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ABSTRACT
Purpose The mechanism of PRG release from PLGAmicro-
spheres was studied and the correlation of in vitro and in vivo
analyses was assessed.
Methods PRG-loaded microspheres were prepared by the
emulsion-evaporate method. The physical state of PRG and
microstructure changings during the drug release period were
evaluated by powder X-ray diffraction (PXRD) and scanning
electron microscopy (SEM) respectively. Pharmacokinetic
studies were performed in male Sprague-Dawley rats, and
the in vivo-in vitro correlation (IVIVC) was established by linear
fitting of the cumulative release (%) in vitro and fraction of
absorption (%) in vivo.
Results PXRD results indicated recrystallization of PRG dur-
ing release. The changes of microstructure of PRG-loaded
microspheres during the release period could be observed in
SEM micrographs. Pharmacokinetics results performed low
burst-release followed a steady-released manner. The
IVIVC assessment exhibited a good correlation between vitro
and in vivo.
Conclusions The burst release phase was caused by diffusion
of amorphous PRG near the surface, while the second release
stage was impacted by PRG-dissolution from crystal depots
formed in microspheres. The IVIVC assessment suggests that
the in vitro test method used in this study could predict the real

situation in vivo and is helpful to study the release mechanism
in vivo.
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ABBREVIATIONS
API Active pharmaceutical ingredient
DCM Dichloromethane
f Absorption fraction
i.m. Intramuscular
IVIVC In vitro and in vivo correlation
LC–MS/
MS

Liquid chromatography–mass spectrometry/
mass spectrometry

MS Microsphere
Mw Molecular weight
PGA poly(glycolide)
PLA poly(L-lactide)
PLGA poly(D,L-lactide-co-glycolide)
PRG Progesterone
PVA Polyvinyl alcohol
PXRD Powder x-ray diffraction
s.c. Subcutaneous
SD Sprague – Dawley
SDS Sodium dodecyl sulfate
SEM Scanning electron microscopy
SI Saline injection
Tg Glass transition temperature

INTRODUCTION

Sustained-release microspheres have been developed for the
parenteral delivery of a variety of therapeutic agents.
Biodegradable polymers such as poly(glycolide) (PGA),
poly(L-lactide) (PLA) and its copolymers as poly(D,L-lactide-
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co-glycolide) (PLGA) are widely applied in controlled release
systems because of their good biodegradability and good bio-
compatibility (1). The advantage of this type of long-acting
injection is that it can maintain a therapeutic effect over a
period of time via subcutaneous (S.C.) or intramuscular
(I.M.) routes. This way, dosing frequency can be reduced,
and patient compliance can be improved.

Understanding the release mechanisms and the physico-
chemical processes that affect release rate from these systems
is critical for the development of a controlled release system.
For PLGA drug delivery system, diffusion and degradation/
erosion are typically the two major mechanisms that deter-
mine drug release from PLGAmicrospheres. The release pro-
file is usually considered to be primarily controlled by diffusion
in the initial stage of drug release, while degradation/erosion
is believed to be the major parameter controlling drug release
during the final release period (2,3). Although PLGAs have
been widely used over the past decades, some of the essential
physical–chemical properties of PLGAs which significantly
influence their degradation behavior are still unknown. A typ-
ical example of this is the hydration of the polymer during an
incubation process, which has been discovered to play an im-
portant role in controlling the release of drugs (4–9). Polymer
hydration starts immediately upon contact with aqueous me-
dium. Accompanied by the formation of pores, water can be
absorbed and fill the pores, and this water absorption causes
hydrolysis, which subsequently forms acid species which can
further catalyze hydrolysis. It is known that this auto-catalytic
phenomenon results in heterogeneous degradation within the
PLGA matrix, where faster degradation occurs in the inner
compartment of the microsphere and is slower at the surface
(10). The extent of this effect increases with increasing size of
the drug delivery system (11), however, as the acid gradient
accumulates, this heterogeneous degradation may also occur
in particles or films as small as 10 μm (12). As Mw decreases
the polymer become less hydrophobic, and at 1100 Da the
oligomers become water soluble (13). Polymer hydrolysis is a
process which could actively enhance drug release by promot-
ing a change in the structure of the microspheres.

