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Abstract: 7-Ethyl-10-hydroxycamptothecin (SN-38) is a potent broad-spectrum antitumor
drug derived from irinotecan hydrochloride (CPT-11). Due to its poor solubility and instability
of the active lactone ring, its clinical use is significantly limited. As one of the most promising
formulations for poorly water-soluble drugs, nanocrystals have attracted increasing attention. In
order to solve these problems and evaluate the antitumor effect of SN-38 in vitro and in vivo,
two nanocrystals with markedly different particle sizes were prepared. Dynamic light scattering
and transmission electron microscopy were used to investigate the two nanocrystals. The particle
sizes of SN-38 nanocrystals A (SN-38/NCs-A) and SN-38 nanocrystals B (SN-38/NCs-B) were
229.5£1.99 and 799.2+14.44 nm, respectively. X-ray powder diffraction analysis showed that the
crystalline state of SN-38 did not change in the size reduction process. An accelerated dissolution
velocity of SN-38 was achieved by nanocrystals, and release rate of SN-38/NCs-A was significantly
faster than that of SN-38/NCs-B. Cellular uptake, cellular cytotoxicity, pharmacokinetics, animal
antitumor efficacy, and tissue distribution were subsequently examined. As a result, enhanced
intracellular accumulation in HT 1080 cells and cytotoxicity on different tumor cells were observed
for SN-38/NCs-A compared to that for SN-38/NCs-B and solution. Besides, compared to the
SN-38 solution, SN-38/NCs-A had a higher bioavailability after intravenous injection; while the
bioavailability of SN-38/NCs-B was even lower than that of the SN-38 solution. SN-38/NCs-A
exhibited a significant inhibition of tumor growth compared to SN-38 solution and SN-38/NCs-B
in vivo. The antitumor effect of SN-38/NCs-B was stronger than SN-38 solution. The tissue dis-
tribution study in tumor-bearing mice showed that nanocrystals could markedly improve the drug
accumulation in tumor tissue by the enhanced permeability and retention effect compared to SN-38
solution, and the amount of SN-38 in tumors of SN-38/NCs-A group was much more than that of
SN-38/NCs-B group. In conclusion, nanocrystals dramatically enhanced the anticancer efficacy
of SN-38 in vitro and in vivo, and the particle size had a significant influence on the dissolution
behavior, pharmacokinetic properties, and tumor inhibition of nanocrystals.

Keywords: SN-38, nanocrystals, antitumor efficacy, cellular uptake, pharmacokinetics, tissue
distribution

Introduction

7-Ethyl-10-hydroxycamptothecin (SN-38) is an analog of the natural anticancer
alkaloid camptothecin (CPT). It is derived from irinotecan hydrochloride (CPT-11)
via carboxylesterase (CE)-mediated de-esterification primarily in the liver."> SN-38
executes the therapeutic action through inhibiting the release of single-strand DNA by
forming a ternary complex with topoisomerase I (TOPI) and DNA. This makes DNA
replication fail and leads to cell death.** SN-38 is a prominent and broad spectrum
antitumor agent, which is effective against numerous malignant tumors, including
lung, colorectal, gastric, lymph, cervical, and ovarian cancers.’
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Compared to CPT-11, SN-38 is 100—1,000 times more
potent in terms of antitumor effect.® The inhibition activity
of SN-38 mainly depends on the presence of the lactone ring,
which shows pH-dependent hydrolysis.”® At pH =4.5, the
active lactone ring is stable but converted to the inactive
carboxylate form completely by hydrolysis at pH >9.0.
At physiological pH (pH 7.4), the lactone ring is instable
and hydrolyzes to form the inactive form, which signifi-
cantly reduces the therapeutic effect.® In addition, SN-38 is
extremely insoluble in water (11-38 pg/mL) and is poorly
solubilized at 0.5% (w/w) in most physiologically compatible
and pharmaceutically acceptable solvents.™*!* As a result,
SN-38 cannot be administered directly.

To exploit the full therapeutic potential of SN-38,
a variety of drug delivery systems have been extensively
investigated, including polymeric implants,'' micelles,'> "¢
liposomes,'>!¢ polymer conjugates,”!” and nanoparticles.*'®
Unfortunately, although these techniques enhanced the solu-
bility of SN-38, there are also many inherent drawbacks, such
as low encapsulation efficiency and low drug loading,'®!?
poor stability during conjugation process, and low final yield
of polymer conjugates.'” The use of solvents or encapsulating
excipients not only limits drug loading but also may induce
adverse side effects.

Nanocrystals have recently been applied to overcome the
formulation issue of poorly soluble drugs and have attracted
wide attention. They are a type of submicron colloidal dis-
persion system with a mean particle size between 10 and
1,000 nm.?® The nanometer-scale particles have an enormous
surface area, and nanocrystals can greatly increase the dis-
solution velocity and saturation solubility of insoluble drugs
consequently improving their bioavailability.?!

In the carrier-free colloidal drug delivery systems, there are
only pure drug crystals and a minimum amount of stabilizers.
These require no chemical solvents and, thus, offer high drug
loading and a much improved drug tolerance without excipi-
ent toxicity.?? Furthermore, nanocrystals can be administrated
intravenously because of their small particle size and safe
composition.”? Now there are currently several commercially
available brands of drug nanocrystals on the market involving
oral and injectable formulations.** Apparently, nanocrystals
have numerous advantages on delivering poorly soluble drugs.
Herein, nanocrystal formulation was selected as a way to make
the clinical use of SN-38 possible. It has been found that the
particle size of nanosuspensions had a marked effect on the
pharmacokinetic characteristics and the bioavailability of
the nanosuspension dosage form.>?¢ Thus, to understand the
behaviors of SN-38 nanocrystals in vitro and in vivo, two nano-
crystals with markedly different particle sizes were prepared.

In this study, two SN-38 nanocrystals with different par-
ticle sizes were prepared via high-pressure homogenization
(HPH). The characterization, pharmacokinetics, tissue dis-
tribution, and antitumor efficiency in vitro and in vivo were
then studied. There were two main purposes of this study:
1) to develop a novel formulation of SN-38 with high antitu-
mor efficiency by nanocrystal technology, and 2) to investi-
gate the influence of particle size on the characterization and
behavior of SN-38 nanocrystals in vitro and in vivo.

