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Dexamethasone loaded poly(lactic-co-glycolic acid) (PLGA) microsphere/PVA hydrogel composites have
been investigated as an outer drug-eluting coating for implantable devices such as glucose sensors to
counter negative tissue responses to implants. The objective of this study was to develop a discriminatory,
accelerated in vitro release testing method for this drug-eluting coating using United States Pharmacopeia
(USP) apparatus 4. Polymer degradation and drug release kinetics were investigated under “real-time” and
accelerated conditions (i.e. extreme pH, hydro-alcoholic solutions and elevated temperatures). Compared
to “real-time” conditions, the initial burst and lag phases were similar using hydro-alcoholic solutions and
extreme pH conditions, while the secondary apparent zero-order release phase was slightly accelerated.
Elevated temperatures resulted in a significant acceleration of dexamethasone release. The accelerated
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PLGA microspheres release data were able to predict “real-time” release when applying the Arrhenius equation. Microsphere
PVA hydrogel batches with faster and slower release profiles were investigated under “real-time” and elevated temper-
Dexamethasone ature (60°C) conditions to determine the discriminatory ability of the method. The results demonstrated

both the feasibility and the discriminatory ability of this USP apparatus 4 method for in vitro release
testing of drug loaded PLGA microsphere/PVA hydrogel composites. This method may be appropriate for

similar drug/device combination products and drug delivery systems.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

During the past several decades, implantable biosensors have
gained increasing attention due to their potential for continuous
monitoring of metabolites and biochemical markers (Gilligan et al.,
2004; Poscia et al., 2005; Vaddiraju et al., 2010b; Wang, 2001).
However, tissue damage during implantation and the continuous
presence of the foreign device in the body can trigger a cascade
of events, which lead to negative foreign body responses such as
inflammatory reaction and fibrous encapsulation (Anderson et al.,
2008; Gifford et al., 2006; Morais et al., 2010). These foreign body
responses can result in erroneous data and eventually lead to
loss of biosensor functionality (Vaddiraju et al., 2010a,b). Accord-
ingly, suppression of inflammation and fibrous encapsulation at the
implant vicinity over an extended period is crucial to ensure the
long-term functionality of these biosensors.

Recently, an outer drug-eluting biosensor coating composed of
PLGA microsphere/PVA hydrogel composites has been developed to
counter negative tissue responses associated with the implantation
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of biosensors and other implantable medical devices (Bhardwaj
etal., 2008; Morais et al., 2010; Onuki et al., 2008; Patil et al., 2004).
This drug-eluting coating can achieve long-term delivery of various
tissue response modifiers (TRMs) such as the anti-inflammatory
agent (dexamethasone), growth factors and combinations thereof
(Bhardwaj et al., 2007, 2010; Galeska et al., 2005; Hickey et al.,
2002; Norton et al., 2005; Patil et al., 2007) from slow releasing
PLGA microspheres, while also allowing the rapid influx of small
molecule analytes through the PVA hydrogel matrix (Galeska et al.,
2005; Vaddiraju et al., 2009). TRM release from this drug eluting
biosensor coating occurs via diffusion, PLGA polymer erosion or
a combination thereof (Faisant et al., 2002) and is dependent on
polymer properties (e.g. molecular weight, copolymer composition
and crystallinity) (Park, 1995; Tracy et al., 1999), drug properties
(Miyajima et al., 1999b; Sandor et al., 2001) as well as dissolution
conditions (Dunne et al., 2000; Klose et al., 2010).

“Real-time” in vitro drug release from this biosensor coating
under simulated physiological conditions can range from days to
months and consequently, a discriminatory, accelerated in vitro
release testing method is essential to assure the performance of
such systems as well as assist in product development and quality
control of implantable biosensors and other medical devices. Accel-
erated drug release from PLGA microspheres has been achieved by
increasing the polymer degradation rate via extreme pH conditions
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(Faisant et al., 2002; Zolnik and Burgess, 2007), elevated tempera-
ture (Zolnik et al., 2006) as well as the addition of hydro-alcoholic
solvents to the release medium (Kamberi et al., 2009). Other con-
ditions such as radiation (used for sterilization purposes) and the
addition of surfactants can also accelerate drug release from PLGA
microspheres (Faisant etal., 2006). Since accelerated release testing
requires stress conditions (e.g. extreme pH and elevated tempera-
ture), it is possible that the drug release mechanism may change
during accelerated release testing compared to that in “real-time”
studies. Nevertheless, accelerated release tests should be predic-
tive of “real-time” release tests and should be able to differentiate
different formulations (Burgess et al., 2002, 2004).

