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with Soluplus® and Ethyl Cellulose to Eliminate Food Effect and Enhance
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Abstract. The purpose of this study was to develop and evaluate a new formulation of
ziprasidone (ZIP) for improved fasted state absorption and sustained drug release. ZIP solid
dispersions were produced via spray drying using Soluplus®, an amphiphilic polymer, as the
solubility enhancer. Physicochemical analysis proved that ZIP presented at amorphous state
in the spray-dried microparticles and the dissolution rate of ZIP from the Soluplus®-ZIP
composite microparticles was significantly increased compared with that of the physical
mixtures. Commonly used encapsulation materials including Eudragit® RL, Eudragit® S100
and Ethyl Cellulose were incorporated into the solid dispersions to regulate the drug release
kinetics. The formulation containing ethyl cellulose provided the most sustained release
behaviors. Pharmacokinetic studies in beagle dogs confirmed that there was no significant
difference in oral bioavailability of the microparticles under fasted and fed states, and a
prolonged Tmax value was simultaneously achieved compared with the commercial ZIP
capsules.
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INTRODUCTION

Ziprasidone (ZIP) is an orally active atypical antipsy-
chotic agent indicated for the monotherapy of schizophrenia
and bipolar disorder (1–3). Despite the proved therapeutic
efficacy, the oral bioavailability of ZIP is largely restricted by
its low intrinsic solubility (4). Meanwhile, the oral drug
absorption is significantly influenced by food intake and it is
reported that the absorption of ZIP could increase up to two-
fold in fed versus fasted state (5–7). Thus, the administration
of medicament should be with foods and the time interval
between dosing and food intake is another vital factor which
affects the ZIP absorption (8–10). However, the commercially

available ZIP products, such as Geodon® and Zeldox®, are
both immediate release formulations, which should be dosed
with food twice daily (4). Patients with schizophrenia are
known to eat a poor diet, and about 50% of the patients do
not necessarily comply with the medical instructions (11). The
problematic patient compliance would certainly lead to
serious dosing-related issues (12). There is an urgent need
to develop new ZIP formulations with eliminated food effect
and sustained release capability to ensure predictable bio-
availability and optimal symptom control.

Numerous solubilization strategies have been developed
in recent years to improve the poor and variable fasted state
absorption of ZIP. The techniques investigated include
complexation using β-cyclodextrins, solid dispersions, lipid-
based delivery systems, and self-nanoemulsifying formula-
tions (13–16). Formulations employing both solubilization
and sustained release technologies were also reported. In
these studies, self-nanoemulsifying formulation, ZIP-
phospholipid complex, or solid dispersion were firstly pre-
pared for solubility enhancement purpose and a subsequent
treatment was required for the preparation of sustained
release pellets or osmotic pump tablets (17–19). With the
combination of these technologies, enhanced drug absorption
in fasted state as well as prolonged in vivo actions were both
achieved. However, the complex operation steps and high
economic cost limit their industrial applications.

In this study, we aimed to develop a simple and easily
scalable method for the production of sustained release

Wenjie Liu and Shanshan Wang contributed equally to this work.
1 Xiangya School of Pharmaceutical Sciences, Central South Univer-
sity, Changsha, 410013, Hunan, China.

2 To whom correspondence should be addressed. (e–mail:
wenjie.liu@csu.edu.cnyanhan_jiang@163.com)

Abbreviations: AUC, Area under the curve; ZIP, Ziprasidone; SEM,
Scanning electron microscopy; XRD, X-ray diffraction; FTIR, Fou-
rier-transform infrared spectroscopy; HPLC, High-performance liq-
uid chromatography; SOL, Soluplus®; RL, Eudragit® RL; S100,
Eudragit® S100; EC, Ethyl cellulose; PM-1, Physical mixture of
Soluplus® and Ziprasidone (4:1); PM-2, Physical mixture of
Soluplus®, Ziprasidone and Ethyl Cellulose (6:1:4); SZ-1, Soluplus®:
Ziprasidone = 4:1; SZEC-5, Soluplus®: Ziprasidone: Ethyl Cellu-
lose = 6:1:4; MRT, Mean residence time.

