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Abstract The purpose of this study was to explore poly(vi-
nylpyrrolidone-co-vinyl acetate) (PVP VA64) as a novel
release-modifier to tailor the drug release from ethylcellulose
(EC)-based mini-matrices prepared via hot melt extrusion
(HME). Quetiapine fumarate (QF) was selected as model
drug. QF/EC/PVP VA64 mini-matrices were extruded with
30% drug loading. The physical state of QF in extruded
mini-matrices was characterized using differential scanning
calorimetry, X-ray powder diffraction, and confocal Raman
microscopy. The release-controlled ability of PVP VA64 was
investigated and compared with that of xanthan gum,
crospovidone, and low-substituted hydroxypropylcellulose.
The influences of PVP VA64 content and processing temper-
ature on QF release behavior and mechanism were also stud-
ied. The results indicated QF dispersed as the crystalline state
in all mini-matrices. The release of QF from EC was very slow
as only 4% QF was released in 24 h. PVP VA64 exhibited the
best ability to enhance the drug release as compared with other
three release-modifiers. The drug release increased to 50—
100% in 24 h with the addition of 20-40% PVP VA64.
Increasing processing temperature slightly slowed down the
drug release by decreasing free volume and pore size. The
release kinetics showed good fit with the Ritger-Peppas mod-
el. The values of release exponent (1) increased as PVP VA64
is added (0.14 for pure EC, 0.41 for 20% PVP VA64, and 0.61
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for 40% PVP VA64), revealing that the addition of PVP VA64
enhanced the erosion mechanism. This work presented a new
polymer blend system of EC with PVP VA64 for sustained-
release prepared via HME.

Keywords Hot melt extrusion - Release-modifier - PVP
VA64 - EC - Quetiapine fumarate

Introduction

Hot melt extrusion (HME) has been widely applied in the
pharmaceutical industry with different dosage forms, such as
granule pellets [1], sustained-release mini-tablets [2],
transdermal/transmucosal films [3, 4], and implants [5].
Compared with traditional methods, HME is a simpler process
to continuously prepare sustained-release tablets.
Ethylcellulose (EC) was applied for the melt extrusion of
sustained-release mini-matrices [6—10] due to its good pro-
cessability and perfect thermal stability. The glass transition
temperature (7)) of EC is between 131 and 137 °C [11], while
its degradation temperature is about 215 °C in air [11],
resulting in a very broad temperature window for extrusion.
However, poor water solubility of EC and low porosity of
extrudates led to incomplete drug release. Therefore, some
water-soluble polymers were investigated as release-
modifiers to tailor the drug release, such as xanthan gum [9],
HPMC [10], and L-HPC [12]. The release-controlled ability
of L-HPC was not so good, while the modification of drug
release by xanthan gum highly depended on the ionic strength
(incomplete drug release under low ionic strength) [9]. HPMC
has a high 7, between 170 and 180 °C with poor thermoplas-
ticity [13]. Therefore, it is necessary to develop an excellent
release-modifier for extruded EC-based mini-matrices.
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Poly(1-vinylpyrrolidone-co-vinyl acetate) (PVP VA64), a
water-soluble polymer, was extensively used as the matrix of
amorphous solid dispersion prepared via HME [14-16], for
example, two commercial products, Kaletra® and Norvir®.
Glass transition temperature and degradation temperature of
PVP VA64 were reported as 101 and 230 °C, respectively
[17], indicating a very wide processing window for HME.
Quetiapine fumarate (QF), a water-soluble drug for schizo-
phrenia treatment, was used as the model drug. The aim of
the present study was to explore PVP VA64 as an effective
release-modifier for EC-based mini-matrices prepared via
HME.