At present, there is no standard pharmacopeial or regulatory
in vitro release method for implants and drug/device combination
products. A variety of methods have been used for in vitro release
testing of drug-eluting stents and implants such as different vial
methods (Schliecker et al., 2004), capillary system (lyer et al.,2007),
USP apparatus 7 (Kamberi et al., 2009) and the flow-through cell
method (Neubert et al., 2008; Seidlitz et al., 2011). In addition, the
procedures and apparatus used vary among laboratories. Therefore,
it is important to develop a compendial method to allow compar-
ison of results from different laboratories, as well as to facilitate
regulatory approval of these products.

USP apparatus 4, which was originally developed for con-
trolled release oral solid dosage forms, has been shown to be
suitable for other controlled release parenteral systems such as
microspheres (Rawat and Burgess, 2011b; Voisine et al.,2008), lipo-
somes (Bhardwaj and Burgess, 2010) and implants (Browne and
Kieselmann, 2010). USP apparatus 4 can be operated at low volume
and its hydrodynamic flow conditions can be modified (Iyer et al.,
2006). Accordingly, it may be possible to mimic the in vivo con-
ditions at the implantation sites (e.g. subcutaneous tissue) using
flow through cells. In addition, the media volume used with the
USP apparatus 4 can be modified to allow testing of various for-
mulations, and this is of particular importance for many low dose
parenteral formulations.

In the present study, USP apparatus 4 was used in a closed-
loop configuration to develop a discriminatory, accelerated in vitro
drug release testing method for dexamethasone loaded PLGA
microsphere/PVA hydrogel composite coatings. The effect of dif-
ferent accelerated conditions on the in vitro drug release kinetics
was investigated. A relationship between “real-time” release and
accelerated release was developed for different composite coating
formulations.

2. Materials and methods
2.1. Materials

Dexamethasone, poly(vinyl alcohol) (PVA, MW 30-70kDa),
sodium chloride (NaCl, ACS grade) and sodium azide (NaNj3)
were purchased from Sigma-Aldrich (St. Louis, MO). PVA (99%
hydrolyzed, MW 133 kDa) was purchased from Polysciences, Inc.
(Warrington, PA). PLGA Resomer® RG503H (inherent viscosity
0.32-0.44dl/g) was a gift from Boehringer-Ingelheim. PLGA DLG2A
(inherent viscosity 0.15-0.25 dl/g), PLGA DLG3A (inherent viscosity
0.25-0.35dl/g) and PLGA DLG4A (inherent viscosity 0.35-0.45 dl/g)
were kindly provided by SurModics Pharmaceuticals (Birming-
ham, AL). Methylene chloride, sodium mono-hydrogen phosphate
(NaH;POy4, ACS grade), acetonitrile (ACN, HPLC grade), dimethyl
sulfoxide (DMSO, ACS grade) and tetrahydrofuran (THF, HPLC
grade) were purchased from Fisher Scientific (Pittsburghm, PA).
Disodium hydrogen phosphate (Na,HPO4, ACS grade) was pur-
chased from VWR International. Nanopure™ quality water
(Barnstead, Dubuque, I1A) was used for all studies.

2.2. Methods

2.2.1. Preparation of PLGA microspheres

Dexamethasone loaded PLGA microspheres were prepared
using an oil-in-water (o/w) emulsion-solvent extraction method
reported previously (Galeska etal.,2005; Zolnik et al., 2006). Briefly,
2 g PLGA was dissolved in 8 ml methylene chloride. 200 mg dexam-
ethasone was dispersed in this PLGA solution using a homogenizer
(PowerGen 700D, Fisher Scientific) at 10,000 rpm for 30s. This
organic phase was then emulsified in 40 ml of a 1% (w/w) PVA (MW
30-70kDa) solution and homogenized at 10,000 rpm for 2.5 min.
The resultant emulsion was poured into 500 ml of a 0.1% (w/w) PVA
(MW 30-70kDa) solution and stirred at 600 rpm under vacuum
to achieve rapid evaporation of methylene chloride. The hardened
microspheres were washed three times with de-ionized water and
collected by filtration (Durapore® membrane filter, 0.45 pm, Fisher
Scientific). The prepared microspheres were vacuum-dried and
stored at 4 °C until further use.