AAPS PharmSciTech (2020) 21: 27
DOI: 10.1208/s12249-019-1592-8

1530-9932/20/0100-0001/0 # 2019 American Association of Pharmaceutical Scientists

http://crossmark.crossref.org/dialog/?doi=10.1208/s12249-019-1592-8&domain=pdf


ziprasidone formulations with eliminated food effect and
enhanced bioavailability. A microfluidic jet spray drying
technique was employed to produce ZIP formulations in a
single step (20). An amphiphilic polymer polyvinyl
caprolactam-polyvinyl acetate-polyethylene glycol graft co-
polymer (Soluplus®) was chosen as the carrier of ZIP with
the purpose of solubility improvement. Soluplus® has been
reported to possess excellent solubilizing properties for
poorly water-soluble drugs and offers the possibility to form
drug solid dispersions via spray drying. Meanwhile, we
hypothesized that polymers with different hydrophobicity
can be synchronously added into the immediate release solid
dispersion systems during spray drying to adjust the drug
release rate, which might be a promising approach to realize
both the sustained release and improved dissolution of ZIP.
Commonly used encapsulation polymers, i.e., Eudragit® RL,
Eudragit® S100, and ethyl cellulose, were added into the
precursors used for spray drying to tune the release rate of
the drug. Performance of the developed formulations was
characterized using scanning electron microscopy (SEM), X-
ray powder diffraction (XRD), Fourier-transform infrared
spectroscopy (FTIR), and in vitro dissolution tests. Pharma-
cokinetics of the ZIP formulations in fed and fasted state was
studied in beagle dogs with commercial ZIP capsule used as
control. With the employment of easily scalable spray drying
production method, sustained release ZIP formulation with
eliminated food effect might provide significant patient and
physician benefit.

MATERIALS AND METHODS

Materials

Ziprasidone hydrochloride monohydrate was provided
by Carbosynth China co., Ltd. Soluplus® was a kind gift from
BASF Corporation, China. Ethyl cellulose (viscosity of 90 to
100 cp, ethoxy content of 44.0% to 51.0%) was purchased
from Shanghai Macklin Biochemical Co., Ltd. Eudragit® RL
and Eudragit® S100 were obtained from Shanghai Chineway
Pharmaceutical Technology Co., Ltd. Ammonium acetate
(CH3COONH4) and absolute ethanol (C2H5OH) of
laboratory-grade were from Sinopharm Chemical Reagent
Co. Ltd. (Shanghai, China). Methanol (CH3OH, ACS spec-
trophotometric grade) was obtained from Anaqua Chemicals.
Deionized water was provided by a laboratory water purifi-
cation system (Hitech Instruments Co., Ltd., shanghai,
China).

Preparation of ZIP Formulations

The ZIP formulations were prepared using a microfluidic
jet spray drying technique. For the preparation of Soluplus®-
ZIP precursors, an appropriate amount of Soluplus® was
dissolved in 300 mL of ethanol-water (2:1, v/v) followed by
the addition of prescribed amount of ZIP forming a clear
solution after ultrasonication. For the incorporation of
encapsulation polymer, the encapsulation polymer
(Eudragit® RL, Eudragit® S100 or Ethyl Cellulose) was
pre-dissolved in 200 mL pure ethanol facilitated by
ultrasonication, and 100 mL water was added subsequently
to get a solvent system of ethanol-water (2:1, v/v). The

procedure for the addition of Soluplus® and ZIP was the
same as the preparation of Soluplus®-ZIP precursors. The
prepared precursors were spray dried using a Mono Disperse
Spray Dryer (China Nantong Dong-Concept New Material
Technology Co., Ltd.) to form ZIP composite microparticles.
Monodisperse droplets were generated using a microfluidic
aerosol nozzle system with an orifice diameter of 100 μm (21).
The flow rate of disperse air was set at 12 L/min. The well-
dispersed droplets were dried with 180°C and 80°C as the
inlet and outlet temperatures, respectively. The spray-dried
microparticles were collected from the collection vessel at the
bottom of the dryer and then stored in a desiccator.
Formulations of the spray-dried microparticles were summa-
rized in Table I.

