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The objective of the present study was to determine whether an in vitro-in vivo correlation (IVIVC) can be
established for polymericmicrospheres that are equivalent in formulation composition but preparedwith differ-
ent manufacturing processes. Risperidone was chosen as a model therapeutic and poly(lactic-co-glycolic acid)
(PLGA) with similar molecular weight as that used in the commercial product Risperdal® Consta® was used to
prepare risperidone microspheres. Various manufacturing processes were investigated to produce the risperi-
done microspheres with similar drug loading (approx. 37%) but distinctly different physicochemical properties
(e.g. porosity, particle size and particle size distribution). In vitro release of the risperidonemicrospheres was in-
vestigated using different release testing methods (such as sample-and-separate and USP apparatus 4). In vivo
pharmacokinetic profiles of the risperidone microsphere formulations following intramuscular administration
were determined using a rabbit model. Furthermore, the obtained pharmacokinetic profiles were deconvoluted
using the Loo–Riegelman method and the calculated in vivo release was compared with the in vitro release of
thesemicrospheres. Level A IVIVCswere established and validated for the compositionally equivalent risperidone
microspheres based on the in vitro release data obtained using USP apparatus 4. The developed IVIVCs demon-
strated good predictability and were robust. These results showed that the developed USP apparatus 4 method
was capable of discriminating PLGA microspheres that are equivalent in formulation composition but with
manufacturing differences and predicting their in vivo performance in the investigated animal model.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

TheU.S. Food andDrug Administration (FDA) has defined an in vitro-
in vivo correlation (IVIVC) as “a predictivemathematical model describ-
ing the relationship between an in vitro property of a dosage form and a
relevant in vivo response” [1]. Generally the in vitro property is the rate
or extent of drug dissolution or release, while the in vivo response is the
plasma drug concentration or the amount absorbed. Fourmain levels of
IVIVC have been categorized by the U.S. FDA: Levels A, B, C, andmultiple
level C. Level A represents a point-to-point correlation between in vitro
and in vivo profiles. A Level B correlation utilizes statistical moment
analysis comparing a mean in vitro dissolution time to either a mean
in vivo residence or dissolution time. A Level C IVIVC establishes a single
point relationship between a dissolution parameter such as time
required for 50% dissolution and a pharmacokinetic parameter such
as Cmax or AUC. A multiple level C IVIVC relates multiple dissolution
time points to one or more pharmacokinetic parameters (e.g. Cmax or
aceutical Sciences, School of
Road U3092, Storrs, CT 06269-
AUC). Once an IVIVC is established, it can be used to guide formulation
and/or process development changes in various stages of drug product
development. In addition, an IVIVC can help set relevant in vitro dissolu-
tion specifications to ensure product quality [2]. Most importantly,
when a Level A IVIVC is established, the in vitro release method may
be used as a surrogate for measuring in vivo bioavailability. Thus, the
conduct of human studiesmay beminimized and the regulatory burden
could be reduced [3,4]. To date, the establishment of an IVIVC for com-
plex parenteral drug products (e.g. microspheres) has remained chal-
lenging due to their complex characteristics (e.g. multi-phasic release)
as well as the lack of standardized, compendial in vitro release testing
methods [4].

During the past few decades, poly(lactic-co-glycolic acid) (PLGA)/
poly(lactic acid) (PLA)-based microspheres have emerged as one of
the most successful complex parenteral drug products on the market
owing to their biodegradability, biocompatibility, as well as their capa-
bility to deliver drugs in a controlled manner over periods of days to
several months [5–8]. Currently, eight parenteral PLGA/PLA micro-
sphere drug products have been approved by the U.S. FDA [9]. These
PLGA/PLA based microsphere drug products have been used for a
variety of diseases (such as cancer and diabetes) and have brought
huge benefits to public health. However, these parenteral products are
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considered “high-risk” since they normally contain substantial amounts
of potent therapeutics, and any unanticipated changes in their in vivo
drug release characteristics may lead to severe toxicity [10,11]. In
addition, these products have complex characteristics and processing
methodologies. Consequently, minor manufacturing changes (e.g.
manufacturing site or instrumentation changes) have the potential to
affect their physicochemical characteristics, which in turn may affect
their in vivo performance.

In vitro release testing with in vivo relevance is an important quality
control tool to assure product performance and safety [10–14]. Over the
past decades, the development of IVIVCs for parenteral microspheres
has increasingly gained more significance. The same principles as de-
tailed in the FDA IVIVC Guidance on extended release oral dosage
forms have been applied in literature to develop IVIVCs for parenteral
drug products [15–20]. However, due to their complex release charac-
teristics (e.g. bi- or tri-phasic release profiles), deconvolution of in vivo
data and correlation with in vitro release data have been challenging.
Until now, there are only a few literature reports on the establishment
of IVIVCs for parenteral polymeric microspheres, albeit with different
in vitro release testing approaches, such as theUSP 4method [19,20], di-
alysis based methods [17,18], as well as sample-and-separate methods
[21–23]. None of these has addressed the importance of developing
an IVIVC for compositionally equivalent PLGA microspheres with
manufacturing differences.

The objective of the present study was to determine whether an
IVIVC can be established for compositionally equivalent PLGA micro-
spheres with manufacturing differences. Risperidone was chosen as an
example product, and PLGA with similar molecular weight as that
used in the commercial product Risperdal® Consta® was used to pre-
pare the risperidonemicrospheres via different manufacturing process-
es. Different in vitro release testing methods (e.g. sample-and-separate,
and USP apparatus 4) were used to investigate the in vitro release
characteristics of the prepared risperidone microsphere formulations.
Furthermore, in vivo release profiles of the prepared microsphere for-
mulations were investigated using a rabbit model and compared with
the in vitro release profiles obtained using different release testing
methods.