Materials and methods
Materials

EC (ETHOCEL® Standard 7 FP Premium) was kindly sup-
plied by Dow Chemical Company (Midland, Michigan, USA)
with an ethoxyl content of 48.0-49.5% (w/w). PVP VA64
(Kollidon® VA64) was gifted by BASF SE (Ludwigshafen,
Germany). QF was purchased from Suzhou No. 4
Pharmaceutical Factory (Suzhou, China). Xanthan gum was
purchased from Tianjin Fuchen Chemical Reagents Factory
(Tianjin, China). Low-substituted hydroxypropylcellulose (L-
HPC) was kindly supplied by Anhui Sunhere Pharmaceutical
Excipients Co., Ltd. (Anhui, China). Crospovidone (CPVP)
was gifted by Ashland Inc. (Kidderminster, UK).

Hot melt extrusion

Physical mixtures of EC, release-modifiers, and QF were
blended for 10 min in a mortar and then manually fed into a
conical co-rotating screw hot-melt extruder (HAAKE
MiniCTW, Thermo Scientific, Germany). Screw speed
and die diameter were fixed at 100 rpm and 3 mm, respec-
tively. The extruded QF/EC/PVP VA64 formulations were
slight yellow and opaque cylinders with a smooth surface.
The rod-like extrudates were manually cut into mini-
matrices with the length of 5 mm. For the formulations
containing L-HPC, xanthan gum, and CPVP, the weight
ratio of QF/EC/release-modifier was fixed at 30:50:20 and
the processing temperature was 130 °C. For PVP VA64-
related solid dispersions, the formulations and processing
temperatures are listed in Table 1.

Quetiapine fumarate assay

The content of QF and related substances in extrudates were
detected using high-performance liquid chromatography
(HPLC, UltiMate 3000, Dionex, USA) equipped with a
UV detector. The flow rate of the solvent pump was

1.0 ml/min and the injection volume was 20 pl. The mobile
phase was composed of methanol, distilled water, and
triethylamine (670:330:4, v/v) with a pH value of 6.8 ad-
justed by phosphoric acid. The milled extrudates were dis-
solved by the mobile phase and then diluted to 100 ml in a
measuring flask. All samples were filtered through a
0.45-pm membrane filter before the test. All analyses were
carried out in triplicate.

Thermal behavior

Thermal behavior of individual components, physical mix-
tures, and extrudates was measured using a thermogravimetric
analyzer (NETZSCH STA-409, NETZSCH group, Germany).
Samples (5—10 mg) were accurately weighted into aluminum
pans and then heated to 200 °C at a heating rate of 10 °C/min
with 40 ml/min nitrogen purge. Data were analyzed using
Proteus analysis software (NETZSCH Group, Selb,
Germany).

X-ray powder diffraction

Physical states of QF in physical mixtures and extrudates were
characterized by X-ray powder diffraction (Bruker D2
PHASER X, Germany), operating at 20 mA and 30 kV
(CuKy, A=0.154). Scanning rate was 0.1 s/step with a scan-
ning step of 0.014° and 20 range of 5—40°.

Confocal Raman microscopy

Confocal Raman microscopy (Renishaw inVia, England) was
employed to evaluate the distribution of QF in mini-matrices
with excitation at 785 nm. All spectra were recorded at a
resolution of 4 cm ™' and an exposure time of 30 s with a laser
power of 400 mW. Then a surface sized 20 um x 20 pm was
scanned in point-by-point mapping mode. The number of
mapping points was about 231. The software package WIRE
2.0 (Renishaw) was employed for spectral acquisition and
analysis.

Scanning electron microscopy

SEM measurements were performed using a JEOL JSM-
6330F microscope (JEOL, Tokyo, Japan) at an accelerating
voltage of 15 kVand a 15-1A emission current. Samples were
coated with platinum before measurement.