PHYSICOCHEMICAL CHARACTERIZATIONS

Scanning Electron Microscope (SEM)

The morphologies of pure ZIP, pure Soluplus®, and spray-
dried samples were examined using a scanning electron
microscope (JSM-IT300LA, JEOL, Tokyo, Japan) at an accel-
eration voltage of 15 kV. The samples were coated with a thin
gold-palladium layer by sputter coater (JEOL, Japan). Size of
the spray-dried microparticles was obtained by analyzing the
SEM images using the Image J™ software. The average particle
size (d) was defined as d ¼ ∑n

i¼1ðdi)/N, and the standard
deviation of the particle size was described as SD=

∑ di−d
� �2� �

= N−1ð Þ
� �1=2

, where di was the diameter of the ith

particle and N was the total number of particles counted.

X-Ray Powder Diffraction (XRD)

X-ray powder diffraction measurements were carried out
using an Advance D8 X-ray diffractometer (BRUKER,
Switzerland) with Cu Kα radiation (λ = 1.54 Å). Each sample
was scanned in the range of 3–40° (2θ) at a rate of 1° per
second.

Fourier-Transform Infrared Spectroscopy (FTIR)

FTIR spectra were obtained using an FTIR spectropho-
tometer (SHIMADZU, IRTracer-100). The procedure
consisted of dispersing a sample in KBr followed by gentle
mixing, and this mixture was converted into a disc by using
KBr press. The disc was kept in a sample holder of FTIR
spectrophotometer and scanned in the range of 400–
4000 cm−1 at a resolution of 2 cm−1.

In Vitro Dissolution Test and Drug Loading Efficiency

In vitro dissolution tests were carried out using Chinese
Pharmacopeia type II Apparatus, paddle method (Tianda
Tianfa Technology Co., Ltd) in 900 mL of deionized water at
a temperature of 37 ± 0.5°C and 50 rpm rotation speed (22).
Meanwhile, we also tested the release of ZIP from physical
mixtures of Soluplus® and ZIP (6:1) from dissolution
medium of different pH values, it was found that the release
of ZIP in dissolution medium of deionized water was
relatively faster than that in dissolution media of 0.1 M HCl
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or PBS with the pH of 6.8 (as shown in Fig. 1). Considering
the low aqueous solubility of ZIP, deionized water in which
ZIP displayed relatively fast release rate was used as the
dissolution medium. Each formulation containing 20 mg ZIP
was filled into a gelatin capsule and introduced into the
dissolution medium. At predetermined time intervals, 2 mL
samples were withdrawn and replaced with fresh medium.
The samples were filtered (0.45 μm) and analyzed via a
HPLC system (Agilent 1200, Agilent Technologies, Inc.) with
a TC-C18 (2) column (250 mm × 4.6 mm, 5 mm). The variable
UV detector was set at 254 nm. The mobile phase was a
mixture of 0.05 mol/L ammonium acetate and methanol at the
ratio of 15/85 (v/v), eluted at a flow rate of a 1.0 mL/min. This
HPLC assay had a linear peak-area response from 0.625 to
40 μg/mL. All the experiments were done in triplicate.

The amount of ZIP loaded into the formulations was
determined by adding an accurately weighted amount of
microparticles (around 25 mg) in 50 mL of ethanol-water (2:1,
v/v), followed by complete extraction of the loaded ZIP with
ultrasonification. The samples were filtered (0.45 μm) and
analyzed via the HPLC method as described before. The drug
loading efficiency was calculated by dividing the amount of
drug in the microparticles by the initial amount of drug
added. All the experiments were done in triplicate.

Pharmacokinetic Studies in Beagle Dogs

The in vivo pharmacokinetic experiment was approved
by the Animal Management and Ethics Committee of Hunan
Provincial Drug Safety Evaluation Research Center (China).
The commercial ZIP formulation (Zeldox®, 20 mg of ZIP)
and the optimal spray dried ZIP formulation were both tested
under fasted and fed states with two groups of laboratory
beagle dogs (n = 6). The tested formulation of spray-dried
microparticles containing 20 mg ZIP was filled into a gelatin
capsule.

