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ABSTRACT

Microspheres have gained much interest because of their simple and controllable manufacturing process, sustained-
release profile, and drug stabilization. However, the in vitro dissolution test of sustained-release microspheres is time
consuming and impedes the development and quality control of microsphere products. In this study, an accelerated
dissolution method was established to develop and evaluate microspheres in a timely and cost-effective manner. The
effects of dissolution media temperature, pH, and ethanol content on the dissolution behavior were investigated to
optimize the accelerated dissolution method. Media containing 25% ethanol with pH 7.4 and 37 °C was suitable for the
microspheres. The correlation between the real-time and accelerated dissolution tests was established successfully with
an R? = 0.9978, indicating potential to apply the accelerated dissolution method to the development and evaluation of
microspheres.
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INTRODUCTION

dvantages of microspheres (MS) include simple and
Acontrollable manufacturing processes, sustained

release, and drug stabilization (1—-6). MS have been
successfully applied to treat many chronic diseases and
cancers (7-11). With the rapid development of MS, the
in vitro evaluation of MS is becoming more important to
ensure the safety and efficacy of formulations containing
MS (12, 13).

Real-time dissolution methods (e.g., extraction or dialysis)
of MS is time consuming (e.g., several weeks to months)
to extensively investigate the drug release over a long
time period. This impairs the development and quality
control of the products (14). Therefore, an reproducibly
accelerated dissolution method is needed for MS drug
development to assess the dissolution behavior of MS
(14, 15).

An accelerated dissolution method should be able to
simulate the real-time dissolution behavior (16). Many
studies have attempted to establish predictive accelerated

dissolution methods by adjusting only one factor (e.g.,
temperature, pH, or composition of dissolution media);
however, a satisfying accelerated dissolution method
should be established by considering all factors (14, 15,
17-19).

In our previous study, uniform and long-term risperidone-
containing PLGA (RIS) MS (RIS-MS) were successfully
prepared by a novel technology, ultra-fine particle
processing system (UPPS); however, an 18-day dissolution
test employed in the study was a heavy burden
for product evaluation (20). Herein, an accelerated
dissolution method is proposed by optimizing different
factors. Moreover, correlation between the real-time
and accelerated dissolution methods was established to
confirm the predictability and reliability of the accelerated
method.

MATERIALS AND METHODS

Material, Reagents, and Equipment

Self-prepared 30% drug-loading risperidone-containing
MS with PLGA as matrix was fabricated by UPPS. The
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preparation process and detailed characterization of RIS-
MS has been published previously (20). First, phosphate
buffer solution (PBS) media was prepared with sodium
dihydrogen phosphate, then it was adjusted by phosphoric
acid and sodium hydroxide to the required pH value. A
high-performance liquid chromatography-ultraviolet
(HPLC-UV) system employed a Luna 5-um C;g column
(4.6 mm x 150 mm, 5 um) purchased from Guangzhou
FLM Scientific Instrument Co., Ltd (Guangzhou, China).
Methanol used in HPLC analysis was chromatographically
pure and bought from Honeywell (Muskegon, Ml). All the
other regents were of analytical grade.

Solubility of Risperidone in PBS Media at Different pH
Levels

The solubility of risperidone in PBS media (7 mL) at
different pH levels (pH 2.0, 5.0, 5.8, 6.8, 7.4, and 7.9) at
37 £ 5 °C, 100 rpm, for 72 hours. The supernatant was
withdrawn and detected by HPLC-UV to determine the
solubility of risperidone in PBS media at each pH level.

Dissolution Test with Extraction Method
After determining solubility of risperidone in PBS media
at different pH levels, the dissolution behavior of RIS-MS
was detected with the extraction method. RIS-MS (5 mL)
were dispersed with 4 mL of media: pH 7.4 PBS containing
0.02% Tween 80 to increase risperidone solubility in
dissolution media and 0.05% clozapine as interior label,
which met sink conditions. Then, the RIS-MS were held
at 37 £ 5 °C and stirred at 100 rpm. Samples (4 mL) were
withdrawn from tubesat1h,4h,1d,2d,4d,6d,8d, 10
d, 12 d, 14 d, 16 d, and 18 d, and replenished with fresh
media. These samples were centrifuged at 4000 rpm for 5
min and filtered with a 0.22-um micro-porous membrane
(Tianjin Jinteng Experiment Equipment Co., LTD, Tianjin,
China). The drug content of the filtered solution was
determined with HPLC-UV. The accumulated release was
calculated with Equation (1):
0= VxT C;

mxLD% Eq‘ (1)

where Q is the accumulated release, V is the volume of
dissolution media, C; is the drug concentration in media
of i-th sample extraction, m is the total weight of MS, and
LD% is the actual drug content in MS.