Because of the complexity of drug release from PLGA mi-
crospheres, another important factor that may significantly
dominate the release mechanism is the solid state of the drug
within the PLGA matrix. PRG, a small molecule water-
insoluble drug was selected as a model drug to investigate this.
For a solid dispersion system, API would present in the matrix
as several physical states, such as molecular, amorphous, mi-
crocrystal or crystal. The different physical states of API have
a significant influence on the release behavior of the drug. For
binary systems, it has been demonstrated that the absorption
of water can lead to the formation of regions with different
API–polymer concentrations in comparison to a comparable
one-phase amorphous system (where the API and the polymer
were originally mixed at the molecular level) (14). As well, any

changes in the physical state of API can potentially influence
the dissolution behavior of the microsphere carrier. As the
amorphous form of a compound has a higher free energy
compared to the crystalline form, crystallization tends to occur
both in the solid state and during dissolution of API. It has
been validated that crystallization can occur through two
pathways during the dissolution process. Nucleation and crys-
tal growth can initiate at the surface of the amorphous solid
dispersion upon contact with an aqueous release medium, due
to a reduction in Tg caused by the absorbed water (15).
However, the presence of the polymer may be able to contrib-
ute to inhibition of crystallization of insoluble API, whereby
the interaction between the polymer and API can prevent the
formation of dense liquid clusters in the dissolution process,
preventing the crystallization of the drug (16).

In vitro and in vivo experiments were performed in this work.
Typically, the in vitro property of interest is the cumulative
release of drug over a period of time or the rate of drug
release, while the in vivo properties of interest are the plasma
concentration of the drug or the amount of drug absorbed. It
should be noted that PLGA polymers provided from different
vendors may be inherently different, despite having a similar
molecular weight and/or inherent viscosity. As well, different
batches of PLGA polymers may not be the same (17), and thus
the development of an in vitro and in vivo correlation (IVIVC) of
parenteral microspheres is important. Though the in vitro re-
lease behaviors of microspheres are well studied, it is unknown
whether the same mechanisms are responsible for release
in vivo. It has been demonstrated that the in vivo environment
can change the rates of drug release and the mechanistic pro-
cesses (18). Thus, a mechanistic understanding of drug release
in vivo could potentially lead to the development of in vitro tests
which can more accurately predict in vivo performance.

The aim of this study was to characterize the physical state
of a model drug during the drug release process, and evaluate
the mechanism of drug release from a PLGAmatrix. It should
be noted that the hydration of the polymer influences the
microstructure of themicrosphere, and the dissolution induces
a change of physical state of PRG in PLGA. In this work, the
release behavior of formulations in vitro and in vivo were eval-
uated by pharmacokinetic and IVIVC assessments.

MATERIALS AND METHODS

Materials

RG502H (PLA: PG 50:50,MW 12 kDa), RG503H (PLA: PG
50:50, MW 24 kDa) were purchased from Bidachem
Ingelheim. PRG was purchased from the Hubei Gedian
Pharmaceutical Company (Hubei, China). Polyvinyl alcohol
(PVA) was purchased fromKurary Co. Ltd. Dichloromethane
(DCM) was provided by the Tianjin Chemical Reagent
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Company (Tianjin, China). All other solvents and chemicals
were of chromatographic grade.

