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Abstract: 10-Hydroxycamptothecin (10-HCPT) is a promising anticancer drug with a wide 

spectrum of antitumor activities. Due to its poor solubility, the carboxylate form that shows high 

water solubility but minimal anticancer activity and pharmacokinetic defects is used in the mar-

keted 10-HCPT injections, resulting in its limited clinical application. To develop a simple, safe, 

and highly effective drug delivery system, a modified acid–base microprecipitation combined 

with a high-pressure homogenization technique was adopted to prepare 10-HCPT nanocrystals. 

Neither organic solvents nor stabilizers were employed throughout the preparation process. 

The in vitro and in vivo performances of the resulting10-HCPT nanocrystals were investigated 

systematically. The nanocrystals were spherical with a small size of ~130 nm, and the actual 

drug-loading content was as high as 75%. The nanocrystals displayed a sustained release pattern 

and were proven to have a higher cell uptake and antiproliferative activity than the 10-HCPT 

injections. The 10-HCPT nanocrystals also showed enhanced drug accumulation in tumors and 

better anticancer efficacy in 4T1-bearing mice. In summary, the 10-HCPT nanocrystals prepared 

in this study seem to be a promising delivery system for a new form of 10-HCPT dosages.

Keywords: 10-hydroxycamptothecin, drug delivery, poloxamer 188, high drug payload, 

4T1 cells

Introduction
10-Hydroxycamptothecin (10-HCPT) is a type of anticancer alkaloid isolated from the 

seeds of a native tree in People’s Republic of China, and it is the most potent compound 

among the 20 isolated monomers.1 10-HCPT can selectively inhibit topoisomerase 1 

and subsequently interfere with DNA replication,2 which initiates cell death in a broad 

range of cancer cells.3 10-HCPT is usually converted to its sodium salt in the marketed 

injections to resolve the issue of insolubility,4 and in this way, the E-ring of 10-HCPT 

must be opened. However, an analysis of the structure–activity relationship shows that 

the E-ring of 10-HCPT is essential for its antitumor activity,5 and some side effects 

would be produced by the opening of the E-ring.6

To overcome the aforementioned limitations, new drug delivery systems were 

developed for 10-HCPT, particularly nanodrug delivery systems, such as niosomes,7 

micelles,8,9 emulsions,10 liposomes,11 nanoparticles,12,13 and polymorphic nanoparticle 

dispersions.14 They have been shown to achieve success to some extent. Nanotech-

nology increased the 10-HCPT dissolution rate and enhanced its absorption and 

bioavailability. Furthermore, nanodrugs can accumulate in certain solid tumors by 

the so-called enhanced permeation and retention effect15 to improve the therapeutic 

efficacy and reduce side effects.
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Among these delivery systems, nanocrystals have 

received a great amount of attention because of their high 

drug loading, stability, and delivery in vivo. Generally, 

preparation techniques for nanocrystals can be divided into 

two categories: bottom–up and top–down.16 Nanocrystals 

can be prepared directly by crystallization or precipitation 

(bottom–up) or by reducing the size of the crystals to the 

nanometer range through high-energy processes (top–down). 

The microprecipitation and high-energy approaches can also 

be combined to exploit the advantages of these crystals, such 

as small diameter (,200 nm) and low polydispersity.17,18

Usually, the microprecipitation process needs an organic 

solvent to dissolve 10-HCPT, which is likely to cause envi-

ronmental pollution and safety concerns over the residual 

solvent.19 Several methods were used mainly to solve the 

problem of the toxic residual organic solvent. The super-

critical antisolvent technique is one type of effective method 

using a special instrument.20 Another method is to replace the 

toxic organic solvents with low toxicity or nontoxic solvents; 

however, a water/organic phase over 25:1 is required to obtain 

particle size ,200 nm, leading to a huge volume of water 

due to the poor solubility of 10-HCPT.13 In a recent report, 

I-PEG was used to form a liquid compound with 10-HCPT 

and was then used to prepare HCPT-loaded human serum 

albumin nanoparticles though an unconventional approach.21 

But this method was complex and time-consuming. Insoluble 

10-HCPT can be easily dissolved into a basic solution by 

the opening of its lactone ring and then be precipitated from 

the bulk solution by reversibly closing its lactone ring upon 

acidification. This property makes it possible to prepare 

10-HCPT nanosuspensions or nanocrystals using an alkali 

dissolution and acid precipitation method. Zhao et al22 used 

acid precipitation combined with a high-pressure homog-

enization technique to obtain 10-HCPT nanosuspensions, 

and the drug loading was ,20% even without considering 

that 10% mannitol was added as a cryoprotective agent for 

lyophilization. After reconstitution with 5% glucose, the 

resulting mean diameter increased to .350 nm, which was 

still too large for drug delivery to tumor. Therefore, more 

work must be performed to achieve solvent-free preparations, 

small particle size (,200 nm), and high drug payloads.

In the current work, 10-HCPT nanocrystals were prepared 

using a modification of the acid–base microprecipitation com-

bined with a high-pressure homogenization technique. The 

mean particle size was only 130 nm, with polydispersity index 

(PDI) of 0.13, and the drug payload of the final lyophilized 

final product reached 75%. Organic solvent was not used and 

stabilizer was also not needed throughout the preparation pro-

cess. Poloxamer 188 (P188), which was approved by the US 

Food and Drug Administration as a pharmaceutical adjuvant for 

intravenous injections, was selected as the cryoprotective agent. 

To evaluate the drug delivery system developed in this study, 

in vitro characterizations, antiproliferative activity and cellular 

uptake characteristics, in vivo pharmacokinetic analysis, tissue 

distribution tests, and antitumour activity were investigated.

Materials and methods
Materials
10-HCPT (99.5%) was purchased from Beijing Ouhe Tech-

nology Ltd (Beijing, People’s Republic of China). 10-HCPT 

injections were obtained from Shenghe Pharmaceutical Ltd 

(Sichuan, People’s Republic of China). P188 (injection 

grade) and 3-(4,5-dimethyl thiazole-2)-2,5-diphenyl-4-azole 

nitrogen bromine salt (MTT), Dulbecco’s Modified Eagle 

Medium, fetal bovine serum (FBS), and RIPA Lysis Buffer 

were purchased from Sigma-Aldrich Co. (St Louis, MO, 

USA). Acetonitrile and methanol (both high performance 

liquid chromatography (HPLC) grade) were purchased from 

Thermo Fisher Scientific (Waltham, MA, USA). Roswell Park 

Memorial Institute-1640, 5% trypsin, and penicillin and strep-

tomycin were purchased from Thermo Fisher Scientific.