2. Materials and methods

2.1. Materials

PLGA (7525 DLG 6E) was purchased from Evonik (Birmingham, AL).
Risperidone was purchased from Jai Radhe, India. Poly(vinyl alcohol)
(PVA, MW 30–70 kDa), trifluoroacetic acid (TFA), and reference stan-
dards (i.e. risperidone, and risperidone-D4) were purchased from
Sigma-Aldrich (St. Louis, MO). Methylene chloride and dimethyl sulfox-
ide (DMSO, ACS grade) were purchased from Fisher Scientific (Pitts-
burgh, PA). Formic acid 0.1% water (LC–MS) and methanol (LC–MS)
were purchased from VWR (Radnor, PA). Nanopure™ quality water
(Barnstead, Dubuque, IA) was used for all studies. All other chemicals
were obtained commercially as analytical-grade reagents.

2.2. Preparation of risperidone microspheres

PLGA (7525 DLG 6E) with similar molecular weight as that used in
the commercial product Risperdal® Consta®was used to prepare com-
positionally equivalent risperidone microspheres with manufacturing
differences (e.g. homogenization, vortexmixing, and different solvents).
Briefly, when methylene chloride (DCM) was used as the solvent,
both PLGA and risperidone were dissolved in DCM (polymer/drug, 4/3
(w/w)). The polymer/drug solution was then dispersed into an
aqueous PVA solution (1%, w/v) saturated with DCM to form an oil-in-
water (o/w) emulsion via homogenization (3400 rpm, 2 min) (IKA®
Works, Inc.). The microparticles were hardened via solvent extraction
and evaporation at room temperature for 3 h and then the solvent
was further removed under vacuum. The resulting microspheres were
collected and washed using distilled water and lyophilized. Different
sieving procedures using 25 μm and 212 μm sieves (i.e. wet sieving
(pre-lyophilization) and dry sieving (post-lyophilization)) were used.
When ethyl acetate (EA) and benzyl alcohol (BA) were used as the sol-
vent system, PLGA was dissolved in EA (16.7%, w/w) and risperidone
was dissolved in BA (24%, w/w), respectively. The polymer and the
drug solution were thenmixed and transferred to the 1% (w/v) PVA so-
lution (saturated with EA) to form oil-in-water (o/w) emulsion via ho-
mogenization (3400 rpm, 30 s) or vortex mixing (1200 rpm, 10 s). The
resulting emulsions were transferred to a solvent extraction medium
(2.5% (v/v) EA in water) and the solvent was extracted overnight at
4 °C. Following solvent extraction, residual organic solvents were re-
moved under vacuum at room temperature, following which the mi-
crospheres were collected and washed using an aqueous alcoholic
solution (25% ethanol, v/v). The resulting microspheres were sieved
using 25 μm and 212 μm sieves and lyophilized.

2.3. Characterization of risperidone microspheres

2.3.1. Drug loading
Five milligrams of the risperidone microspheres were weighed and

transferred into a 10 ml volumetric flask. DMSO (2.5 ml) was added
into the volumetric flask and the samples were sonicated until all parti-
cles were dissolved. Methanol was used to dilute the sample. The solu-
tion was filtered (Millex® HV, 0.22 μm PVDF syringe filter) and the
risperidone concentration was determined with a validated HPLC
assay. Mobile phase: acetonitrile/water/TFA (30/70/0.1, v/v/v); column:
Kinetex C18 column (250 × 4.6 mm, 5 μm, 100 Å); detection wave-
length: 275 nm; flow rate: 1 ml/min. Drug loading was calculated as:
percent drug loading = (weight of drug entrapped/weight of micro-
spheres analyzed) × 100.

2.3.2. Particle size and particle size distribution
Particle size and particle size distribution of the risperidone micro-

spheres were measured using an AccuSizer autodiluter particle sizing
system (Nicomp, Santa Barbara, CA). Briefly, microspheres were dis-
persed in 0.1% (w/v) PVA solution in water to ensure good dispersion
and then particle size analysis was conducted.

2.3.3. Differential scanning calorimeter (DSC) analysis
The glass transition temperatures (Tg) of the risperidone micro-

spheres, aswell as a physicalmixture of the blankmicrospheres and ris-
peridone were analyzed using a modulated temperature differential
scanning calorimeter (MTDSC) (TA Instruments Q2000). Briefly, exper-
iments were performed in hermetically sealed pans using a 2 °C/min
heating rate and amodulation amplitude of±0.82 °Cwith an 80 smod-
ulation period. Theweight of each samplewas ~4mg. The Tg was deter-
mined as the glass transition midpoint in the reversing signal. The
crystallinity of risperidone was also investigated.

2.3.4. Morphology
The morphology of the commercial product Risperdal® Consta®

and the prepared risperidone microspheres was characterized using
scanning electron microscopy (SEM). Briefly, dry microspheres were
mounted on carbon taped aluminum stubs and sputter coated with
gold. The samples were analyzed using SEM (NanoSEM 450, Nova).

2.3.5. Residual organic solvent content
Residual organic solvent content in the prepared risperidonemicro-

spheres was determined using gas chromatography (GC, Agilent
7890A)/mass spectrophotometer (MS, Agilent 5975). Briefly, DCM and
EA standards in DMSO (i.e. 600 ppm for DCM and 5000 ppm for EA ac-
cording to theGuidance for Industry Q3C-Impurities: Residual Solvents)
were injected and peak areas of the standards were recorded as refer-
ences. Risperidone microspheres (~1.1 mg) were directly injected into
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GC/MS spectrophotometer through a Syringeless Injector. Peak areas
were recorded and compared with references.

2.3.6. Porosity
The porosity of the risperidonemicrosphereswas determined using a

Mercury Porosimeter (AutoPore IV 9500,Micromeritics). Briefly, approx-
imately 200 mg of risperidone microspheres were introduced into the
porosimeter and tested at a mercury filling pressure of 0.53 psi. Total in-
trusion volume, total pore area as well as porosity (%) were recorded
(porosity (%) = bulk density/apparent (skeletal) density × 100).