Materials and methods

Materials

SN-38 (purity >98%) was purchased from Dalian
Meilun Biological Technology Co. Ltd. (Dalian, China).
Soybean lecithin was obtained from Tywei Pharmaceutical
(Shanghai, China). Poloxamer 188 was provided by BASF
(Ludwigshafen, Germany). The 3-(4,5-dimethyl-thiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT) was received from
Jingke Hondar Biological Technology Co. Ltd. (Beijing,
China). Dimethylsulfoxide (DMSQO) was purchased from
Sinopharm Chemical Reagent Co. Ltd. (Shanghai, China).
Fluorescent probes including 1,1’-dioctadecyl-3,3,3",3’-
tetramethylindodicarbocyanine, 4-chlorobenzenesulfonate
salt (DID) and Propidium iodide (PI) and hematoxylin—eosin
(HE) staining reagent were purchased from KeyGEN Biotech
Co. Ltd. (Nanjing, China). Methanol and acetonitrile (high-
performance liquid chromatography grade) were obtained
from Thermo Fisher Scientific (Waltham, MA, USA).
Human breast adenocarcinoma cells (MCF-7 cells), human
fibrosarcoma cells (HT 1080 cells), and human hepatoma cells
(HepG2 cells) were obtained from the Cell Resource Centre
of IBMS (Beijing, China). All other chemicals and reagents
used were analytical grade.

Male Sprague Dawley rats weighing 180-220 g were
obtained from the Laboratory Animal Center of Academy of
Military Medical Sciences (Beijing, China). Female Nu/nu
nude mice weighing 18-22 g were purchased from Vital
River Laboratories (Beijing, China). All of the animal experi-
ments in our study complied with the National Institutes of
Health guide for the care and use of laboratory animals and
were approved by the Beijing Institute of Pharmacology and
Toxicology.

Preparation of SN-38 nanocrystals

SN-38 nanocrystals were prepared by HPH technology.
In brief, SN-38 coarse powder (1%, w/v) was dispersed
in an aqueous surfactant solution, containing 0.5% Polox-
amer 188 (w/v) and 0.2% soybean lecithin under magnetic
stirring. Then, the mixture was premilled by a scattered
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emulsification homogenizer-C25 (HENC, Shanghai, China)
at 19,000 rpm for 1 min. The suspensions were further
processed via HPH by a nano homogenizer machine (ATS
Engineering Inc., Shanghai, China). In order to prepare
two nanocrystalline suspensions with different particle
sizes, different procedures were applied. For SN-38 nano-
crystals B (SN-38/NCs-B), five homogenization cycles at
200 bars were conducted first, as premilling step, and then,
30 homogenization cycles at 400 bars were run to obtain
the nanocrystalline suspensions. For SN-38 nanocrystals A
(SN-38/NCs-A), five cycles at 200, 500, 800, and 1,000 bars
were conducted first, and then, 30 homogenization cycles at
1,200 bars were carried out.

Preparation of SN-38 solution

A total of 100 mg of SN-38 coarse powder was dissolved in a
mixture of 4 mL of 1 M NaOH and 2 mL of propylene glycol
at 60°C with stirring. Once SN-38 was dissolved, 16 mL of
water was added to the solution and the pH was adjusted to
9.6 with 3 M HCI, and then, 0.1 M HCIl was added slowly to
adjust pH to ~7.4. The solution was filtered through a 0.1 um
microporous membrane to remove the precipitated SN-38.
The accurate concentrations was ~4.0 mg/mL, which was
determined by high-performance liquid chromatography and
mass spectrometry (LC/MS).

Particle size, polydispersity index (PDI),
and zeta potential analysis

The mean particle size, PDI, and zeta potential of each SN-38
nanocrystal formulation was determined by dynamic light
scattering (Zetasizer Nano-ZS90; Malvern Instruments,
Malvern, UK). SN-38 nanocrystals were diluted with deion-
ized water to a suitable scattering intensity before being
measured. Then, the samples were analyzed three times with
12 runs in each measurement.

Morphology study

The morphology of SN-38 nanocrystals was observed via a
transmission electron microscopy (TEM) instrument (Hitachi
7650; Hitachi Ltd., Tokyo, Japan). One drop of SN-38 nano-
crystals was deposited on the surface of copper grids, and
then, the samples were air-dried and examined by TEM.

Crystalline state

X-ray powder diffraction (XRPD) analysis was used to
evaluate whether the initial crystalline state of powders was
maintained before and after particle size reduction. The
samples including SN-38 coarse powder, blank excipients,
physical mixture of SN-38 and excipients, and two kinds

of nanocrystals were analyzed. XRPD diffractograms of all
samples were obtained by a D/MAX RB X-ray diffractometer
(Rigaku, Tokyo, Japan). XRPD was recorded by Cu Ko
radiation source with a wavelength of 1.5405 A at 40 kV
and 100 mA. The range (26) of scans was from 5 to 60° at
a speed of 2°/min.

LC/MS analysis

The LC/MS method was developed for the determination
of SN-38 in all experiments, including the dissolution
study, pharmacokinetic experiments, and tissue distribu-
tion study. The LC/MS system comprised an Agilent 1200
separation module and an Agilent 6460 triple quadruple mass
spectrometer with an atmospheric pressure electro-spray
ionization source (Agilent Technologies, Santa Clara, CA,
USA). The chromatographic separation was performed on a
Poroshell 120 SB-C18 column (2.1x50 mm X2.7 um; Agi-
lent Technologies) and maintained at a column temperature
of 30°C. The mobile phase consisted of acetonitrile—0.1%
formic acid in distilled water (5:95). An aliquot of 5 uL. of
the final solution was injected into the LC/MS system for
analysis, and the flow rate was 0.4 mL/min. The MS condition
was as follows: the ion spray voltage at 4,000 V, the nebulizer
gas pressure at 45 psi, and nitrogen as drying gas (350°C,
12 L/min). Multiple-reaction monitoring (MRM) operated
in positive ion mode was used to determine the analytes, and
the quantitative transition m/z values were 393.1/349.2 for
SN-38 (collision energy of 24 eV, fragmentation voltage of
147 V) and 349.1/305.3 for CPT (collision energy of 24 ¢V,
fragmentation voltage of 147 V), which was regarded as the
internal standard (IS). Scan time was set at 200 ms. Also,
the ultraviolet detector was used at 267 nm for measuring
the SN-38 concentration of SN-38 nanocrystals and solution
before experiments.