The fed treatment group was given a diet of 150 g dry
dog food (containing ≥ 50% w/w crude fat) 0.5 h prior to
dosing, while the fasted treatment group were fasted 12 h pre-
dose and 12 h post-dose. Water was accessible at all time.
Venous blood samples (4 mL) were collected into heparinized
test tubes at predetermined time intervals and centrifuged at
4000 rpm for 10 min. The supernatant plasma samples were
stored at − 20°C until assayed. The drug content in the plasma
were analyzed using the HPLC system as described before
with clozapine employed as an internal standard. In detail,
20 μL of an internal standard solution (40 μg/mL in
methanol) was added into 1.0 mL plasma sample in a 10-mL
Eppendorf tube. The mixture was vortexed for 1 min, then
5 ml ethyl acetate was added and followed by vortexing for
3 min to extract analytes. Subsequently, the contents of the
tube were centrifuged at 4000 rpm for 10 min, then the upper
organic layer was carefully transferred to a new tube and was
dried under nitrogen gas flow at 50°C. One hundred
microliter mobile phase was added to redissolve samples,
and 20 μL of each sample was subjected to HPLC analysis.
The mobile phase consisted of 0.05 M ammonium acetate and
methanol (27:73 v/v) and eluted at a flow rate of 1.0 mL/min.
The effluents were monitored by a UV detector at 254 nm.
The pharmacokinetic parameters were determined using
WINNONLIN® software version 6.1 (Certara, USA).

Statistical Data Analysis

All the data were demonstrated as mean ± standard
deviation. Statistical analysis was performed by SPSS version
21.0 (IBM, USA). Analysis of variance was conducted for

Table I. Formulations and properties of spray dried solid dispersions

No. Formulation ZIP
(g)

SOL
(g)

RL
(g)

S100
(g)

EC
(g)

Solid content Drug loading efficiency Particle size (μm)

SZ-1 SOL:ZIP = 4:1 0.4 1.6 – – – 0.67% 102.1% 69.3 ± 12.7
SZ-2 SOL:ZIP = 6:1 0.4 2.4 – – – 0.93% 97.3% 72.5 ± 15.8
SZRL-1 SOL:ZIP:RL = 4:1:1 0.4 1.6 0.4 – – 0.80% 100.8% 81.8 ± 9.5
SZRL-2 SOL:ZIP:RL = 4:1:2 0.4 1.6 0.8 – – 0.93% 98.7% 82.1 ± 13.7
SZRL-3 SOL:ZIP:RL = 4:1:4 0.4 1.6 1.6 – – 1.20% 97.2% 91.6 ± 16.2
SZS100-1 SOL:ZIP: S100 = 4:1:1 0.4 1.6 – 0.4 – 0.80% 97.8% 87.9 ± 9.3
SZS100-2 SOL:ZIP: S100 = 4:1:2 0.4 1.6 – 0.8 – 0.93% 96.6% 93.8 ± 14.6
SZS100-3 SOL:ZIP: S100 = 4:1:4 0.4 1.6 – 1.6 – 1.20% 97.1% 96.3 ± 17.2
SZEC-1 SOL:ZIP: EC = 4:1:1 0.4 1.6 – – 0.4 0.80% 98.4% 90.9 ± 11.6
SZEC-2 SOL:ZIP: EC = 4:1:2 0.4 1.6 – – 0.8 0.93% 99.4% 95.0 ± 14.1
SZEC-3 SOL:ZIP: EC = 4:1:4 0.4 1.6 – – 1.6 1.20% 97.2% 100.3 ± 10.9
SZEC-4 SOL:ZIP: EC = 5:1:4 0.4 2.0 – – 1.6 1.33% 101.0% 107.6 ± 17.0
SZEC-5 SOL:ZIP: EC = 6:1:4 0.4 2.4 – – 1.6 1.47% 98.5% 119.1 ± 15.4

SOL Soluplus®, RL Eudragit® RL, S100 Eudragit® S100, EC ethyl cellulose

Fig. 1. ZIP release profiles of physical mixture of Soluplus® and ZIP
in ratio of 6:1 in different dissolution media
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Cmax, AUC0 − t, AUC0 −∞, and mean residence time (MRT)
and a non-parametric test was performed for Tmax. The level
of significance was set at p < 0.05.