METHODS

Preparation of PRG PLGA Microspheres

Two PRG-encapsulated PLGA microspheres (Formulation 1
and 2) using different molecular weights of PLGA (RG502H,
RG503H) were prepared by an o/w emulsion solvent evapo-
rationmethod (19). Briefly, 600mg PLGAwas dissolved along
with 300 mg PRG in 6.0 mL dichloromethane (DCM). A 1%
(w/v) aqueous polyvinyl alcohol solution (PVA) was used as the
continuous phase. The oil phase containing drug and polymer
was rapidly dispersed in 100.0 mL of a 1.0% PVA solution for
2 min using an IKAT18 homogenizer (IKA, Staufen,
Germany) at 3000 rpm to form the o/w emulsion. 500.0 mL
of distilled water was added, and then the emulsion was evap-
orated on a rotary evaporator at 40°C to allow the organic
solvent to evaporate. After complete removal of the solvent,
the microspheres were hardened and collected by filtration.
The collected microspheres were washing extensively several
times with deionized water. Finally, the microsphere suspen-
sion was freeze dried in a penicillin bottle, and stored refrig-
erated in a desiccator at 4°C before use.

Particle Size

The mean size and size distribution of the microspheres was
analyzed by a laser diffraction particle size analyzer (BT-
9300S, Bettersize Co., Ltd., Dandong, China). The micro-
spheres were suspended in the distilled water. The mean size
and size distribution were expressed by D50 and Span (Span
value = (D90–D10)/D50.).

Drug Loading and Encapsulation Efficiency

Ten milligrams of the microspheres were dissolved in 25 mL
of acetonitrile, and the PRG content in the microspheres was
analyzed by HPLC at 241 nm using a C-8 column (Thermo,
USA) at a flow rate of 1 mL/min. The mobile phase consisted
of methanol: acetonitrile: water (25:35:40 (v/v/v)).

In Vitro Release Test

Ten milligrams of microspheres were suspended in 10 mL of
release medium (0.5%SDS solution). The solutions were in-
cubated in a shaking bath at 37°C and 100 rpm (20). At
sampling time points, the samples were centrifuged at
3000 rpm for 5 min. The supernatant was removed for anal-
ysis, and 9 mL fresh medium was replenished to maintain sink

conditions. The drug concentration in each sample was ana-
lyzed by HPLC.

X Ray Diffraction Analysis at Different Release Time
Points

The physical state of PRGwithin the PLGAmicrospheres was
investigated by powder X-ray diffraction (PXRD)
(PANanalyical, Almelo, The Netherlands), using Nifiltered
Cu Ka radiation. The PXRD experiment was conducted at
a voltage of 40KV and 30mA. Samples were analyzed in a 2θ
range of 5–60°.

Characterization of the Microsphere Degradation
Process

The microstructure of the microspheres in each release time
point was investigated by scanning electronmicroscopy (SEM)
(JEOL, Peabody, MA, USA). All samples were coated with
gold prior to placing under vacuum.

Pharmacokinetic Evaluation and Development of an
IVIVC

The pharmacokinetics of PRG-loaded PLGAmicrospheres of
the two formulations in rats was investigated. Male Sprague-
Dawley rats (Experimental Animal Center of Shenyang
Pharmaceutical University, Shenyang, China), weighing
180–200 g were randomly divided into three groups (n = 5).
Group 1 received the Vehicle Control (diluent), Group 2 re-
ceived Formulation 1, and Group 3 received Formulation 2.
PRG-loaded microspheres were reconstituted with SI (saline
injection) and administrated by i.m at the biceps femoris at a
dose of 14.58 mg/kg PRG (single dose). At predetermined
time points, blood samples (approximately 0.5 mL) were taken
from the retro-orbital veniplex and collected into heparinized
centrifuge tubes. The PRG content in serum was then ana-
lyzed by UPLC–MS/MS (Waters Corp., Milford, MA) (21).
The animal study protocol was approved by the University
Ethics Committee of Shenyang Pharmaceutical University.

A level A IVIVC was established through the linear fitting
of the in vitro release profile and in vivo release profile.
Additionally, if the drug can be rapidly absorbed into the
blood at the site of administration, the in vivo drug release
profile can be represented by an in vivo absorption curve
(22). Of the FDA recommended methods for IVIVC develop-
ment, the Nelson-Wagner was deemed suitable for the current
study, as it is appropriate for use when the drug pharmacoki-
netics can be fitted to one compartment model (23). However,
the absorption fraction in vivo calculated using the Nelson-
Wagner approach requires the value of the rate constant of
elimination (k). For long-acting release microspheres, the drug
release from the depots is slow, and so the tail data is often

IVIVC of Amorphous Insoluble API in PLGA Microspheres 2789

Kinam Park
Highlight

Kinam Park
Highlight



mixed with the complex absorption phase. Hence, the k ob-
tained from the AUC profile is not accurate.