Dissolution and stability experiments
The dissolution behavior of SN-38 nanocrystals was evalu-
ated by dialysis. Four groups, including physical mixtures
SN-38/NCs-A, SN-38/NCs-B, and SN-38 solution, were
diluted by phosphate-buffered saline (PBS; pH 7.4) to
20 ug/mL. A total of 2 mL of each sample was put in a
dialysis bag (14,000 Da molecular weight cutoff; Fisher-
brand, Pittsburgh, PA, USA), which was then immersed in
200 mL of PBS. The system was shaken at a speed of 150 rpm
at37°C. At predetermined intervals, 0.2 mL of PBS solution
with SN-38 outside the dialysis bag was withdrawn for the
quantitative analysis of SN-38 concentration.

Meanwhile, stabilities of SN-38 in PBS were evaluated.
SN-38/NCs-A, SN-38/NCs-B, and SN-38 solution were put

International Journal of Nanomedicine 2017:12

submit your manuscript

5489

Dove


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

Chen et al

Dove

in 20 mL of PBS (pH 7.4) at the concentration of 20 ptg/mL.
After 12 h incubation at 37°C, the samples were taken and
SN-38 contents were rapidly measured by LC/MS.

Cellular uptake studies

The intracellular SN-38 accumulation was investigated under
confocal laser scanning microscopy (UltraVIEW Vox; Perkin-
Elmer Inc., Waltham, MA, USA). Briefly, HT 1080 cells were
seeded into a Petri dish at a density of 18x10* cells/well and
cultured in a humidified atmosphere containing 5% CO, at
37°C for 12 h. Then, the medium was replaced with 1 mL
of SN-38/NCs-A, SN-38/NCs-B, or SN-38 solution at the
concentration of 20 pg/mL, and the cells were incubated for
another 12 h at 37°C. The medium was then removed, and
cells were washed with cold PBS (pH 7.4) twice. A total of
2 mL of DID dye diluted with MEM was added, and the cells
were maintained at 37°C for 30 min to stain the cell mem-
brane. Then, the cells were washed with cold PBS two times,
followed by fixation using 4% paraformaldehyde at 4°C over-
night. Besides, nuclei were stained by PI using the same cell
lines. At first, following the culture of HT1080 cells for 12 h
on a Petri dish, the cells were washed with cold PBS twice,
and then fixed using 4% paraformaldehyde at 4°C overnight.
Then, cold PBS was added to wash the cells twice, followed by
nuclear staining using PI dye diluted with minimum essential
medium (MEM) at 37°C for 8 min. The fluorescence images
of the cells were observed via CLSM (Waltham, MA, USA)
with an emission wavelength of 650 nm for DID, 630 nm for
PI, and 550 nm for SN-38.

In vitro cytotoxicity studies

The cytotoxicity of SN-38 nanocrystals and solution on
human breast cancer cells MCF-7, fibrosarcoma cells HT 1080,
and hepatoma cells HepG2 was evaluated by MTT assay.
MCEF-7 cells were cultured in Roswell Park Memorial Institute
(RPMI) 1640 medium supplemented with 10% (v/v) fetal
bovine serum (FBS) and 1% (w/v) penicillin—streptomycin in
a humidified atmosphere containing 5% CO, at 37°C. MEM
supplemented with 10% (v/v) FBS and 1% (w/v) penicillin—
streptomycin for HT1080 cells and Dulbecco’s Modified
Eagle’s Medium (DMEM) supplemented with 10% (v/v)
FBS and 1% (w/v) penicillin—streptomycin for HepG2 cells
were used, and the two kinds of cells were also cultured in
a humidified atmosphere containing 5% CO, at 37°C. The
cells were seeded in a 96-well plate at a density of 2x10Y
well for MCF-7, 1x10%well for HT1080, and 0.8x10%well
for HepG2 and grown overnight. Meanwhile, the blank wells
without cells, as background group, and the wells with cells,
as control group, were established. Then, the media were

replaced with different concentrations of SN-38/NCs-A,
SN-38/NCs-B, or SN-38 solution for 48 h. A total of 20 UL
of MTT solution (0.5 mg/mL) was added to each well, and the
cells were incubated for another 4 h at 37°C. Next, the MTT-
containing medium was removed, and 200 UL of DMSO was
added, and the mixture was shaken at room temperature for
10 min to dissolve the formazan crystals produced by living
cells. Finally, a microplate reader (Tecan, Grodig, Austria)
was used to measure the optical densities of each well at a
wavelength of 492 nm.

Pharmacokinetic evaluation

Nine male Sprague Dawley rats were randomly and equally
divided into three groups. Three formulations, including
SN-38/NCs-A, SN-38/NCs-B, and SN-38 solution, were
administrated intravenously via tail vein to the rats in the
three groups at a dose of 5 mg/kg. Orbital blood samples were
collected using heparinized tubes at predetermined times and
centrifuged at the speed of 4,000 rpm for 10 min immedi-
ately. A total of 100 UL of plasma was separated from the
supernatant by adding 200 uL of methanol to extract SN-38.
Then, 100 UL of camptothecin acetonitrile solution was added
at the concentration of 50 ng/mL as IS and vortex-mixed
for 1 min. After centrifuging at 14,000 rpm for 10 min, the
supernatant was transferred to another tube and evaporated
using a rotary evaporator (Labconco Corp, Kansas City, MO,
USA) at 40°C for 5 h. The residue was dissolved in 100 uL
of acetonitrile-water (80:20) with vortex-mixing for 3 min
and centrifuged at 14,000 rpm for 10 min. Finally, 5 uL of
supernatant was injected for LC/MS analysis to determine
the SN-38 concentration in plasma.