Dissolution Test with Dialysis Method

Dialysis is another common approach to detect real-time
dissolution behavior of MS. Dialysis tubes with 8000 Da
were applied to detect the dissolution behavior of RIS-
MS. MS (5 mg) of MS were added into dialysis tubes,
dispersed with 2 mL of dissolution media, pH 7.4 PBS, and
the dialysis tubes were sealed with strings. Dissolution
media (3 mL) was used to immerse dialysis tubes for 18
days under oscillation at 37 £ 5°C and 100 rpm. Samples

were taken from outside of dialysis tubes at the same
times and pretreated as described in the extraction
method. The samples were assayed by HPLC-UV, and
the accumulated release was calculated. Residual drug
content in MS after the 18 day-dissolution test was also
determined.

Model Fitting

The dissolution behavior of extraction method was
fitted with Equations (2)—(5) to explore their dissolution
mechanism:

Zero order model:

My

e = kt Eq. (2)
First order model:

In(1 -5 = —kt Eq. (3)

M,

Higuchi model:

He _ gt05 Eq. (4
e kt q. (4)
Korsmeyer-Peppas model:

2t = fgn Eq. (5)

Moo

where M; and M.. represent the accumulated drug
release at t and == (total drug content) time, respectively;
k is the kinetic constant, and n describes the kinetic
index, which reveals the formulation dissolution
mechanism. Fick diffusion is dominant when n < 0.43,
and an integrated result attributed to drug diffusion and
erosion are revealed when 0.43 < n < 0.85. Dissolution
is mainly driven by erosion when n > 0.85 (21). The
model fitting results were obtained through DDSolver
software (version 1.0, developed and published by China
Pharmaceutical University) (22).

Dissolution Behaviors with Different Factors
Investigation of factors affecting dissolution behavior
was performed based on the extraction method, except
that samples were withdrawnat1h,2h,6h,8h,1d, 2
d,3d,4d,5d, 6d, and 7 d. Temperature, pH value, and
ethanol content in the dissolution media were explored
as potential factors that influence RIS-MS dissolution
behavior. Moreover, similarity factor, f,, was used to
evaluate the similarity between different samples to
investigate the effect of each factor on RIS-MS dissolution
behavior (23, 24). f, was calculated with Equation (6):

fo = 50 log{[1+ 132,k — )| x 100} Eq (6)

where n is the number of samples, R; and T; are
percentages of the dissolved drug for the reference
and samples at each time interval, respectively. Results
were compared to those from the extraction method
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to investigate the effects of temperature, pH, and ethanol
content) on dissolution behavior as follows.

Temperature: RIS-MS dispersed with media were oscillated
at 37 °C, 45 °C, 55 °C, and 65 °C to investigate the effect of
temperature on RIS-MS dissolution behavior.

pH value: RIS-MS were dispersed with 4 mL PBS media
composed of sodium dihydrogen phosphate with adjusted
pH levels of 4.0, 5.0, 6.0, 7.0, and 7.4 using phosphoric acid
and sodium hydroxide to study the impact of pH value on
RIS-MS dissolution behavior.

Ethanol content: Dissolution media containing 5%, 10%,
15%, 20%, and 25% ethanol (v/v) were applied to disperse
RIS-MS and investigate the influence of ethanol on RIS-MS
dissolution behavior.

Accelerated Dissolution Test

The accelerated dissolution method was optimized
based on the above-mentioned factors. The accelerated
dissolution method was established with the addition of
25% (v/v) ethanol in the media. Early, middle, and final phase
(over 80% accumulated release) samples were extracted to
compare with real-time dissolution test results according
to the US Food and Drug Administration (FDA) guidelines
for the application of f, (25, 26). Therefore, samples
were extracted at 1 h, 4 h, 12 h, 1 d, 2 d, and 3 d in this
accelerated method. The linear correlation between sample
points of the accelerated dissolution behavior and real-
time dissolution behavior (6 h, 24 h,3d, 6d, 12 d, and 18
d) was established point by point in a time sequence, and
the correlation coefficient (R?) was calculated to analyze
the similarity between the two dissolution profiles. The f,
was also calculated to evaluate similarity between the two
dissolution methods.

