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PLGA microspheres loaded with cisplatin were produced using a single emulsion method. A semi-
empirical model, with bi-exponential terms, was found to give a better fit to the drug release profiles
compared to a mono-exponential model. This model suggests that there are two separate fractions of
drug present in the depot. A fraction of the drug is located near/at the surface of the depot, and is readily
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released during immersion in buffer. A second fraction of drug is entrapped deeper within the depot
and is subsequently released. It was also found that the initial release of cisplatin from PLGA micro-
sphere is highly diffusion-controlled and the classical Higuchi model provides a good fit. From studies of
water diffusion using PFG-NMR, results suggested that 50:50 PLGA microsphere was most susceptible to
swelling and this might have promoted the faster initial drug release. Results from NMR cryoporometry

velop
MR cryoporometry also indicated that the de

. Introduction

The key challenge with drug administration is that the plasma
rug level should remain at the desired therapeutic level; above
hich may represent a toxic level, below which the therapeutic

ffect no longer occurs (Illum, 1987). Ideally, a controlled release
ystem should allow a drug concentration to be maintained at the
esired therapeutic level for a prolonged period of time from a
ingle dosage form. Our work aim under the program of New and
merging Application of Technology (NEAT) project (FSC020), was
o develop a controlled drug delivery system that is competent
o deliver a standard chemotherapy cisplatin dose. Cisplatin (CPt)
s a common cytotoxic drug with proven activity used in chemo-
reatment of ovarian cancer (Howell, 2008).

In parallel with the objectives of the NEAT project, the out-
omes of the present study should offer an improved understanding
f the characteristics of the developed cisplatin-controlled drug
elivery system. There is no single, overall mathematical model
hat covers all the mass transport mechanisms and chemical pro-
esses that occur in these disparate systems (Kanjickal and Lopina,
004). Langer and Peppas (1983) have fundamentally characterised

he rate-controlling mechanisms in drug release as diffusion-,
welling- and erosion-controlled processes. Faisant et al. (2002)
onveniently categorised the mathematical modelling approaches
or degradable devices into two groups: (1) empirical models that

∗ Corresponding author. Tel.: +44 1225 38 4978; fax: +44 1225 38 5713.
E-mail address: cesspr@bath.ac.uk (S.P. Rigby).

378-5173/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.ijpharm.2009.09.021
ed PLGA microspheres could have “ink-bottle” pores.
© 2009 Elsevier B.V. All rights reserved.

assume a first or zero order process controlling the overall drug
release; and (2) models considering specific physicochemical phe-
nomena, such as diffusion, mass transfer, or chemical reaction, such
as degradation and autocatalytic effects.

First and zero order kinetics, as expressed in Koester et al. (2004),
have primarily been adopted to characterise the CPt release pro-
files of poly(lactide-co-glycolide) (PLGA) samples. In addition, a
simplified Higuchi model has also been adopted. The three models
are:

Zero order kinetic : Qt = Qi + kzt (1)

First order kinetic : ln Qt = ln Qi + kF t (2)

Higuchi model : Qt = kHt0.5 (3)

where Qt is the amount of drug released in time, t, and Qi is the
amount of drug within the device at time t = 0, kH is the Higuchi
dissolution constant, and kF and kz are the first and zero orders rate
constants, respectively. The simplified Higuchi model characterises
drug release using the effective diffusion coefficient of the soluble
component.

In this study, focus was given to the initial phase of drug release,

while a semi-empirical model was developed to characterise the
overall in vitro drug release profile. In order to help understand the
characteristics of the developed PLGA microspheres, novel nuclear
magnetic resonance (NMR) techniques were used to probe struc-
tural evolution of the microspheres.

http://www.sciencedirect.com/science/journal/03785173
http://www.elsevier.com/locate/ijpharm
mailto:cesspr@bath.ac.uk
dx.doi.org/10.1016/j.ijpharm.2009.09.021
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.1. Theory

Quantitative analyses, such as mean pore size, pore size dis-
ribution and volume, can be obtained from techniques such as

ercury porosimetry and gas adsorption. Mercury porosimetry
equires an absolutely dry sample and this technique forces mer-
ury into the pores by applying pressure (Strange, 1994). Mercury
ill not replace any liquid already in the pores, unless additional
ressure is applied to displace the liquid (Ek et al., 1995). Concern is
ometimes raised that high pressure might possibly deform a pore
Landry, 2005). Difficulties are also encountered in discriminating
etween interior pores, and voids between constituent particles,
uch as with small porous cellulose beads (Ek et al., 1994).

Gas adsorption subjects the sample to in situ heating (i.e.
100 ◦C) or degassing for long periods (i.e. ≥12 h) in order to pro-
uce an absolutely dry sample. Subsequent analyses utilise weight
r volume measurements and, ad- and desorption isotherms to
enerate pore information. Heating to ≥100 ◦C is beyond the glass
ransition temperature (Tg) of PLGA, and it was found difficult to
btain moisture-free PLGA microspheres and accurate weight mea-
urements. Predrying may affect the pore structure due to potential
edeposition of dissolved compounds present in the fluid within
he porous structure (Collins et al., 2007), and, also, potentially
he degradation products in this case. For swell-able solids, pore
tructures may be different in dry and wet states.

