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Introduction: Etoposide refers to a derivative of podophyllotoxin, which plays an impor-
tant role in the treatment of cancer due to its prominent anti-tumor effect. As a BCS IV drug,
etoposide exhibits insufficient aqueous solubility and permeability, thereby limiting its oral
absorption. To enhance the oral bioavailability of etoposide, this study developed an amor-
phous nanopowder.

Methods: Based on preliminary screening and experimental design, the stabilizer and
preparation process of etoposide nanosuspension were explored. Subsequently, using
a Box—Behnken design, the effects of independent factors (ultrasonication time, ratio of
two phases and stabilizer concentration) on response variables (particle size and polydisper-
sity index) were studied, and then the formulation was optimized. Finally, nanosuspension
was further freeze dried with 1% of mannitol resulting in the formation of etoposide
amorphous nanopowder.

Results: The optimized etoposide nanopowder showed as spherical particles with an average
particle size and polydispersity index of 211.7 + 10.4 nm and 0.125 + 0.028. X-ray powder
diffraction and differential scanning calorimetry confirmed the ETO in the nanopowder was
amorphous. Compared with coarse powder and physical mixture, etoposide nanopowder
achieved significantly enhanced saturated solubility and dissolution in various pH environ-
ments. The C,,x and AUC,_, of etoposide nanopowder after oral administration in rats were
respectively 2.21 and 2.13 times higher than the crude etoposide suspension. Additionally,
the Tphax value of nanopowder was 0.25 h, compared with 0.5 h of reference group.
Discussion: In the present study, the optimized amorphous nanopowder could significantly
facilitate the dissolution and oral absorption of etoposide and might act as an effective
delivery method to enhance its oral bioavailability.

Keywords: ctoposide, amorphous nanopowder, oral absorption, poor aqueous solubility,
bioavailability enhancement

Introduction

Etoposide (ETO) is a semisynthetic podophyllotoxin derivative, with the molecular
formula of C,9H3,0;5 (Figure 1). It is capable of interfering with mammalian DNA
topoisomerase II in the late S or G2 phase of the cell cycle, and combines with
enzymes and DNA to fabricate a drug-enzyme-DNA stable reversible complex,
which can irreparably impair DNA, eventually causing apoptosis.'* For its promi-
nent anti-tumor effect, it has been applied for treating various tumors, such as
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Figure | The chemical structure of ETO.

leukemia, lymphoma, small cell lung cancer and orophar-
yngeal cancer.”* However, as a BCS IV drug, etoposide
exhibits insufficient aqueous solubility and permeability,>°
resulting in many formulations of etoposide being pre-
pared as injections.”” However, injections have many
disadvantages, such as the need to add a large amount of

surfactants and organic solvents,'® '

which may cause
allergic reactions in patients.'® Therefore, the development
of oral preparations of etoposide has become an attractive
research field. To facilitate the oral absorption of ETO,
several strategies have been adopted, including nanostruc-
tured lipid carriers and self-emulsifying delivery systems.
Some of them exhibit high in vivo performance.'*!
Drug nanoparticles composed of drugs and stabilizers
are considered one of the most promising nanotechnolo-
gies to promote insoluble drugs to exhibit enhanced solu-
bility and oral bioavailability.'®'® With the decrease in
particle size (PS) and the increase in specific surface area,
drug nanoparticles can significantly elevate the saturation
solubility and dissolution rate of drugs.'® Moreover, under
the high drug loading capacity of drug nanoparticles,
patients can have lower dosage and better compliance in
oral administration.”’ The role of drug nanoparticles in

improving solubility and oral bioavailability has been

confirmed in various literatures.’'** Drug nanoparticles
may act as a preferable nanotechnology to facilitate the
solubility and oral absorption of ETO, but this has rarely
been studied. In this work, an ETO nanosuspension was
prepared using a sonoprecipitation—high pressure homoge-
nization method; subsequently, the formulation was opti-
mized using a Box—Behnken design (BBD) of response
surface method; lastly, it was transformed into ETO nano-
powder by freeze-drying. The optimized ETO nanopowder
was systematically analyzed in terms of morphology, par-
ticle size and physicochemical properties. Finally, in vitro
dissolution and in vivo pharmacokinetics of optimized
ETO nanopowder were assessed.