2.4. In vitro release studies

In vitro release testing of the risperidone microspheres was investi-
gated using both sample-and-separate and USP apparatus 4 methods.
In the case of the sample-and-separate method, the microspheres
(10 mg) were dispersed in 250 ml of 10 mM phosphate buffered saline
(PBS, pH 7.4) and incubated in a shaker water bath at 100 rpm. At pre-
determined time intervals, 1 ml samples were withdrawn and centri-
fuged at 2100 g for 3 min. Supernatants (0.9 ml) were filtered through
0.22 μm filters and analyzed via HPLC. Fresh media (0.9 ml) were
mixed with pellets (if any) and transferred back to the testing vessels.
In the case of the USP apparatus 4 method, a previously developed
and validatedUSP apparatus 4methodwas used [24]. Briefly, themicro-
spheres (10mg)weremixedwith glass beads (1mm) and placed in the
USP apparatus 4 dissolution cells. PBS (10 mM, pH 7.4, 250 ml) with
0.01% (w/v) sodium azide was circulated through the flow through
cells at a flow rate of 8 ml/min at 37 °C. At pre-determined time inter-
vals, 1 ml samples were withdrawn and replenished with fresh media.
The release samples were analyzed via HPLC.

2.5. In vivo release studies

In vivo release characteristics of the risperidone microspheres were
investigated using a rabbit model. Briefly, rabbits were randomly
assigned to cages and treated with the prepared risperidone micro-
sphere formulations and the commercial product (n = 6). The risperi-
done microspheres were suspended in the diluent used for dispersion
of Risperdal® Consta® prior to injection. The suspended microspheres
were injected into the rabbit cranial muscle (dose: 1.92 mg/kg) and
blood samples were collected from the marginal ear veins at pre-
determined time intervals. The pharmacokinetic profile of the risperi-
done solution (dose: 0.2 mg/kg) following intravenous administration
was also determined (n=6). The collected blood samples were centri-
fuged for 5min at 1500 g and plasmawas collected and stored at−20°C
until analysis. Risperidone was extracted from the plasma samples and
analyzed via LC-MS/MS. The animal study protocol was reviewed and
approved by the University of Connecticut's Institutional Animal Care
and Use Committee (IACUC) prior to the beginning of the experiments.

2.6. Plasma sample analysis

Risperidone was extracted from plasma using tert-butyl methyl
ether. Risperidone-D4 was used as an internal standard (IS). Briefly,
the internal standard solution (100 ng/ml, 20 μl) was added into
200 μl of plasma samples. Then tert-butyl methyl ether (1.1 ml) was
added into the plasma samples and vortex-mixed for 10 min followed
by centrifugation at 14,000 g (4 °C) for 5 min. The supernatants were
transferred to the polypropylene centrifuge tubes and dried under
nitrogen at 40 °C. The dry residues were reconstituted in 100 μl of
mobile phase (0.1% formic acid in water/methanol: 80/20 (v/v)). The
reconstituted solution (10 μl) was used for HPLC–MS/MS analysis.

The LC–MS/MS system consisted of an Agilent HP-1100 LC system
and a TSQ Quantum Ultra Mass Spectrometer (Waters) with an
electrospray ionization (ESI) ion source. Chromatographic separations
were carried out on a Kinetex Biphenyl column (50 × 2.1 mm, 2.6 μm,
100 Å) through gradient elution at 40 °C. Mobile phase A was 0.1%
formic acid in water (LC–MS); mobile phase B was methanol (LC–MS).
The gradient started at 80% mobile phase A and was decreased to 5%
over 8 min, then held constant for an additional 1 min. At 10 min, the
column was returned to 80% mobile phase A and re-equilibrated
for 8 min. The flow rate was 0.3 ml/min. The following MS detection
parameters were used: 3500 V electrospray voltage, 300 °C capillary
temperature, and 30V collision energy. Detection of ionswas conducted
in the positive-ion selected reaction monitoring mode with the
following transitions in a single reaction monitoring (SRM) mode: m/z
411.1 → 195.1 for risperidone, and m/z 415.1 → 195.1 for risperidone-
D4. The injection volume was 10 μl. The data acquisition was
ascertained by Xcalibur software. Calibration curves were established
on each day when analysis was conducted. These curves showed good
linearitywith correlation coefficients of N0.99. The lowest limit of quan-
tification (LLOQ) for risperidone was 0.517 ng/ml and the mean recov-
ery of plasma samples from low to high concentrations of risperidone
wasmore than 90%. The inter- and intra-day variations of the three dif-
ferent concentrations of risperidone (0.517, 10.34, and 41.38 ng/ml)
were less than 15%.

2.7. Development of an IVIVC

The development of an IVIVC for the prepared risperidone PLGAmi-
crospheres was performed following the same principles as detailed in
the U.S. FDA IVIVC guidance on extended release oral dosage forms
[1]. Briefly, the in vivo plasma profiles of the prepared risperidone
PLGAmicrosphereswere deconvoluted using the Loo–Riegelmanmeth-
od [19]. Standard errors are not shown in the deconvoluted in vivo ab-
sorption profiles because the average plasma concentration values
were used. The fraction absorbed in vivowas calculated as below:

Ab
Ab∞

¼ Cp þ Ct þ K10 AUCð Þt0
K10 AUCð Þ∞0

Cp, Ct, K10 and AUC are the drug concentration in the central com-
partment (plasma), apparent tissue compartment concentration, elimi-
nation rate constant and area under the plasma vs. time curve,
respectively. The distributive and elimination micro rate constants
(k12, k21 and k10) that are necessary for calculating Ct, were calculated
using GastroPlus™ software (Simulations Plus, Inc., CA) based on the
plasma concentrations of risperidone after intravenous administration
of the risperidone solution.

2.8. Statistical analysis

Statistical data analysis was performed using a paired student t-test
with p b 0.05 as the minimal level of significance.