A non-invasive method, such as the aforementioned NMR tech-
ique, will therefore be ideal to analyse “wet” samples. In particular,
MR enables the determination of diffusion coefficients for mobile

pecies that can be related to pore information. Pulsed field gradient
PFG)-NMR is a method used to study the self-diffusion of liquids
y facilitating the measurement of the root mean square (r.m.s.)
isplacement of the self-diffusing molecules (Callaghan, 1991).
ince the 1960s, PFG-NMR experiments have been used to measure
olecular self-diffusion using the attenuated spin echo under the

nfluence of a magnetic field gradient (Stejskal and Tanner, 1965).
he details of PFG-NMR can be found elsewhere (Hollewand and
ladden, 1995; Perkins, 2009). Briefly, a series of 1H spectra are
ollected using a stimulated echo-based pulse sequence that incor-
orates magnetic field gradients. The strength of the gradients is

ncremented in each experiment, and the resulting signal intensity
s attenuated as the gradient strength is increased.

Free water molecules are always in Brownian motion (Hansen et
l., 2005). While self-diffusing water in the bulk demonstrates free
iffusion, the diffusion of imbibed liquids is restricted by the walls
f the pores. The relationship between the molecular mean square
isplacement, r2, and the molecular self-diffusion coefficient, D0, is
iven by the Einstein equation:

2 = 6D0� (4)

ith � as the diffusion time (Veith et al., 2004). For water imbibed
ithin pores or cavities, its diffusion is restricted by the size of the
ores/cavities (Callaghan, 1991). For all diffusion to be restricted, �
ust be sufficiently large compared to the pore size. This is because
long diffusion time allows all of the water molecules to reach

o the boundary formed by the pore surface. Hence, they are all
nder restricted diffusion and from the Einstein equation (Eq. (4)):
� (r2/6D). Conversely, if � is too short, i.e. � � (r2/6D), the

iffusion time is insufficient for the molecules to diffuse across the
ore, and then the measured diffusion coefficient represents the
ree diffusion because the molecules will not reach to the boundary
ore wall (Ek et al., 1994). In an interconnected pore network, after

sufficiently long diffusion time, the diffusivity becomes a measure
f the tortuosity of the network.

Following a defined time, the diffusion coefficient, D, of the
MR species can be obtained by ‘observing’ the positions of the
olecules before and after their random diffusion, each being
armaceutics 383 (2010) 244–254 245

labelled by the magnetic field gradient. The echo attenuation, R,
is defined as the ratio of the signal or echo intensity in the presence
of the gradient, I, to the echo intensity obtained in the absence of
the gradient, I0 (Hollewand and Gladden, 1995). For free Brown-
ian self-diffusion, where the random motion of the molecules is
assumed to be isotropic, R has the function of

R = I

I0
= e−�2ı2g2(�−(ı/3)−(�/2))D = e−D� (5)

where � is the gyromagnetic ratio of the observed nucleus, g is the
applied PFG strength, ı is the time of the applied PFG, � is the
diffusion time, � is the correction time for the phasing and dephas-
ing between bipolar gradients, and D is the diffusion coefficient. For
convenience, the term �2ı2g2[� − (ı/3) − (�/2)] will be abbreviated
as �.

For the microsphere experiments herein, it was anticipated that
there would be two water components: free water in bulk, and
water imbibed within the microspheres (Messaritaki et al., 2005).
Hence, considering the two separate diffusion components present,
the model now becomes:

I

I0
= [pe−�D1 + (1 − p)e−�D2 ] (6)

where D1 is the diffusion coefficient of free water in bulk and D2
is the diffusion coefficient of water imbibed within pores. p is the
volume fraction of free water, while (1 − p) is the volume fraction
of imbibed water.

In addition, NMR cryoporometry has been used to explore the
pore geometry of PLGA microspheres, through the study of the
melting point depression of a confined liquid (Mitchell et al., 2008).
Similar to PFG-NMR, NMR cryoporometry measures the signal from
the 1H nuclei within the liquid molecule. The physical property
of a confined liquid will deviate from its bulk state because the
confinement has introduced new liquid molecules-solid wall inter-
actions. While surface-to-volume ratio (Sv) is affected by the size
of a pore, the spin–spin relaxation time of the NMR signal is long
for a liquid and short for a solid (Hansen et al., 1996). This enables
differentiation between molten and frozen liquids as a function of
temperature during freezing.

NMR cryoporometry was developed from the theories of J.W.
Gibbs, J. Thomson, W. Thomson and J.J. Thomson, who realised that
a different mechanism was involved in a phase transition experi-
enced by a confined material compared to bulk. In particular, they
established that the melting point varies inversely with crystal size.
A pore of size x will melt at a temperature Tm(x), lower than the bulk
melting point Tm, which is inversely proportional to x. As expressed
in Mitchell et al. (2008), the Gibbs–Thomson equation relates the
melting point depression, �Tm, to a small crystal of size x according
to

�Tm = Tm − Tm(x) = 4�slTm

x�Hf �s
(7)

where Tm is the normal bulk melting point, Tm(x) is the melting
point of pore of size x, �sl is the surface energy of the solid–liquid
interface, �Hf is the enthalpy of fusion, �s is the molar density of the
solid. The numerical constant “4” in Eq. (7) is derived for cylindrical
pores.