In vitro dissolution
Dissolution behaviors were studied by using USP paddle dis-
solution apparatus (ZRD-8B dissolution tester, Tianda Tianfa

Technology Co., Ltd., Tianjing, China) combined with an au-
tomatic sampling collector (RCQ-8C, Tianda Tianfa
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Table 1 HME formulation

compositions and processing Formulation — Drug loading (%) EC content (%) PVP VA64 content (%)  Processing temperature (°C)
temperatures

1 30 70 0 140

2 30 50 20 110

3 30 45 25 110

4 30 40 30 110

5 30 35 35 110

6 30 30 40 110

7 30 40 30 120

8 30 40 30 130

Technology Co., Ltd., Tianjing, China). The samples, which
were equivalent to 60 mg QF, were introduced into the disso-
lution medium. All dissolution testings were carried out in
900 ml of distilled water at 37+ 0.5 °C with a stirring rate of
100 rpm. Five milliliters of sample was withdrawn at each
sampling point (0.5, 1, 2, 4, 6, 8, 12, 16, 20, and 24 h) with
the same volume of fresh medium as replacement. QF con-
centration was assessed at a wavelength of 289 nm with a
double beam spectrophotometer (TU-1901, PGeneral,
Beijing, China). Each experiment was performed in triplicate.
The dissolution data were fitted using DDSolver (version 1.0)
software.

Liquid uptake, swelling, and erosion measurement

Mini-matrices were introduced into 900 ml of distilled wa-
ter at 374+ 0.5 °C with a stirring rate of 100 rpm. At each
sampling point, the mini-matrices were withdrawn from the
dissolution medium and weighed after removing excessive
water from the surface (W,,) and drying to a constant weight
(Wy), respectively. The liquid uptake was calculated using
Eq. 1 [18].

Ww_Wd

Y%Liquid uptake = ———— x

1
DR X 100

(1)
where W, and Wy represent the wet and dry weight of the
mini-matrices at time ¢, respectively. W; represents the ini-
tial weight of the mini-matrices, while DR; is the initial
weight of drug in the mini-matrices.

The radial swelling and axial swelling of the mini-matrices
during dissolution were determined by measuring the diame-
ter and length with an electric vernier caliper (Guanglu,
China). The degree of erosion (%Erosion) was determined
based on the weight difference between dried mini-matrices
at time ¢ and initial mini-matrices, taking into account the drug
released at each time point (Eq. 2).

(W—DRj)—~(Wq—DRy)
W;-DR;

%Erosion = x 100

(2)
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where the meanings of Wy, W,, and DR; are the same as men-
tioned above. DR, represents the amount of drug in the mini-
matrices at time ¢.

Results and discussion

In the present work, drug loading was fixed at 30% since burst
effect was obvious at higher drug loading.

Thermal stability of QF during HME

Chemical stability of drug during the extrusion process is
considered as the most important issue in pharmaceutical
HME. Therefore, the chemical stability of QF at high tem-
perature was firstly investigated. As shown in Fig. 1, crys-
talline QF melted from 171 °C and degraded from 190 °C.
Considering the melt viscosity of EC and the desired crys-
talline state of QF in final extrudates, extrusion was per-
formed between 110 and 130 °C. As shown in Table 1, the
formulation, containing 30% QF, 30% PVP VA, and 40%
EC, was extruded at 110 °C (named formulation 4), 120 °C
(named formulation 7), and 130 °C (named formulation §8),
respectively. The normalized contents of QF and related
substances were detected by HPLC as 98.85 and 0.40%
for formulation 4, 100.97 and 0.46% for formulation 7,
100.83 and 0.38% for formulation 8, respectively. Based
on the results, QF was considered to be chemically stable
when extruded between 110 and 130 °C.

Physical state and distribution of QF in mini-matrices

Considering the high solubility of QF, crystalline state is pre-
ferred for QF in extruded mini-matrices because it will be
beneficial to keep good physical stability. Physical state and
distribution of QF in the extruded formulations were investi-
gated by using PXRD, DSC, and Raman spectroscopy. The
PXRD patterns are shown in Fig. 2. No diffraction peak was
observed for EC and PVP VA64 due to their amorphous na-
tures. QF showed the specific peaks at 260 = 7.4°, 16.7°, 20.0°,
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and 23.3° in both physical mixtures and extrudates, suggest-
ing that QF existed in its crystalline form in the mini-matri-
ces. DSC results confirmed this conclusion (Fig. 3).
Crystalline QF showed a melting peak around 178 °C, while
amorphous EC and PVP VA64 did not exhibit any endother-
mic peaks. The melting point of QF slightly shifted to 174 °C
in the physical mixture of QF/EC/PVP VA64. For HME
mini-matrices, the melting peak of QF was dramatically wid-
ened and moved to a low-temperature range of 155-174 °C.
This might be attributed to the fact that the extrusion process
reduced the size of QF crystal and facilitated the contact
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Fig. 2 XRD patterns of PVP VA64 (A), QF (B), EC (C), physical
mixture of QF/EC/PVP VA64 (D), and extruded mini-matrices (E). The
formulation contained 30% QF, 40%EC, and 30% PVP VA64 at
processing temperature of 110 °C