Materials and Methods

Materials

The following materials were provided by or purchased
from the sources in parentheses: etoposide (Shanghai
Xiandai Pharma Ltd, Shanghai, China); sodium dodecyl
sulfate (SDS) and sodium deoxycholate (Tianjin Yong da
Chemical Reagent Co. Ltd, Tianjin, China); D-alpha-
Tocopheryl polyethylene glycol 1000 succinate (TPGS),
poloxamer 188 (Pluronic F68), and poloxamer 407
(Pluronic F127) (BASF, Ludwigshafen, Germany); poly-
vinyl alcohol 217 (PVA 217) (Kuraray Co. Ltd, Japan,
Osaka); polyethylene glycol 2000 (PEG-2000) and poly-
vinylpyrrolidone K30 (PVP K30) (Tianjin Bodi Chemical
Co. Ltd, Tianjin, China); sodium carboxyl methyl cellu-
lose (CMC-Na) (Nanjing Zhongnuo Bioengineering Co.
Ltd, Nanjing, China); dimethyl sulfoxide (DMSO), metha-
nol, acetone and acetonitrile of chromatographic grade
(Concord Technology Co. Ltd, Tianjin, China). All
reagents and chemicals used were of analytical or chro-
matographic grade.

Methods

Preparation of Amorphous Nanopowder
ETO amorphous nanopowder was prepared using
a sonoprecipitation—high pressure homogenization method.
Briefly, the crude etoposide was completely dissolved in
DMSO. In the presence of sonication (SCIENTZ-IID ultra-
sonic processor, Scientz Biotechnology Co., Ltd, Ningbo,
China), the ETO solution was rapidly added to the aqueous
solution containing the stabilizer (Pluronic 127, PVP K30,
CMC-Na, SDS, PVA, TPGS,

Pluronic F68 or PEG-2000) to obtain a starting suspension.

sodium deoxycholate,

The starting suspension was then placed in a high-pressure
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homogenizer (HPH, Pharmaceutical ultra-high-pressure
of AHI100D, ATS Engineering Inc.,
Shanghai, China) at 4°C. After that, the nanosuspension

homogenizer

was concentrated by centrifugation of 15,000 rpm/min for
15 minusing a high-speed refrigerated centrifuge (Anhui
Zhongke Zhongjia Scientific Instrument Co. Ltd, Anhui,
China). Finally, the supernatant was removed and the pre-
cipitate was redistributed in an aqueous solution containing
the stabilizer.

Further, the nanosuspension and cryoprotectant were
lyophilized together (Labconco, USA) for 24 hours. The
lyophilized ETO nanopowder was evaluated for appear-
ance, re-dispersibility and Sf (particle size after lyophiliza-
tion)/Si (initial particle size) ratio.

Formulation Optimization of ETO Nanopowder

Through the preliminary experiments of different process
parameters, X; (ultrasonication time), X, (ratio of two
phases) and X; (stabilizer concentration) were selected as
the critical process parameters affecting PS (Y;) and poly-
dispersity index (PDI, Y;) of ETO nanopowder. Then the
prescription was further optimized by BBD. This study
was a three-factor central composite design (CCD) using
17 batches. The ultimate goal of optimization was to
obtain ETO nanopowder with minimum PS and PDI. The
experiment was designed and analyzed by Design-Expert
software (Version 8.0.6.1, Stat-Ease Inc., Minneapolis,
MN). The variables and their levels are listed in Table 1.

Particle Size and Size Distribution Analysis

ETO nanopowder was re-dispersed in water and evaluated
for PS and PDI using dynamic light scattering (ZEN 3600,
Zetasizer nano ZS 90, Malvern, UK).?* The re-dispersed
ETO nanopowder was diluted 5-fold with distilled water

Table | Independent Factors and Responses in the Box—
Behnken Design

Independent Variables Level
Low Middle High
-n (0) (G
X, Ultrasonication Time (min) 5.0 75 10.0
X3, Volume Ratios 0.05 0.08 0.10
(organic phase/aqueous phase, v/v)
X3, Stabilizer Concentration (% w/v) | 0.10 0.17 0.25
Dependent Variables Goal
Y, PS (nm) Minimize
Y,, PDI Minimize

before measurement. Each sample was measured in tripli-
cate at room temperature.

Morphology Observation

The morphology of the ETO nanopowder was analyzed
with a transmission electronic microscope (TEM, JEM
2010; JEOL, Japan) operated at 120 kV.*> The ETO
nanopowder was diluted with distilled water before
measurement. One drop of the re-dispersed ETO nano-
powder was placed on the surface of a copper grid, and
the excess liquid was drained on filter paper. The
copper grid was strained in 2% phosphotungstic acid
for 120 s.

Differential Scanning Calorimetry (DSC)

Differential scanning calorimetry analysis was carried out
(DSC-3; METTLER TOLEDO, Switzerland). The samples
were accurately weighed (2-5 mg) and placed in
a standard aluminum pan, sealed with a lid and perforated.
The samples were scanned at a rate of 10°C/min over
a range of 40-300°C under 50 mL/min nitrogen flow
rate.?°

Powder X-Ray Diffraction (PXRD)

The powder X-ray diffraction patterns of the ETO nano-
powder were analyzed by D/Max-2400 X-ray fluores-
cence spectrometer (Rigaku, Osaka, Japan).”” Data were
collected with Cu-Ka radiation and a voltage of 40 kV,
and the scanning speed was 4°/min from 3° to 50°.