Eq. (7) is a basic model that assumes the pore structure has the
same geometry throughout the sample. Assuming all parameters in
the equation to be independent of temperature and pore dimension
(Hansen et al., 1996), Eq. (7) can be simplified to
�Tm = k

x
(8)

where k is the melting point depression constant associated with
the imbibed fluid’s thermodynamic properties (Strange, 1994).



2 l of Ph

M
e
i
t
v
I
n

i
t
e
a
t
b
i
e
i
s

v
t
b
t
H
i
r
l
s
c
t
p
o
n
n
u

2

2

m
B
g
f
t
S
p
m
a
U
G
p

2

p
m
(
1
t
7
t
w

46 Y.S. Lee et al. / International Journa

icro- and mesoporous materials can have voids of different geom-
try; i.e. slit-shaped, cylindrical or spherical, etc. In real samples, the
nfluence of pore geometry is often not uniform. The calibration of
his constant is beyond the scope of this study and an appropriate
alue for PLGA–water system was adopted from Petrov et al. (2006).
t is often found that the freezing and melting point depressions are
ot the same and hysteresis is observed.

Two common freezing mechanisms in porous media are: freez-
ng initiated by nucleation in pores, or by solid-front penetration
hrough pores which are in contact with the frozen bulk (Beurroies
t al., 2004). The former is associated with homogeneous nucle-
tion while the latter occurs via heterogeneous nucleation. Here,
he freezing in pores is thought to be heterogeneously nucleated
y the presence of bulk ice surrounding the microspheres, and the

ngress of ice into the microspheres (Hansen et al., 2005; Petrov
t al., 2006). This is thought to be the case because a supercool-
ng effect was observed for the bulk water surrounding the PLGA
amples.

The aim of the present study was to better understand the in
itro cisplatin release from PLGA microspheres. Primarily, NMR
echniques were used to study the structural evolution of the
iodegradable microspheres, and this information will be related
o the “burst release” phase commonly observed in these systems.
ence, this paper is structured as follows: the findings from the

n vitro drug release are presented; second, the modelling of drug
elease is presented, and followed by structural studies of the drug-
oaded PLGA microspheres. In particular, in this work it will be
hown that the generally neglected cryoporometry freezing curve
an be used to determine the critical pore neck sizes guarding access
o the interior of the microsphere, and that these pore network
arameters correlate with mass transport properties. Further, cry-
porometry scanning loops will be used to characterise the pore
etwork geometry. It will be shown that these novel NMR tech-
iques allow a greater understanding of the structural evolution
nderlying the pulse release process to be obtained.

. Materials and methods

.1. Materials

50:50, 65:35 and 75:25 PLGA, where the numbers represent the
olar ratio of lactide:glycolide, were purchased from Lakeshore

iomaterials Inc., US. Cisplatin (CPt) was purchased from Lianyun-
ang Unionrun Co. Ltd., China. Trifluoromethyl umbelliferone, used
or entrapment studies, and platinum standard solution, used for
he determination of drug concentration, were purchased from
igma–Aldrich, UK. Dichloromethane (DCM), used as a solvent,
olyvinyl alcohol (PVA), used as an emulsifier in the production of
icrospheres, and nitric (HNO3) and hydrochloric (HCl) acids, used

s aqua regia, were all purchased from Fisher Scientific, UK. An IKA-
ltra-Turrax® T25 homogeniser (Janke & Kunkel GMBH & Co. KG.,
ermany) was used to produce the emulsion in the microsphere
roduction.

.2. Production of PLGA microspheres

CPt-loaded 50:50, 65:35 and 75:25 PLGA microspheres were
roduced using a single emulsion method. Briefly, 10 g of poly-
er/drug solution were homogenised in 100 ml of PVA solution

0.5%, w/w) at 6500 rpm for 15 min. A polymer concentration of

5% (w/w) and a drug-to-polymer ratio of 1:2 were used. After that,
he nascent microspheres were transferred to magnetic stirring at
50 rpm at ambient condition for 3 h. The products were then fil-
ered, washed and air dried. The resulting CPt-loaded microspheres
ere also sieved into three different size fractions: between
armaceutics 383 (2010) 244–254

90–75 �m, 75–53 �m and 53–38 �m. Blank 50:50, 65:35 and 75:25
PLGA microspheres were produced using the same method and
condition but without drug. For convenience, CPt-loaded 50:50
PLGA microspheres will be abbreviated as CPt-50:50MS henceforth,
and similarly for the microspheres made of 65:35 and 75:25 PLGA.

2.3. In vitro drug release analysis

Five preweighed samples were prepared from each PLGA micro-
sphere batch for in vitro drug release analysis. Each 0.2 g of
microspheres sample was treated in 10 ml of 0.1 M phosphate
buffered saline (PBS, pH 7.4). Sample incubation was carried out by
shaking in a water bath with a back-and-forth shaking (150 rpm)
and temperature maintained at 37.0 ± 0.5 ◦C. Buffer refreshment
was carried out hourly for the first 6 h and daily thereafter. At
frequent intervals, sample solution was aspirated for CPt content
determination (Section 2.4). Results shown are mean ± standard
deviation (n = 5).