RESULTS AND DISCUSSION

XRD Analysis

Figure 2 displayed the XRD profiles for pure ZIP,
Soluplus®, ethyl cellulose, and representative samples of
spray-dried microparticles as well as their physical mixtures
(PM-1 & PM-2). The crystalline ZIP exhibited intense and
sharp characteristic peaks at diffraction angle (2θ) values of
10.8°, 14.8°, 15.8°, 16.1°, 16.8°, 18.0°, 19.0°, 19.5°, 24.3°, 24.8°,
25.5°, 25.9°, 26.4°, 27.9°, and 28.8° (23). XRD patterns of
Soluplus® and ethyl cellulose did not exhibit any obvious
diffraction peaks and thus confirmed that it was in the
amorphous state. Similarly, obvious crystalline peaks of ZIP
were also observed in the physical mixtures of drug and
excipients mixed in the same ratio, which suggested that the
excipients had no effect on the drug crystalline transition

under the physically mixed state. For the samples of spray-
dried microparticles, the characteristic peaks of ZIP at
corresponding 2θ angles disappeared and were replaced with
a broad hump implying the amorphous nature of the loaded
drug. And it was confirmed that ZIP was successfully
transferred to its amorphous form and was well dispersed
into the amorphous polymeric matrix during the rapid
convective evaporation process in spray dryer.

FTIR Analysis

The FTIR spectra of ZIP, Soluplus®, ethyl cellulose,
representative samples of solid dispersions, and their physical
mixtures (PM-1 & PM-2) were depicted in Fig. 3. The FTIR
spectra of ZIP displayed characteristic bands at 3354 cm−1

(for NH stretch vibration), 1713 cm−1 (C=O stretch
vibration), 972 cm−1 (C=N stretch vibration), and 745 cm−1

(C–H binding), which was in agreement with previously
reported data (17). Soluplus® demonstrated characteristic
broad bands around 3200–3700 cm−1 and aliphatic C–H
stretch at 2927 cm−1 due to the stretching of O–H and C–H,
respectively. And the peaks at 1635 and 1740 cm−1 could be
attributed to C=O stretch. Formation of hydrogen bond
between the loaded drug and Soluplus® were confirmed by
weak interactions observed at 1033 cm−1 (24,25). The
carbonyl peaks of free and hydrogen-bonded carboxylic acid
C=O of ZIP appeared at 1630 and 1713 cm−1, which also
presented in PM-1 (1632 and 1716 cm−1) and PM-2 (1632 and
1715 cm−1). However, in case of the composite microparticles,
these peaks were found to shift from the original ketone
stretch of 1713 to 1740 cm−1. The hydrogen bond formation
between Soluplus® and ZIP was also confirmed by the
resultant broad peak at 3470 cm−1. These two selected
formulations of composite microparticles displayed very
similar FTIR spectra with shifted and broadened peaks of
ZIP compared to that of pure ZIP. These FTIR results
proved that intermolecular interactions occurred between
ZIP and polymers in the composite microparticles.

SEM Analysis

The overview and surface morphology of pure ZIP,
Soluplus®, representative spray-dried microparticles (SZ-1

Fig. 2. XRD diffractograms of ZIP, SOL, EC, two representative
spray-dried samples, and their physical mixtures (PM-1: Soluplus®
and ZIP in the ratio of 4:1; PM-2: Soluplus®, ZIP, and EC in the ratio
of 6:1:4)

Fig. 3. Fourier-transform infrared spectra of a ZIP, SOL, and two representative spray dried
samples, b EC and physical mixtures of ZIP and excipients (PM-1: Soluplus® and ZIP in the ratio
of 4:1; PM-2: Soluplus®, ZIP, and EC in the ratio of 6:1:4)
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and SZEC-5) were displayed in Fig. 4. Pure ZIP crystals
presented rod-shaped morphology (Fig. 4a1 and a2) while the
Soluplus® particles exhibited near spherical shape with
rugged surface and pores as seen in Fig. 4b1 and b2. SEM
micrographs for SZ-1 microparticles (Fig. 4c1 and c2)
displayed internally collapsed pleated particles with smooth
surface on which rod-shape crystals were not seen. This
probably attribute to the complete miscibility of the drug and
polymer. The SZEC-5 microparticles (Fig. 4d1 and d2) show
a wrinkled appearance. And the absence of drug crystals on
the particle surface further indicated that the drug was well
dispersed in the polymer matrix.

The particle size of microparticles spray dried from
different formulations were summarized in Table I, indicating
relatively uniform particle size distributions. The microfluidic

aerosol nozzle system used for atomization could work stably
for more than 5 h in continuous mode to obtain a relatively
high production rate in terms of the production of uniform
particles (26). And the process can be easily scalable by the
employment of multiple nozzles (27).