Determination of Saturation Solubility

The saturation solubility of coarse powder (PS = 13.33
+ 3.44 pm), physical mixture and nanopowder of ETO
in different media (distilled water, pH 1.2 solution or pH
6.8 PBS) were analysed by a shaking-flask method.?®
Briefly, an excess amount of sample powder was dis-
persed into 0.5 mL different media, and then shaken for
72 h at 100 rpm and 37°C in the HCR-D210 shaking-air
bath (Henan Instruments Co., Ltd, Henan, China). These
samples were centrifuged at 15,000 rpm for 15 min, and
the supernatant was immediately filtered through a 0.22
um syringe filter. Finally, the content of etoposide in
samples was detected by high performance liquid chro-
matography (HPLC) analysis in triplicate. Drug analysis
was conducted on a Kromasil 100-5 Phenyl column
(250 x 4.6 mm i.d., 5 um, Zhonghuida Technologies,
China). The HPLC mobile phase consisted of acetoni-
trile and 0.02 M sodium acetate (pH 4.0, 30:70, v/v) at
a flow rate 1.0 mL/min, column temperature was
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maintained at 40°C, and injection volume was 10 pL.
The detection wavelength was set at 245 nm.*’

In vitro Dissolution Test

The dissolution profiles of coarse powder (PS = 13.33 +
3.44 pm), physical mixture and nanopowder of ETO in
different media (pH 1.2 solution, pH 6.8 PBS or pH 7.4
PBS) were tested with a dissolution apparatus (RC806D).
The medium was stirred at 100 rpm and the temperature
was set at 37°C. The accurately weighed powder (contain-
ing 5 mg etoposide) was added into 200 mL different
media. Aliquots of 5 mL were withdrawn at 1, 2, 3, 5,
10, 15, 30, 45 and 60 min and replaced with an equal
volume of fresh media. The samples were immediately
filtered through a 0.22 pm syringe filter and quantified
by HPLC in triplicate.?’

Pharmacokinetics Study

Twelve SD male rats weighting 180-220 g were purchased
from the Institute of Laboratory Animal Science,
Shenyang Pharmaceutical University (Shenyang, China).
This study was reviewed and approved by the Laboratory
Welfare Ethics
Pharmaceutical University (Animal ethical numberSYPU
- IACUC - C2019 - 7 - 10 - 203) and all the operations

were conducted in accordance with the “Guidelines of

Animal Committee of Shenyang

Shenyang Pharmaceutical University for the Care and
Use of Experimental Animals.” Rats were fasted in
a specific pathogen-free (SPF) animal house for 12-16
h with free access to water. The rats were randomly
divided into two groups (n=6) and orally administered
with the suspension of coarse ectoposide powder (PS =
13.33 + 3.44 pm) and ETO nanopowder respectively,
each equivalent to 180 mg/kg ETO. Equivalent volume
of blood samples (0.5 mL) were obtained from orbital
veins and transferred into heparinized tubes at 0.25, 0.5,
1, 2, 4, 6, 8, 10, 12 and 24 h after oral administration.
Then, the blood sample was centrifuged at 6000 rpm/min
for 10 min.

The plasma was separated and stored at —80°C before
analysis. Etoposide concentration in rat plasma was deter-
mined by UPLC/MS/MS. The UPLC/MS/MS method is as
follows: Chromatographic separation was carried out with
an ACQUITY™ UPLC system (Waters Corp., Milford,
MA, USA). The separation was conducted on an
ACQUITY UPLC™ BEH C;g column (50 mm X
2.1 mm id., 1.7 pum, Waters Corp., Milford, MA, USA).
The mobile phase consisted of acetonitrile (A) and 0.1%

formic acid in water (B), and was delivered at a flow rate
of 0.2 mL/min. The column was kept at 35°C, and the
autosampler was maintained at 4°C. The linear gradient
elution program was (1) A decreased from 70% to 30%
during the first 1.0 min; (2) A was held at 30% for 1.0 min;
(3) A was reset to the initial composition in 0.2 min; (4)
A was held at 70% for 0.8 min. The injection volume was
5 pL using the partial loop mode. Mass spectrometric
detection was carried out with a Waters ACQUITY™
TQD
(Waters Corp., Manchester, UK) in positive ESI mode.

triple quadrupole tandem mass spectrometer
The optimized source/gas parameter was capillary 3.1
kV; cone voltage 3.0 V; radio frequency 0.3 V; source
100°C; desolvation temperature 400°C.