2.4. Determination of CPt concentration

Cisplatin released in the buffer was measured based on the plat-
inum content in the drug molecule using a Model 3110 atomic
absorption spectrometer (PerkinElmer Ltd., UK), equipped with a
platinum cathode lamp and set at a wavelength (	) of 265.9 nm to
detect platinum concentration. The platinum content in the sam-
ple was measured directly by aspirating the sample solution into
the spectrometer at a rate of 1.0 ± 0.1 ml/min for 30 s. The cis-
platin content was determined from a calibration curve constructed
using known platinum concentrations and their corresponding
absorbances.

2.5. Determination of drug loading

Acid digestion was used to process CPt-loaded samples. 0.20 g
of sample was digested with 4 ml of aqua regia (1:3, HNO3:HCl)
and dried at 85 ◦C for approximately 45 min to just dryness. This
procedure was repeated once or twice in order to achieve complete
sample digestion to yield an absolute platinum content. Then 10 ml
of 2 M HCl were added to the digested sample and CPt concentra-
tion was determined according to Section 2.4. Eq. (9) was used to
estimate the drug loading in PLGA microspheres:

Drug Loading, DL (%) =
[

Amount of drug (mg)
Amount of sample used (mg)

]
× 100%

(9)

2.6. Morphological characterisation of PLGA microspheres

A small amount of microspheres were evenly sprinkled onto a
carbon adhesive disc mounted onto an aluminium stub. Samples
were then coated with a thin layer of gold for 5 min in an Edwards
Sputter-coater S150B. The specimen was viewed using a JEOL JSM
6310 scanning electron microscope operating at a typical 10 kV
accelerating voltage, 20 ◦C and 10−5 Torr.

2.7. Pulse field gradient (PFG)-NMR experiments

Blank PLGA microspheres were produced according to the
method given in Section 2.2. Approximately 0.3 g of sample were

immersed in 2 ml of distilled water and then transferred into a
5 mm ID NMR tube. 1H NMR with bipolar longitudinal eddy current
delay (BPLED) experiments were conducted using a Bruker Advance
400 MHz spectrometer at a probe temperature of 298 K. The mea-
surement of the diffusion coefficient of water was conducted using
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the CPt-loaded PLGA microspheres are fundamentally described as
biphasic; Phase 1 is the initial faster drug release during, or up to,
the first day, then there is a slower drug release thereafter, denoted
as Phase 2.
Y.S. Lee et al. / International Journa

diffusion ordered spectroscopy (DOSY) program. DOSY follows the
ntensity of the stimulated echo signal based on the movement or
isplacement of a species from one point to another.

For each diffusion measurement, eight 1H spectra
16 scans/datum) were collected at different PFG strengths
anging from 67.40 to 3203.0 Gauss per metre (G/m). The values
f �, ı and � used were 0.05 s, 0.002 s, and 0.0001 s, respectively.
ach measurement yielded a set of eight intensities (Ireal), each
orresponding to the eight different PFG strengths. Icalc was gener-
ted by fitting these Ireal to Eq. (4) using the least-squares method.
s aforementioned, in order to obtain a restricted diffusion, the
iffusion time, � has to be sufficiently large. With a � value of
.05 s, from Eq. (4), the r.m.s. displacement was ∼15 �m. This
agnitude is likely to exceed the pore sizes but be no larger than

he microspheres used in this study, i.e. between 38 and 90 �m.

.8. NMR cryoporometry

Blank PLGA microspheres were produced according to the
ethod given in Section 2.2. Approximately 1 g of microspheres,

omprising the “stock” sample was immersed in 5 ml of distilled
ater and incubated at 37 ◦C in a shaking water bath. At specific

ime interval, a small amount of microspheres was collected using
pipette tip. The top part of the tip was trimmed in order to fit

nto a NMR tube. The trimmed tip was then inserted into a NMR
ube and positioned between a set of susceptibility plugs. A ther-

ocouple used to assess temperature was inserted through the top
usceptibility plug to the depth of just reaching the sample. Fresh
ample was prepared from the “stock” for each measurement.

Cryoporometry analysis was conducted using the same NMR
pectrometer described in Section 2.7, with a spin echo sequence
nd echo time of 2 ms. The temperature was varied step-wise (0.5 or
K/step) within the range of 225–273 K, with a 10 min equilibration

ime in between changes. The small step change was necessary to
nsure temperature stability. The sample was subjected to consec-
tive cycles of freezing (F-cycle), melting (M-cycle) and refreezing
rF-cycle), or abbreviated as F/M/rF cycles. In doing so, the temper-
ture was reduced step-wise from room temperature to 225 K, then
aised to 273 K and reduced again to 225 K. A 1H spin echo spectrum
as acquired at each temperature.