Temperature (°C)

between QF and polymers. Therefore, the melting point de-
pression of QF was more obvious in extrudates than in phys-
ical mixture. This phenomenon suggested the possible inter-
molecular interactions between QF and polymers, which
needs further investigation, but is beyond the scope of this
work.

The appearance of melting peak and the absence of exo-
thermic recrystallization peak revealed the crystalline form of
QF in extrudates. Raman spectra of raw crystalline QF
showed strong Raman bands at 1575 and 1030 cm ™' (Fig.
4). These two peaks also can be observed in the spectra of
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Fig. 3 DSC thermograms of PVP VA64 (A), EC (B), QF (C), physical
mixture of QF/EC/PVP VA64 (D), and extruded mini-matrices (E). The
formulation contained 30% QF, 40% EC, and 30% PVP VA64 and the
processing temperature was 110 °C
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Fig. 4 Raman spectra of QF (A), PVP VA64 (B), EC (C), mini-matrix

extruded at 110 °C before dissolution (D) and after dissolution for 24 h
(E). The formulation contained 30% QF, 40% EC, and 30% PVP VA64

mini-matrices. The specific Raman band of 1575 cm™' was
then selected to acquire Raman map for investigating the QF
distribution in mini-matrices. As shown in Fig. 5, red color
meant strong scattering intensity and therefore high QF con-
centration, while blue color corresponded to weak scattering
intensity and low QF concentration. It can be observed that
QF distributed in the matrix with the size about 5—10 pum. The
Raman spectra and maps confirmed the crystalline state of QF
in extruded matrices, which was in accordance with PXRD
and DSC results.

Release controlling ability of PVP VA64

After confirming that QF was chemically stable during ex-
trusion and was kept in crystalline state in extruded mini-
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Fig. 5 Raman mapping of QF in the mini-matrices extruded at 110 °C
with Raman band of 1575 ¢cm™!. The formulation contained 30% QF,
40% EC, and 30% PVP VA64
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Fig. 6 Dissolution profiles of the mini-matrices containing 30% QF,

50% EC, and 20% release-modifiers processed at temperature of
130 °C (n=3)

matrices, PVP VA64 was investigated for its ability to mod-
ify the QF release in comparison of three hydrophilic poly-
mers (L-HPC, xanthan gum, and CPVP). As mentioned
above, HPMC was previously reported as the release-
modifier for EC-based mini-matrices. But considering its
poor thermoplasticity (especially when extruded below the
melting point of drug), HPMC was not selected as the
release-modifier for comparison in this work. All formula-
tions were extruded at 110 °C (except formulation 1 at
140 °C) with 20% release-modifier and 30% QF. As shown
in Fig. 6, EC/QF formulation without release-modifier pre-
sented very slow and incomplete release (only 2% in 24 h),
attributing to the hydrophobic and non-swellable nature of
EC. The addition of 20% L-HPC showed little enhancement
in QF release (5% in 24 h), while the formulations containing
xanthan gum and CPVP had medium release rate with 25%
drug release in 24 h. PVP VA64-related formulations
showed the highest drug release of 57% in 24 h. The burst
effect was not observed in all formulations. These results
indicated that PVP VA64 was the most effective release-
modifier for EC-based mini-matrices.