Nitrogen was used as the desolvation gas (450 L/h) and

temperature

cone gas (50 L/h). For collision-induced dissociation,
argon was used as the collision gas at a flow rate of
0.2 mL/min. Quantitation was performed using multiple
reaction monitoring of the fragmentation transitions of m/z
589.05—228.90 amu for ETO, and m/z 656.89—382.91
amu for the internal standard, with a scan time of 0.02
s per transition.**! Pharmacokinetic data were collected
by Masslynx™ NT4.1 software (Waters Corp., Milford,
MA, USA) and processed with the QuanLynx™ program
(Waters Corp, Milford, MA, USA).31 Pharmacokinetic
parameters were analyzed with DAS 2.0 software
(Mathematical Pharmacology Professional Committee of
China, Shanghai, China).* All descriptive parameters are
expressed as mean + SD.

Results and Discussion
Formulation Development and
Optimization
Selection of Organic Solvent, Stabilizers and Process
Parameters
In this section, the results and scientific explanations of the
formulation selection of ETO nanopowder are presented.
The content of the preliminary experiment aimed to delve
into the influence of various experimental parameters on
PS and PDI, such as the type of organic phase, ratio of two
phases, ultrasonication time, the type of stabilizer, stabili-
zer concentration and HPH operation parameters. Then,
the critical process parameters were selected to optimize
the formulation of ETO nanopowder by BBD.

The sonoprecipitation—high pressure homogenization
method is a combination of top-down and bottom-up
methods.*>** In the bottom-up method, the nucleation is

submit your manuscript

7604

Dove

International Journal of Nanomedicine 2020:15


http://www.dovepress.com
http://www.dovepress.com

Dove

Wang et al

critical to harvest uniform drug nanoparticles in a narrow
size distribution. The supersaturation induced by the anti-
solvent is vital for the control of the nucleation process.
By selecting a suitable antisolvent to achieve high super-
saturation, more rapid nucleation can be induced, thereby
In this study, the
effects of different organic solvents on PS and PDI of ETO
nanosuspension were compared (Figure 2A). As revealed

resulting in crystals of similar size.'’
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Figure 2 The effect of various parameters, (A) type of organic solvent, (B) ratio of two phases, (C) ultrasonication time, (D) homogenization pressure, (E) type of stabilizer,
(F) stabilizer concentration, (G) homogenization cycles in each prescription, on mean PS and PDI of ETO nanopowder.
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the organic solvent in the suspension, which is conducive
to reduce the PS and PDI of the nanosuspension
(Figure 2B). In existing studies, ultrasonication was able
to enhance nucleation by producing acoustic cavitation in
solution and subsequently shortening the induction period,
so as to obtain a suspension with uniform particle size
distribution.>**> Accordingly, ultrasonication time is also
affecting PS and PDI of
a nanosuspension. As shown in Figure 2C, with the

an important factor
increase in ultrasonication time, PS and PDI of the nano-
suspension decreased first and then increased. The reason
might be that with the increase in ultrasonication time, the
input energy increases, generating heat and thus leading to
the aggregation of particles.

High-pressure homogenization refers to a top-down
method capable of effectively reducing PS and PDI of
nanoparticles.***” The effect of different homogenization
pressure and cycle times on the PS and PDI of the nano-
suspension was explored in this study. As demonstrated
from the results, with the increase in homogenization
pressure and cycle times of high-pressure homogenization,
the energy input increased, and the PS and PDI of ETO
nanosuspension declined (Figure 2D and G). Moreover, it
is noteworthy that with the increase in homogenization
cycle times, the decrease in dgy was greater than that of
the average particle size, indicating that high-pressure
homogenization could effectively reduce the large parti-
cles in the system and promote the system to be more
uniform.

The selection of the stabilizer is the most important
step in the preparation of a nanosuspension. The PS and
PDI of a nanosuspension can be altered by adding different
stabilizers in the crystallization milieu.*®>° As suggested
in Figure 2E, under identical preparation conditions, the
use of charged stabilizers (SDS or sodium deoxycholate)
can effectively reduce PS and PDI of ETO nanosuspen-
sion. However, the addition of polymers such as Pluronic
127, PVP K30, CMC-Na, PVA 217, TPGS, Pluronic F68
or PEG-2000 could not reduce PS and PDI of ETO nano-
suspension. It was therefore demonstrated that electrical
repulsion is dominant in the formation of the ETO nano-
suspension system. However, though sodium deoxycholate
could give excellent PS and PDI to a nanosuspension, it is
unstable in gastric acid. Accordingly, SDS was chosen as
the stabilizer of ETO nanosuspension in this study.
Subsequently, the effect of stabilizer concentration on PS
and PDI of the nanosuspension was determined. It was
demonstrated that with an increase in SDS concentration,