A temperature gradient was anticipated to be present along and
cross the sample. This temperature gradient was minimised by
sing a set of susceptibility plugs. The plugs raised the sample to
ithin the receiver coil and at the same time, reduced the sample

ength. Not only did these plugs help to provide insulation for the
ample, they also permitted liquid expansion contained in the tip.
he NMR experimental conditions used herein were developed by
erkins et al. (2008) and they suggested an error in temperature
easurement of 0.2 K was to be expected.
The variation of NMR signal intensity (I) during the F/M/rF cycles

as measured as a function of temperature (T) and was plotted as
he IT-curve. The reasons for using water as the probe fluid are
hat the water molecules are small enough to enter the minute
avities within the sample and no part of the sample is soluble
n water. Allen et al. (2008) found that repeated freezing–thawing
ften changes the structure of porous materials, while the growth of
ce crystals can cause deterioration to the sample. For these reasons,
ach analysis was done on a fresh sample, though recent results
Perkins et al., 2009) suggest that cryoporometry curves are repeat-
ble for the same sample of microsphere at a given immersion
ime.
.9. Confocal laser scanning microscopy (CLSM)

In order to examine the distribution of drug within the
icrosphere, CLSM was used. PLGA microspheres were produced
Fig. 1. Percentage (%) cumulative release of CPt from CPt-65:35MS of sizes:
53–38 �m (©), 75–53 �m ( ) and 90–75 �m (�).

according to Section 2.2, but with trifluoromethyl umbelliferone
(4-TFMU) premixed into the polymer solution. A PLGA-to-4-TFMU
ratio of 1:1 was used. A small amount of sample was placed between
two glass slides with minimal mineral oil added to hold the cover
slides in place. The sample containing-slides were then mounted
onto the microscope sample stage. The distribution of entrapped 4-
TFMU in PLGA microspheres were observed using a Carl Zeiss LSM
510 (Germany) microscope equipped with an argon photon laser
(laser power, 10–75%) with excitation wavelength, 	 = 488 nm. The
pinhole size was varied from 169 to 1000 �m. Image viewing and
processing were performed using LSM 510 software.

3. Results

3.1. Studies of in vitro drug release

The drug release in PBS was measured over a period of 20 days
for the three PLGA microspheres. As described in Section 2.2, the
resultant drug-loaded microspheres were sieved into three differ-
ent size fractions, namely, 90–75 �m, 75–53 �m and 53–38 �m,
in order to study the effect of variation in particle size on drug
release. An example of the cumulative in vitro drug release pro-
file of CPt-65:35MS is shown in Fig. 1. The drug release profiles of
CPt-50:50MS and CPt-75:25MS (result not shown) exhibited sim-
ilar profiles to those shown in Fig. 1. The drug release profiles of
Fig. 2. Cumulative CPt release during the first half a day against square root of time.
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.2. Pharmacokinetics studies

Preliminary attempts to fit Eqs. (1)–(3) to the drug release
rofiles showed poor modelling of these data. One of the rea-
ons may due to the complication of bulk degrading PLGA where
he degradation does not progress at a constant velocity across
he sample (Lao et al., 2008). The inadequacy associated with
imple empirical models is such that they do not account for
ny physical conditions, especially the degradation effect on
he PLGA drug releasing depots. However, by partitioning the
rug release profiles into Phase 1 and Phase 2, it was found
hat the drug release data during the first 12 h in Phase 1
as, within experimental error, consistent with a Higuchi-type

elease; an example of CPt-65:35MS is shown in Fig. 2. These
esults suggest that the initial release of CPt from the PLGA
icrospheres produced in this work during the first 12 h, is

iffusion-controlled.
To attempt to improve the modelling of CPt release profiles, a

emi-mechanistic model was used. This model can be used to relate
he parameters of the rate equation to the physical conditions of the
epots. As described by Machida et al. (2000), the drug released in

olution is related to the ultimate amount of drug released from the
epot by

1 = Q0(∞)(1 − e−k0t) (10)

ig. 3. Examples of model Eq. (10) and (11) fittings to CPt release profiles of: (A) CPt-50:50
ines represent the bi-exponential model (Eq. (11)), while dashed lines represent the mon
armaceutics 383 (2010) 244–254

where Q1, the amount of drug released into solution at time, t,
which is dependent upon the release constant, k0, and Q0(∞) is
the amount of drug ultimately released from the depot.

A second exponential term can be added to the model based on
an approach using a three compartmental model. The model now
contains a releasing depot with two pools. Physically, the first pool
may represent a fraction of drug that is located near/at the surface of
the depot and is readily released. The second pool represents subse-
quent drug release arising from those molecules entrapped deeper
within the matrix. The model (Machida et al., 2000) describing the
relationship between the amount of drug released and the ultimate
amounts of drug released from the two pools of the depot is

Q1 = [Q2(∞)(1 − e−k2t)] + [Q3(∞)(1 − e−k3t)] (11)

where Q1 is the amount of drug released into the solution. Q2(∞)
and Q3(∞) are the ultimate amounts of drug released from Pools A
and B, which will be released after a long time. k2 and k3 are the
release rate constants of Pools A and B, respectively. Both Eqs. (10)
and (11) were fitted to the experimental data and examples of the

results are shown in Fig. 3. From Fig. 3 it can be seen that the data for
CPt-75:25MS give a much better fit to a single exponential model
than the data for the other two types of microspheres. However,
data for all three types of microspheres show a better fit to a bi-
exponential model.