Other reagents used in the experiments were bought 

from Sinopharm Chemical Reagent Ltd (Beijing, People’s 

Republic of China). The water used throughout the experi-

ments was deionized, and all other reagents were of analytical 

grade. All solutions used in HPLC analysis were filtered using 

a 0.45 μm membrane filter.

animals and cell culture
Female BALB/c mice (SPF grade, 6–8 weeks, 18–22 g) 

were obtained from Vital River Laboratory Animal Technol-

ogy Ltd (Beijing, People’s Republic of China). All animal 

experiments were performed in accordance with the Regu-

lations for Animal Experiments and Guidelines for Ethical 

as defined by The Institute of Medicinal Plant Development 

(Beijing, People’s Republic of China). The ethics committee/

institutional review board of the Institute of Medicinal Plant 

Development (Beijing, People’s Republic of China) granted 

ethical approval for this study.

All of the tumor cells used in the experiments were 

obtained from the Cell Culture Center of Chinese Academy 

of Medical Science, Beijing, People’s Republic of China. 

The A549 cells were cultured in Dulbecco’s Modified Eagle 

Medium (high glucose), and the other cells were cultured 

in Roswell Park Memorial Institute-1640 medium, supple-

mented with 10% FBS, 1% penicillin and streptomycin. The 

cells were incubated in a 37°C incubator with 5% CO
2
 in air 

and subcultured every 3 days with 0.25% trypsin.
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hPlc analysis of 10-hcPT
A reverse-phase HPLC (Ultimate 3000; Thermo Fisher 

Scientific) system was utilized for determination of 

10-HCPT concentrations. A Symmetry C18 column 

(250×4.6 mm2; Waters, Milford, MA, USA) was employed. 

The mobile phase was composed of 28% acetonitrile and 

72% water with acetic acid (0.1%). The flow rate was set 

at 0.8 mL/min, and the column temperature was 30°C. The 

detection was performed by measuring the UV–vis absorp-

tion at 384 nm.

A higher sensitivity and lower detection limit were 

required to detect the concentrations of 10-HCPT in biologi-

cal samples; therefore, a fluorescence detector (DIONEX, 

Sunnyvale, CA, USA; λ
ex

 375 nm and λ
em

 435 nm) was 

used. The other conditions were similar to those used in the 

ultraviolet detection method.

Preparation of 10-hcPT nanocrystals
10-HCPT nanocrystals were prepared using a previously 

reported method, with some modifications.12 Briefly, 

10-HCPT powder (25 mg) was dissolved in 2 mL of 0.1 M 

sodium hydroxide solution. Then, 0.1 M hydrochloric acid 

(a total of 2 mL) was slowly added to the alkaline 10-HCPT 

solution with rapid shaking and intense sonication (250 W, 

25°C; ultrasonic cleaner; Kun Shan Ultrasonic Instruments 

Ltd, Kunshan, Jiangsu, People’s Republic of China). With 

the reduction of pH, the carboxylate form of 10-HCPT was 

converted into the lactone form and the fine-precipitated 

10-HCPT particles became crude nanocrystals. Gradient 

dropping was employed in our study as follows: 2 mL/min 

for 0.5 minutes, then 1 mL/min for 0.5 minutes, and then 

0.5 mL/min for 0.6 minutes, at which time the pH was ~5.0. 

The resulting suspensions were centrifuged at 10,000 rpm 

for 10 minutes using a high-speed centrifuge (Sigma-

Aldrich Co.). The remaining hydrochloric acid solution 

(0.2 mL) was dropped into this supernatant at a speed of 

0.5 mL/min to completely convert the residual carboxylate 

form of 10-HCPT into lactone form and subsequent drug 

nanocrystals. Crude nanocrystals obtained by centrifugating 

twice were combined and resuspended in pure water under 

sonication, followed by homogenization (eight cycles at 

2,000 bar and 25°C) using a JN3000 homogenizer (JNBIO 

Inc., Guangzhou, People’s Republic of China) to obtain 

10-HCPT nanocrystals.

lyophilization and reconstitution
To enhance their chemical and physical stability, 10-HCPT 

nanocrystals were lyophilized for storage and subse-

quent use. P188 (Sigma-Aldrich Co.) was added as a 

cryoprotective agent (10-HCPT and P188 with a weight ratio 

of 3:1). In brief, the mixture of 10-HCPT nanocrystals and 

P188 was prefrozen in a refrigerator (-80°C) for 2 hours 

and then lyophilized in an LGJ-10B freeze-drier (Sihuan 

Laboratory Instruments Ltd, Sichuan, People’s Republic 

of China) for 12 hours under the condition of -35°C and a 

vacuum pressure ,5 Pa. A 5% glucose solution was used 

to reconstitute the freeze-dried samples when conducting 

in vivo research.

The drug loading (DL% w/w) was calculated as follows:

 
DL% 100%, drug=

W

W
×

 
(1)

where W
drug

 is the weight of drugs in the formulations 

and W is the total weight of drugs and materials in the 

formulations.

Physicochemical characterizations of  
10-hcPT nanocrystals
size and zeta potential measurement
The mean particle size and PDI of the prepared 10-HCPT 

nanocrystals were determined by dynamic light scattering 

(DLS; Zetasizernano ZS; Malvern Instruments, Malvern, 

UK). The zeta potential (ZP) of the nanoparticles was 

measured with the same instrument. The nanocrystals 

were adjusted to a concentration of 1 mg/mL in deion-

ized water as recommended for ZP examination. Both 

the particle size and ZP measurements were performed 

in triplicate, and each measurement was performed with 

12 runs at 25°C.

Morphology observation by transmission electron 
microscopy
A morphological evaluation of 10-HCPT nanocrystals 

was conducted using transmission electron microscopy 

(TEM; JEM2000-FX; JEOL Ltd, Tokyo, Japan). A drop 

of diluted nanocrystals (100 μg/mL 10-HCPT) was applied 

to a 300-mesh copper net and dried in the air. Next, the 

nanocrystals were stained with 0.1% phosphotungstic acid 

for 90 seconds. Then, we observed the shape and size of the 

nanocrystals using TEM.

X-ray diffraction measurements
The crystal structures of 10-HCPT bulk powders, physical 

mixture, and 10-HCPT nanocrystals were measured. The 

powder X-ray diffraction (XRD) patterns were collected 

using a D/max 2400 X-ray diffractometer with a rotating 

anode (JEOL) with Cu radiation generated at 100 mA and 
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40 kV. The obtained data were typically collected with a step 

width of 0.01° and a theta scan range of 3°–70°.