In vivo antitumor efficacy

The antitumor effect was investigated on the female Nu/nu
nude mice. Briefly, 0.1 mL of MCF-7 cells (1x107/mL) was
inoculated subcutaneously in the right armpit of each mouse.
When the tumor volume reached ~200 mm? at day 8 after the
inoculation, the MCF-7-bearing mice were randomly divided
into the following four groups (n=6/group): saline, SN-38/
NCs-A, SN-38/NCs-B, and SN-38 solution. At days 9, 11,
13, and 15 after the inoculation, the three treatment groups
were injected intravenously via the tail vein at the dose of
8 mg/kg, while the control group was administrated saline
as negative control. To calculate the tumor volume, the
width and length of tumor of each mouse were measured
every 2 days with a caliper. Tumor volume was estimated as
[(length) x (width)?/2].%” The body weight of each mouse was
also weighed every 2 days as an index of systemic toxicity.?
At day 22, the mice were sacrificed and tumors were excised
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and weighed. The survival rate and tumor inhibition rate (IR)
were calculated. IR was calculated by [(W_
W ], here W

control: control

-w,_.)
reated:
was the tumor weight of mice treated

with saline and W,

treated

with SN-38 nanocrystals or solution.?® Besides, HE reagent

was the tumor weight of mice treated

was used to dye the tumor paraffin sections of the four groups
to observe the pathological change.

To investigate the difference of biodistribution of the
SN-38/NCs-A, SN-38/NCs-B, and solution, the MCF-7 tumor-
xenografted mice were also used. When the tumor volume
reached ~300 mm?, the three formulations were intravenously
injected into the mice via tail veins at a dose of 8 mg/kg,
respectively. At 1 and 24 h after injection, blood was collected
using heparinized tubes and centrifuged immediately to obtain
plasma, and the animals were then euthanized to separate
organs and tumor samples. All organs and tumors were washed
with saline, weighed, and homogenized. Then, the plasma and
tissue homogenates were prepared and analyzed using the
same method in the “Pharmacokinetic evaluation” section.

Statistical analysis

Data are expressed as mean * standard deviation (SD) of
replicate analyses. A Student’s z-test was performed to
evaluate the results. Differences with P-values <0.05 were
considered statistically significant.

Results and discussion

Particle size and morphological analysis
Two SN-38 nanocrystal suspensions with different particle
sizes were prepared by HPH using different pressures. Figure 1
shows the morphology and particle size distribution of SN-38/
NCs-A and SN-38/NCs-B. Under TEM, SN-38/NCs-A and
SN-38/NCs-B were cone-shaped. The mean sizes of SN-38/
NCs-A and SN-38/NCs-B were 229.5+1.99 nm (Figure 1C)
and 799.2+14.44 nm (Figure 1D), respectively. The two
SN-38 nanocrystal suspensions were both in the nano-size
range with a narrow size distribution. They are suitable for
intravenous injection.” The PDI values were 0.141+0.015
for SN-38/NCs-A and 0.202+0.067 for SN-38/NCs-B. PDI
values <0.3 indicate a narrow size distribution ***!

Zeta potential reflects the electric charge at the surface of
particles. It has a significant influence on the physical stability
of nanocrystal suspensions.” Zeta potential of SN-38/NCs-A
and SN-38/NCs-B were —27.1+0.36 mV and —27.6£0.21 mV
respectively. Generally, zeta potential of a stable system
should be at least 20 mV by using nonionic surfactants for
steric hindrance and 30 mV by using ionic surfactants for
electric repulsion.®? In our study, the two SN-38 nanocrystals
used Poloxamer 188 and soybean lecithin as stabilizers. The
electric and steric effects protected them simultaneously.
The zeta potentials of SN-38/NCs-A and SN-38/NCs-B
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Figure | The morphology and particle size distribution of SN-38 nanocrystals.

Notes: (A) TEM image of SN-38/NCs-A, (B) TEM image of SN-38/NCs-B, (C) size distribution of SN-38/NCs-A, and (D) size distribution of SN-38/NCs-B.
Abbreviations: SN-38, 7-ethyl-10-hydroxycamptothecin; SN-38/NCs-A, SN-38 nanocrystals A; SN-38/NCs-B, SN-38 nanocrystals B; TEM, transmission electron

microscopy.
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were ~—27 mV. This benefits the physical stability of the
nanocrystal suspensions.

Crystalline state analysis

A crystalline state study was conducted after the HPH
process. During HPH, a high energy input caused by the
high power density at the piston-gap homogenizer may
change the crystalline state.’®* The chemical hardness
and physical hardness of the active ingredient and the
applied power density were the main factors determining
the extent of such changes.*>*® Moreover, the crystalline
state is a factor affecting the dissolution rate and physical
stability of the nanocrystal suspensions.*” Thus, before and
after the nanosizing process, XRPD study was carried out
to evaluate if the initial crystalline state was preserved.
The XRPD diagrams of SN-38 coarse powder, blank
excipients, physical mixtures, SN-38/NCs-A, and SN-38/
NCs-B are shown in Figure 2. The characteristic peaks of
SN-38 coarse powder were observed at the 26 values of
10.38, 10.95, 13.25, 17.74, and 23.90, which were also
found in the diffraction patterns of SN-38/NCs-A, SN-38/
NCs-B, and physical mixtures. Blank excipients had dif-
ferent diffraction peaks at 19.09 and 23.29, which were
also maintained in the profiles of SN-38/NCs-A, SN-38/
NCs-B, and physical mixtures simultaneously. These results
demonstrated that the nanosizing process via HPH had
no influence on the crystalline state of SN-38/NCs-A and
SN-38/NCs-B. It also suggested that the enhancement of
dissolution velocity of SN-38 might result from the reduc-
tion of particle size and the effect of surfactants rather than
the changes in crystalline state.

[

o
| \

m{o{o

10 20 30 40
20

Figure 2 X-ray powder diffraction spectra.

Notes: (A) SN-38 coarse powder, (B) blank excipients, (C) physical mixtures,
(D) SN-38/NCs-A, and (E) SN-38/NCs-B.

Abbreviations: SN-38, 7-ethyl-10-hydroxycamptothecin; SN-38/NCs-A, SN-38
nanocrystals A; SN-38/NCs-B, SN-38 nanocrystals B.