3. Results and discussion

3.1. Physicochemical properties of risperidone microspheres

The critical physicochemical characteristics of complex parenteral
microspheres may be sensitive to even minor manufacturing changes
(e.g.manufacturing site or instrumentation changes). In order to under-
stand these critical physicochemical properties of parenteral PGLA
microspheres and their relationship with in vitro and in vivo perfor-
mance, risperidone microspheres were prepared using different
manufacturing processes. Four risperidone microsphere formulations
were investigated: i) Formulation 1_Homogenization & dry sieving
(DCM was used as the solvent); ii) Formulation 2_Homogenization &
wet sieving (DCM); iii) Formulation 3_Vortex & wet sieving (EA was
used as the solvent); and iv) Formulation 4_Homogenization & wet
sieving (EA).



Table 1
Physicochemical properties of the risperidone microsphere formulations with manufacturing differences and Risperdal® Consta® (n = 3).

Sample Solvent Preparation method Drug loading
(%, w/w)

Tg
(°C)

Porosity
(%)

Risperdal® Consta® – – 39.42 ± 1.92 40.97 43.97 ± 4.60
Formulation_1 DCM Homogenization & dry sieving 36.77 ± 1.44 42.66 43.19 ± 4.60
Formulation_2 DCM Homogenization & wet sieving 37.67 ± 0.94 42.28 46.04 ± 2.90
Formulation_3 EA Vortex & wet sieving 37.33 ± 0.60 43.02 54.98 ± 1.25
Formulation_4 EA Homogenization & wet sieving 36.45 ± 1.23 41.28 61.75 ± 1.08

5J. Shen et al. / Journal of Controlled Release 218 (2015) 2–12
Physicochemical properties (e.g. drug loading, particle size, particle
size distribution, morphology, glass transition temperature, organic sol-
vent residual content aswell as porosity) of the prepared risperidonemi-
crospheres and the commercial product Risperdal® Consta® were
investigated. As shown in Table 1, the drug loading of Risperdal®Consta®
was around 39% (w/w). Despite the fact that differentmanufacturing pro-
cesses and solvent systemswereutilized, theprepared risperidonemicro-
sphere formulations had similar drug loading (~37%,w/w). GC/MS results
showed that the residual organic solvent content (i.e.DCM and EA) in the
prepared risperidone microspheres were below the limits stated in the
FDA Guidance for Industry Q3C-Impurities: Residual Solvents (i.e.
600 ppm for DCM and 5000 ppm for EA). These results confirmed that
the risperidone microsphere formulations prepared with manufacturing
differences were equivalent in formulation composition. It was observed
that risperidone retained crystallinity in all microsphere formulations in-
vestigated (the melting point of risperidone was around 171 °C). More-
over, no significant differences in the Tgs of Risperdal® Consta®, the
physical mixture of the drug and the PLGA polymer, as well as the pre-
pared risperidone microspheres were observed (ca. 41–42 °C).

Particle size and particle size distribution results are shown in Fig. 1.
It was determined that both D50 and Span values of three batches of
each formulation were very reproducible. In regard to volume distribu-
tion, all the prepared risperidone microsphere formulations except for
Formulation 4 showed similar D50 (ca. 100 μm) and Span values com-
pared to Risperdal® Consta® (p N 0.05). Although Formulation 4 was
prepared using the same solvent system as Formulation 3, the homoge-
nization process provided a stronger emulsification force, thus resulting
in significantly smaller microspheres (i.e. Formulation 4) (p b 0.05). In
regard to population distribution, Formulation 1 showed significantly
different D50 and Span values compared with Risperdal® Consta®
(p b 0.05). Due to the presence of strong static force during the dry siev-
ing procedure, most small particles were not removed and consequent-
ly, Formulation 1 had the smallest D50 value and largest Span value
among all microsphere formulations investigated.
Fig. 1. Particle size and particle size distribution of Risperdal® Consta® and the risperidonemic
value. All values are expressed as mean ± SD (n = 3 batches) (* indicates difference from the
It has been reported that the manufacturing processes (e.g. solvent
extraction rate) can affect water inclusion inside PLGA microspheres,
resulting in different microsphere inner structures [25,26]. As shown
in Fig. 2, the risperidone microspheres prepared using DCM as the sol-
vent (i.e. Formulations 1 and 2) had smooth and spherical characteris-
tics with a less porous structure (Fig. 2D and E). On the other hand,
the risperidone microspheres prepared using the EA solvent system
(i.e. Formulations 3 and 4) showed similar morphology to that of
Risperdal® Consta®. Some irregular shapes and indentations (shown
using red arrows) were observed for these microspheres (Fig. 2A–C).
Since EA and water are partially miscible (EA solubility in water and
water solubility in EA are 8.7% (w/w) and 3.3% (w/w), respectively), dy-
namic movement of EA and water during the microsphere hardening
process often occurs [27]. This dynamic movement can result in water
inclusion inside PLGAmicrospheres, generating irregular shapes and in-
dentation during the drying process. Porosity results are shown in
Table 1. Overall, the risperidone microspheres prepared using DCM as
the solvent had lower total porosity percentages (~45%), indicating a
less porous structure. When EA was used as the solvent (i.e. Formula-
tions 3 and 4), much higher porosity percentages were observed
(ca. 55% and 62% for Formulations 3 and 4, respectively). This indicated
that the EA solvent extraction rate during the solidification processmay
be different for Formulations 3 and 4, resulting in different porosities
[27]. Interesting, Risperdal® Consta® had a similar porosity (43.97%)
as the risperidone microspheres prepared using DCM as the solvent,
even though it showed similar morphology to that of the risperidone
microspheres prepared using EA as the solvent.

It was confirmed from the above studies that the critical physico-
chemical properties (e.g. porosity, particle size and particle size dis-
tribution) of the risperidone PLGA microspheres were sensitive to
manufacturing differences such as solvent systems and microsphere
collection procedures. The differences in the critical physicochemical
properties of the prepared PLGA microspheres may in turn affect their
in vitro and in vivo performance.
rospheres prepared using different manufacturing processes. (A) D50 value; and (B) Span
commercial product Risperdal® Consta®, p b 0.05).