In vitro release study
To evaluate the release behavior, 10-HCPT injections, 

10-HCPT nanocrystals, and 10-HCPT bulk powder were 

diluted with or suspended in water to a final concentration 

of 50 μg/mL of 10-HCPT. Approximately 2 mL of these 

mixtures were placed in individual dialysis bags and dialyzed 

against 100 mL of deionized water at 37°C±1°C under con-

stant agitation using an incubator (Jintan State Experimental 

Apparatus Factory, Jintan, Jiangsu, People’s Republic of 

China). At different time intervals, 1 mL aliquots of the 

medium were withdrawn, and the same volume of fresh 

medium was added. The drug content in the dialyzate was 

analyzed using reverse-phase HPLC.

antiproliferative activity in vitro
Growth inhibition assays are essential for assessing the 

effect of a drug on tumor cells. The cellular proliferation 

was detected using MTT assay, which is a commonly used 

method. The 4T1, MCF-7, HepG2, A549, and HeLa cells in 

logarithmic phase were cultured in 96-well plates. Based on 

their different cell growth rates, 4T1, MCF-7, and HepG2 

cells were plated at a density of 5,000 cells per well, and 

the A549 and HeLa cells were plated at densities of 10,000 

and 8,000 cells per well, respectively, and incubated for 

24 hours at 37°C. Then, the media were removed and dif-

ferent concentrations of 10-HCPT injections or 10-HCPT 

nanocrystals diluted in FBS-free media were added; an equal 

volume of FBS-free media was added to the control group. 

After 48-hour inhibition, the cells were treated with 20 μL 

of MTT solution (5 M) for an additional 4 hours. The media 

were then replaced with 150 μL of dimethyl sulfoxide solu-

tion, and the plates were shaken for 10 minutes to make the 

generated formazan dissolve completely. The mean optical 

density (OD) was measured at 570 nm using a plate reader 

(Biotek, Winooski, VT, USA). The formula used to calculate 

the cell inhibition rate was:

 

Cell inhibition rate (%) 
1 OD

OD
t

c

=
−

×100%,

 

(2)

where OD
t
 is the mean OD of the test group and OD

c
 is the 

mean OD of the control group.

The 50% inhibitory concentrations (IC
50

) of 10-HCPT 

injections and 10-HCPT nanocrystals were calculated using 

GraphPad Prism 5 software (GraphPad Software, Inc., La 

Jolla, CA, USA) to reflect the antiproliferative activity 

in vitro.

cellular uptake by 4T1 cells
Visualization with fluorescence microscopy
The cellular uptake was analyzed in 4T1 cells. Briefly, 

cells in the logarithmic phase were plated in 12-well plates 

and incubated at 37°C to allow the cells to attach. After 

24 hours of incubation, 2 mL 10-HCPT injections or nano-

crystals in different concentrations (5, 25, or 50 μg/mL, 

diluted with media) were added to the wells, and the plates 

were incubated for 0.5, 2, or 4 hours at 37°C in a CO
2
 

incubator. Then the colloidal dispersion was removed after 

gentle aspiration, and the cells were rinsed four times with 

prewarmed PBS (pH 7.4). Cell fixation was achieved by 

dipping in a 4% formaldehyde solution for 20 minutes at 

room temperature.

The visualization study was conducted using a Delta 

Vision Microscopy Imaging System (Healthcare Life Sci-

ences, Marlborough, MA, USA). The uptake of 10-HCPT by 

4T1 cells was observed in the 4′,6-diamidino-2-phenylindole 

channel (λ
ex

 390 nm, λ
em

 435 nm). The transmittance was 

10%, and the exposure time was 0.08 seconds. The aver-

age fluorescence intensity was calculated under same 

conditions using the software provided with the system, 

SoftWoRx Software version 6.2 (Healthcare Life Sciences, 

Marlborough, MA, USA).

hPlc quantitative detection
The procedures for cell culture and incubation with agents 

were the same as described in “Visualization with fluores-

cence microscopy” section. After rinsing with PBS to remove 

the extracellular 10-HCPT, 0.2 mL of RIPA lysis buffer was 

added to each well to release the intracellular 10-HCPT. The 

lysate was mixed with 20 μL acetic acid followed by storage 

in the dark for 3 hours. Then, 1 mL of ethyl acetate was added 

into each well, and the mixture was vortexed vigorously for 

2 minutes. After centrifugation at 10,000 rpm for 10 minutes, 

the upper organic layer was collected and evaporated at 40°C 

under nitrogen. The residue was reconstituted in 200 μL of 

methanol, vortexed for 3 minutes, and filtrated with a 0.22 μm 

needle filter before HPLC analysis.

Uptake mechanism research
The influence of endocytosis inhibitors on uptake was 

studied to determine whether there was an endocytosis-

dependent uptake mechanism. First, five different endocy-

tosis inhibitors were diluted to an appropriate concentration 

with medium: 2-deoxy-d-glucose (50 mM), chlorpromazine 
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(30 μM), sucrose (450 mM), Hydroxypropyl-β–cyclodextrin 

(HP-β-CD) (10 μM), and heparin sodium (10 μM). Then, 

1 mL aliquots of different endocytosis inhibitors were incu-

bated with the 4T1 cells for 30 minutes before 50 μg/mL of 

the 10-HCPT drug system was added and 1 mL of medium 

was added to the control group. All experiments were per-

formed in triplicate. The remaining steps were the same as 

described in “HPLC quantitative detection” section.

Pharmacokinetic analysis
Twenty Sprague Dawley rats were randomly divided into two 

groups (10-HCPT injections group and 10-HCPT nanocrys-

tals group) and were intravenously administered 10-HCPT 

injections and 10-HCPT nanocrystals, respectively, through 

the tail vein at a dose of 5.0 mg 10-HCPT per kilogram body 

weight after being fasted for 12 hours.

Blood samples (0.5 mL) were taken from the orbital 

plexus and collected in heparinized glass capillaries at 

15 and 30 minutes and 1, 2, 4, 8, 12, and 24 hours after 

administration. Plasma was obtained by centrifugation at 

5,000 rpm for 5 minutes. The plasma (0.2 mL) was mixed 

with 20 μL of acetic acid and placed in the dark for 3 hours 

to transform the carboxylate form into the lactone form. 