PS of ETO nanosuspension decreased. However, when
a higher stabilizer concentration was added to the formula,
the nanosuspension exhibited smaller PS as expected,
whereas PDI increased (Figure 2F). Similar results were
identified in previous studies.** An explanation for these
results is that when the concentration of stabilizer is low,
the stabilizer should cover the whole hydrophobic surface
of nanoparticles to mask their hydrophobic region, mini-
mizing the free stabilizer in the system. However, when
a higher concentration of stabilizer is added, the free
stabilizer in the system increases. Under the concentration
of free stabilizer higher than the critical micelle concentra-
tion, the mentioned free stabilizers tend to form micelles,
which may be the main reason for the uneven particle size
distribution of the system.*°

Formulation Optimization

The design matrix of the 17 experiments was designed by
BBD with three factors and three levels, as shown in
Table 2. These experiments were carried out randomly to
reduce systematic error caused by extraneous factors.
Then, the responses and relevant data of the 17 experi-
ments were simultaneously fitted to linear, two-factor (2F)
and quadratic models by Design Expert software. As
shown in Table 3, quadratic models were the best fitted
model for PS and PDI, with coefficient of multiple

Table 2 Arrangement and Response Variables of Box—Behnken

Design
Formulations | Factors Response Variables
X, X, X; Y, Y2
(min) | (viv) | (% wiv) | (nm)
| 7.5 0.08 | 0.17 2214 0.120
2 5.0 0.10 | 0.17 279.8 0.183
3 10.0 0.08 | 0.10 357.9 0.324
4 10.0 0.05 | 0.17 283.6 0.186
5 5.0 0.08 | 0.10 258.4 0.158
6 7.5 0.08 | 0.17 220.8 0.123
7 10.0 0.08 | 0.25 249.7 0.207
8 5.0 0.05 | 0.17 253.2 0.136
9 7.5 0.10 | 0.10 308.9 0.294
10 7.5 0.05 | 0.10 268.9 0.268
I 7.5 0.08 | 0.17 221.1 0.121
12 7.5 0.05 | 0.25 200.4 0.147
13 10.0 0.10 | 0.17 3148 0.311
14 5.0 0.08 | 0.25 2732 0.239
15 7.5 0.10 | 0.25 253.8 0.237
16 7.5 0.08 | 0.17 214.8 0.125
17 7.5 0.08 | 0.17 219.7 0.131
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Table 3 Results of Statistical Models for Responses

Models r Adjusted r? Predicted r*
Linear \ 0.4000 0.2615 0.0097

Y, 0.3458 0.1948 —0.0736
2F Y, 0.5363 0.2581 —0.2776

Y, 0.4968 0.1949 —0.3553
Quadratic Y, 0.9887 0.9743 0.8353

Y, 0.9605 0.9097 0.3810

determinations (r?) of 0.9887 and 0.9605, respectively.

Accordingly, the best formulation of ETO nanopowder
was calculated and predicted by the quadratic equations.
The polynomial regression equations of the quadratic

model are as follows:

PS = 219.56 + 17.68X; + 18.90X, — 27.13X;
+ 1.15X.% — 30.75X,.X; + 3.35X,X; + 45.05X,>

+ 18.25X,% 4 20.19X3%(P<0.0001)

PDI = 0.12 + 0.039X; + 0.036X, — 0.027.X3
+0.019X,.X; — 0.050X,.X3 + 0.016X>.X3
+0.038X;2 + 0.042X52 + 0.070X32 (P = 0.0004)

(M

2

In an analysis of variance (ANOVA, Table 4), it was found

that ultrasonication time (X;), ratio of two phases (X,) and

stabilizer concentration (X3) were the main factors affect-
ing the particle size of ETO nanopowder. And the influ-
ence of the ratio of two phases (X;) and stabilizer
concentration (X3) was the most significant. The second-
order interaction of ultrasonication time and stabilizer
concentration (X;X3) also had a significant effect on the
particle size of ETO nanopowder. For the PDI of ETO
nanopowder, in addition to X;, X, and X;, the second-
order interaction of ultrasonication time and stabilizer
concentration (X;X3) was also statistically significant on
the PDI of the developed formulations. For a more intui-
tive assessment of the factor effects on the CQAs, the
three-dimensional response surface plots are shown in
Figure 2. With the increase in ultrasonication time, PS
and PDI of ETO suspension first ascended and then
increased (Figure 3A). In Figure 3B and C, the higher
the concentration of SDS, the smaller the particle size of
ETO nanosuspension, but the PDI first decreased and then
increased. These results were consistent with the previous
preliminary experimental results. In Figure 3A and C, both
PS and PDI decreased with the decrease of the proportion
of organic phase to aqueous phase. Therefore, reducing the
volume of organic phase not only helps obtain excellent
PS and PDI nanosuspension, but also solves the problem
of drug precipitation being difficult to recover after cen-
trifugation of nanosuspension due to more organic

solvents.