Dissolution experiments

The dissolution release profiles for SN-38/NCs-A, SN-38/
NCs-B, physical mixtures, and SN-38 solution were evalu-
ated in PBS (pH 7.4). In order to examine the influence
of Poloxamer 188 and soybean lecithin as surfactants on
the dissolution rate of SN-38 nanocrystals, the dissolu-
tion behavior of physical mixtures was also tested because
surfactants have the effects of solubilization, wetting, and
emulsification.?” Figure 3 shows that the dissolution velocity
of both SN-38/NCs-A and SN-38/NCs-B were distinctly
superior compared to the physical mixture. Meanwhile, the
dissolution rate of SN-38/NCs-A was significantly faster than
that of SN-38/NCs-B. Within 18 h, 84% of SN-38/NCs-A
and 49% of SN-38/NCs-B were detected outside the dialysis
membrane, while the amount of physical mixtures was only
32%. This suggests that the nanocrystals could markedly
increase the dissolution velocity of SN-38 regardless of the
effect of the surfactants. The improved dissolution rate of
SN-38 nanocrystals can be explained by the Noyes—Whitney
equation: de/dt = D X A X (Cs — Ct)/h.*® In the equation, dc/dt
is the dissolution velocity, D is the diffusion coefficient,
A 1is the surface area, % is the diffusion distance, Cs is the
saturation solubility, and Ct is the bulk concentration. The
equation shows that the dissolution rate of nanocrystals could
be increased as the surface area of particles improved, which
resulted from the reduction of particle size. Meanwhile,
the reduction of particle size can increase the saturation
solubility of nanocrystals, which can be described by the
Ostwald-Freundlich equation: log(Cs/C ) =20V/2.303RTpr,
where Cs is the saturation solubility, C_ is the solubility of
the solid consisting of large particles, o is the interfacial
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Figure 3 In vitro release profiles of SN-38/NCs-A, SN-38/NCs-B, solution, and
physical mixture in pH 7.4 phosphate-buffered saline (n=3).

Abbreviations: SN-38, 7-ethyl-10-hydroxycamptothecin; SN-38/NCs-A, SN-38
nanocrystals A; SN-38/NCs-B, SN-38 nanocrystals B.
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tension of substance, V' is the molar volume of the particle
material, R is the gas constant, 7'is the absolute temperature,
pis the density of the solid, and r is the radius of particles.*
According to the Noyes—Whitney equation, the enhancement
of the saturation solubility could also improve the dissolu-
tion rate. Therefore, the increased dissolution behaviors of
SN-38 nanocrystals were mainly attributed to the enlarged
surface area and the increased saturation solubility due to
the reduction of particle size rather than the effects of the
crystalline form and surfactants.

In contrast, the release rate of SN-38 nanocrystals was
significantly slower than that of SN-38 solution. A total of
50% of SN-38 in the solution was released from the dialysis
membrane within 0.5 h, while 9 h and 18 h were needed
for SN-38/NCs-A and SN-38/NCs-B, respectively. We
can infer that it may take a much longer time for a larger
amount of SN-38 nanocrystals to dissolve within a smaller
volume of medium (eg, in our in vivo study where 1 mg of
nanocrystals was injected into a 200 g rat that commonly
has 10 mL of plasma for pharmacokinetic evaluation, and
160 pg of nanocrystals was administrated to a 20 g mouse that
commonly bears 2 mL of plasma for an antitumor efficacy
study). Although the dissolution rate of SN-38 nanocrystals
was much slower than that of SN-38 solution, it might be
beneficial to prolong the drug delivery circulation and rein-
force the enhanced permeability and retention (EPR) effect

SN-38 solution

DID

Pl

Figure 4 Cellular uptake of the study formulations.

SN-38/NCs-A

in vivo. In addition, the stabilities of SN-38/NCs-A and
SN-38/NCs-B were significantly higher than SN-38 solution
after 12 h incubation at 37°C in pH 7.4 buffer (P<<0.05).
The contents of the active lactone ring were 11.3, 52.1, and
73.6% for SN-38 solution, SN-38/NCs-A, and SN-38/NCs-B,
respectively. Therefore, the hydrolysis of the active lactone
ring that must occur in solution was restricted in the form of
SN-38 solid particles.

Cellular uptake studies

The cellular uptake and intracellular localization of SN-38/
NCs-A, SN-38/NCs-B, and SN-38 solution were character-
ized in HT1080 cells and observed by CLSM. As shown in
Figure 4, after 12 h incubation at 37°C, the amount of SN-38
in cells of the SN-38/NCs-A group was much more than
that of SN-38/NCs-B and solution groups. Moreover, in the
SN-38/NCs-A group, the drug was mainly distributed in the
cell nucleus, which was consistent with the anticancer mecha-
nism of SN-38. SN-38 targets the nuclear enzyme TOPI to
execute the therapeutic action. In addition, the amount of
SN-38 in cells of SN-38/NCs-B and solution groups was
not significantly different, and the drug of the two groups
was not observed in the cell nucleus after 12 h. Therefore,
the ability of cells to uptake SN-38/NCs-A in HT1080 cells
was the best among the three formulations. Based on these
results, SN-38 nanocrystals may be directly absorbed by the

SN-38/NCs-B

Notes: The CLSM images of HT 1080 cellular uptake of SN-38/NCs-A, SN-38/NCs-B, and solution after 12 h of incubation. (In this figure, cell membranes and nuclei were
stained by DID and PI, respectively, and both are in red. The blue is the drug). Magnification x600.

Abbreviations: SN-38, 7-ethyl-10-hydroxycamptothecin; SN-38/NCs-A, SN-38 nanocrystals A; SN-38/NCs-B, SN-38 nanocrystals B; CLSM, confocal laser scanning
microscopy; Pl, propidium iodide; DID, |,1’-dioctadecyl-3,3,3",3"-tetramethylindodicarbocyanine, 4-chlorobenzenesulfonate salt.
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cells through multiple endocytosis pathways other than the
passive diffusion of free molecules in solution, or dissolved
from nanocrystals across the cell membrane.

The internalization pathways of SN-38 nanocrystals
depend on their size and may include micropinocyto-
sis, phagocytosis, clathrin-mediated endocytosis, and
nonclathrin-mediated endocytosis.** Particle size has an
important effect on the cellular pathway of entry and subse-
quent intracellular localization in cells. A report by Rejman
et al** showed that particles with a diameter of =200 nm
were internalized via the clathrin-mediated endocytosis,
and the caveolae-mediated endocytosis becomes increas-
ingly apparent as size increases (<1 wm). This results in
caveolae-mediated endocytosis as the predominant pathway
for particles <500 nm.