Then, 1.5 mL of ethyl acetate was added and the mixture 

was vortexed vigorously for 2 minutes. After centrifugation 

at 10,000 rpm for 10 minutes, the upper organic layer was 

collected and evaporated at 40°C under nitrogen. The residue 

was reconstituted in 200 μL of methanol for HPLC analysis. 

All parameters are calculated using WinNonlin 6.1 software 

(Pharsight, Inc., Mountain View, CA, USA).

Tissue distribution in 4T1-bearing mice
The 4T1 cells in logarithmic phase were diluted to 1×107 cells/mL 

with PBS (pH 7.4) after trypsin digestion. Then, 0.2 mL of the 

4T1 cells was injected into the right underarm of a BALB/c 

female mouse. When the tumor volume reached 100 mm3, 

72 tumor-bearing mice with relatively uniform tumor vol-

umes were randomly divided into two groups (36 mice each) 

and intravenously administered with 10-HCPT injections 

or 10-HCPT nanocrystals through the tail vein at a dose of 

8.0 mg/kg. At each predetermined time interval (0.5, 1, 4, 8, 

12, and 24 hours), six mice in each group were taken to col-

lect blood samples (0.5 mL), and the animals were then killed 

by cervical dislocation. The heart, liver, spleen, lung, kidney, 

brain, and tumors were immediately removed. The plasma and 

tissue samples were frozen at -80°C until further analysis.

The methods used to treat the plasma samples were the 

same as described in Pharmacokinetic analysis (Material and 

methods) section. The tissue samples were rinsed with normal 

saline, dried with a filter paper, and homogenized with three 

times the volumes of normal saline using a high-throughput 

tissue grinder (SCIENTZ-48; Ningbo Xingzhi Biotechnol-

ogy Ltd, Ningbo, People’s Republic of China). The tissue 

homogenate (0.2 mL) was mixed with 20 μL of acetic acid, 

followed by storage in the dark for 3 hours. Then, 1.5 mL 

of ethyl acetate was added into the sample, and the mixture 

was vortexed vigorously for 2 minutes. After centrifugation 

at 10,000 rpm for 10 minutes, the upper organic layer was 

collected and evaporated at 40°C under nitrogen. The resi-

due was reconstituted in 200 μL of methanol, vortexed for 

3 minutes, and filtered with a 0.22 μm needle filter before 

HPLC analysis.

All parameters were calculated using WinNonlin 6.1 

software (Certara, Inc., Princeton, NJ, USA).

histological evaluation
Histological analyses were conducted to assess the tissue 

toxicity of the nanoparticles and injections. The group and 

administration methods were the same as those used for the 

tissue distribution analysis. Briefly, the mice from the three 

groups were killed 24 hours after administration and then the 

fresh tissues were immediately removed, followed by fixation 

in a formalin solution. The fixed tissues were embedded in 

paraffin for slicing. The tissue sections were photographed 

and analyzed.

In vivo antitumor activity in 
4T1-bearing mice
The method of establishing the animal models was the same 

as described in “Tissue distribution in 4T1-bearing mice” sec-

tion. The mice were randomly divided into five groups (ten 

mice each), among which three groups were intravenously 

injected with 10-HCPT nanocrystals (1.25, 2.5, or 5.0 mg/kg 

respectively), one group was intravenousely administered 

10-HCPT injections (5.0 mg/kg) as a positive control, and 

one group was intravenously injected with 0.2 mL of normal 

saline as a negative control. All the mice were injected every 

other day. Approximately 18 days after the first administra-

tion, the mice were killed and the tumors were dissected 

out and weighed. The tumor inhibition ratio (TIR%) was 

calculated as follows:

 

TIR% t

n

= ×
1

100
−W

W
%,

 

(3)

where W
n
 is the average tumor weight of the negative con-

trol group and W
t
 is the average tumor weight of the test 

groups.
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statistical analysis
The statistical analysis among the experimental groups was 

performed using an independent samples t-test using IBM 

SPSS Statistics 19 (IBM Corporation, Armonk, NY, USA). 

P,0.05 was considered statistically significant.

Results and discussion
Preparation of 10-hcPT nanocrystals
The injection speed of the acid solution had a great effect 

on microprecipitation and size of the resulting 10-HCPT 

nanocrystals. A rapid dropping/injection speed usually led 

to large particles or even aggregates. Considering the time 

efficiency, a gradient injection pattern was adopted. For 

25 mg of 10-HCPT dissolved in 2 mL of sodium hydrox-

ide (0.1 M), a total of 2 mL of diluted hydrochloric acid 

(0.1 M) was needed to acidify the 10-HCPT carboxylate 

form. In our method, 50% of the volume of HCl solution 

was dropped/injected quickly at ~2 mL/min, which was 

accompanied by the color change from the dark yellow to 

light yellow. The injection speed had little effect on the 

preparation of 10-HCPT nanocrystals, as no nanocrystals 

formed at this stage (DLS data showing the absence of 

nanoparticles). Then, 25% of the volume of HCl solution 

was slowly added at ~1 mL/min, during which opalescence 

was observed, suggesting that 10-HCPT nanocrystals 

had formed. This speed could also be a little faster, but 

1 mL/min was safe and reliable. Thereafter, 15% of the 

volume of HCl solution was added at even slower rate 

of ~0.5 mL/min to promote microprecipitation. This is a 

key step, and the injection speed at this stage had a critical 

effect on the resulting 10-HCPT nanocrystals. A higher 

speed would significantly increase the size of 10-HCPT 

nanocrystals and even occasionally result in precipitation. 

Since 10-HCPT nanocrystals or nanosuspensions are some-

what unstable in NaCl solution, as reported23 and in our 

examination, 10-HCPT nanocrystals formed at this stage 

were separated from the bulk solution by centrifugation 

and from the NaCl salt generated during the acidification. 

Removal of the produced NaCl salt will improve the sta-

bility of the resulting nanocrystals and, more importantly, 

lead to the formation of relatively small nanoparticles in 

subsequent homogenization. The final 10% of the volume 

of HCl solution was added into the supernatant at a rate 

of 0.5 mL/min to guarantee the complete microprecipita-

tion of 10-HCPT, followed by centrifugation to sediment 

crude 10-HCPT nanocrystals. The sediment from the two 

centrifugation steps was combined and resuspended in 

deionized water for homogenization to obtain final product 

of 10-HCPT nanocrystals.

