injectiona Compound Fb

Plasma 8,410.1±3,093.6 173,410.1±13,824.5** 6.146±0.964 28.975±1.238**
heart 11,612.4±4,306.9 3,795.7±1,539.3** 6.184±1.501 4.379±1.171*
liver 28,692.8±5,382.5 52,688.4±3,111.2** 5.693±0.845 10.07±0.957**
spleen 5,038.5±1,357.6 8,993.1±1,534.3* 5.678±0.771 7.756±1.518*
lung 130,013.2±24,682.0 293,117.9±31,343.1** 4.79±0.648 6.96±0.178*
Kidney 2,088.1±988.7 1,260.4±585.8** 5.957±1.091 2.948±0.548*
Brain 0.0 0.0 – –
Tumor 20,971.4±4,845.5 162,823.9±19,289.2** 9.247±1.026 39.873±4.549**

Notes: Data shown as mean ± standard deviation. a5.0 mg/kg 10-hcPT injection. b35.1 mg/kg compound F solution. *P,0.05 compared to 10-hcPT injection group; 
**P,0.01 compared to 10-hcPT injection group; n=6.
Abbreviations: 10-hcPT, 10-hydroxycamptothecin; aUc, area under the curve; MrT, mean residence time.

Figure 12 Pharmacokinetic parameters of 10-hcPT and compound F to mice (n=6, A: aUc0–inf; B: MrT0–inf). *P,0.05 compared to 10-hcPT injection group; **P,0.01 
compared to 10-hcPT injection group.
Abbreviations: 10-hcPT, 10-hydroxycamptothecin; aUc, area under the curve; MrT, mean residence time.

Figure 14 In vivo antitumor efficacy of 10-HCPT and compound F with saline as control.
Notes: (A) Tumor volumes of tumor-bearing mice as a function of time. (B) animal weights of tumor-bearing mice as a function of time. Data given as mean ± sD (n=8).
Abbreviations: 10-hcPT, 10-hydroxycamptothecin; sD, standard deviation.

Figure 13 Tumor excised from mice 14 days after administration of (A) saline, (B) 10-hcPT solution, and (C) compound F.
Abbreviation: 10-hcPT, 10-hydroxycamptothecin.
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the cells. It can therefore be concluded that the ester bond in 

the linker is stable during the endocytosis process.

A pH-responsive ternary conjugate was successfully 

synthesized for tumor-targeted delivery of 10-HCPT. 

It could significantly facilitate specific uptake by cancer 

cells via specific endocytosis and induce cell-dependent 

nuclear translocation. In addition, compound F showed a 

prolonged circulation time and preferential accumulation in 

tumors, resulting in enhanced therapeutic efficacy with better 

safety and lower toxicity. Overall, compound F could be a 

promising drug delivery system for cancer chemotherapy.
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