In our study, the particle sizes of SN-38/NCs-A and
SN-38/NCs-B were ~230 and 800 nm, respectively. There-
fore, the difference in the cellular internalization pathways

of the two SN-38 nanocrystals due to different sizes may be
the major factor leading to the significant differences in the
cellular uptake of SN-38/NCs-A and SN-38/NCs-B. Overall,
the cellular uptake amount of SN-38 was increased after it
was made into nanocrystals when compared with SN-38
solution, and nanocrystals with smaller size had significant
advantages on cellular uptake.

In vitro cytotoxicity studies

The cytotoxicity of SN-38/NCs-A, SN-38/NCs-B, and SN-38
solution was evaluated in cancerous MCF-7, HT1080, and
HepG?2 cell lines (Figure 5). As a result, half maximal inhibi-
tory concentrations (IC50) of SN-38/NCs-A, SN-38/NCs-B,
and SN-38 solution on MCF-7 cells were 0.031, 0.145, and
0.708 ug/mL, respectively. The difference was statistically
significant between any two formulations (P<<0.05). IC50
values of SN-38/NCs-A, SN-38/NCs-B, and SN-38 solution on
HepG?2 cells were 0.076, 0.179, and 0.683 ug/mL respectively,
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Figure 5 In vitro cytotoxicity of SN-38/NCs-A, SN-38/NCs-B, and solution.

Notes: (A) cytotoxicity against MCF-7 cells, (B) cytotoxicity against HT 1080 cells, and (C) cytotoxicity against HepG2 cells (n=3).
Abbreviations: SN-38, 7-ethyl-10-hydroxycamptothecin; SN-38/NCs-A, SN-38 nanocrystals A; SN-38/NCs-B, SN-38 nanocrystals B.
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and significant difference was also found between any two
groups (P<<0.05). These results showed that SN-38/NCs-A
exhibited significant inhibition on MCF-7 and HepG2 cells
when compared with SN-38/NCs-B and SN-38 solution. The
cytotoxicity of SN-38/NCs-B for MCF-7 and HepG2 cells
were more potent than SN-38 solution. IC50 values of SN-38/
NCs-A, SN-38/NCs-B, and SN-38 solution on HT'1080 cells
were 0.046, 0.111, and 0.104 nug/mL, respectively. SN-38/
NCs-A exhibited significantly better antitumor activity against
HT1080 cells than SN-38/NCs-B and SN-38 solution (P<<0.05),
but the cytotoxicity of SN-38/NCs-B and SN-38 solution on
HT1080 cells was not statistically different (P>0.05).

There were some possible explanations for these results.
First, the lactone ring of SN-38 was prone to hydrolysis
at pH 7.4,* and the stability of the lactone ring in SN-38/
NCs might be enhanced significantly compared to the
solution.?®** Second, SN-38 is a P-gp substrate.* Part of
SN-38 molecules in tumor cells will be transported outside
cells by P-gp transporters, while SN-38/NCs-A is not affected
by P-gp transporters. Third, when accumulating on the sur-
face of the cancer cells, nanoparticles could be adsorbed by
pinocytosis.* Eventually, the solubility of drug was improved
after nanocrystallization.* These reasons might explain the
cytotoxic differences among the three formulations.

Pharmacokinetic evaluation

In this experiment, three groups of Sprague Dawley rats were
treated with SN-38 solution, SN-38/NCs-A, and SN-38/
NCs-B at a dose of 5 mg/kg, respectively. The SN-38 blood
concentration—time curves after intravenous administration of
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7 —e— SN-38/NCs-A

E —a— SN-38/NCs-B
—
()]
2
c
o
)
©
=
[
[}]
[3)
c
[e]
o
—
Y \!‘ ———
4 6 8
Time (h)

Figure 6 Mean SN-38 concentration-time profiles in plasma after intravenous
administration of SN-38/NCs-A, SN-38/NCs-B, and solution to rats at the dose of
5 mg/kg (n=3).

Abbreviations: SN-38, 7-ethyl-10-hydroxycamptothecin; SN-38/NCs-A, SN-38
nanocrystals A; SN-38/NCs-B, SN-38 nanocrystals B.

different formulations are shown in Figure 6, and the pharma-
cokinetic parameters are listed in Table 1. Although the peak
plasma concentration (C ) for the SN-38 solution group was
initially the highest among the three groups, the area under
the curve (AUC) of SN-38/NCs-A was subsequently higher
than that of SN-38 solution (P<<0.001). This indicated that
nanocrystals with smaller particle size could significantly
enhance the drug concentration in blood vs drug solution.
The clearance (CL) showed that SN-38 solution was quickly
removed from the circulation system, while SN-38/NCs-A
represented a markedly delayed blood CL due to the sustained
release (P<<0.01). However, the differences of apparent dis-
tribution volume (V) for nanocrystals with smaller particle
size and solution were not significant (P>0.05). After injec-
tion of SN-38/NCs-A, SN-38 was in the form of nanoscale
solid particles in plasma, which could prolong the residence
time. Moreover, during circulation, some nanoparticles in the
SN-38/NCs-A system might be recognized and phagocytized
by the reticuloendothelial system (RES). The nanoparticles
engulfed by the RES of SN-38/NCs-A might be quickly dis-
solved in phagocytic cells due to the small particle size. These
would be released into blood circulation again to maintain
higher and longer blood levels vs SN-38 solution.

For SN-38/NCs-B, however, the results are opposite
to the predicted results. The AUC was much lower than
that of the SN-38 solution and SN-38/NCs-A. The CL
of SN-38/NCs-B was the largest, meaning that the SN-38
in SN-38/NCs-B was removed the fastest. The V and CL
of SN-38/NCs-B were significantly different from that of
SN-38/NCs-A and solution (P<<0.01). SN-38/NCs-B with
much larger particle sizes might show a slow dissolution
behavior in the circulation system as in the in vitro dissolu-
tion profiles in Figure 3. Therefore, the slow dissolution

Table | Pharmacokinetic parameters after intravenous adminis-
tration of SN-38/NCs-A, SN-38/NCs-B, and solution at a dose of
5 mg/kg in Sprague Dawley rats (n=3)

Parameters Units SN-38 SN-38/ SN-38/
solution NCs-A NCs-B
AUC((H) mg/L h 1.06%#* 2.06 0.1 |k
AUC(M) mg/L h |, [ Qe 2.09 0.1 |
MRT h 0.92* 1.80 2.29
CL L/h/kg 4.57%% 2.4| 45.73%*
\'% L/kg 4.30 4.33 102.69%*
Co mg/L 6.22% 4.74 0.23##*

Note: *P<<0.05, **P<<0.01, and ***P<0.001, statistical significance compared to SN-
38/NCs-A.