It was found that the size of resulting 10-HCPT nano-

crystals rapidly increased when 15% of the volume of acid 

solution was injected at a higher speed. Before the first 

centrifugation, the size of resulting 10-HCPT particles 

was ~367 nm. However, if the final 10% of the volume of 

acid solution was added at this time, the resulting particles 

would be much larger than 1 μm or would directly precipi-

tate. And in this case, even drastic homogenization (higher 

pressure and more cycles) failed to effectively reduce the size 

,400 nm. So, it seems that both gradient microprecipitation 

and centrifugation to remove the generated sodium chloride 

are important in the preparation of 10-HCPT nanocrystals.

Lyophilization can significantly improve the stability of 

nanocrystals, thus contributing to long-term storage. How-

ever, in general, the freeze-drying process may destroy the 

structure of the particles, so cryoprotectant agents are usually 

required. In this study, P188 proved to be a good cryopro-

tectant similar to what was observed in a previous study.24 

The lyophilized 10-HCPT nanocrystals must be reconstituted 

into a colloid system for clinical use, and a glucose solution, 

one of the most commonly clinically applied media, was 

selected for reconstitution. As shown in Table 1, simply by 

resuspending the nanocrystals in a 5% glucose solution and 

gently shaking, the reconstituted 10-HCPT nanocrystals were 

restored to nearly the same size, indicating that they could 

be easily lyophilized and reconstituted.

To the best of our knowledge, this is the first report 

in which drug nanocrystals of a small size were prepared 

using an organic solvent-free, stabilizer-free, bottom–up 

procedure.

Physicochemical characterizations of  
10-hcPT nanocrystals
size, ZP, and morphology
For colloidal drug delivery systems, particle size is the 

primary factor that affects their in vivo biodistribution. 

Table 1 changes in the physical characteristics of 10-hcPT 
nanocrystals after lyophilization

Process Size  
(nm)

Polydispersity  
index

Zeta potential  
(mV)

Before lyophilization 133.5±0.3 0.13±0.02 -27.1±1.36
reconstitution with  
glucose

137.6±2.1 0.14±0.01 -27.2±2.32

Notes: all values are presented as mean ± sD; n=3.
Abbreviation: sD, standard deviation.
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Figure 1 Particle size distribution and morphology of 10-hcPT nanocrystals.
Notes: (A) The particle sizes were measured by dynamic light scattering during the preparation process. (B) TeM micrograph of 10-hcPT nanocrystals before homogenization 
(scale bar, 1 μm). (C) TeM micrograph of 10-hcPT nanocrystals after homogenization (scale bar, 200 nm). (D) TeM micrograph of 10-hcPT nanocrystals after adding 
poloxamer 188 (scale bar, 200 nm).
Abbreviations: 10-hcPT, 10-hydroxycamptothecin; TeM, transmission electron microscopy; P188, Poloxamer 188.

A narrower particle size distribution or smaller PDI value is 

also important in improving the stability of these systems by 

reducing Ostwald ripening effect.16 As shown in Figure 1A, the 

particles were large before homogenization (367.0±5.1 nm), 

with a PDI value of 0.26±0.01. Homogenization significantly 

decreased the size to a mean diameter of ,140 nm with a 

PDI value of 0.18±0.02. After lyophilization using P188 

as a cryoprotector, the reconstituted 10-HCPT nanocrys-

tals were only 133.5±0.3 nm, with a narrower distribution 

(PDI =0.13±0.02). The TEM observations (Figure 1B–D) 

showed that neither homogenization nor lyophilization 

affected the morphology of 10-HCPT nanocrystals. The 

surface ZP was -27.1±1.36 mV, indicating good physical 

stability. The actual drug-loading content was determined 

to be 75.0% using HPLC. Zhao et al22 did prepare 10-HCPT 

nanosuspensions using a similar method; however, the size 

was very large even in the presence of various stabilizers. 

After further homogenization (15 cycles), the particles were 

still large (286.9±6.1 nm).

The micrograph of negatively stained 10-HCPT nano-

crystals (Figure 1B–D) showed that the majority of nano-

crystals were spherical, which was quite different from that 

observed in Zhao et al’s work22 using the similar preparation 

method. The particle size measured by DLS represents the 

hydration diameter, whereas TEM observes the dry particles; 

therefore, it is comprehensible that the size observed by TEM 

was a little smaller than that observed by DLS.

XrD measurements
The XRD curve of 10-HCPT bulk powders exhibited obvi-

ous diffraction peaks at 6.9°, 11.63°, 13.85°, and 25.61° 

(Figure 2). The diffraction peaks of 10-HCPT nanocrys-

tals (Figure 2A) and physical mixture (Figure 2B) were 

nearly the same, including those peaks of 10-HCPT bulk 
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powders, suggesting that 10-HCPT in nanocrystals was in 

crystalline state.

In vitro release study
The drug release behaviors of 10-HCPT injections, 

10-HCPT nanocrystals, and coarse 10-HCPT suspensions 

were examined in neutral water over a 72-hour period. 

As demonstrated in Figure 3, it was not surprising that 

the drug was rapidly released from 10-HCPT injections, 

reaching 95.6% within only 5 hours. While the drug release 

from 10-HCPT nanocrystals was biphasic, with an initial 

relatively quick release followed by a steady sustained 

release,25 the 10-HCPT powder exhibited a similar sustained 

release pattern, but the cumulative release was lower than 

that of 10-HCPT nanocrystals at nearly all the time intervals. 

The enhanced dissolution and drug release of 10-HCPT 

nanocrystals were mainly attributed to their higher surface 

area, increased surface solubility, and reduced diffusion 

layer thickness.26

The in vitro antiproliferative activity
As shown in Figure 4A–E, both the 10-HCPT injections 

and nanocrystals exhibited a good inhibition of cell growth 

in the four tested tumor cell lines. However, 10-HCPT 

nanocrystals exhibited stronger inhibition than 10-HCPT 

injections in each case, and this was more evident in the 

comparison of their IC
50

 values (Figure 4F). 10-HCPT 

nanocrystals showed much lower IC
50

 values than 10-HCPT 

injections, with 4.45-, 1.10-, 0.96-, 4.21-, and 0.64-fold 

lower in 4T1, MCF-7, HepG2, A549, and HeLa cells, 

respectively. Taken together, the results seemed to show 

that A549, HeLa, and 4T1 cells were relatively sensitive 

to 10-HCPT. Moreover, the nanocrystals demonstrated the 

best antiproliferativity improvement in 4T1 and A549 cells 

in contrast to injections. In 10-HCPT nanocrystals, ~100% 

of the drug was in lactone form, which is more effective 

than its carboxylate form. However, 10-HCPT injections 

contained only ~10% of the lactone form. Although the 

lactone and carboxylate forms could be mutually trans-

formed in the culture medium (pH 7.4) during the MTT 

assay, the proportion of the lactone form in nanocrystals 

was still higher than that in the injections. For 10-HCPT 

injections, an equilibrium between the lactone and carboxyl 

forms of 10-HCPT molecules (mostly in carboxyl form at 

the beginning) was reached relatively quickly. However, 

in the case of 10-HCPT nanocrystals, it would take a much 

longer time to reach the final equilibrium because the drug 

is continuously released in the lactone form (Figure 3). 