Instead, an approach suggested by Woo et al. involves the
comparison of the fractional AUC with in vitro release. The
AUCwas calculated according to the trapezoidal rule and the
absorption fraction (f) was acquired by Eq. (1) (24).

f ¼ AUC 0−tð Þ
AUC 0−lastð Þ

� 100% ð1Þ

Following this, the superimposition of the in vivo absorption
and in vitro drug release profile was compared.

Statistical Analysis

A paired student’s t-test was implemented for statistical anal-
ysis, with p < 0.05 defined as the minimal level of significance.

RESULTS AND DISCUSSION

Characterization of PRG Microspheres

The prepared microspheres had a small particle size, with a
mean diameter at 25–27 μm and Span of 1.80–1.82. SEM
images of both formulations can be seen in Fig. 4, and mor-
phological analyses showed that the microspheres exhibit a
spherical structure with a smooth surface. HPLC was utilized
to determine the drug content and encapsulation efficiency of
Formulation 1 and Formulation 2, and was found to be
27.93%, 28.26% and 83.97%, 84.64% respectively.

For the emulsion solvent evaporation technique, the prop-
erties of the resultant microspheres can be influenced by the
components of the formulations and process parameters. For
instance, the particle size of the microsphere significantly af-
fects the drug loading and release behavior (25), and the en-
capsulation efficiency and release behavior are highly affected
by the polymer viscosity in the droplets and the physicochem-
ical properties of the PLGAs (26). Additionally, the physical
state of the encapsulated drugs is considered to be a key var-
iable in influencing the quality of the microspheres. The lo-
calization of the drug on the surface or in the inner core of the
particle may induce partial or complete crystallization on the
surface, or inside the matrix. This can then prevent the drug
from maintaining an amorphous form in the matrix and thus
affects drug release behavior (27).

Figure 1a indicates the process of formation of amorphous
dispersion. PRG dispersed in solid PLGA through evaporat-
ing the solvent could be considered as an amorphization pro-
cess, where the crystalline drugs are converted to an amor-
phous state (28). No energy is required to destroy the crystal
lattice structure, and so the drug molecules can interact with
PLGA chains through intermolecular interactions. However,

the amorphous solid dispersion is thermodynamically unsta-
ble, and the drugs have a tendency to re-crystallize. Thus, the
PLGA plays an important role in preventing the crystalliza-
tion of API. The PLGA around the API molecules can reduce
the drug mobility and increase the glass transition tempera-
ture (Tg) of the system (29). Also, it may form hydrogen bonds
with the drug (30,31).

As the solvent evaporates, the viscosity of the droplet in-
creases rapidly, and then microsphere solidification can take
place. A fast evaporation rate results in rapid hardening of the
microspheres, and so there is not enough time for individual
PRG molecules to move close together. Thus, the drug is still
present as an amorphous or molecular form in the PLGA
matrix. As shown in Fig. 2a, no PRG diffraction peaks could
be observed for both Formulation 1 and Formulation 2. In
addition, pores or channels can be formed in the inner com-
partments of the microsphere.

Mechanisms of Drug Release in PRG-Loading
Microspheres

Physical State of PRG in PLGA Matrix

PRG, PLGA, PRG-polymer physical mixtures (33%) and
PRG-loaded PLGA microspheres were compared in order
to evaluate possible differences of the PRG physical state with-
in the matrix, which can indicate the interactions between
drug and polymer. The PXRD patterns are shown in Fig.
2a, where it can be seen that several distinct peaks in the
PXRD of PRG indicate that PRG is present in a crystalline
form. However, these peaks were not observed in the PRG
pattern of PRG-loaded microspheres (Fig. 2a), indicating that
PRG is either molecularly dispersed in the polymer or distrib-
uted in an amorphous form. Based on this, it could be hypoth-
esized that the polymer is able to inhibit the crystallization of
PRG during the formation of the microspheres.