In Vitro Dissolution Test and Drug Loading Efficiency

The drug loading efficiency of different formulations
(also close to 100%) were shown in Table I, indicating that all
drugs in the atomized droplets were successfully transferred
into the spray dried microparticles. Dissolution profiles of
spray-dried ZIP-Soluplus® composite microparticles (SZ)
and physical mixtures of ZIP and Soluplus® were depicted
in Fig. 5a. It was found that the ZIP release rate from SZ

Fig. 4. Scanning electron micrographs of ZIP (a1 and a2), Soluplus® (b1 and b2),
SZ-1 (c1 and c2), and SZEC-5 (d1 and d2)

Page 5 of 8 27AAPS PharmSciTech (2020) 21: 27



microparticles was significantly faster than that of the physical
mixtures. For all the SZ microparticles, more than 80% of the
loaded drugs were released within 2 h, while that of the
physical mixtures only achieved around 40% drug release.
The improved dissolution of ZIP from SZ microparticles was
largely due to the amorphous state of ZIP in the spray-dried
powder and the formation of solid dispersions with amphi-
philic Soluplus® polymer which were in well agreement with
the XRD measurements (28). The ratio of ZIP and Soluplus®
did not display clear influence on the drug release rate for
both the physical mixtures and spray dried SZ microparticles.

Thus, the formulation of SZ-1 (Soluplus®:ZIP = 4:1) which
would allow high drug loading was further studied for the
incorporation of sustained release materials.

Commonly used encapsulation polymers, i.e., Eudragit®
RL, Eudragit® S100 and ethyl cellulose, was incorporated
into the precursors for spray drying to investigate their ability
for sustained release of ZIP. The release curves of ZIP from
composite microparticles with different encapsulation poly-
mers were shown in Fig. 5b–d. The formulations incorporated
with Eudragit® RL did not show clear sustained release
behaviors possibly due to the high permeability of Eudragit®

Fig. 5. Drug released profiles of different ZIP formulations. a solid dispersion and physical
mixture of ZIP and Soluplus® (PM-1: physical mixture of Soluplus® and ZIP in ratio of 4:1, PM-2:
physical mixture of Soluplus® and ZIP in ratio of 6:1); b solid dispersions containing Eudragit®
RL; c solid dispersions containing Eudragit® S100; d solid dispersions containing ethyl cellulose.
Data were expressed as mean ± SD (n = 3)

Fig. 6. Mean dose-normalized ZIP concentration versus time profiles after
administration of SZEC-5 capsule and Zeldox® capsule in fasted and fed dogs.
Data were expressed as mean ± SD (n = 6)
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RL polymer (Fig. 5b). While the incorporation of Eudragit®
S100 incurred significant sustained release effect on the spray
dried microparticles (Fig. 5c). Eudragit® S100 is a commonly
used enteric polymer which was not soluble in water and low pH
values. The Eudragit® S100 containing formulations would
have different drug release profiles in dissolution media of
different pH values. However, according to the results of in vitro
dissolution test in deionized water, a large proportion of the
loaded drug in the Eudragit® S100 containing formulations was
locked and cannot be released until 12 h. Meanwhile, according
to the solubility characteristic of Eudragit® S100, it may not be
able to provide sustained release effect in dissolution medium of
high pH values. Thus, the drug release properties of Eudragit®
S100 containing formulations were not further studied in
different release media.

When ethyl cellulose was used as the sustained release
material, it has a certain effect on delaying drug release. As
shown in Fig. 5d, small amount of ethyl cellulose incurred
significant delay of drug release (SZEC-1 and SZEC-2). With
the increase of ethyl cellulose, however, the drug release of
SZEC-3 microparticles became relatively faster which was in
contrast to the sustained release effect of ethyl cellulose as
described in the literature. The abnormal drug release
behaviors of SZEC-1 and SZEC-2 microparticles could be
explained by the particle agglomeration in release medium
and it was observed that the microparticles maintained as an
agglomerate during the whole period of release test. Mean-
while, the amount of Soluplus® was further tuned to adjust
the drug release rate and it was shown that a well sustained
release effect could be achieved when the ratio of Soluplus®
to drugs and ethyl cellulose (EC) was 6:1:4. As shown in
Fig. 5d, about 20% of the loaded drug was released in the first
2 h and a total of around 80% of the loaded drug were
released in 12 h for the formulation of SZEC-5. Therefore,
this formulation (SZEC-5) was selected for the subsequent
in vivo pharmacokinetic study in beagle dogs.