This was one of the reasons that 10-HCPT nanocrystals 

displayed better performance. In addition, it was assumed 

that 10-HCPT nanocrystals may have additional advantages 

over the injections, such as attachment to the cell membrane 

and faster uptake by tumor cells.27

cellular uptake by 4T1 cells
Since 10-HCPT nanocrystals displayed the best antitu-

mor activity improvement in 4T1 cells, this cell line was 

selected for the cellular uptake study. Both the carboxylate 

form and the lactone form of 10-HCPT exhibit the same 

degree of fluorescence, which can be observed through the 

4′,6-diamidino-2-phenylindole channel. In the preliminary 

experiment, the MTT assay showed that when cells were 

θ °
Figure 2 X-ray diffraction curves of the samples.
Notes: (A) 10-hcPT bulk powders, (B) physical mixture of poloxamer 188 and 
10-hcPT, (C) 10-hcPT nanocrystals.
Abbreviations: 10-hcPT, 10-hydroxycamptothecin; cPs, counts per second.

Figure 3 The release curves of 10-hcPT injections, 10-hcPT nanocrystals, and 
coarse 10-hcPT suspensions in water over a 72-hour period.
Note: The experiment was performed in triplicate.
Abbreviation: 10-hcPT, 10-hydroxycamptothecin.
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Figure 4 The in vitro antiproliferative activity of 10-hcPT.
Notes: (A–E) The inhibition rates changed as the concentration of 10-hcPT increased. (F) The Ic50 values of 10-hcPT injections and 10-hcPT nanocrystals in different 
tumor cells. The results are presented as mean ± sD, n=6. *P,0.05; **P,0.01.
Abbreviations: 10-hcPT, 10-hydroxycamptothecin; Ic50, 50% inhibitory concentration; sD, standard deviation.

treated with the same 10-HCPT concentration of 50 μg/mL,  

both 10-HCPT injections and nanocrystals groups 

maintained .90% cell viability after 4 hours incubation, 

and there was ,3% difference in cell viability between the 

two groups. Thus, for the cellular uptake study, the maxi-

mum concentration of the two 10-HCPT formulations was 

limited to no more than 50 μg/mL, and the incubation time 

was limited to no more than 4 hours.
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Figure 5 confocal images of 4T1 cells incubated with different concentrations of 
10-hcPT Inj and 10-hcPT Ncs for 4 hours.
Note: scale bar (30 μm).
Abbreviations: 10-hcPT, 10-hydroxycamptothecin; Inj, injections; Ncs, nano-
crystals.

Figure 6 confocal images of 4T1 cells incubated with 50 μg/ml 10-hcPT Inj or 
10-hcPT Ncs for 0.5, 2, and 4 hours.
Note: scale bar (30 μm).
Abbreviations: 10-hcPT, 10-hydroxycamptothecin; Inj, injections; Ncs, nano-
crystals.

As observed in Figures 5 and 6, drug uptake by 4T1 cells 

was time- and concentration-dependent for both 10-HCPT 

injections and 10-HCPT nanocrystals. However, at each 

time interval and each concentration, the uptake of 10-HCPT 

nanocrystals was much higher than 10-HCPT injections, 

indicating that nanocrystals were superior to the injections 

in this regard. A semiquantitative analysis of fluorescent 

images (Figure 7A) showed that at 25 or 50 μg/mL, the uptake 

of 10-HCPT nanocrystals by 4T1 cells was approximately 

tenfold (P,0.001) compared with 10-HCPT injections after 

a 4-hour incubation.

The actual drug content absorbed in 4T1 cells was more 

precisely determined by HPLC, and the result displayed 

an even greater difference between the two formulations, 

with significant differences (P,0.05) at 5 μg/mL and very 

significant differences (P,0.001, by 20- to 30-fold) at 25 and 

50 μg/mL after a 4-hour incubation (Figure 7B). The time-

dependent cell uptake was also quite evident, as shown in 

Figure 7C and D.

The antiproliferative activity is directly related to the 

amount of 10-HCPT that accumulates in the cells. The 

aforementioned results imply that the nanocrystals were 

more efficient at delivering the 10-HCPT molecules into 

cells, which confirmed our proposed hypothesis mentioned 

in “The in vitro antiproliferative activity” section. However, 

the MTT assay showed that there were no differences in 

the antiproliferative activity of 10-HCPT injections and 

10-HCPT nanocrystals in 4 hours. It was reported that the 

antiproliferative activity was mediated by the internalization 

of nanoparticles and the subsequent release of drugs.27,28 

Although 10-HCPT nanocrystals could be internalized more 

quickly by 4T1 cells, it would take time for the encapsulated 

drugs to be released and take effect (Figure 3), and during 

this period, the free drugs from 10-HCPT injections would 

constantly enter the 4T1 cells even though it occurred at a 

relatively slower rate. This may be the major reason for the 

lack of differences observed in the antiproliferative activity 

and for significant differences in cell uptake in 4 hours as 

mentioned earlier.

Chlorpromazine blocks clathrin-mediated endocytosis 

through a mechanism by which adaptor complex 2 and 

clathrin are redistributed away from the plasma membrane, 

making clathrin unavailable for assembly at the cell surface. 

Hypertonic sucrose has been shown to prevent the proper 

assembly of clathrin lattices at the plasma membrane. 

As shown in Table 2, chlorpromazine, sucrose, and 2-deoxy-

d-glucose could significantly inhibit the cellular uptake of 

10-HCPT nanocrystals, but they had much less of an effect 

on the uptake of 10-HCPT injections. HP-β-CD (an inhibitor 

of caveolae-mediated endocytosis) and heparin sodium (an 

inhibitor of other types of endocytosis) had little effect on 

the cellular uptake of both nanocrystals and 10-HCPT injec-

tions. This showed that the increased uptake of 10-HCPT 

nanocrystals was mainly mediated by clathrin-dependent 

endocytosis.