HPLC-UV Method

HPLC-UV was employed to detect the drug content from
dissolution samples (10 uL) at 45 °C. The mobile phase
consisted of methanol and 5 g/L ammonium acetate
solution with a ratio of 50:50 (v/v) with a 1-mL/min flow
rate. Detection wavelength was 278 nm.

Statistical Analysis

All studies were performed in triplicate unless otherwise
stated. Data obtained were presented as mean * SD,
and one-way ANOVA with Student-Newman-Keuls (SNK)
comparison by SPSS 19.0 software (IBM Corporation,
Armonk, NY) was employed to analyze the data. A p-value
less than 0.05 was considered statistically significant.
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RESULTS

Dissolution Behavior with Extraction and Dialysis
Methods

The solubility of risperidone in PBS media at different
pH levels is shown in Table 1. The dissolution behavior
using the extraction method and dialysis method are
demonstrated in Figure 1A. The extraction method
showed a higher total drug release (about 90%) than the
dialysis method (about 70%) during the dissolution test.
Moreover, a smaller standard deviation was recorded for
the extraction method compared to the dialysis method.

Table 1. Solubility of Risperidone at Different pH Levels

pH 2.0 33.42
pH 5.0 8.48
pH5.8 3.96
pH 6.8 0.97
pH 7.4 0.35
pH 7.9 0.20

Dissolution media was PBS with different pH adjusted by disodium
phosphate and potassium dihydrogen phosphate containing 0.02% Tween
80 and 0.05% clozapine at 37 + 5 °C for 72 h at 100 rpm. PBS, phosphate
buffer solution.

Model Fitting of RIS-MS Dissolution Behavior

The results of model fitting for the RIS-MS dissolution test
using the extraction method (real time) and accelerated
method are displayed in Table 2. Based on the R? value,
the best fit model for the real-time dissolution behavior
was the Korsmeyer-Peppas model. The kinetic index (n)
was 0.43 in this model, illustrating the contribution of
drug diffusion to the RIS-MS dissolution behavior. The
Korsmeyer-Peppas model also showed a better fit for the
accelerated method with n =0.39.

Table 2. Model Fitting for the Extraction (Real-Time) Method and
Accelerated Dissolution Method of RIS-MS

Real-Time F=0.0634 In(1- F) = F=0.2674 x F=0.2295
Dissolution xt -0.1365 x t 043 x 050
Method R?=0.6725 R?=0.9760 R?=0.9862 R?=0.9856
Accelerated | F=0.01351 In(1- F) = F=0.1490 x F=0.1024
Dissolution- xt -0.02461 x t 039 x 0-50
Method R?=0.4060 R?=0.8518 R?=0.9926 R?=0.9498

1Korsmeyer-Peppas Model was calculated with the data of t < 16 d.
RIS-MS, risperidone-containing PGLA microspheres; PLGA, poly(lactic-co-
glycolic acid); F is the accumulated release.
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Figure 1. Dissolution behaviors of RIS-MS (mean + SD accumulated drug release) under different conditions (n = 3): (A) extraction method vs
dialysis method; effects of temperature (B), ethanol content (C), and pH (D and E); and correlation of accumulated release with the accelerated
method vs real-time (extraction) method (F). RIS-MS, risperidone-containing PLGA microspheres; PLGA, poly(lactic-co-glycolic acid).

Dissolution Behavior of RIS-MS in Different Conditions
The f, of the dissolution behavior under different
conditions are shown in Table 3. An increase in
the dissolution rate was observed with increasing
temperature, as shown in Figure 1B. The dissolution
behavior at 45 °C, 55 °C, and 65 °C was not similar to the
dissolution profile observed at 37 °C according to Table 3;
however, similar dissolution behaviors were observed at
45 °C, 55 °C, and 65 °C.

Table 3. Similarity Factors (f2) for Dissolution of RIS-MS Using the
Accelerated Method with Different Factors Groups

37°Cvs45°C 29.28" | 0% vs 5% 64.53 | 4.0vs5.0 47.54"
37°Cvs55°C 27.67" | 0%vs10% | 51.28 | 4.0vs 6.0 35.14"
37°Cvs 65°C 25.78" | 0% vs20% | 38.49" | 4.0vs 7.0 30.81"
45°Cvs 55 °C 70.27 0% vs 25% | 32.24" | 4.0vs 7.4 37.06"
45°Cvs 65 °C 57.02 5%vs 10% | 65.23 | 5.0vs 6.0 35.14"
55°Cvs 65 °C 69.24 5% vs 20% | 42.39" | 5.0vs 7.0 30.81"
- - 5%vs25% | 33.45" | 5.0vs 7.4 | 52.45
- - 10% vs 20% | 53.85 | 6.0vs 7.0 | 66.01
- - 10% vs 25% | 38.07" | 6.0vs 7.4 | 66.78
- - 20% vs 25% | 54.05 | 7.0vs7.4 | 64.39

' The dissolution behaviors of these two groups were not similar.