Fig. 2. SEM micrographs of Risperdal® Consta® (A); and risperidone microsphere Formulations 1 to 4 (B–E). Red arrows indicate indentations on the surface of the microspheres.
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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3.2. In vitro release studies of risperidone microspheres

Currently, there is a lack of compendial in vitro release methods for
complex parenteral microsphere dosage forms. Various methods (e.g.
sample-and-separate, membrane dialysis, and continuous flow (USP
apparatus 4)) are commonly used for in vitro release testing of parenter-
al microspheres [24,28–31]. However, the procedures and apparatus
used vary among laboratories, and this makes inter-laboratory compar-
isons difficult. The U.S. FDA has recommended that a dissolution meth-
od using USP apparatus 4 and, if applicable, USP apparatus 2 (Paddle) or
any other appropriate method should be developed for risperidone mi-
crospheres. In order to develop an IVIVC for the risperidone micro-
spheres that are equivalent in formulation composition to the RLD
product, both sample-and-separate and continuous flow methods
were used for in vitro release testing of the prepared microspheres.

As shown in Fig. 3A, the microsphere formulations prepared using
DCM as the solvent showed higher burst release percentages (ca. 10–
Fig. 3. In vitro release profiles of equivalent formulation compositions of risperidonemicrospher
in: (A) 10 mM PBS (pH 7.4); and (B) 10 mM HEPES (pH 7.4) containing 0.02% (w/v) Tween 20
14%) followed by a slightly longer lag phase and reached release plateau
around day 40. On the other hand, the microsphere formulations pre-
pared using EA as the solvent showed lower burst release percentages
(b3%) followed by a shorter lag phase and reached release plateau
around day 33. Water has negligible solubility in DCM (0.2%, w/w)
[32] and therefore, water diffusion into the microparticles during the
microsphere hardening process was poor, resulting in less porous mi-
crospheres. For these microspheres, a longer period of time may be
needed for polymer erosion to generate sufficient microsphere porosity
to facilitate drug diffusion and subsequent release. Accordingly, these
microspheres had longer lag phases and release durations. In addition,
since risperidone is soluble in DCM, DCM may carry a certain amount
of the drug to the surface and/or outer layer of the microspheres
when it is removed from the microparticles resulting in the observed
high burst release. In the case of the microspheres prepared using EA
as the solvent, polymer precipitated fast in the aqueous phase due to
the high EA solubility in water (8.7%, w/w). In addition, a co-solvent
eswithmanufacturing differences obtained using the sample-and-separatemethod at 37 °C
(n = 3).



Fig. 4. In vitro release profiles of the formulation composition equivalent risperidone mi-
crospheres with manufacturing differences obtained using the USP apparatus 4 method
at 37 °C in 10 mM PBS (pH 7.4) (n = 3).
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(BA) was used to help dissolve risperidone. Since the ratio of EA to BA
was high (2.75/1, v/v) and the fact that EA evaporates faster than BA
at room temperature due to its much lower boiling point, drug diffusion
along with BA to the surface of the microspheres during the fast poly-
mer precipitation process may be limited [33]. Consequently, the drug
may be mostly entrapped inside the microspheres, which is in agree-
ment with the observed low burst release. Furthermore, due to their
highly porous structures, thesemicrospheres degraded faster and there-
by, the lag phases and duration to reach release plateau were shorter
compared with the microspheres prepared using DCM as the solvent.
It can be seen in Fig. 3A, that the sample-and-separate method (PBS as
the releasemedium)was able to differentiatemicrosphere formulations
prepared using different solvent systems. However, it failed to discrim-
inate microsphere formulations prepared using the same solvent sys-
tems but with particle size differences (e.g. Formulations 1 and 2, as
well as Formulations 3 and 4). When PBS was used as the release medi-
um (without the addition of surfactants), microsphere aggregation was
observed during long-term release testing, which may have minimized
Fig. 5. Mean plasma concentration-time profiles of risperidone in rabbits following: (A) int
(B) intramuscular administration of the prepared risperidone PLGA microspheres at a single d
the effect of particle size on drug release from PLGAmicrospheres, lead-
ing to a loss of discriminatory ability of the sample-and-separate
method.

In vitro release testing of the prepared risperidone microspheres was
also performed using the sample-and-separate method in a FDA recom-
mended release medium containing surfactant (10 mM HEPES buffer
(pH 7.4) containing 0.02% (v/v) Tween 20) (Fig. 3B). Overall, the time
to reach aplateau in the release profile of theprepared risperidonemicro-
spheres was shorter in HEPES buffer than in PBS buffer at 37 °C (Fig. 3).
The presence of surfactant (i.e. Tween 20) in the release medium can fa-
cilitatewetting andbuffer penetration during release, thus shortening the
time needed for polymer erosion and consequent generation of sufficient
porosity to facilitate drug diffusion and release. Therefore, a short lag
phase and release duration were observed in the presence of surfactant.
This was particularly apparent for Formulations 1 and 2, where the
release profile appeared to be bi-phasic instead of the typical tri-phasic
profile. Furthermore, the addition of surfactant (i.e. Tween20) into the re-
lease medium can minimize microsphere aggregation during long-term
release testing. Accordingly, different drug release rates resulting from
manufacturing differences (e.g. microspheres prepared with different
particle sizes) may be detected and consequently, the discriminability
of the sample-and-separate method was improved. However, the
sample-and-separate method did not appear to be able to differentiate
the more porous microspheres (i.e. Formulations 3 and 4) (Fig. 3B).