MS (53–38 �m), (B) CPt-65:35MS (75–53 �m), (C) CPt-75:25MS (90–75 �m). Solid
o-exponential model (Eq. (10)). Error bars were omitted for clarity.
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Fig. 4. (A) 65:35MS-disc before and, after 10 days and 20 days immersion in water. (B) SEM image of 65:35MS-disc.
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should also be noted that the measured NMR intensity is tempera-
ture dependent due to Boltzman’s effect. The Boltzmann statistics
shows that the ratio of NMR proton spins, with upper- and lower-
energy states are temperature dependent (Mitchell et al., 2008).
Fig. 5. (A) The diffusion coefficient of imbibed water, D2 and (B) the volume

.3. Studies of water transport in PLGA microspheres

Swelling of the device is common for PLGA microspheres
Matsumoto et al., 2006). Fig. 4 shows 65:35MS-discs produced
sing high pressure pressing. Fig. 4 proves that 65:35MS underwent
ydration and the disc had swollen after 10 and 20 days immersion

n water. Fig. 4B shows the fragility of PLGA microsphere towards
igh pressure disc-pressing. The partially deformed 65:35MS could

ead to a hydration gradient across the disc.
The estimated diffusion coefficients of imbibed water (D2) in

LGA microspheres and their corresponding volume fraction of
mbibed water (1 − p) are shown in Fig. 5. It should be noted that
here is approximately 0.4% of uncertainty associated with the

easurement of diffusion coefficient using PFG-NMR due to inho-
ogeneity in the magnetic field (Kato et al., 2006). Perkins (2009)

uggested that the error in the model could be as high as 5%. The rel-
tively constant values of D2 and (1 − p) for 75:25MS suggest that
ignificantly less structural evolution is occurring in these micro-
pheres when compared with the 50:50MS and 65:35MS. This may
xplain why the drug-release data for the 75:25MS gives a much
etter fit to a mono-exponential (single (drug release) phase) model
hen compared with the data for the 50:50MS and 65:35MS.

Fig. 6 shows the F-cycles of 75:25MS after immersion in water
or various times. Referring to the significant decrease in sig-
al intensities shown in Fig. 6, the bulk liquid was frozen at
66–267 K (denoted as TFo). The F-cycle following 5 days immer-
ion of 75:25MS exhibits a diminutive step just above 260 K and

nother at ∼240 K. The F-cycle, following 10 days of immersion for
5:25MS, exhibits a clear step close to TFo and another at ∼241 K.
he F-cycle from 20 days 75:25MS exhibits a gradual decrease in
/I273 below TFo and a step at ∼240 K. I273 is the signal intensity

easured at 273 K. The 30 days 75:25MS exhibits the most distinct
on of imbibed water (1 − p) of 50:50MS (
), 65:35MS (©) and 75:25MS (×).

pattern where a clear and prominent step close to TFo can be seen
followed by another at ∼240 K.

In some cases, the values of I/I273 are observed to be higher than
unity. This is attributable to the varying I273. Since I was detected
based on the presence of molten water in molten phase and is
indicative of its volume in bulk, over time, the bulk water diffuses
into the microspheres and thus reduces the prior measured I . It
Fig. 6. IT curves for the F-cycles of 75:25MS after immersion in water for 5, 10, 20
and 30 days. Inset: A refocus on the lower scale of I/I273.
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ig. 7. IT curves for F/M/F cycles of 75:25MS after 5 days immersion in water.

he measured intensity, I (TK), at absolute temperature, TK can be
orrected relative to the signal intensity, I (273 K), at 273 K based
n the Curie Law using:

I(TK)
I(273 K)

= 273
TK

(12)

The measured intensities of cryoporometry experiments were
orrected using Eq. (12) and the results show that the temperature
ffect was minimal on the measured intensities.

Fig. 7 shows the F/M/rF cycles obtained from 75:25MS after 5
ays immersion in water. The plot focused on the lower scale of

/I273 in order to show the small variations in I/I273 with temper-
ture. After Freezing 1 (F-cycle), the frozen sample was subjected
o a subsequent melting (M-cycle) but the temperature was raised
nly to a point just below the bulk melting point (i.e. ≤273 K) while
he bulk remained frozen. Following that, a rF-cycle was initiated.
ollowing the F-cycle, the bulk liquid was first frozen at∼267 K. Sec-
nd and third freezing transitions occurred at ∼258.5 K (TN1) and
239 K (TN2), respectively. For convenience, the notations such as

N1’ and ‘N2’ are used to describe the relative temperatures to TFo;
.e. TN1 is closer to TFo while TN2 is further away from TFo. With both
he F/M cycles, it shows that the confined water in 75:25MS under-
ent supercooling. The larger nano-pores, freezing at ∼260 K, must
ave direct access to the surface bulk liquid, while the smaller pores

roze at ∼240 K. The significant reduction in hysteresis between the
elting curve and the refreezing scanning loop suggest that narrow

ecks with relatively little pore volume guard access to the interior
f the microspheres.