2.2.2. Preparation of PLGA microsphere/PVA hydrogel composite
coatings

PLGA microsphere/PVA hydrogel composite coatings were pre-
pared using a mold fabrication process. Briefly, 75mg PLGA
microspheres were homogenously dispersed in a 5% (w/w) PVA
solution. A grooved mold was filled with this PLGA micro-
sphere containing dispersion and dummy sensors (silicon chips)
were placed into the mold. These were then subjected to three
freeze-thaw cycles according to the method established previously
(Galeska et al., 2005).

2.3. High performance liquid chromatography (HPLC)

The quantification of dexamethasone was conducted using a
Perkin ElImer HPLC system (series 200) with a UV absorbance detec-
tor (Perkin Elmer, Shelton, CT) set at 242 nm. The mobile phase
consisted of acetonitrile/water/phosphoricacid (30/70/0.5%, v/v/v).
A Zorbax® C18 (4.6 mm x 15 cm) analytical column was used with
the flow rate set at 1 ml/min. The chromatographs were analyzed
by PeakSimple™ Chromatography System (SRI instruments, Tor-
rance, CA). This method is a stability indicating HPLC assay.

2.4. Particle size analysis

An AccuSizer 780A autodiluter particle sizing system (Santa Bar-
bara, CA) was used to determine the mean particle size of PLGA
microspheres. About 25 mg of microspheres were dispersed in
1ml of 0.1% (w/v) PVA (MW 30-70kDa) solution. 100 pl of the
dispersion was used for particle size analysis. All measurements
were conducted in triplicate and the results are reported as the
mean + SD.

2.5. Drug loading

5mg of dexamethasone loaded PLGA microspheres was dis-
solved in 10 ml tetrahydrofuran (THF). This solution was filtered
(Millex® HV, PVDF 0.45 pm syringe filter) and the dexamethasone
concentration was determined via HPLC as described before using
an injection volume of 5 pl. To determine the drug loading in the
composite coatings, 10 mg of these coatings were dissolved in 1 ml
DMSO and the volume was made up to 10 ml with THF. The solu-
tion was then filtered and the dexamethasone concentration was
determined as described above.

Drugloading was determined as: percent drug loading = (weight
of drug loaded/weight of microspheres or composite coatings
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Table 1
Characteristics of PLGA microsphere/PVA hydrogel composite coatings.

Formulation Ratio of LA/GA Inherent viscosity (dl/g) Drug loading (%) Glass transition
temperature (°C)

DLG2A 50:50 0.15-0.25 454 + 0.14 38.7 £ 04

DLG3A 50:50 0.25-0.35 4.48 £+ 0.17 40.5 + 0.6

503H 50:50 0.32-0.44 441+ 0.24 414+ 03

DLG4A 50:50 0.35-0.45 432 + 0.04 42.7 £ 0.2

used) x 100. All measurements were conducted in triplicate and
the results are reported as the mean + SD.

2.6. Glass transition temperature

The glass transition temperature of the prepared composite
coatings was analyzed using a TA instrument Q1000 differential
scanning calorimeter (New Castle, DE). Samples were heated from
—40°C to 80°C, and cooled to —40°C at a rate of 10°C/min. The
first cycle of the thermograms was used to determine the glass
transition temperature (Tg) using Universal Analysis software (TA
Instruments). All measurements were conducted in triplicate and
the results are reported as the mean + SD.

2.7. Invitro release studies

“Real-time” in vitro release testing of the composite coatings
was conducted using a USP apparatus 4 (Sotax CE7 smart, Sotax,
Horsham, PA) equipped with flow-through implant cells in a closed
system mode at 37 °C, in which the composite coatings were placed
into the implant cells and 40 ml of 0.1 M phosphate-buffered saline
(PBS, pH 7.4) with 0.1% sodium azide was circulated at a flow rate
of 8 ml/min. At pre-determined intervals, 1 ml samples were with-
drawn and replenished with 1 ml of fresh media. The samples were
analyzed via HPLC as described before using an injection volume
of 20 1. For accelerated release testing, the following accelerated
testconditions were investigated: (i) extreme pH conditions (pH 2.4
and pH 10.0); (ii) PBS (0.1 M, pH 7.4) containing 10% (v/v) ethanol;
and (iii) elevated temperatures (45, 50, 53 and 60 °C). All the mea-
surements were conducted in triplicate and the mean values and
standard deviations were reported.