Table 4 Analysis of Variance (ANOVA) in the Quadratic Model for Responses (Y, and Y3)

Source PS (Y)) PDI (Y,)
Sum of Degree of F-value | P-value Sum of Degree of F-value | P-value
Squares Freedom (Prob > F) Squares Freedom (Prob > F)
Model 27,794.50 9 68.32 <0.0001 0.078 9 18.90 0.0004
X, 2499.24 [ 55.29 0.0001 0.012 | 26.37 0.0013
X3 2857.68 [ 63.21 <0.0001 0.010 | 2247 0.0021
X3 5886.12 [ 130.21 <0.0001 5.725x1073 | 12.40 0.0097
XX, 5.29 [ 0.12 0.7423 1.521x10°3 | 3.30 0.1123
XX 3782.25 [ 83.67 <0.0001 9.801x10°? | 21.24 0.0025
XX 44.89 [ 0.99 0.3522 1.024x10°3 | 222 0.1799
X2 8543.38 [ 188.99 <0.0001 6.000% 1073 | 13.00 0.0087
X,2 1401.60 [ 31.00 0.0008 7.516x107? | 16.29 0.0050
X;32 1717.21 [ 37.99 0.0005 0.021 [ 45.03 0.0003
Residual 316.44 7 3.231x1073 7
Lack of Fit | 286.47 3 12.74 0.0163 3.155x1073 55.34 0.0010
Pure Error | 29.97 4 7.600%10° 4
Cor Total 28,110.94 16 0.082 16
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Figure 3 Response surface profiles showed the effects of ultrasonication time (X), ratio of two phases (X;) and stabilizer concentration (X3) on PS (Y,) and PDI (Y;) of
ETO nanopowder. (A) The effect of second-order interaction of ultrasonication time and stabilizer concentration (X;X;) on the PS and PDI of ETO suspension. (B) The
effect of second-order interaction of ultrasonication time and stabilizer concentration (X;X3) on the PS and PDI of ETO suspension. (C) The effect of second-order
interaction of ultrasonication time and stabilizer concentration (X,X3) on the PS and PDI of ETO suspension.

According to the results of the BBD experiment, the
optimal formulation is as follows: the ultrasonication time
was 7.22 min, the content of stabilizer was 0.2% w/v and
the volume ratio of water phase to organic phase was 0.06.
The best prediction value was PS of 207.2 nm, PDI of
0.112. The actual particle size and PDI of the best pre-
scription were 211.7 £ 10.4 nm and 0.125 + 0.028, which
were consistent with the predicted values.

Lyophilization Study

Solidification is a very important step for the preparation
of nanopowder. In this paper, we evaluated the type and
concentration of cryoprotectant on the appearance, re-
dispersibility, PS, PDI and S{/Si ratio of ETO nanopowder.
The results are shown in Table 5. The ETO nanopowder
using 1% (w/v) and 2% (w/v) mannitol as the cryoprotec-
tant had excellent performance in all aspects. In order to
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Table 5 Effect of Different Cryoprotectants on Physical Characterization

Cryoprotectant Appearance Redispersion PS (nm) PDI Sf/Si Ratio

(% wiv)

None - - 579.7 £ 203 0.840+ 0.128 2.74

1% Mannitol ++ + 217.6 + 143 0.147 + 0.036 1.03

2% Mannitol ++ + 2144 +10.2 0.150 + 0.034 1.01

3% Mannitol ++ + 2276 = 11.3 0.157 + 0.041 1.08

1% Maltose - + 279.7 £ 12.4 0.240 + 0.026 1.32

1% Glucose - + 257.7 + 185 0.181 + 0.043 1.22

1% Lactose - + 2623 + 14.7 0.149 + 0.032 1.24

1% Sucrose - + 266.2 + 6.5 0.074 + 0.002 1.26

1% PEG-2000 - + 284.6 + 7.2 0.127 + 0.044 1.34

1% Mannitol + % Maltose + + 2464 + 11.5 0.139 + 0.062 .16

1% Mannitol + 1% Glucose + + 2408 + 17.5 0.138 + 0.057 1.14

1% Mannitol + % Lactose + + 276.7 + 13.5 0.125 + 0.042 1.31

1% Mannitol + 1% Sucrose + + 244.7 + 15.6 0.132 + 0.007 .16

1% Mannitol + 1% PEG-2000 + + 260.6 + 14.3 0.133 £ 0.012 1.23

Notes: Appearance: ++ indicated compacted cake; + indicates cake with slightly shrinkage; - indicates non-cake; Redispersion: + indicates easy to redisperse; - indicates hard

to redisperse.

increase the drug loading, we selected 1% (w/v) mannitol
as the cryoprotectant of ETO nanopowder.