The F-cycles obtained from 50:50MS after immersion in water
or various times are shown in Fig. 8. The sampling time point of
0:50MS was based on a hourly basis in view of the more rigid
ample before any degradation effect commences, which might
omplicate interpretation of the results. The F-cycle from 50:50MS

fter 2 h immersion in water did not exhibit any clear step below TFo
∼266 K). Based on the enlarged plot (shown in inset), the F-cycle
f 6 h water-immersed 50:50MS exhibits a step at ∼258 K. The F-
ycle from 50:50MS after 15 h immersion in water exhibits a clear
tep at ∼255 K. Thereafter, fluctuation in signal occurred at a mag-

able 1
he estimated freezing points and necks sizes of 75:25MS after immersion in water.

Immersion in water (day) First freezing transition

Temperature, TN1 (K) Neck size

5 261.4 4.31
10 – –
20 – –
30 265.6 6.76
Fig. 8. IT curves for freezing cycles of 50:50MS after 2, 6, 15 and 30 h immersion in
water. Inset: A refocus on the lower scale of I/I273.

nitude close to the background signal and no further interpretation
could be derived. For the 30 h-immersed 50:50MS, its F-cycle tends
to show a step at ∼266 K and another at ∼240 K.

The F-cycles shown in Fig. 8 demonstrate the difficulty of inter-
preting precise information purely based on the IT-curve. Since
the liquid volume is related to the measured intensity, the IT
curves represent the pore volume as a function of temperature
(Strange, 1994). The information of interest, in this case, the pore
size distribution can be quantitatively determined by studying the
distribution of these freezing temperatures. The pore volume, V(x)
is a function of pore diameter x and the volume of pores with diam-
eter between (x + �x) is (dv/dx)�x. The pore size distribution can
then be determined using the measurement dV/dx provided k is
known for the liquid use.

A range of k values for water, as probe liquid, measured using
different silica beads are available in the literature such as, i.e.
52 K nm (Hansen et al., 1996; Morishige and Kawano, 1999), and
50 K nm from a work involving PLGA microspheres (Petrov et al.,
2006). The particular problems with polymeric microspheres are
the influences of swelling and degradation, both of which will alter
the physical structure and properties of the measured sample. Ide-
ally, the influence of these variations ought to be accounted for in
the k calibration. For this work, a k value of 50 K nm will be used to
estimate the neck sizes and their corresponding freezing tempera-
tures based on the F-cycles using Eq. (8). The results are presented
in Tables 1 and 2. 273.15 K was used as the normal freezing temper-
ature for water and not the measured freezing point obtained from
specific sample which was suppressed by the supercooling effect.

3.4. Distribution of entrapped agent in PLGA microsphere
The results from this experiment can mimic the distribution
of entrapped drug in PLGA microspheres and can be related to
the drug release pattern of PLGA microspheres (Rigby et al., 2004;
Messaritaki et al., 2005). Fig. 9A shows multiple 75:25MS, while
individual 75:25MS are shown in Fig. 9(B) and (C). Fig. 9(B) and

Second freezing transition

, xN1 (nm) Temperature, TN2 (K) Neck size, xN2 (nm)

239.5 1.49
240.3 1.52
239.2 1.47
238.2 1.43
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Table 2
The estimated freezing points and necks sizes of 50:50MS after immersion in water.

Immersion in water (h) Estimated temperature (K) Estimated neck size
(nm)

TN1 xN1

2 265.1 6.33
6 267.3 8.77

(
e
i

c
m
b
e
v
f
t
p
p

the drug released from CPt-65:35MS of all size fractions tended to

F
d

15 265.5 6.67
30 238.9 1.47

C) clearly indicate a heterogeneous distribution pattern of the
ntrapped 4-TFMU based on the spatial variation in fluorescence
ntensities.

By “stacking” sequential two-dimensional (2D) micrographs,
ollected for planes located at different depths through the speci-
en, the spatial distribution of entrapped 4-TFMU in 75:25MS can

e studied. The three-dimensional (3D) projections of a 75:25MS
ntrapped with 4-TFMU are shown in Fig. 10; with orthogonal
iews of the sphere and sequential 2D micrographs focused at dif-

erent depth planes. The depth of the image plane is indicated on
he top left corner of the micrograph; i.e. 0 �m indicates the image
lane was at the periphery of the sphere; 1 �m indicates the image
lane was 1 �m into the sphere from its periphery.

Fig. 9. Confocal micrographs focused at equatorial plane showing (A) multip

ig. 10. Confocal micrographs showing the cross-sections of a 75:25MS entrapped with
ifferent plane depth.
armaceutics 383 (2010) 244–254 251

Fig. 10 shows a 75:25MS of size ∼20 �m. From Fig. 10C, it can
be seen that the spatial distribution of 4-TFMU varied across the
sphere. For instance, with the increasing intensity from plane dis-
tance of 0 to 4–5 �m, this indicates an increase in concentration
of the entrapped agent across these planes. From the orthogonal
view (Fig. 10B), the distinct bright site tends to concentrate at one
side of the sphere. Regions filled with 4-TFMU could vary in inten-
sity over time due to probable water transport between the interior
cavities.