Pharmacokinetic analysis
In our previous study,29 we found that 10-HCPT nanosuspen-

sions were not very stable in normal saline, but were stable 

in 5% glucose and plasma; therefore, the nanocrystals could 

be intravenously injected into the tail vein of rats for the 

pharmacokinetics study.
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Figure 7 Mean fluorescent intensity and amount of drug taken up by the 4T1 cells.
Notes: (A, B) The cells were incubated with different concentrations of 10-hcPT for 4 hours, (C, D) or were incubated with 50 μg/ml of 10-hcPT for different times. 
The results are presented as mean ± sD, n=3. *P,0.05, **P,0.001.
Abbreviations: 10-hcPT, 10-hydroxycamptothecin; sD, standard deviation.

Table 2 endocytosis inhibition rates for injections and nano-
crystals after the cells were treated with different endocytosis 
inhibitors

Group Endocytosis inhibition rate (%)

Injections Nanocrystals

control Na Na
2-Deoxy-d-glucose 3.30±0.11 24.92±0.93
chlorpromazine 3.15±0.02 46.48±3.21
sucrose 8.65±0.78 32.99±2.73
hP-β-cD 0.53±0.02 0.85±0.11
heparin sodium 3.36±0.12 0.08±0.01

Notes: all values are presented as mean ± sD; n=3.
Abbreviations: sD, standard deviation; Na, not applicable; hP-β-cD, 
hydroxypropyl-β – cyclodextrin.

As shown in Figure 8, 10-HCPT was almost undetect-

able in the plasma from the injections group after 6 hours 

but was maintained at 180 ng/mL in the plasma from the 

nanocrystals group. Within 30 minutes after the intravenous 

injection, the plasma drug concentrations in the injections 

group were greater than those of the nanocrystals group. 

This was mainly due to the quick transport of 10-HCPT 

nanocrystals from the blood to organs such as the liver and 

spleen upon entering the circulatory system, which has been 

extensively reported.21,30

The results presented in Table 3 showed that there were 

significant differences in the pharmacokinetic parameters 

between nanocrystals and injections groups. The elimination 

half-life of the 10-HCPT nanocrystals group was 2.98-fold 

as high as that of the injections group (P,0.001), and the 

area under the curve within 24 hours (AUC
0–24

) value was 

2.81-fold as high as the injections group. Meanwhile, the 

mean residence time of the 10-HCPT nanocrystals group 

was significantly higher than the 10-HCPT injections group 

(P,0.001), and this may contribute to the enhanced perme-

ation and retention effect.
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Table 3 Pharmacokinetic parameters of 10-hcPT in sprague 
Dawley rat plasma after intravenous administration of 10-hcPT 
injections and 10-hcPT nanocrystals

Group t1/2 (h) AUC0–24 h  

(ng⋅mL-1⋅h)
Cl (mL/h) MRT (h)

10-hcPT Inj 0.62±0.1 1,735.9±135.5 484.99±23.4 1.4594±0.2
10-hcPT Ncs 1.85±0.1** 4,867.7±46.3* 10.65±7.6** 10.35±0.2**

Notes: The results are presented as mean ± sD, n=10. *P,0.01; **P,0.001.
Abbreviations: 10-hcPT, 10-hydroxycamptothecin; aUc0–24 h, area under the 
curve within 24 hours; cl, clearance; Inj, injections; MrT, mean residence time; 
Ncs, nanocrystals; t1/2, terminal elimination half-life; sD, standard deviation.

Figure 8 concentration–time curves of 10-hcPT in sprague Dawley rat plasma after an intravenous administration of 10-hcPT injections or 10-hcPT nanocrystals.
Notes: The dosage was 5.0 mg/kg, n=6. (A) 0–24 hours, (B) 0–4 hours.
Abbreviation: 10-hcPT, 10-hydroxycamptothecin.

Tissue distribution in 4T1-bearing mice
As shown in Figure 9, the biodistribution of 10-HCPT nano-

crystals was significantly increased compared with 10-HCPT 

injections in nearly all tissues and at all time intervals after 

the intravenous administration.

Taking AUC
0–24 h

 as an example, the biodistribution of 

10-HCPT nanocrystals in the blood, heart, liver, spleen, 

lung, brain, and tumor were ~8.87-, 6.71-, 99.15-, 6.23-, 

13.45-, 14.08-, 2.34-, and 7.25-fold as long as the 10-HCPT 

injections (Table 4). It was true that at the same dose, the 

nanocrystals delivered much more drug into the tumor 

(7.25-fold) than injections, but even more drug was delivered 

into liver (99.15-fold), lung (13.45-fold), and kidney (14.08-

fold). This indicated that the nanocrystals may induce more 

side effects than injections when the therapeutic efficacy 

was improved.

However, the side effects may not be as serious as it 

seemed from the biodistribution data. First, the drug con-

tent determined for the injections group was pure free drug 

that was mainly in the form of the more toxic carboxylate, 

while the drug content determined for the nanocrystals 

group was composed of free drug (mainly in the lactone 

form) and encapsulated drug, which is not toxic before 

release. Second, the 10-HCPT nanocrystals distributed 

in the liver, spleen, and lung were mainly taken up by the 

monocyte/macrophage system.31 In addition, most of this 

drug will ultimately be destroyed. Third, the slow drug 

release of 10-HCPT nanocrystals may make the encapsu-

lated drug less toxic than the same amount of free drug as 

in 10-HCPT injections, which will instantly produce high 

concentrations.

histological evaluation
As shown in Figure 10, at the same dose of 8 mg/kg, no 

abnormal change was observed in the mice belonging to the 

10-HCPT nanocrystals group and the 10-HCPT injections 

group in contrast to the control group of normal saline. 

Significant differences may be observed at a higher dose 

and/or after multiple dosing. This current result indicated 

that at 8 mg/kg, 10-HCPT nanocrystals were safe for intra-

venous administration. Therefore, if the dose was selected, 

10-HCPT nanocrystals may show better therapeutic efficacy 

than injections without increased side effect.32

In vivo antitumor activity in 4T1-bearing 
mice
The variations in tumor volume during the experimental 

process are depicted in Figure 11A. It can be seen that the 

tumors grew very fast in the negative control group, followed 

closely by the tumors in the 10-HCPT injections group. In 

the three 10-HCPT nanocrystals groups, the tumors grew 

more slowly and were inhibited in a dose-dependent manner. 