The dissolution rate gradually increased with increasing
ethanol content in media from 5% to 25%, as shown
in Figure 1C, and the plateau of accumulated release
occurred earlier with a higher ethanol content. Similar
dissolution behaviors were shown between neighboring
groups (0%-5%, 5%-10%, 10%-20%, and 20%-25%), and
different behaviors were revealed between several
interval groups (0%-20%, 0%-25%, 5%-20%, 5%-25%, and
10%-25%), as shown in Table 3. The accumulated release
of the group with 25% ethanol achieved about 80% drug
release within 3 days.

The effects of pH on the dissolution behavior are depicted
in Figure 1D and 1E. As shown in Figure 1E, RIS-MS
exhibited a burst release, which increased with increasing
pH on the first day. The dissolution rate decreased as pH
increased after 1 h, and higher accumulated release was
obtained for higher pH levels except pH 7.4. As shown
in Table 3, compared to dissolution behavior of pH 7.4,
mimicking physical conditions, dissolution behavior was
similar (above 50) at pH 4.0, 5.0, 6.0, and 7.0 according to
f>. The f, of pH 4.0 and pH 7.4 was 37.06 (dissimilar).

Correlation Between Accelerated and Real-Time Dis-
solution Behavior

The correlation coefficients of the accelerated method
with different conditions compared to real-time
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dissolution behavior are shown in Table 4. An accelerated
dissolution method was established with the addition
of 25% ethanol (v/v) in media. The correlation between
dissolution behaviors in the accelerated method and
conventional real-time method is depicted in Figure
1F. A linear correlation between the two dissolution
methods (R? = 0.9978) was observed, and the accelerated
dissolution method corresponded to its six-fold time point
in real-time dissolution. Additionally, the f, between the
accelerated and real-time dissolution behavior was 63.27,
which demonstrated similar dissolution behavior in the
two methods.

Table 4. Correlation Between Dissolution Behaviors of RIS-MS Using the
Accelerated Method with Different Factors (3 Days) and the Real-Time
(Extraction) Method (18 Days)

Temperature (45 °C) y =0.5848x + 15.3773 0.9440
Temperature (55 °C) y =0.6026x + 19.5064 0.9597
Temperature (65 °C) y =0.6718x + 20.8963 0.9602
pH (4.0) y = 0.0743x + 19.3587 0.9559

pH (5.0) y =0.2441x + 14.0277 0.9422

pH (6.0) y = 0.3456x + 10.6533 0.9651

pH (7.0) y = 0.4353x + 5.6567 0.9832
Ethanol content (5%) y =0.5059x - 0.6125 0.9697
Ethanol content (10%) y=0.5742x + 0.1231 0.9592
Ethanol content (20%) y=0.7778x + 0.7180 0.9816
Ethanol content (25%) y =0.8048x + 8.4225 0.9983

DISCUSSION

Dissolution Mechanism for RIS-MS

The extraction method was selected as the real-time
dissolution method due to its stable dissolution behavior
(Fig. 1A). A higher dissolution rate and total accumulated
release were obtained in the extraction method compared
to the dialysis method, and a higher SD was observed in
the dialysis method. Moreover, there was higher residual
drug content in the dialysis method compared to the
extraction method.

Differences between the extraction and dialysis
dissolution methods might be related to their dissolution
processes. As for dialysis dissolution method, risperidone
released from MS accumulated in the dialysis tube first,
then it passed through the dialysis membrane before
entering the external dissolution media, as illustrated in
Figure 2A. However, there was just a one-step diffusion
process for risperidone to be released from MS to the
external dissolution media in the extraction method. A
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more uniform dissolution solution could be achieved with
the extraction method compared to the dialysis method,
which contributed to the observed stable dissolution
behavior. The extraction method was chosen as the
real-time dissolution method to develop the accelerated
method, and the dissolution mechanism of the extraction
method was studied by model fitting.
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Figure 2. Dissolution process of RIS-MS by dialysis and extraction are
shown in (A). Drug-releasing mechanisms, erosion and diffusion, are shown
in (B). RIS-MS, risperidone-containing PLGA microspheres; PLGA, poly
(lactic-co-glycolic acid).