2.8. Invitro degradation studies

PLGA microspheres and composite coatings were incubated
in the different “real-time” and accelerated release conditions in
flat bottomed vials and placed in a shaker water bath (C76, New
Brunswick Scientific, NJ) at 100 rpm. At known intervals, samples
were decanted, vacuum dried for 24 h and analyzed using SEM. All
measurements were conducted in triplicate.

2.9. Statistical data analysis

Statistical analysis to evaluate significant differences between
different microsphere and composite coating formulations were
performed using the student t-test. The level of significance was
accepted at p<0.05.

3. Results and discussion

3.1. Characterization of PLGA microspheres and composite
coatings

Model formulation 503H microspheres were prepared with
PLGA 503H. Other PLGA polymers (PLGA DLG2A, DLG3A and
DLG4A) were used to prepare microsphere formulations DLG2A,

DLG3A and DLGA4A, respectively. These formulations were selected
since the inherent viscosities of these polymers are close to that of
PLGA 503H and therefore, could be used to investigate the discrim-
inatory ability of the accelerated in vitro release testing method
as well as to determine any relationship between “real-time” and
accelerated release. The PLGA microspheres were prepared with
similar drug loading (between 7.63 +0.16% and 8.10 +0.18%) to
minimize the number of variables that can affect drug release
(Liggins and Burt, 2004). The average size of these microspheres
was around 7 pm, and there were no significant differences among
different formulations (p>0.05). Table 1 shows the characteris-
tics of different composite coating formulations containing the
microspheres. The dexamethasone loading in these formulations
was similar (around 4.4%). As expected, embedding the PLGA
microspheres into PVA hydrogels did not change the T of these
microspheres. The Ty of the microspheres increased with the
increase in the inherent viscosity of the polymers.

3.2. Effect of extreme pH conditions on the in vitro drug release of
503H composite coatings

“Real-time” drug release kinetics of formulation 503H compos-
ite coatings exhibited a typical triphasic release profile with an
initial burst release (ca. 39% in 24 h), followed by a lag phase and
then a secondary apparent zero-order phase (2.06 day~!) (Fig. 1).
The morphology of the PLGA microspheres alone and embedded in
the PVA hydrogel, revealed a spherical geometry with smooth sur-
faces (Fig. 2A and B, respectively). As degradation proceeded at pH
7.4, microsphere erosion became evident by day 10 (Fig. 2C) and the
microspheres alone appeared to agglomerate to form a large block
of polymer by day 20 (Fig. 2E). Like the PLGA microspheres alone,
those microspheres embedded in the composite coating followed
an “inside-out” degradation profile as evident from their wrinkled
appearance (indicated by white arrows in Fig. 2D and F) and no
agglomerate was observed. The PLGA microsphere/PVA hydrogel
composites showed a slightly lower initial burst release compared
to the PLGA microspheres alone reported previously (Rawat and
Burgess, 2011a). It is known that the initial burst release is con-
trolled by diffusion, while the secondary zero-order release phase
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Fig. 1. Dexamethasone release from formulation 503H composite coatings at 37 °C
inPBS (pH 7.4 and 2.4), using USP apparatus 4: (A) pH7.4,and (O) pH 2.4 (mean + SD;
n=3).
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Fig. 2. SEM micrographs of formulation 503H (PLGA microspheres and composites) after exposure to different release conditions (PBS pH 7.4 and 2.4) at 37°C over time:
(A, B) initial; (C, D) pH 7.4, day 10; (E, F) pH 7.4, day 20; (G, H) pH 2.4, day 10; (I, ]) pH 2.4, day 20. Symbols: white arrows - “inside-out” degrading microspheres; and black
arrows — “outside-in” degrading PLGA microspheres. Top row, microspheres alone, pH 7.4. Second row, composites, pH 7.4. Third row, microspheres alone, pH 2.4. Fourth

row, composites, pH 2.4. Scale bar: 20 pm.

is governed by polymer erosion as well as diffusion (Faisant et al.,
2002; Zolnik et al., 2006). Therefore, it is rationalized that the
presence of the PVA hydrogel matrix creates a barrier to diffu-
sion of surface-associated drug into the bulk media resulting in
a lower initial burst release (Bhardwaj et al., 2010). In addition,
the PVA hydrogel prevents agglomeration of the microspheres and
the formation of a large polymer block. Drug release from erod-
ing microspheres inside the composite coating was faster than that
from the aggregated polymer block which has much larger dimen-
sions (von Burkersroda et al., 2002).