By the end of the trial, the tumor volumes of four 10-HCPT 
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Figure 9 Tissue distribution of 10-hcPT in 4T1-bearing mice after an intravenous administration of 10-hcPT injections and 10-hcPT nanocrystals.
Notes: 10-hcPT content changes in plasma (A), heart (B), liver (C), spleen (D), lung (E), kidney (F), brain (G) and tumor (H) after administration of 10-hcPT injections 
or nanocrystals. The dosage was 8.0 mg/kg, n=6. **P,0.01; ***P,0.001.
Abbreviation: 10-hcPT, 10-hydroxycamptothecin.
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Table 4 comparison of parameters of tissue distribution of 10-hcPT injections and 10-hcPT nanocrystals in 4T1 bearing mice

AUC0–24 h (ng⋅mL-1⋅h) Ra MRT/h Rb Cmax (ng/mL) Rc

Tissues Inj NCs Inj NCs Inj NCs

Plasma 231.94 2,057.76 8.87 2.50 7.67 3.06 170.11 408.43 2.4
heart 307.74 2,063.5 6.71 3.70 7.03 1.90 76.24 344.61 4.52
liver 7,474.72 741,099.6 99.15 3.67 7.42 2.01 2,096.79 82,883.56 39.54
spleen 918.20 5,717.57 6.23 9.10 7.79 0.86 68.52 1,251.99 18.27
lung 690.09 9,284.85 13.45 3.56 8.71 2.44 195.28 1,238.95 6.34
Kidney 8,657.26 121,896.4 14.08 6.07 7.51 1.24 1,735.11 27,053.5 15.59
Brain 386.43 905.22 2.34 3.67 7.24 1.97 86.38 139.30 1.61
Tumor 2,172.00 15,747.17 7.25 9.41 9.09 0.97 172.23 1,057.96 6.14

Notes: Ra = aUc (Ncs)/aUc (Inj); Rb = MrT (Ncs)/MrT (Inj); Rc = Cmax (Ncs)/Cmax (Inj).
Abbreviations: 10-hcPT, 10-hydroxycamptothecin; aUc0–24 h, area under the curve within 24 hours; Cmax, peak concentration; Inj, injections; MrT, mean residence time; 
Ncs, nanocrystals.

Figure 10 Histological analysis of the representative organs for control, 10-HCPT nanocrystals, and 10-HCPT injections groups (magnification, 400×).
Abbreviations: 10-hcPT, 10-hydroxycamptothecin; Inj, injections; Ncs, nanocrystals.

groups were all significantly less than those of the saline 

group, and the three 10-HCPT nanocrystals groups all showed 

significantly smaller tumor volumes than 10-HCPT injections 

group. The same trend was obvious in the tumor weights 

and the tumor inhibition rate data shown in Table 5. Judging 

merely by the tumor inhibition rate, a one-fourth dose, one-

half dose, or the same dose of 10-HCPT nanocrystals could 

exhibit increasingly better in vivo antitumor effects (51.58% 

vs 37.93%, P,0.01; 65.04% vs 37.93%, P,0.001; 74.84% 

vs 37.93%, P,0.001) compared with 10-HCPT injections. 

Together, these results showed that the nanocrystals did 

improve the antitumor efficacy of 10-HCPT injections.

Two main reasons contributed to these results. 

First, ~100% of 10-HCPT in the nanocrystals was in the 

lactone form, but the marketed injections were mainly of the 

carboxylate form.33 and it is well known that the lactone form 

is more effective. On the other hand, the long-circulating 

and slow-release forms of 10-HCPT nanocrystals along 

with the enhanced permeation and retention effect led to a 

greater accumulation of the drug in the tumor, as proved by 

the tissue distribution study.

The mouse survival and body weight growth data 

are usually used as indices to evaluate the side effects or 

toxicity of antitumor agents in in vivo pharmacodynamic 

experiments. As shown in Figure 11B, during the whole 

process of the 18-day treatment, one mouse in each of the 

four 10-HCPT groups died with the same survival rate 

of 90%, indicating similar toxicity among the groups. 

Figure 11C shows that a 1.25 mg/kg dose of 10-HCPT 

nanocrystals slightly increased the body weight compared 

with the 2.5 mg/kg dose of 10-HCPT nanocrystals, and the 

latter slightly increased the body weight compared with the 

5 mg/kg dose of 10-HCPT injections by the end of the trial. 

However, there was no significant difference between the 
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Figure 11 changes in the parameters of 4T1-bearing mice after intravenous administration.
Notes: (A) Variations of tumor volume, (B) variations of survival, and (C) variations of body weights. n=10 or actual numbers. *P,0.05, **P,0.01, and ***P,0.001 vs 
negative control; #P,0.05 and ##P,0.01 vs 10-hcPT Inj.
Abbreviations: 10-hcPT, 10-hydroxycamptothecin; Inj, injections; Ncs, nanocrystals.

Table 5 The in vivo antitumor effects on 4T1-tumor bearing mice

Group Tumor  
weight (g)

Inhibition  
(%)

Negative control 3.27±0.57 Na
10-hcPT injections (5 mg/kg) 1.98±0.38* 37.93
10-hcPT nanocrystals (1.25 mg/kg) 1.56±0.21*,# 51.58
10-hcPT nanocrystals (2.5 mg/kg) 1.15±0.17*,## 65.04
10-hcPT nanocrystals (5 mg/kg) 0.81±0.13*,## 74.84

Notes: The tumor weight results are presented as mean ± sD, n=6. *P,0.001 vs 
negative control; #P,0.01, ##P,0.001 vs 10-hcPT injections.
Abbreviations: 10-hcPT, 10-hydroxycamptothecin; Na, not applicable; sD, 
standard deviation.

three groups, indicating similar toxicity. In comparison, the 

body weight in mice receiving a 5 mg/kg dose of 10-HCPT 

nanocrystals was significantly reduced, indicating increased 

toxicity at this dose.

To sum up, it was believed that, at least at a half or a 

quarter dose, 10-HCPT nanocrystals could achieve improved 

therapeutic efficacy without increased side effects.

Conclusion
Through a modification of the acid–base microprecipitation 

combined with a high-pressure homogenization technique, a 

solvent-free, stabilizer-free, bottom–up method was success-

fully developed to prepare stable 10-HCPT nanocrystals with a 

small size and a high drug-loading capacity. It was proved that 

the resulting nanocrystals had a higher in vitro antiproliferative 

activity and cellular uptake than 10-HCPT injections.

10-HCPT nanocrystals exhibited much higher drug levels 

in the plasma and tissues of the test mice than the marketed 

10-HCPT injections and significantly improved the antitumor 

therapeutic effect. In summary, this can be a promising drug 

delivery system with far-reaching applications.
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