In Vivo Pharmacokinetics

The mean ZIP concentration versus time profiles follow-
ing oral administration of Zeldox® capsule and SZEC-5
capsule to fasted and fed dogs were shown in Fig. 6. The
corresponding mean pharmacokinetic parameters for
Zeldox® capsule and SZEC-5 capsule were tabulated in
Table II. As the data shown, the plasma concentration of ZIP
from Zeldox® capsules increased quickly and reached
maximum at 1.25 ± 0.27 h and 1.91 ± 0.58 h in fed and fasted
state, and then decreased rapidly. Meanwhile, the maximum
plasma concentration for SZEC-5 capsules was reached at

4.33 ± 0.51 h and 4.33 ± 0.81 h in fed and fasted state and
decreased more slowly than that of the Zeldox® capsule. The
Cmax values of SZEC-5 capsules in fed and fasted states were
862.73 ± 431.91 ng/mL and 723.27 ± 176.69 ng/mL, respec-
tively, which were both comparable to that of Zeldox®
capsules administrated in fed state. The results revealed that
the formulation of SZEC-5 solid dispersion significantly
enhanced and prolonged in vivo absorption of ZIP.

No significant difference was found in Cmax, Tmax
, and

AUC values between the fasted and fed states of SZEC-5
capsule. On the contrary, Zeldox® showed significant differ-
ence in Cmax between the fasted and fed state with P < 0.01.
Zeldox® capsule exhibited a more positive food effect in
dogs, which was similar to that of the reported clinical data
(7). The comparable AUC and Cmax for SZEC-5 capsule
between the fasted and fed state indicated essentially no food
effect of the formulation on drug absorption. The AUC and
Cmax of SZEC-5 capsule in fed state showed no significant
difference compared with Zeldox® capsule in corresponding
state, while the significant difference observed in Tmax and
MRT meant that a sustained release formulation of ZIP had
been prepared successfully. The results from in vivo pharma-
cokinetic study clearly demonstrated that a sustained release
formulation of ZIP with enhanced oral drug absorption and
eliminated food effect was achieved in SZEC-5 capsule.

CONCLUSIONS

In this paper, an improved formulation of ZIP solid
dispersion was developed. Physicochemical characterization
confirmed that ZIP was present in an amorphous state in the
microparticles of solid dispersions. From the in vitro dissolution
tests, the SZEC-5 capsule exhibited sustained release character-
istics of ZIP. For the in vivo pharmacokinetic study, enhanced
drug absorption, prolongedTmax, and eliminated food effect were
simultaneously achieved for the SZEC-5 capsule, indicating a
sustained release with prolonged actions of potential schizophre-
nia and bipolar disorder treatment. Such formulations could
provide simple and convenient dosing while retaining the familiar
safety and efficacy profile of currently marketed capsules. And
the formulation development strategy presented here might shed
some light on the design of sustained release formulations of
other poorly water-soluble drugs in the future.
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Table II. Pharmacokinetic parameters of ZIP in beagle dogs (n = 6) after oral administration of the Zeldox® capsule and the SZEC-5 capsule

Zeldox® capsule (fed) Zeldox® capsule (fasted) SZEC-5 capsule (fed) SZEC-5 capsule (fasted)

Cmax(ng/mL) 888.06 ± 646.18a 448.47 ± 198.99 862.73 ± 431.91a 723.27 ± 176.69a

Tmax(h) 1.25 ± 0.27 1.91 ± 0.58 4.33 ± 0.51ab 4.33 ± 0.81ab

AUC0 − t (ng/h/mL) 2901.59 ± 1766.28 2261.87 ± 1161.28 3554.01 ± 1534.54a 4283.94 ± 988.13a

AUC0 −∞(ng/h/mL) 3259.46 ± 2056.15 2543.31 ± 1230.49 3811.25 ± 1537.47a 4714.15 ± 998.49a

MRT0 −∞(h) 3.74 ± 0.53 4.80 ± 2.44 4.61 ± 0.60b 5.34 ± 1.28b

a p < 0.05 compared with Zeldox® capsule in fasted state
b p < 0.05 compared with Zeldox® capsule in fed state
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