The influence of PVP VA64 content on the QF release
was further investigated. As shown in Fig. 7, increasing
PVP VA64 content yielded a faster and more complete drug
release. The addition of 40% PVP VA64 makes QF
completely released from the mini-matrix in 24 h. Raman
spectra and SEM images might be helpful to understand the
release controlling mechanism of PVP VA64. PVP VA 64
exhibited the specific band at 933 cm™' in Raman spectra of
both raw material and fresh mini-matrices (Fig. 4). The
disappearance of this specific band after 24-h dissolution
indicated that PVP VA64 firstly dissolved during the disso-
lution process, which promoted the dissolving of QF dis-
tributed in PVP VA64 and created pores within the EC
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Fig.7 Dissolution profiles of the mini-matrices with different contents of
PVP VA64 processed at temperature of 110 °C (n=3)

matrix. Those pores further accelerated the release of QF
distributed in the EC matrix. SEM images confirmed this
hypothesis. Formulation 6 (40% PVP VA64, Fig. 8¢)

Fig. 8 SEM micrographs of the
mini-matrices. a Formulation 2
before dissolution. b Formulation
2 after dissolution. ¢ Formulation
6 before dissolution. d
Formulation 6 after dissolution. e
Formulation 4 before dissolution.
f Formulation 8 before dissolution

SEl' 15.0kv WD 25mm X500 10um —

SEl 15.0kv WD 24mm X650 10um —

SEI  15. Okv

exhibited a smoother surface than formulation 2 (20%
PVP VA64, Fig. 8a), benefiting from the low 7, and good
processability of PVP VA. After 24-h dissolution, formula-
tion 6 (Fig. 8d) has more pores than formulation 2 (Fig. 8b)
because the former has higher content of PVP VA64, which
rapidly dissolved and created many pores. Consequently,
the release of QF from formulation 6 was faster and more
complete than that from formulation 2. Both Raman and
SEM results revealed that PVP VA64 favors smooth surface
of the extrudates and creates pores during dissolution to
accelerate QF release from mini-matrices.

The influence of processing temperature on QF release

The formulations, containing 30% QF, 40% EC, and 30%
PVP VA64, were extruded at 110, 120, and 130 °C, respec-
tively. The dissolution results (Fig. 9) indicated that mini-
matrices extruded at lower temperature exhibited a faster
release profile. For formulation 4 extruded at 110 °C, 83%
of QF was released in 24 h. As the processing temperature
increased to 130 °C (formulation 8), the accumulative drug

SEI 15.0kv WD 25mm X500 10pum ___

SEI 15.0kv WD 25mm X500 10um —

SEI 15.0kv WD 25mm X150 100 pum

WD 25mm X100 100 um
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Fig. 9 Dissolution profiles of the mini-matrices extruded at different
processing temperatures, containing 30% QF, 40% EC, and 30% PVP
VA64 (n=3)

release in 24 h decreased to 69%. SEM images indicated
that formulation 4 (30% PVP VA64, extruded at 110 °C,
Fig. 8e) exhibited a much coarser surface and faster QF
release than formulation 8 (Fig. 8f). Therefore, it can be
concluded that higher processing temperature tends to give
a smoother surface with less pores. It is easy to understand
that extrusion near the 7, of EC (131-137 °C) favors more
sufficient mixing between components and then lower free
volume in comparison with extrusion at lower temperature,
resulting in a smaller pore and more tortuous network in the
EC matrix during dissolution [19, 20]. Consequently, in-
creasing processing temperature hindered the release of
QF (formulation 8 < formulation 7 < formulation 4,
shown in Fig. 9).
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Fig. 10 Water uptake of the mini-matrices (n=3)
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Fig. 11 Erosion degree of the mini-matrices (n=3)