Characterization of ETO Nanosuspension
Morphology and Particle Size

The PS of the fresh ETO nanosuspension was 211.7 + 10.4
nm, PDI was 0.125 + 0.028 and zeta potential (ZP) was
—46.2 mv. The PS of the lyophilized ETO nanopowder
was 217.6 = 14.3 nm and PDI was 0.147 + 0.036. After
freeze-drying, the particle size of the re-dispersed nano-
powder was slightly larger than that of the fresh nanosus-
pension, which indicated that a certain degree of particle
aggregation occurred in the process of freeze-drying. The
TEM image of re-dispersed nanopowder was spherical
particles with a diameter range of about 200 nm
(Figure 4).

Crystalline Characterization
The X-ray powder diffraction patterns of the ETO samples
are illustrated in Figure SA. The major characteristic peaks
of ETO (at 20 of 13.486°, 17.987° and 22.489°) were
detected in diffractograms of the coarse powder and phy-
sical mixture of ETO (Figure 5A (B and C)), indicating
that the crystalline state was maintained in the physical
mixture. However, compared with the coarse powder and
mixture, the ETO
a relatively flat curve without a strong peak (Figure SA
(A)), which confirmed that the ETO in the nanopowder
was amorphous.

DSC patterns of coarse ETO powder, SDS, mannitol, the
physical mixture and nanopowder are shown in Figure 5B.

physical nanopowder showed

The thermogram of coarse ETO powder showed

Figure 4 TEM images of ETO nanopowder. (Scale bar, 200 nm).
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Figure 5 PXRD patterns (A) and DSC thermograms (B) of ETO nanopowder (a); physical mixture of ETO (b); coarse ETO (c); SDS (d); mannitol (e).

a characteristic peak at 286.5°C, which revealed the crystal-
line nature of the drug (Figure 5B (C)). But a broad peak at
around 280°C was observed in the physical mixture
(Figure 5B (B)), which may be caused by the overlapping
of the melting endothermic peak of ETO and SDS. Mannitol
showed a sharp endothermic peak at 168°C, which could be
observed in the thermogram of physical mixture and nano-
powder of ETO (Figure 5B (E)). However, the DSC curves of
ETO nanopowder showed the ETO melting peak was absent
(Figure 5B (A)), which indicates that ETO in the nanopowder
was mainly amorphous. This result was consistent with that
of XRPD. The melting peaks at 142°C and 221°C indicated
that the ETO nanopowder had changed, which may be
a result of the interaction between the drug and the
excipients.

Determination of Saturation Solubility

The saturated solubility of coarse ETO powder, physical
mixture and optimized ETO nanopowder in different
media are listed in Table 6. In comparison to the coarse
powder, the solubility of ETO were significantly increased
by 2.31-fold in distilled water, 2.74-fold in pH 1.2 solution
and 2.41-fold in pH 6.8 PBS for the nanopowder. The
solubility of ETO in physical mixture was also improved,

but the solubility of nanopowder in distilled water, pH 1.2
solution and pH 6.8 PBS were still 1.90-, 2.36- and 1.92-
fold higher than that of physical mixture. The Kelvin and
Ostwald—Freundlich equations are applicable to illustrate
the reason for this phenomenon. According to the Kelvin
equation, the decrease of the particle size of nanopowder
(from 13.33 £ 3.44 pm to 217.6 + 14.32 nm) is helpful to
the increase of the surface curvature, which leads to the
increase of the dissolution pressure. This causes the equi-
librium to move in the direction of dissolution, resulting in
an increase in saturated solubility.*' The Ostwald—
Freundlich equation more directly explains that the satura-
tion solubility of drug increases with the decrease of the
particle size.*> Moreover, the solubilizing effect of SDS is
also one of the reasons for the increase of solubility of
nanopowder and physical mixture.*?