In the solvent evaporation technique for the preparation of
microparticle systems, drug and polymer are dissolved in an
organic solvent such as ethyl acetate, acetone or methylene
chloride. Drugs may physically move during evaporation of
the organic solvent, and can thus heterogeneously distribute
between the polymeric droplets and the continuous phase.
The organic solvent used to dissolve the polymer may be able
to diffuse into the aqueous external phase due to partial mis-
cibility in water, which can temporarily increase the drug sol-
ubility in the continuous phase. Following this, once the or-
ganic solvent is completely evaporated, any drug that travelled
into the external phase will precipitate, and then deposit onto
the surface of the microspheres. In this work, methylene chlo-
ride, an organic solvent with a very low compatibility with
water was selected as the organic phase, and in this way the
migration of the drug to the aqueous phase can be reduced.
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Figures 2b and 3 shows the diffraction pattern of PRG-
loaded microspheres during the release period. It can be seen
that before incubation, the drug is present as a molecular or
amorphous form in PLGA. However, after 12 h incubation,
several diffraction peaks begin to appear. By day 3 (72 h), the
peak intensity has increased, which indicates partial recrystal-
lization of PRG. It is likely that the recrystallization of the

PRG was dissolution-induced; however the presence of the
polymer keeps the bulk of the PRG in the amorphous state,
and thus crystallization usually occurs after burst release, and
thus occurs during the hydration and degradation period of
the PLGA. As water is taken in and segments of the polymer
degrade, the drug molecules can become more mobile and
aggregate together. In addition, pores within the spheres are

Fig. 2 X-rays diffraction study on the (a) PRG, PLGA, PRG-polymer physical mixtures and PRG-polymer physical mixtures PRG loadedMS and; (b) PRG-loaded
microspheres during the release period

Fig. 1 (a) The amorphous
dispersion formation process:① By
high-speed emulsification, the mi-
crospheres are dispersed in the
form of droplets in the dispersed
phase; ② The DCM is evaporated
in vacuum. ③ As solvent is re-
moved, PLGA droplets harden and
PRG microspheres form. The PRG
is dispersed in PLGA homogenously
as a molecular or amorphous form.
(b) The schematic of the crystalliza-
tion process that occurs during the
dissolution of PRG:① PRG mole-
cules move closer②Nucleation③
Crystal growth
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fully formed at this stage, however excess drug in the cores
cannot be released rapidly enough, and thus may crystallize in
the pores.

PRG In Vitro Release Profiles

The in vitro release profiles of Formulation 1 and Formulation
2 were fitted with the empirical/semi-empirical mathematical
model: the Ritger-Peppas equation, Eq. 2 (32):

Mt

M∞
¼ ktn ð2Þ

Where Mt is the amount of drug released at time t, M∞ is
the total amount of drug encapsulated, k is a constant incor-
porating characteristics of the system and n is the release ex-
ponent. The value of n may be indicative of the release mech-
anism. The results of the fitting are given in Table I.

For a purely diffusion-controlled system, without any swell-
ing and degrading, and a constant diffusion coefficient,
n= 0.45 for a cylinder, 0.5 for a thin film and 0.43 for a sphere
(33). During the initial 12 h, n ≤ 0.43,which indicates that the
burst release phase was surface drug diffusion-controlled. The
increasing diffusion distance and decreasing concentration
gradient may lead to a decreased rate of transport.
Calculated for a 24-h cumulative release, the initial burst re-
lease of Formulation 2 (RG503H) was lower than that of
Formulation 1 (RG502H). In the next release phase, for
RG502H, the n value becomes 0.78, n ≥ 0.5. For the
RG503H formulation, the n value is close to 1.0 between
12 h to 36 h. The transformation of release mechanism in this
stage is attributed to the physical state of PRG in the PLGA.
As shown in Fig. 2b, the amorphous PRG begins crystallizing

in this phase, and the degree of crystallinity increases with
time. This indicates that crystals of PRG are present in
PLGA forming crystalline depots, which impact the release
mechanism of the drug.