Abbreviations: SN-38, 7-ethyl-10-hydroxycamptothecin; SN-38/NCs-A, SN-38
nanocrystals A; SN-38/NCs-B, SN-38 nanocrystals B; CL, clearance; MRT, mean
residence time; AUC((H), area under the curve from time of administration to time
“t” AUC(O_m, area under the curve from time of administration until infinite time
elapse; V, apparent distribution volume; C__, peak plasma concentration.
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rate in blood circulation might initially cause low plasma
concentration in SN-38/NCs-B. The SN-38/NCs-B might
be recognized and phagocytized by the RES organs easily
and quickly because of the larger particle size after injection.
If the solid particles in SN-38/NCs-B system dissolved dif-
ficultly in the phagocytic cells, it was hard for the particles
to leave the cellular vesicle and enter the blood circulation
again. Depending on particle size and composition, the
uptake of nanoparticles by organs of RES after intravenous
injection might take from a few minutes to many hours.*
Certainly, further study has to be carried out using the in situ
and in vivo models. The related results will be published in
other articles.

Overall, these data demonstrated that SN-38/NCs-A with
small particle size significantly improved AUC and MRT and
decreased CL compared to SN-38 solution. SN-38/NCs-B
with large particle size showed the significantly different
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Figure 7 Antitumor effect tested in MCF-7-bearing mice (n=6).

pharmacokinetic pattern. Therefore, the particle size of SN-38
nanocrystals has a remarkable effect on the pharmacokinetic
characters in vivo. It is critical to screen an optimal particle
size for nanocrystals for the ideal therapeutic purpose.

In vivo antitumor efficacy

MCF-7-bearing mice were used to evaluate the in vivo
anticancer effect of SN-38 nanocrystals and solution. The
SN-38/NCs-A, SN-38/NCs-B, and SN-38 solution were
administered to each mouse at a dose of 8 mg/kg via tail vein
on days 9, 11, 13, and 15 when the tumor volume reached
200 mm?®. The control group was injected with saline. The
tumor volume and body weight were measured every 2 days.
The tumor growth curves of all groups are shown in Figure 7A
and the body weight curve of mice was shown in Figure 7B.
The results show that all treatment groups yielded significant
tumor repression vs the control group (P<<0.001 for SN-38/

—&— Control =- Solution
—&— SN-38/NCs-B =—fll= SN-38/NCs-A

Weight (g)
N N N w
o S [e5] N

-
o]
T

1 I 1 L ]
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TinIe(days)
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Treatment ended

Notes: SN-38/NCs-A, SN-38/NCs-B, or SN-38 solution was administrated to mice via tail vein at the dosage of 8 mg/kg, and saline was used as control. (A) The profile
change of tumor volume, #P<<0.01 vs control; *P<<0.05 vs solution; #P<0.05 vs SN-38/NCs-B. (B) The body weight curve of mice. The arrows in parts A and B shows the
day when treatment ended. (C) Photo of tumors in each group upon animal termination. (D) HE staining of tumor tissue sections. Tumor paraffin sections dyed with HE
reagent were well prepared for observation of the pathological change separately under the microscope (x100). The mice were administered (a) saline, (b) SN-38 solution,

(c) SN-38/NCs-B, and (d) SN-38/NCs-A.

Abbreviations: HE, hematoxylin—eosin; SN-38, 7-ethyl- 10-hydroxycamptothecin; SN-38/NCs-A, SN-38 nanocrystals A; SN-38/NCs-B, SN-38 nanocrystals B.
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NCs-A, P<<0.001 for SN-38/NCs-B, and P<<0.01 for SN-38
solution). Among the three formulations, SN-38/NCs-A
showed the best inhibition effect and the statistical differences
were significant (P<<0.001 vs solution and P<<0.05 vs SN-38/
NCs-B). SN-38/NCs-B was more effective in inhibiting the
tumor growth compared to SN-38 solution (P<<0.05).

At the end of the experiments, all tumors were excised
and weighed to calculate the tumor IR. The average tumor
weight of the group administered with saline, SN-38 solu-
tion, SN-38/NCs-B, or SN-38/NCs-A was 1.01, 0.49, 0.29,
or 0.06 g, respectively. The IR of SN-38 solution, SN-38/
NCs-B, or SN-38/NCs-A groups was 51.79, 71.63, or 94.39%,
respectively, relative to the control group, and the statistical
difference between any two groups was significant (P<<0.05
for SN-38/NCs-B vs solution and P<<0.01 for SN-38/NCs-A
vs SN-38/NCs-B). Figure 7C shows photos of the tumors.
The dissected tumors in the mice treated with SN-38/NCs-A
were the smallest. The inhibitory effect of SN-38/NCs-B was
weaker than that of SN-38/NCs-A but significantly more
potent than salt solution. Therefore, all data revealed that the
nanocrystal formulation displayed more dramatic antitumor
efficacy when compared with solution. SN-38/NCs-A with
smaller particle size exerted a better therapeutic effect than
SN-38/NCs-B with larger particle size.

After intravenous injection, the molecules of SN-38
solution were directly released into the blood, where the
lactone ring was easily hydrolyzed to the open carboxylate
form, which has no therapeutic effect.*’ However, the drug
molecules in SN-38 nanocrystals were slowly released after
injection and the solid particles might restrict the hydrolysis
of the active lactone ring, which meant that there was more
active drug to kill the tumor cells. Moreover, the circulation
of SN-38 in the blood was prolonged by the formulation of
nanocrystals, which improved the bioavailability of SN-38
and was conducive to inhibit the tumor growth. Besides,
as the drug particles dissolved, the size of the nanocrystals
became smaller. These smaller particles were prone to
accumulate in the tumor tissues via the EPR effect. Finally,
the drug could be taken up not only as free molecules by
diffusion but also as nanoparticles by active transport. This
considerably increases the antitumor efficacy.