In vitro Dissolution Test

The dissolution profile of coarse ETO powder, physical
mixture and optimized ETO nanopowder in different
media are shown in Figure 6. ETO nanopowder showed
significantly improved dissolution performance in all
media compared with coarse powder and physical mixture
of ETO. The dissolution rate of ETO nanopowder in pH

Table 6 Saturation Solubility of the Coarse Powder, Physical Mixture and Nanopowder of ETO in Different Media

Media Saturation Solubility of ETO (ng/mL)

Coarse ETO Physical Mixture Nanopowder
Distilled water 59.80 + 4.02 72.53 + 4.29% 137.97 + 13.33%%
pH 1.2 solution 86.94 £ 3.79 101.12 + 8.23 238.54 + 5.98%%
pH 6.8 PBS 7143 £ 1.64 89.61 + 3.84% 171.84 + 242

Notes: “P < 0.05 with respect to coarse ETO; P < 0.01 with respect to coarse ETO; *P < 0.01 with respect to the physical mixtures.
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Figure 6 Dissolution profile of coarse powder, physical mixture and nanopowder of ETO in pH 1.2 solution (A); pH 6.8 PBS (B) and pH 7.4 PBS (C).

1.2 solution improved by 1.70-fold and 1.55-fold, with
98.01 + 0.82% release in 15 min when compared with
coarse powder (57.60 = 0.29%) and physical mixture
(63.03 + 0.86%) of ETO, respectively. Whereas, the con-
centration of ETO of all samples in pH 1.2 solution began
to decrease gradually after 15 minutes, which possibly was
due to the stability of etoposide in strong acid solvent.
Moreover, the dissolution rate of optimized ETO nano-
powder was improved in pH 6.8 PBS (98.97 + 0.78% vs
66.73 + 1.68%, 73.82 + 0.86%) and pH 7.4 PBS (98.53 +
1.11% vs 67.95 £ 2.79%, 74.44 £ 1.23%) in 60 min,
respectively. In addition, the dissolution velocities of
ETO nanopowder in all different media increased signifi-
cantly. Compared with coarse powder and physical mix-
ture of ETO (<45.3% and <55%, respectively), the
dissolution of ETO nanopowder in 3 min was more than
80%. These results suggested that the formation of nano-
powder strongly improves the dissolution rate and degree
of ETO. The increase of dissolution rate and degree of
physical mixture was due to the presence of SDS.*
However, the further dramatic increase of the dissolution
rate and degree mainly depends on the decrease of the
particle size (from 13.33 &+ 3.44 um to 217.6 £ 14.32 nm).
According to the Noyes—Whitney equation, the decrease of
the drug particle size will lead to an increase of the surface

Table 7 Pharmacokinetic Parameters of Oral ETO Coarse
Powder and Nanopowder

Parameters Coarse ETO Nanopowder
Cinax (ng/mL) 294.87 £ 10.97 652.52 + 54.62%*
AUC,_, (ng*h/L) 1176.79 + 55.85 2503.79 £ 222.64**
Trmax (h) 0.50 £ 0.00 0.25 £ 0.00

T (h) 14.01 £ 5.01 15.70 £+ 5.08

Notes: *P < 0.05 with respect to coarse ETO (control group); **P < 0.01 with
respect to coarse ETO.

area and a decrease of the diffusion layer thickness, thus
increasing the dissolution rate.*'

Pharmacokinetics Study

In order to further verify the advantages of nanopowder in
improving the oral absorption of etoposide, the differences
between the pharmacokinetic parameters of nanopowder
and coarse powder of ETO in rats were compared. The
key pharmacokinetic parameters are shown in Table 7,
and the plasma drug concentration-time curve is shown in
Figure 7. After oral administration, the C,,x and AUC
values of nanopowder were 2.21- and 2.13-fold higher than
those of coarse ETO. This improvement of oral bioavail-
ability of ETO could be related to the increase of saturation
solubility and dissolution of drug via nanopowder formula-
tion. Additionally, the T,,,x values were 0.250.5 h for nano-
powder and coarse ETO, respectively. The shortened T,,ax
of nanopowder could be related to its ability to accelerate
the dissolution of drugs, leading to the rapid drug
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Figure 7 Plasma concentration-time curves of oral ETO coarse powder and the
optimized nanopowder.
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absorption.** These results suggested that the nanopowder
has a good contribution in improving the oral absorption of
etoposide.

Conclusion

In this study, etoposide amorphous nanopowder was suc-
cessfully prepared using a sonoprecipitation-high pressure
homogenization method and then optimized with BBD. The
physicochemical properties of the optimized formulation
were evaluated by TEM, DSC and PXRD. Compared with
the coarse powder and physical mixture, the aqueous solu-
bility and in vitro dissolution rate of ETO in nanopowder
were significantly improved. Pharmacokinetic study demon-
strated that the nanopowder formulation effectively facili-
tated drug absorption of ETO in rats after oral
administration. All the findings revealed that amorphous
nanopowder is a promising strategy for enhanced oral bioa-

vailability of hydrophobic compounds, such as ETO.
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