Figure 1b illustrates a schematic that summarizes the crys-
tallization process that occurs during the dissolution of PRG.
The amorphous PRG can be crystallized by two pathways:
crystallization in the solid PLGAmatrix or crystallization from
a supersaturated solution generated in pores or channels.

In the first release phase, amorphous PRG diffuses into the
release medium, while pores or channels develop accompa-
nied by water absorption and hydration of PLGA (Fig. 4).
Water absorption within the PLGA acts as a plasticizer, which
can reduce the Tg of the PLGA system and the polymer
chains became more free (34). The PRG molecules that were
originally combined with PLGA chains can then become
more mobile, and because of the high energy of amorphous
compounds (35), the mobile PRG molecules begin to aggre-
gate together. Once a seed crystal is present, more PRG is
l ikely to aggregate and crystals develop quickly.
Alternatively, as amorphous PRG is released from the
PLGA matrix, the drug contained within the pores or chan-
nels would generate a supersaturated solution, which can also
form precipitated crystals locally. Due to the low solubility of
PRG, the PRG crystal depots formed in microspheres domi-
nate the release behavior. The release mechanism of PRG is
controlled by the drug dissolution. The drug release from
microspheres is needed in order to break the lattice energy,
and so the dissolution rate is confined. However, while amor-
phous PRG is still present, there is a second release phase,
which is close to zero-order release, and thus the process is
PRG dissolution, PLGA degradation, and then PRG
diffusion.

Fig. 3 In vitro release
profiles(n = 3)
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The Microstructure Changes and Molecular Mechanism of Drug
Release from PLGA

SEM was performed on Formulation 1 (RG502H) and
Formulation 2 (RG503H) microspheres after incubation for
different time periods. Both formulations manufactured by
the emulsification solvent evaporation method originally ex-
hibit a spherical shape with a smooth surface (Fig. 4A1, B1).
No aggregation between the microspheres was observed and
no pores existed inside or outside before exposure to the re-
lease medium.

When the microspheres are in contact with the medium,
the amorphous drug present near the surface of the micro-
sphere is preferentially released into the aqueous medium.

After 12 h of incubation, pores develop throughout the
RG502H microspheres (Fig. 4A2). Pores start to appear from
the inside through to the surface of the microspheres. The
pores grew in a pattern from the inside to the outside with
small pores located close to the surface and larger pores in the
center of the microspheres, and the pore size increased with
time. No remarkable changes were observed in the RG503H
formulation till 12 h incubation (Fig. 4B2). This stage relates
to the burst release phase. According to PXRD results, a small
amount of drug tends to recrystallize at this time, however as
most of the amorphous drug molecules burst release into the
medium, this change affecting only a small part of the drug
can’t be observed.

By day 3, the interior of the microspheres was filled with
pores (Fig. 4A3). The roughness observed on the surface of
RG503Hwas intensified, but the particles remained spherical.
At this time, the PRG molecules which were tightly bound to
the PLGA start to separate from PLGA. More water enters
into the matrix and the Tg of system further decreases. The
drug molecules can move closer together, and the nuclei of
PRG increase, which results in an increase in the intensity of
the diffraction peaks (Fig. 42B).

By day 7, the internal structure collapsed, which can be
seen in Fig. 4A4. For RG503H, It was observed that the
spherical structure was maintained until day 14, after which
shape change occurred. After 14 days of immersion in the
release medium, the formulations were completely eroded,
resulting in a loss of their whole shape, and only pieces of
microspheres could be observed. In such release conditions,
there are two glass transition temperatures in existence within
the PLGA microspheres (33). One decreases with time, while
the other remains constant until it disappears. This special
property of PLGA may result in two regions degrading at
different rates. As well, it is likely that the interior area of the
microspheres have faster degradation rates because of the pH
gradient. The degradation of Formulation 1 is faster than
Formulation 2, which is similar to the in vitro profile in Fig. 3.