This good result was also confirmed by the HE staining
assay. Tumor tissue sections stained with HE were pre-
pared to further investigate the inhibition effect of SN-38
nanocrystals on human xenograft tumors. As shown in
Figure 7D, there were rich blood vessels in the tumor tissue
of the control group injected with saline; few apoptotic cells
were found. However, in the tumor issues administered with

solution and nanocrystals, there were visible apoptotic cells.
Apparently, mostly cells with enlarged sizes and excessive
vacuolization were observed in MCF-7 tumor tissue sections
after the injection of SN-38/NCs-A — most tumor cells were
apoptotic. In addition, the amount of apoptotic cells of SN-38/
NCs-B group was less than that of SN-38/NCs-A group but
more than that of SN-38 solution group. Thus, the histology
result was consistent with the above tumor inhibition data.

In addition, the body weight changes of all nude mice were
monitored during the course of the experiment for the safety
evaluation of SN-38 nanocrystals. As shown in Figure 7B,
no significant change was found in the body weights of mice
injected with SN-38/NCs-A, SN-38/NCs-B, and SN-38 solu-
tion during the experimental period and there was no obvious
difference in body weights between the treatment groups. This
result suggested that there were negligible acute or serious
side effects caused by nanocrystals at the test dose.

SN-38 biodistribution in tumor-
bearing mice
SN-38 concentrations in the tumor and major organs of the
heart, liver, spleen, lung, kidney, and brain were investigated
after the treatment of SN-38 nanocrystals and solution at a dose
of 8 mg/kg. Figure 8A shows that at 1 h postinjection, SN-38
in the formulations, including SN-38/NCs-A, SN-38/NCs-B,
and solution, was detected in all the above tissues. The amount
of SN-38 accumulated in liver and spleen of the mice treated
with SN-38/NCs-A and SN-38/NCs-B was significantly higher
than that treated with solution. This was suspected to be due
to the solid particles, which would be taken up by phagocytic
cells of the mononuclear phagocyte system (MPS).447

More interestingly, after 1 h, the SN-38 accumulated in
the tumors administered SN-38/NCs-A and SN-38/NCs-B
was ~47- and 10-fold as much as that treated with solution,
respectively. After 24 h (Figure 8B), the amount of SN-38
in the tumors administered solution significantly decreased,
and the drug accumulated in the tumors treated with SN-38/
NCs-A and SN-38/NCs-B were 130- and 30-fold higher
than that treated with solution, respectively. Obviously,
the SN-38 concentration in the tumor of SN-38/NCs-A
group was significantly higher than that of SN-38/NCs-B
group after injection at 1 h, as well as at 24 h. Therefore,
nanocrystals easily accumulated in tumor. In addition, the
amount of SN-38 in the liver and spleen of the mice treated
with SN-38/NCs-B at 24 h after injection was significantly
higher than those administered SN-38/NCs-A, while there
was no significant difference in the first 1 h. One possible
reason was that after being taken up by RES organs, SN-38/
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Abbreviations: SN-38, 7-ethyl-10-hydroxycamptothecin; SN-38/NCs-A, SN-38 nanocrystals A; SN-38/NCs-B, SN-38 nanocrystals B.

NCs-A with smaller particle size was prone to dissolve and
diffuse into the blood circulation again, but it was hard for
SN-38/NCs-B to dissolve and leave the RES organs because
of the larger particle size.

The better antitumor efficacy of the two SN-38 nano-
crystals was likely attributed to more drug accumulation in
the tumor compared to SN-38 solution. The favorable tumor
accumulation of SN-38 nanocrystals might result from the
EPR effect. As reported in a research study, the vascular pore
cutoff of the tumors grown in the subcutaneous microenviron-
ment, depending on the cell line, might range from 200 nm
to 1.2 um and the majority of tumors had a vascular pore
cutoff size between 380 and 780 nm.* Therefore, the different
particle sizes of SN-38/NCs-A and SN-38/NCs-B might be
the main factor leading to the significant difference in tumor
accumulation between the two nanocrystal formulations.
In our study, the mean particle sizes of SN-38/NCs-A and
SN-38/NCs-B were ~230 and 800 nm, respectively. SN-38/
NCs-A with a smaller mean particle size might be more
easily taken up by tumor cells than SN-38/NCs-B in which
some particles were >800 nm. Thus, SN-38/NCs-A showed
the best tumor accumulation among the three formulations.

Conclusion

This study presents systemic research devised to deal
with the drawbacks of SN-38. SN-38 nanocrystals with
different particle sizes were successfully developed, and
the obtained nanocrystals were cone-shaped. Crystalline
state analysis showed that the nanosizing process via HPH
had no influence on the crystalline state of SN-38. The
dissolution rate increased significantly after dispersion
compared to the physical mixture. It was obvious that
the particle size of SN-38 nanocrystals had a remarkable

influence on dissolution, cellular uptake, pharmacokinetics,
tissue distribution, and antitumor efficacy in vitro and in
vivo. The in vitro cytotoxicity and cellular uptake studies
demonstrated that SN-38/NCs-A with a smaller particle
size enhanced the antitumor effect of SN-38 markedly
compared to SN-38 solution and SN-38/NCs-B whose
particle size was larger. SN-38/NCs-B could induce similar,
if not better, anticancer cytotoxic activity compared to the
solution. The bioavailability of SN-38 was significantly
improved by SN-38/NCs-A by prolonging the blood cir-
culation after intravenous injection, while SN-38/NCs-B
showed significantly different pharmacokinetics, such
as large MRT, CL, and V, but small AUC. Furthermore,
treatment with SN-38/NCs-A had better antitumor effects
than treatment with SN-38 solution and SN-38/NCs-B in
MCF-7 tumor-bearing mice. Meanwhile, the SN-38/NCs-B
inhibited tumor growth significantly vs solution. Therefore,
nanocrystals represent a potentially feasible and favorable
choice for SN-38 in antitumor research, and it is important
to optimize an appropriate particle size for nanocrystals in
terms of therapeutic purpose.
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