USP apparatus 4 has been demonstrated to be a more appropriate
method for in vitro release testing of PLGA microspheres since it can
minimize microsphere aggregation and avoid sample loss during sam-
pling that is often associated with the sample-and-separate method
[31]. In addition, USP apparatus 4 is a compendial dissolution apparatus
with well-defined geometry and hydrodynamics, and this makes inter-
laboratory comparisons feasible. Accordingly, in vitro release character-
istics of the prepared risperidonemicrospheres were investigated using
a previously developed USP 4 method (Fig. 4). Overall, risperidone
release from more porous microspheres (i.e. Formulations 3 and 4) -
appeared to be faster than that from less porous microspheres (i.e. For-
mulations 1 and 2). When the same solvent system was used for
preparation,microsphereswith smallermean particle size (i.e. Formula-
tions 1 and 4) showed faster risperidone release during the fast release
phase compared with the microspheres with larger mean particle size
(i.e. Formulations 2 and 3). Smaller microspheres have larger surface
area to volume ratios as well as shorter diffusional paths for the dis-
solved drug to enter into the release media compared to larger
ravenous administration of the risperidone solution at a single dose of 0.2 mg/kg; and
ose of 1.92 mg/kg (mean ± SD, n = 6).



Fig. 6. In vivo absorption/release and in vitro release (time shifting factor: 12) profiles in
10mM PBS (pH 7.4) at 37 °C of Risperdal® Consta®. Inserted figure shows linear correla-
tion between fractions released in vitro (37 °C) and fraction absorbed/released in vivo.

Table 2
Pharmacokinetic parameters of the risperidone solution following intravenous administration (n = 6).

A B α (h−1) β (h−1) K10 (h−1) K12 (h−1) K21 (h−1)

128.33 ± 31.91 46.80 ± 34.68 0.698 ± 0.17 0.152 ± 0.03 0.369 ± 0.019 0.181 ± 0.075 0.299 ± 0.131
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microspheres, thus faster release. It was evident that the differences in
the critical physicochemical properties (e.g. porosity, and particle size)
of the PLGAmicrospheres thatwere equivalent in formulation composi-
tion can result in different release characteristics. Compared to the
sample-and-separate method, the USP apparatus 4 method demon-
strated better discrimination against risperidone microspheres that
are compositionally equivalent with manufacturing differences. There-
fore, the USP apparatus 4 method may be a more appropriate method
to detect manufacturing differences for the prepared risperidone
microspheres.

Considering thepresence of the in vivoboundary layers aswell as the
small interstitialfluid volume available for drug release at the intramus-
cular (and the subcutaneous) local sites, the USP apparatus 4 method
may be a comparatively better method to mimic the in vivo environ-
ment. In the USP apparatus 4 method, the microspheres are exposed
to a limited volumeof releasemedia at a time (b10ml in the 12mmdis-
solution cells) whereas, in the sample-and-separatemethod, themicro-
spheres have constant access to a large media volume. Following from
this, non-sink in vitro conditions may be considered to mimic the local
site for s.c and i.m. injectables. However, although the local s.c. and
i.m. fluid volumes may be small, there is constant fluid movement and
replacement, as well as drug diffusion away from the local site and/or
drug metabolism at the site. Accordingly, to capture product perfor-
mance as well as for quality control purposes, it is important that
in vitro release tests are conducted under sink conditions.

3.3. In vivo studies of the risperidone microspheres.

The mean plasma concentration-time profiles of risperidone follow-
ing intravenous (i.v.) administration of the risperidone solution and in-
tramuscular (i.m.) administration of the risperidone PLGAmicrospheres
in the rabbit model are shown in Fig. 5. Overall, the in vivo release pro-
files of the risperidone microspheres appeared to correlate well with
their in vitro release profiles (Fig. 4). In the case of Formulations 1 and
2, both microsphere formulations had high burst release percentages
in vitro and accordingly, high initial plasma concentrations at around
5 h were observed. In addition, these two formulations had longer
lag phases and consequently, their absorption phases peaked later
(at around day 16 and day 18, respectively) than Formulations 3
and 4. For Formulations 3 and 4, both formulations had low initial plas-
ma concentrations due to their low burst release percentages in vitro.
Moreover, shorter lag phases and faster absorption profiles (ca. absorp-
tion phases peaked at around day 15) were observed, correlating well
with their in vitro release characteristics.

A and B are empirical constants; α and β are the hybrid rate con-
stants of the distribution and elimination phases, respectively.

GastroPlus™ software (Simulations Plus, Inc., CA) was used to calcu-
late the pharmacokinetic parameters of the risperidone solution follow-
ing i.v. administration. Similar to the human data reported in the
literature [34], the concentration-time curve of the risperidone solution
in rabbits can be fitted using a two-compartment model and the main
pharmacokinetic parameters calculated are listed in Table 2. The hybrid
rate constants k12, k21 and k10 were determined as 0.181, 0.299 and
0.369 h−1, respectively. The Loo–Riegelman method was used to
deconvolute the plasma risperidone profiles of Risperdal® Consta®
and the prepared risperidonemicrospheres [35]. A comparison between
the real-time in vitro release profile (37 °C) obtained using USP appara-
tus 4 (time shifting factor: 12) and the deconvoluted plasma profile
of Risperdal® Consta® is shown in Fig. 6. It was observed that the
deconvoluted in vivo profile showed a lag phase of approximately
15 days and around 12% of the drug was absorbed during the 15-day
lag phase. The fraction of drug absorbed/released then increased gradu-
ally after day 15 and a plateau was reached by day 27, which was faster
than the real-time in vitro release profile (plateaued by day 36). Faster
in vivo risperidone release may be a result of enhanced PLGA micro-
sphere degradation due to change in the release mechanism from bulk
erosion to surface erosion, as a consequence of lower local pH condi-
tions [20,23] and/or the presence of biological components (e.g. en-
zymes [36]). However, there is some controversy in the literature with
respect to the role of enzymes in PLGA degradation since in vitro assess-
ment cannot be entirely correlated to polymer degradation in vivo [37].
It was also determined that the in vivo risperidone release/absorption in
rabbits was faster than that in humans as reported in the literature
(plateaued by day 56 [19]). This can be explained by the interspecies
differences in the local in vivo environment (such as interstitialfluid vol-
ume and components (e.g. enzyme)) between the rabbit cranial muscle
and human gluteal or deltoid muscle.