Drug diffusion and skeleton erosion were two main
mechanisms of the drug release from MS, as Figure 2B
shows. The dissolution behavior of RIS-MS using the
extraction method was mainly driven by drug diffusion
according to model fitting (Table 2). The drug release
can be analyzed with the Noyes-Whitney equation when
dissolution is driven by diffusion:

dc
L = kad(Cs - )

Eq. (7)
where dC/dt is the dissolution rate, kq is the dissolution
rate coefficient, A is drug surface area, C; is saturated
solubility of drug, and C; is concentration of drug at time
t. (27) Temperature, pH, and ethanol content can affect
dissolution processes and alter the factors in this formula,

which induced the accelerated dissolution behavior.



Effects of Different Factors on RIS-MS Dissolution
Behavior

The selection of an accelerated dissolution method
should be governed by the actual real-time dissolution
mechanism and drug properties. The effects of
temperature, pH, and ethanol content in media were
investigated.

The increase of temperature to 45 °C, 55 °C, and 65 °C
promoted RIS-MS release compared to 37 °C (Fig 1B).
Higher temperatures accelerated drug release from RIS-
MS by enhancing the drug solubility, C;, which improved
the drug release according to Equation (7). However, there
were similar dissolution behaviors observed between
different temperature groups, and it was difficult to obtain
a suitable accelerated method corresponding to real-time
dissolution behavior by only changing temperature.

A decrease in pH induced the increasing burst release at
the initial time (Fig. 1D and 1E) . The accumulated release
increased in the first 12 h as pH value decreased, because
risperidone is a weak base, and its salt-dissociation can
be influenced by the changes of pH, according to the
Henderson-Hasselbalch equation:
C(A)
C(HAY)

pH = pK,(4) +1g Eq. (8)
where pK;(A)is the dissociation coefficient of the molecule,
C(A) is the concentration of conjugated base of this
molecule, and C(HA+) is the concentration of conjugated
acid of this molecule (28). In this study, risperidone
was a weak base, which can be ionized with decreasing
pH when the total concentration of risperidone was
constant. The ionized risperidone exhibited a higher C;in
water compared to its free base. According to Equation
(8), increased C; of risperidone improved the dissolution
rate of risperidone.

Increasing ethanol content in media improved the drug
dissolution rate mainly by enhancing the drug diffusion.
The dissolution rate of RIS-MS increased with the content
of ethanol in dissolution media (Fig. 1C). The addition of
ethanol in dissolution media increased drug solubility,
which increased C; according to Equation (7) and
increased the dissolution rate (29). In addition, different
amounts of ethanol in media led to various dissolution
behaviors, which demonstrated diverse accelerated
dissolution behavior can be achieved through adjusting
the ethanol content.

Correlation of dissolution behavior between different
accelerated conditions (3 days) and real-time condition
(18 days) are shown in Table. 4. The best correlation

was found between the accelerated conditions with
25% ethanol in the dissolution media and the real-
time condition, with the highest R? of 0.9983. Thus, an
accelerated dissolution method was established with
the addition of 25% ethanol in the dissolution media.
Moreover, adding ethanol improved the dissolution rate
by promoting drug diffusion through the whole dissolution
process according to Table 2, which was governed by the
identical real-time dissolution mechanism of RIS-MS.

Repeated dissolution tests under the real-time condition
and accelerated condition with 25% ethanol were
performed to verify the correlation. The correlation
was established successfully with an R? = 0.9978 (Fig.
1F). The mechanism of this accelerated dissolution
method was mainly driven by drug diffusion according
to the model fitting of the accelerated dissolution in
Table 2 (n = 0.39), which was same as the mechanism
of the real-time dissolution behavior. This accelerated
dissolution method was successfully optimized in
different accelerated conditions, and it exhibited the
same dissolution mechanism of MS. In summary, the
accelerated dissolution method was able to simulate the
real-time dissolution behavior, and it could significantly
shorten the time for MS dissolution testing from 18 days
to 3 days, which enhances the time and cost consumption
for RIS-MS evaluation.

CONCLUSION

The effects and mechanisms of different factors, such
as temperature, pH, and ethanol content in media,
for the RIS-MS dissolution behavior were investigated
in this study. An accelerated dissolution method with
25% ethanol in the dissolution media was established
successfully to simulate the real-time dissolution behavior
(R? = 0.9978). This accelerated dissolution method would
substantially reduce the time consumption of dissolution
tests compared to real-time dissolution tests for MS.
This accelerated dissolution method is promising for MS
product development and quality control, which are time
and cost-effective.
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