As shown in Fig. 1, acidic conditions (PBS, pH 2.4) slightly
accelerated drug release from the composite coating. A simi-
lar initial burst release (ca. 40% in 24 h) and a faster secondary
zero-order release phase (2.68 day~!) was observed compared
to the “real-time” release profile. Morphological studies showed
an “outside-in” degradation pattern at pH 2.4 compared to the
“inside-out” degradation at pH 7.4 (Fig. 2), which was consis-
tent with microsphere degradation behavior reported previously
(Zolnik and Burgess, 2007). It was evident that the microspheres
alone were fragmenting by day 10 (Fig. 2G) and fusion of frag-
mented microspheres was observed by day 20 at pH 2.4 (Fig. 2I).
However, PLGA microspheres within the PVA hydrogel had smooth
surfaces throughout the entire study period with no evidence of

microsphere fragment fusion (indicated by black arrows in Fig. 1H
and ]). Low pH is known to catalyze PLGA degradation and accel-
erate drug release from PLGA microspheres (Faisant et al., 2002;
Zolnik and Burgess, 2007). However, acidic pH conditions (pH 2.4)
failed to significantly accelerate drug release from the compos-
ite coatings. This may also be a result of the presence of the PVA
hydrogel. As previously reported, the PLGA microspheres became
progressively brittle with time at pH 2.4 (Zolnik and Burgess, 2007),
and these fragmented microspheres experienced faster degrada-
tion than the intact microspheres. It appears that the PVA hydrogel
protected the PLGA microspheres from breaking into fragments,
and it is speculated that this may be the reason why the micro-
spheres embedded within the PVA hydrogel do not degrade at a
significantly faster rate at pH 2.4.

Alkaline pH has been utilized to enhance degradation of the
PLGA polymers (Alexis, 2005; de Jong et al., 2001). However,
dexamethasone degraded rapidly under alkaline condition (pH
10.0) (data not shown) and so alkaline pH was not appro-
priate for in vitro release testing of this delivery system.
Accordingly, these results show that extreme pH (acidic and alka-
line) conditions do not appear to be suitable for accelerated
in vitro release testing of dexamethasone from the composite
coatings.
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Fig. 3. Dexamethasone release from formulation 503H composite coatings in PBS
(pH 7.4) and PBS (pH 7.4) containing 10% (v/v) ethanol at 37 °C, using USP apparatus
4:(A) PBS (pH 7.4), and (@) 10% ethanol (v/v) (mean£SD; n=3).

3.3. Effect of hydro-alcoholic medium on the in vitro drug release
of 503H composite coatings

The dexamethasone release profiles from formulation 503H
composite coatings in PBS (pH 7.4) with and without addition of
hydro-alcoholic solvent are shown in Fig. 3. Introducing ethanol
(10%, v/v) into the release medium did not change the typical
triphasic release profile of the PLGA microsphere/PVA hydrogel
composite coating. A higher initial burst release (ca. 44% in 24 h)
and a faster zero-order release phase (2.5 day~!) was observed
compared to the “real-time” release profile. The time to complete
release was reduced from 34 days to 23 days.

Fig. 4 shows the morphology studies of PLGA microspheres
with and without PVA hydrogel under hydro-alcoholic conditions.
PLGA microspheres alone showed the usual morphological changes
(i.e. surface pitting and pore formation) after exposure to hydro-
alcoholic solutions (Fig. 4A) and formed a large block of polymer by
day 10 (Fig. 4C). The PLGA microspheres inside the PVA hydrogel
matrix followed the “inside-out” degradation mechanism (indi-
cated by white arrows in Fig. 4D). In addition, the PVA hydrogel
exhibited an incrementally porous structure (indicated by grey