For both formulations, large pores form slightly earlier
within the microspheres, and small pores form later, close to
the surface of the microspheres. When the microspheres are
incubated in the aqueous release medium, water absorbed
into the microspheres can produce a concentration gradient
of drug and acidic degradation species across the interface.

Fig. 4 Micrographs of PRG-loaded microspheres at different incubation
times: Formulation 1 (RG502H) A1-A5; Formulation 2 (RG503H) B1-B5

Table I Fitting Results of Ritger-
Peppas Equation Formulation r2(n)a Reduced Chi-Sqr n

RG502H 0-12 h 0.99348(7) 0.13262 0.16857 ± 0.00786

RG502H 12-96 h 0.9959(5) 2.08898 0.78292 ± 0.00336

RG502H 96-336 h 0.90978(10) 4.45183 0.21291 ± 0.00151

RG503H 0-12 h 0.94125(7) 0.00482 0.42272 ± 0.02554

RG503H 12 h–336 h 0.99245(13) 2.67335 1 ± 0

aNumber of data points
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Though the surface layer of the microspheres is exposed to
water earlier, and thus starts to degrade more rapidly, the
acidic degradation products on the surface of the micro-
spheres can be cleared quickly because of the sink conditions
both in vitro and in vivo. In contrast, the cumulative acidic
degradation products in the internal cavity of the microsphere
can’t diffuse close to the surface, and therefore the rate of
degradation of PLGA is faster in this region. Furthermore,
due to the pH effect caused by the accumulated acidic degra-
dation products, the pores inside the PLGAmicrospheres tend
to grow large quickly.

Water absorption and hydration occurs immediately when
themicrospheres are in contact withmedium or administrated
in vivo, and pores have been found to be formed during this
process. Water is a known plasticizer of PLGA, and thus upon
hydration of the polymer, the glass-transition temperature
drops and the polymer chains become more mobile (34,36).
In general, water molecules couple with B-OH^, and so for a

small occupied surface area the interlayer could be thickened,
and thus fully occupy the total interface between the PLGA
and PRG molecules (37). Therefore, PLGA can be hydrated
with water molecules, hydration and then promote the hydro-
lysis of PLGA chains. The process of hydration and hydrolysis
promotes the drug diffusion through the PLGA matrix, and
comprises the second release phase. Figures 5 and 6 represents
a diagram of these microspheres during drug release.

IVIVC Assessment and Discussion on In Vivo Release Mechanism

Figure 5 compares the in vivo behavior of both Formulation 1
(14.58 mg/kg, single dose) and Formulation 2 microspheres.
The calculated pharmacokinetic parameters are summarized
in Table II. The levels in serum for the two formulations are
similar, with each exhibiting an initial burst release, followed
by a more prolonged release phase. The pulsating release may
be a result of degradation of the polymer or phagocytosis of

Fig. 5 A plot of serum PRG
concentrations following 14.58 mg/
kg (single dose) of PRG
microspheres (n = 5)

Fig. 6 Plot of percentage of drug absorbed in vivo versus percent released in vitro
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the particles by cells of the immune system. For PRG, the
interactions between PRG and phagocytic cells may promote
solubilization and subsequent release (38).

All the data were presented in the form of mean ± S.D.
For Formulations 1 and 2, both had low initial plasma