The deconvoluted plasma profiles of the prepared risperidone mi-
crospheres are shown in Fig. 7. Although the fraction released/absorbed
in vivo was faster than the fraction released in vitro, the in vivo release
profiles of all formulations in the tested animals still followed a similar
rank order as the in vitro release profiles: Formulation 4 N Formulation
3 N Formulation 1 N Formulation 2. Unlike Risperdal® Consta®, the lag
phases were not as obvious for the prepared risperidone microspheres,
indicating faster degradation. It was noted that even though the pre-
pared risperidonemicrosphereswere equivalent in formulation compo-
sition, they showed different in vitro and in vivo release characteristics
as a result of manufacturing changes.

3.4. IVIVC

The FDA IVIVC Guidance on extended release oral dosage forms has
recommended that aminimum of two, preferably three ormore formu-
lations with different release rates can define an IVIVC [1]. All four pre-
pared risperidone microsphere formulations had different release
characteristics both in vitro and in vivo and accordingly, all of them
were suitable for the use of developing an IVIVC. It has been demon-
strated above that the USP apparatus 4methodwas capable of detecting
manufacturing changes of the risperidone microspheres that are
equivalent in composition. Therefore, in vitro release profiles of the



Fig. 8. Level A IVIVC for risperidone microspheres using the Loo–Reigelman method. (A) IVIVC
profiles of Formulation 1. (C) IVIVC developed using Formulations 1, 3, and 4. (D) Experimenta
lations 1, 2, and 4. (F) Experimental and predicted in vivo release profiles of Formulation 3. (G
release profiles of Formulation 4.

Fig. 7. In vivo profiles (fraction absorbed/released) of the prepared risperidone micro-
spheres with manufacturing differences (deconvoluted using the Loo–Riegelman
method).
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risperidone microspheres obtained using USP apparatus 4 were com-
paredwith their in vivo release profiles in this animalmodel and utilized
for the establishment of IVIVC. Fig. 8A, C, E, and G show IVIVCs devel-
oped using any combinations of the three risperidone microsphere for-
mulations. A one-to-one linear relationship (Level A) between the
fractions released in vitro and fractions released/absorbed in vivo was
observed for all combinations (correlation coefficients greater than
0.97). All the developed IVIVCs were comparable as manifested by sim-
ilar slopes and intercepts. Furthermore, these developed IVIVCs were
used to predict in vivo performance of the microsphere formulations
that were not used in developing IVIVCs. As shown in Fig. 8B, D, F, and
H, the predicted in vivo release/absorption profiles of all risperidonemi-
crosphere formulations almost overlapped with their experimental
in vivo release profiles except that the predicted initial in vivo release
values were slightly different from the experimental values. The combi-
nation of the risperidonemicrosphere formulations had no effect on the
development of IVIVC, which demonstrated that the IVIVCs developed
were robust.

In order to explore the possibility of using the developed IVIVCs to
predict in vivo performance of risperidone microspheres that have sim-
ilar drug loading but may not be equivalent in composition to the pre-
pared microsphere formulations, the developed IVIVCs were used to
developed using Formulations 2, 3 and 4. (B) Experimental and predicted in vivo release
l and predicted in vivo release profiles of Formulation 2. (E) IVIVC developed using Formu-
) IVIVC developed using Formulations 1, 2 and 3. (H) Experimental and predicted in vivo



Fig. 8 (continued).
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predict the in vivo release/absorption profile of Risperdal® Consta®. As
shown in Fig. 9, all the predicted in vivo release profiles of Risperdal®
Consta® were almost identical to the experimental in vivo release pro-
files no matter which developed IVIVC was used. These results con-
firmed that the developed IVIVCs were sufficiently robust. Most
importantly, the developed IVIVCs can be used to predict not only the
risperidone microsphere formulations that are equivalent in formula-
tion composition but also those microsphere formulations that are not
equivalent in composition butwith similar drug loading. PLGA polymers
from different vendors may not be exactly the same even though they
have similar inherent viscosity and/or molecular weight. In addition,
different batches of PLGA polymers often have slightly different inher-
ent viscosity and/or molecular weight. Accordingly, it is important
that the developed IVIVCs can be used to predict in vivo release charac-
teristics of microspheres prepared using PLGA polymers with similar
molecular weight as the ones used for developing the IVIVCs to guide
formulation and/or process development changes in various stages of
microsphere drug product development.

Based on the FDA IVIVC Guidance on extended release oral dosage
forms, the predictability (internal and external prediction errors,
%PEs) of the IVIVC developed based on microsphere formulations with
slow, medium, and fast release rates (i.e. Formulations 2, 3, and 4) was
validated. WinNonlin® was used to calculate the %PEs for Cmax and
AUC. As shown in Table 3, the average absolute internal %PE for the
AUC (6.46%)waswithin the recommended range of 10% or less. Howev-
er, the average absolute internal %PE for Cmax (37%) was much beyond
10%, suggesting the internal predictability of the developed IVIVC for
Cmaxwas inconclusive. Accordingly, evaluation of external predictability
of the IVIVC was performed. It can be seen in Table 3 that the external
%PE for Cmax and AUC were −4.56% and 10.61%, which passed the rec-
ommended external predictability evaluation (%PE of 10% or less). Fur-
thermore, the predictability of the developed IVIVC for Risperdal®
Consta® was investigated. Both %PEs for Cmax (7.9%) and AUC (0.08%)
were below 10%. These results confirmed that the developed IVIVC
can be used to predict the in vivo performance of risperidone micro-
spheres that are equivalent or similar in composition.