arrows in Fig. 4B and D). The increased porosity of the PVA hydro-
gel might be due to the swelling property of the hydro-alcoholic
solvent (Kamberi et al., 2009). Since drug diffusion governs the
initial burst release and contributes to the secondary zero-order
release phase as well, the formation of a porous structure in the
PVA hydrogel is expected to facilitate drug diffusion through the
PVA hydrogel matrix, thus accelerating dexmethasone release from
the composite coating. These factors will increase drug release from
PLGA microsphere/PVA hydrogel composite coatings. However, the
use of organic solvents in the USP apparatus 4 is limited due to
extractables from plastics in the tubings of the apparatus 4. It should
be noted that as necessary different plastic tubings can be utilized
with the USP apparatus 4. However, it was concluded that hydro-
alcoholic medium is not a good accelerated release condition for
the PLGA microsphere/PVA hydrogel composite coating.

3.4. Effect of elevated temperature on the in vitro drug release of
503H composite coatings

Elevated temperatures (45, 50, 53 and 60 °C) were used to accel-
erate dexamethasone release from formulation 503H composite
coatings. As shown in Fig. 5, the overall drug release was signifi-
cantly accelerated at elevated temperatures. The time to complete
release was reduced from 34 days (37°C) to 10, 5, 3 and 1.3 days at
45, 50, 53 and 60°C, respectively. Moreover, no lag release phase
was observed. Drug release characteristics changed from the typical
triphasic profile at 37 °C to a biphasic profile: with the initial burst
release, followed by a zero-order release phase at elevated temper-
atures. The calculated zero-order rate constants were 6.58, 12.13,
21.68 and 45.87 day~! at 45, 50, 53 and 60°C, respectively. The
morphological tests of the composite coatings at elevated temper-
atures are shown in Fig. 6. The PLGA microspheres inside the PVA
hydrogel followed an “inside-out” degradation pattern at elevated
temperatures (indicated by white arrows in Fig. 6) and their degra-
dation accelerated with increasing temperature. Based on this, the
drug release mechanism of the post-burst release phase appeared
unaltered under elevated temperature accelerated tests.

Fig. 4. SEM micrographs of formulation 503H (PLGA microspheres and composites) after exposure to PBS (pH 7.4) containing 10% (v/v) ethanol at 37 °C over time: (A, B) day
1 and (C, D) day 10; symbols: white arrows - “inside-out” degrading PLGA microspheres; grey arrows — porous hydrogel matrix. Top row, microspheres alone. Second row,

composites. Scale bar: 20 wm.
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Fig. 5. Dexamethasone release from formulation 503H composite coatings in PBS
(pH 7.4) at elevated temperatures, using USP apparatus 4: (A) 37°C, (@) 45°C, (x)
50°C, () 53°Cand (a) 60°C (mean=+SD; n=3).

To determine whether drug release rates at elevated tempera-
tures can be used to predict “real-time” release, these data were
plotted according to the Arrhenius equation.

k=A x eEa/RT (1)

where k is the zero-order release rate, A is a constant, E; is the
energy of activation, R is the gas constant (cal/deg mol) and T is the
absolute temperature.

Logk versus 1/T was plotted and the slope was —E;/2.303R.
The calculated activation energy of dexamethasone release from
formulation 503H was 27.68 kcal/mol based on the experimental
values at 45, 50, 53 and 60°C (shown as solid squares in Fig. 7).
This calculated activation energy closely matches the energy of
activation for PLGA polymer degradation (23.6 kcal/mol) (Miyajima
et al., 1999a), further confirming that the apparent zero-order
release phase was governed by PLGA polymer erosion. E; was used
to predict the apparent zero-order rate constant at 37°C (2.13
day~1) (shown as cross in Fig. 7), which was in agreement with the
experimental value (2.05 day~!) (shown as open square in Fig. 7).
Accordingly, elevated temperature accelerated in vitro release tests
showed good prediction of the “real-time” release using the Arrhe-
nius equation (Fig. 7). Since the drug release rate was fastest at
60 °C, this temperature was selected to further investigate the dis-
criminatory ability of elevated temperature accelerated in vitro
release testing.
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: XPredicted Value at 37°C
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e
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295 3 3.05 31 3.15 32 3.25

UT*108

Fig. 7. Arrhenius plot of the calculated zero-order rate constants of dexamethasone
release from formulation 503H composite coatings as a function of temperature at
45°C, 50°C, 55°C and 60°C (M). Rate constants at 37°C for predicted and experi-
mental values are shown as a cross (x) and an open square (0), respectively.
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Fig. 8. Dexamethasone release from composite coatings (formulations DLG2A,
DLG3A 503H and DLG4A) in PBS (pH 7.4) at 37 °C, using USP apparatus 4: (x ) DLG2A,
(®)DLG3A, (A) 503H and (a) DLG4A (mean =+ SD; n=3).