concentrations due to their low burst release percentages
in vitro, and they could maintain that serum level until 12 days.
The Cmax of Formulation 2 (24.36 ± 4.382) is lower than
Formulation 1 (27.72 ± 10.266), but the difference is not sig-
nificant (p > 0.05). As well, it could be seen that the release
behavior in vivo was not as pronounced as in vitro. This may be
due to the differences between the aqueous release medium
and the muscular tissue. The in vivo environment could change
the rates of drug release and the mechanism of this process. It
is clear that the body’s reaction to the administration of PLGA
microspheres is a complex process made up of a number of
factors, which can potentially affect drug release in a variety of
ways. Biological factors that may influence the way drugs are
released from PLGA matrices include the inflammatory re-
sponse and the presence of enzymes, lipids, organic amines,
and other endogenous compounds present in the administra-
tion environment (33,39). From the previous study on the
release mechanism, it can be observed that the burst release
phase is caused by the drug near the surface of the particle.
Once the microspheres enter into muscular tissue following
in vivo administration, the enzymes present in the interstitial
fluid may combine immediately with the microspheres and
promote drug release from the surface. As well, this could
promote the hydrolysis of ester bonds, thereby accelerating
the formation of surface pores. In addition, muscle tissue has
rich blood flow, and so the drug can be absorbed rapidly.
Thus, the difference in burst release between two formulations
is not significant.

The process of structural change of the microspheres in vitro
and in vivo is different. It is known that the degradation of
microspheres occurring in vitro is Binside out^ erosion (Fig.
4A2), because of the autocatalysis of the PLGA system. In
comparison, enzymatic degradation in vivo is more likely to
occur from the surface inwards (40), and thus the pores may
develop on the surface first. However if this continues, the
main structure change of the microspheres is similar to that
in vitro, and so a good correlation could be obtained for
IVIVC.

The establishment of IVIVC using the Fraction AUC
method didn’t involve the eliminate rate constant (k), and
so the calculation became easier to achieve. Visual inspec-
tion of the plots response indicates a good correlation
between in vitro and in vivo, with the best correlation coef-
ficient being obtained from Formulation 2 (R2 = 0.9871).
In general, long-acting depots which are dominated by
drug diffusion show a better in vitro and in vivo correlation
than those controlled by matrix degradation (41–44). For
Formulation 1, during 12–336 h, PLGA degradation is
obvious (Fig. 4), however for Formulation 2, during the
release process the particles maintain their shape and ap-
pearance, and shape and drug diffusion play an important
roles. Hence, the IVIVC of Formulation 2 (R2 = 0.9871)
is better than for Formulation 1 (R2 = 0.86003).

Through the assessment of IVIVC, it could be confirmed
that the in vitro test method in this research could discriminate
between the two formulations and the response of the real
release behavior in vivo to some degree, and thus, it can be
utilized to optimize formulations in vitro initially.

CONCLUSIONS

This study describes the release mechanism of PRG from
PLGA microspheres. PXRD testing combined with SEM
characterization verified the physical state of PRG and the
structure of the microspheres during the release period.
Diffusion of PRG near the surface of the microspheres con-
tributed to the burst release phase, and it was found that the
drug release has control of diffusion and erosion of the parti-
cles, leading to the second release phase. It was seen that the
dominate release mechanism in this stage changed due to the
crystallization of PRG in the microspheres. The crystallization
of PRG within the PLGA formed crystal depots, and so the
release of PRG is mostly controlled by dissolution of PRG.
Finally, a pharmacokinetic study was conducted, which
allowed the establishment of an IVIVC of the two formula-
tions. The good correlation between the in vitro and in vivo tests
suggest that the in vitro tests used in this research could predict
the real situation in vivo and could be used to predict the in vivo
release in further studies.

ACKNOWLEDGMENTS AND DISCLOSURES

The authors wish to thank Amanda Pearce for linguistic assis-
tance. This work was supported by the National Natural
Science Foundation of China No. 81673378.

Table II Summary of Pharmacokinetic Parameters

Formulation1 Formulation2

Cmax (ug/L) 27.72 ± 10.266 24.36 ± 4.382

T1/2(h) 128.54 ± 119.921 94.982 ± 117.443

Tmax (h) 0.8 ± 0.274 48.4 ± 60.797

AUC0–336 (ug/L*h) 1900.92 ± 605.093 1819.665 ± 725.881

AUC0-∞ (ug/L*h) 2959.118 ± 1663.292 2014.912 ± 696.737
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