It has been noted that it may be difficult to predict initial in vivo drug
release based on the burst release phase in vitro, since the rate-limiting
step for the initial in vivo drug availability may actually be drug perme-
ation across the tissue barriers instead of drug release. For example, For-
mulation 2 had a high initial burst release in vitro (~12% within 2 h),
which subsequently resulted in the first PK sample (taken at 5 h post-
administration) having a high plasma concentration (41.62 μg/l)
that exceeded the peak concentration during the absorption phase
(17.99 μg/l at around day 18). Therefore, the first point of the concentra-
tion profile was detected as the Cmax instead of the peak concentration
of the absorption phase. Generally, a predicted Cmax is derived from a
predicted absorption peak based on convolution techniques. Therefore,
the predicted Cmax for Formulation 2 (19.67 μg/l) was closer to the actu-
al absorption peak concentration (17.99 μg/l, %PE of 9.3%) rather than
the concentration at the initial burst (41.62 μg/l, %PE of−52.81%). In ad-
dition, the Cmax predictability of the developed IVIVC for Formulations 3



Fig. 9. Experimental and predicted (time scaling factor: 12) in vivo release profiles of Risperdal® Consta® using the developed IVIVCs. (A) IVIVC developed using Formulations 2, 3 and 4.
(B) IVIVC developed using Formulations 1, 3, and 4. (C) IVIVC developed using Formulations 1, 2, and 4. (D) IVIVC developed using Formulations 1, 2 and 3.
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and 4 (withminimal burst release)was also affected (ca. %PE of 35% and
25% for Formulations 3 and 4, respectively) since Formulation 2was one
of the microsphere formulations used in developing the IVIVC.

The in vitro release profiles of the prepared risperidone micro-
spheres obtained via the sample-and-separate method (using PBS and
HEPES buffers) were also compared with the in vivo release profiles.
Overall, these in vitro release profiles showed poorer in vivo relevance
(R2: 0.95–0.96) compared to that obtained using the USP apparatus 4
method. The predictability of the IVIVCs developed based on Formula-
tions 2, 3, and 4 was also evaluated using WinNonlin®. Average abso-
lute internal %PEs for AUC and Cmax were 7.06% and 27.10% (when
Table 3
Validation and prediction of the developed IVIVC for risperidone microspheres.

Cmax (μg/L) AUC (μg/L ∗ day)

Pred. Obs. %PE Pred. Obs. %PE

Internal validation
Formulation 2 19.64 41.62 −52.81 188.26 200.41 −6.06
Formulation 3 40.49 29.98 35.06 219.14 229.07 −4.34
Formulation 4 35.58 28.68 24.08 201.12 220.95 −8.97
Average absolute %PE 37.32 6.46

External validation
Formulation 1 26.71 27.99 −4.56 231.51 206.92 10.61

Prediction
Risperdal® Consta® 41.32 38.29 7.90 248.69 248.50 0.08
HEPES buffer was used as the release medium), and 6.80% and 47.50%
(when PBS buffer was used as the release medium), respectively.
Since the internal predictability of the developed IVIVCs for Cmaxwas in-
conclusive, the external %PEs for Cmax and AUCwere evaluated. The ex-
ternal %PEs for AUC and Cmax were 10.11% and −39.51% (when HEPES
buffer was used as the release medium), and 14.49% and 11.47%
(when PBS buffer was used as the release medium), respectively,
which were beyond the recommended 10% range.

TheUSP apparatus 4method also demonstrated better predictability
of the in vivo initial burst release phase. The sample-and-separatemeth-
od in PBS did not show any difference between Formulations 1 and 2 in
the initial burst, and the sample-and-separatemethod in HEPES did not
show an initial burst (but rather a continual constant release). There-
fore, the USP apparatus 4 method results were most similar to the
in vivo PK profiles obtained from the animal study. A reliable detection
of the in vitro initial burst is important, especially in regulatory applica-
tionswhen two formulations are being evaluated for equivalence. These
results suggest that theUSP apparatus 4methodmay be amore suitable
in vitro release testing method for the development of IVIVC for the ris-
peridone microsphere formulations that are equivalent in composition.
While the USP apparatus 4 method was demonstrated to be superior to
the other two methods, it is noted that the IVIVC constructed in this
study utilized animal PK data. The results from this IVIVC study cannot
be fully extrapolated to humans since there are known differences in
drug absorption and drug release between rabbits and humans. A simi-
lar study performed with human PK data would be necessary for an
IVIVC to be fully applicable to human drug products.
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The lack of a standard, compendial in vitro release testing method
capable of detecting manufacturing differences and predicting in vivo
drug release characteristics has hindered the development of IVIVCs
for complex parenteral microsphere drug products. Results from the
present study proved that robust Level A IVIVCs can be established for
PLGA microspheres, particularly microsphere formulations that have
the same composition,with an appropriate in vitro release testingmeth-
od (e.g. the developedUSP apparatus 4method). The developedUSP ap-
paratus 4 method based on standard USP apparatus is capable of
discriminating compositionally equivalent microsphere formulations
withmanufacturing differences and predicting their in vivo drug release
characteristics, as was shown in this animal model.

4. Conclusions

This is the first report for the development of a Level A IVIVC based
on a compendial dissolution apparatus (USP apparatus 4) for composi-
tionally equivalent risperidone-loaded PLGA microspheres prepared
with different manufacturing processes. The critical physicochemical
properties of the prepared microspheres were sensitive to minor
manufacturing changes, which subsequently resulted in changes in
the in vitro and in vivo performance. Compared to the sample-and-
separatemethod, the USP apparatus 4method showed better capability
of differentiating the compositionally equivalent risperidone micro-
spheres with manufacturing differences and most importantly, the
USP apparatus 4 method showed better predictability for the in vivo
performance of thesemicrospheres. Furthermore, the IVIVCs developed
based on the USP apparatus 4 method were robust. These results sug-
gested that the USP apparatus 4 method is an appropriate method to
not only ensure product quality, but also assist in product development
for complex parenteral microspheres. Furthermore, the established
Level A IVIVC based on standard USP apparatus (i.e. USP apparatus
4) can facilitate inter-laboratory comparison, and may be used to sup-
port drug product development.
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