3.5. Discriminatory ability study of “real-time” and elevated
temperature accelerated tests

Fig. 8 shows the “real-time” in vitro release profiles of composite
coating formulations 503H, DLG2A, DLG3A and DLG4A. The ini-
tial burst release decreased with increasing inherent viscosity of
the PLGA polymers (approximately 57%, 48%, 39% and 30% in 24 h

Fig. 6. SEM micrographs of formulation 503H composites after exposure to PBS (pH 7.4): (A) 1 day, at 45°C; (B) 7 days, at 45°C; (C) 1 day, at 50°C; (D) 5 days, at 50°C; (E) 3
days, at 53°C; (F) 4 h, at 60 °C; symbol: white arrow - “inside-out” degrading PLGA microspheres. Scale bar: 20 wm.
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Fig. 9. Dexamethasone release from composite coatings (formulations 503H,
DLG2A, DLG3A and DLG4A) at 60°C in PBS (pH 7.4), using USP apparatus 4: (x)
DLG2A, (@) DLG3A, (4) 503H and (W) DLG4A (mean +SD; n=3).

for DLG2A, 503H, DLG3A and DLG4A, respectively). PLGA polymers
with low inherent viscosities have better hydration and swelling
properties, thus resulting in faster diffusion of surface-associated
drug into the release medium (Messaritaki et al., 2005). It was
noted that dexamethasone release mechanisms appeared different
among these formulations. Composite coatings DLG2A and DLG3A
exhibited biphasic release profiles (an initial burst release and an
apparent zero-order release phase), while composite coatings 503H
and DLG4A followed the typical triphasicrelease profile. The time to
reach complete drug release was 18,27, 34 and 41 days for formula-
tions DLG2A, DLG3A, 503H and DLG4A at 37 °C, respectively. These
results showed a good “real-time” discriminatory ability using USP
apparatus 4 for in vitro release testing of the composite coatings.
As shown in Fig. 9, the time to reach complete drug release at
60°C was 0.5, 1, 1.33 and 2 days for composite coating formula-
tions DLG2A, DLG3A, 503H and DLG4A, respectively. The apparent
zero-order release rate constants at 37 °C and 60 °C were calculated
for these formulations. The ratios of the rate constants at 60°C
and 37°C were 36.8, 31.5 for formulations DLG 2A and DLG 3A,
and 22.2 and 21.7 for formulations 503H and DLG 4A, respectively,
indicating good correlation between the “real-time” and accel-
erated tests for formulations with similar release characteristics.
The accelerated release tests using USP apparatus 4 were able to
discriminate between formulations with similar release character-
istics (formulation 503H and DLG4A) as well as formulations with
dissimilar release characteristics (formulations 503H and DLG3A).
Moreover, it should be noted that the burst release phase for formu-
lations with dissimilar release characteristics (formulations 503H
and DLG3A) can be distinguished. However, that was not the case
for formulations with similar release characteristics (formulations
503H and DLG4A). Therefore, it is recommended that “real-time”
studies should be used to determine the burst release phase as
suggested in a previous workshop report (Burgess et al., 2004).

4. Conclusions

This study demonstrated the feasibility of USP apparatus 4
for in vitro release testing of drug loaded PLGA microsphere/PVA
hydrogel composite coatings. Accelerated release tests at elevated
temperature showed good discriminatory ability for the different
formulations investigated. Furthermore, the accelerated data of for-
mulations with similar release characteristics correlated well with
the “real-time” release at 37°C. Accordingly, elevated tempera-
ture accelerated in vitro release testing using USP apparatus 4 can
be employed as a rapid quality control test for PLGA based drug-
eluting coatings as well as other implants. This method is based on
an official USP dissolution/release apparatus and consequently, is
a promising method for compendial adaptation for in vitro release

testing of implantable drug device combination products and drug
delivery systems.
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