Swelling study

Water uptake and erosion degree of the mini-matrices were
carefully investigated. As shown in Figs. 10 and 11, increas-
ing PVP VA64 contents dramatically enhance the water up-
take and the degree of erosion after 24 h dissolution (48 and
28% for 20% PVP VA64, 79 and 63% for 40% PVP VA64,
respectively). Increasing processing temperature only had
slight enhancement on the water uptake and the degree of
erosion after 8 h (67 and 41% for 110 °C, 59 and 40% for
130 °C in 8 h, respectively). The content of release-modifier
has more significant influence on the QF release than the
processing temperature. Radial swelling rates of some formu-
lations are shown in Fig. 12. Almost all formulations showed
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Fig. 12 Swelling ratio of the mini-matrices (n = 3)
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Table 2 Fitting results for kinetic

models (n=3) Formulation Zero-order model First-order model Higuchi equation Ritger-Peppas model
R? 22 2
R2 n+95% CI
1 - - - 0.9500 0.14+0.002
2 0.3598 0.6935 0.9649 0.9934 0.41+0.005
3 0.5084 0.8915 0.9862 0.9996 0.50+0.006
4 0.2342 0.8458 0.9368 0.9976 0.48+0.005
5 0.2991 0.9275 0.9718 0.9975 0.51+0.011
6 0.0454 0.9717 0.9718 0.9998 0.61+0.016
7 0.4532 0.8309 0.9803 0.9996 0.46+0.005
8 0.4431 0.8629 0.9778 0.9996 0.49+0.013

n release exponent in the Ritger-Peppas model, C/ confidence interval

low swelling rate due to the non-swellable nature of the EC
matrix, except formulation 6. The diameter of formulation 6
remarkably decreased, which should be attributed to the
fact that the dissolving of high-content PVP VA64 (40%)
created many large pores and resulted in the collapse of the
EC matrix.

Drug release mechanism

To explore the release kinetics of QF from mini-matrices, the
release data of QF was fitted to three kinetic models, including
zero-order release (Eq. 3), first-order release (Eq. 4), and
Higuchi model (Eq. 5).

Qt = Qo + kot (3)

where (O is the amount of drug released at time ¢, O, is the
initial amount of drug, and k is the zero-order release con-
stant.

Q= Q.(e™) (4)

where O, is the total amount of drug in the matrix and k; is the
first-order release constant.
Q
= g 05 5
Q ®)
where Ay is the release rate constant for the Higuchi model.
The fitting results are listed in Table 2. The best fit was
obtained with the Higuchi model, indicating that diffusion
was the main kinetics for the drug release.
The transport mechanism was investigated using the semi-
empirical Ritger-Peppas model (Eq. 6) [21].

Q:

— = kt" 6
Q. (6)
where O0/Q., is the fraction of drug released at time ¢, k is a
constant depending on the structural and geometric

characteristics of the tablet, and » is the release exponent to
determine the type of release. For a cylinder, n = 0.45 indicates
Fickian diffusion, while n =0.89 reflects zero-order release
due to erosion. If n=0.45-0.89, anomalous transport is sug-
gested [10, 21]. Since the Ritger-Peppas model usually applies
to the initial stage of release, the portion of release profile with
0/0.,<0.6 was used for the determination of n value. The
results are listed in Table 2.

Fickian release (diffusion mechanism) only can be seen
for formulation 1 (pure EC matrix) and formulation 2 (20%
PVP VA64). As the content of PVP VA64 increased, the
values of n increased and distributed between 0.41 and
0.61, indicating QF release type tends towards non-Fickian
release (a combination of diffusion and erosion mecha-
nisms). Therefore, it is speculated that EC domains diffusion
mechanism while PVP VA64 favors erosion mechanism.
Therefore, the release mode was determined by the ratio of
PVP VA64 to EC.

Conclusion

PVP VA64 was approved to be a novel drug release-
modifier for EC-based mini-matrices prepared via hot melt
extrusion. QF was selected as the model drug. PVP VA64
has the highest ability to accelerate QF release from EC in
comparison with xanthan gum, CPVP, and L-HPC (three
extensively used release-modifier). The addition of 40%
PVP VA64 dramatically enhanced QF release from 4 to
100% in 24 h. Increasing processing temperature slightly
slowed down the QF release due to the improved mixing
and the decreased pore size. The release kinetics of QF/EC/
PVP VA64 mini-matrices showed good fit with the Ritger-
Peppas model. The increase of PVP VA64 in the formula-
tion enhanced the erosion mechanism. EC/PVP VA64 was a
novel polymer blend system for sustained release prepared
via HME.
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