4. Discussion

Fig. 1 shows the cumulative in vitro release of CPt from CPt-
65:35MS of different size fractions. CPt-65:35MS of the smallest
size fraction (53–38 �m) clearly exhibits the fastest drug release
rate compared to other size fractions. For example, CPt-65:35MS of
the smallest size fraction released up to 40% of its drug content dur-
ing the first day whereas CPt-65:35MS with larger fractions did not
reach to 40% drug release after 2 days. After approximately 12 days,
converge and proceed at a similar rate. The smallest size fraction
CPt-65:35MS is likely to have the largest Sv ratio and therefore, it
was anticipated that they should exhibit a faster drug release rate.
In contrast, microspheres of larger size would exhibit a lower rate

le 75:25MS, and (B) to (C) singular 75:25MS entrapped with 4-TFMU.

4-TFMU; (A) at equatorial plane, (B) orthogonal views and (C) cross-sections at
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f drug release due to the longer diffusion path length across the
arger sphere.

The initial drug release during Phase 1 is associated with a rapid
elease phase commonly known as the “burst release”. Burst release
an be defined as the quantity of drug that escapes from micropar-
icles prior to the onset of polymer erosion-mediated drug release
Allison, 2008a). An instant cumulative CPt release as high as 25% in
LGA microspheres has been reported (Fujiyama et al., 2003). The
ttings of the Higuchi model (Qt = kHt0.5), shown in Fig. 2, suggested
hat the Phase 1 drug release is highly diffusional.

During microsphere production, the drug can show a tendency
o diffuse towards the aqueous phase (Perez et al., 2000). This
eads to entrapment of CPt in the periphery of the microspheres,
nd causes an increased drug concentration at the periphery. This
urther creates a large drug concentration gradient between the

icrospheres and buffer during buffer immersion. The large con-
entration gradient subsequently provides a greater driving force
or drug diffusion. In addition, during the production process, free
Pt from leakage might have adsorbed on the surface of the micro-
pheres. These CPt molecules are then easily released into the
uffer. Other factors that can contribute to rapid drug release are
uch as the pore dimensions within the microparticles, the polymer
atrix density and the particle porosity. Meanwhile, the termi-

ation of burst release may be explained by structural relaxation
ue to increased particle density and surface pore closure (Allison,
008b).

In some cases, the microspheres of intermediate and largest
ize fractions exhibited similar release rates. Possible effects may
rise from: (1) the different local concentration of the drug
ithin a microsphere which can influence the drug release pattern

Matsumoto et al., 2005). Drug located in the outermost periph-
ry of the microspheres would be expected to be rapidly released.
LSM studies (Section 3.4) show a heterogeneous spatial distribu-
ion of the entrapped agent in PLGA microsphere. Similar results
ere obtained by Messaritaki et al. (2005). (2) While hindering a
omogeneous drug distribution, the different amorphous regions

n PLGA can also affect the freedom of drug diffusion within the
atrix, in addition to contributing to a rapid drug release (Sastre

t al., 2004).
The CPt release from CPt-65:35MS could be related to the

radual increase in D2 and (1 − p) for 65:35MS (Fig. 5A). This hydra-
ion profile obtained from PFG-NMR experiments mimics the CPt
elease from 65:35MS seen in Fig. 1. The gradual hydration within
5:35MS provides medium for drug transport such that drug can be
eleased into the buffer. The greater changes in the D2 and (1 − p)
arameters over time for the 65:35MS compared to the 75:25MS
uggest that greater structural evolution is occurring in the 65:35
S, which may be associated with the larger observed changes in

he drug release rate.
The fast Phase 1 drug release observed in CPt-50:50MS during

he first day may be correlated to the microsphere swelling profile
een in Fig. 5A. During swelling of a microsphere, its glass transition
emperature is lowered (Hopfenberg and Hsu, 1978), and buffer
mmersion (Siepmann et al., 2004) shifts the physical state of the
ystem to a rubbery state which permits faster medium diffusion
Fan and Singh, 1989). Siepmann et al. (2004) also found that this
hift was independent of microsphere size.

CPt release from PLGA microspheres cannot be fully charac-
erised by empirical models (Eqs. (1)–(3)) and it has been reported
n the literature that PLGA microparticles can yield a non-square
oot relation drug release profile (Fujiyama et al., 2003). A complex

odel developed by Grassi et al. (2000) accounted for the factors

uch as the sizes of the particles, the physical state and distribution
f the entrapped drug within the device, including the dissolution
nd diffusion of the drug. Jalil and Nixon (1990) proposed a num-
er of relevant mechanisms such as surface-drug desorption, drug
armaceutics 383 (2010) 244–254

diffusion through particle pores and various regions in the polymer
matrix. It is common for a model to have specific components that
are mechanism- and time-dependent during the release period (Liu
et al., 2006; Duarte et al., 2006). However, the contribution of these
mechanisms can sometimes be difficult to quantify (Polakovič et
al., 1999).

Both Eqs. (10) and (11) were fitted to the CPt release profiles and
examples of results are shown in Fig. 3. Goodness of fit was com-
pared based on the Akaike’s Information Criterion (AIC) factor. In all
cases, the AIC values of the model described by Eq. (11) were lower
compared to those of Eq. (10). The distribution of residual plots
also shows a random distribution about the zero-axis. Hence, the
bi-exponential Eq. (11) is suggested to be more suitable to fit to the
CPt release profiles compared to a mono-exponential model. This
also implies that the developed PLGA devices can be described as
a depot having two pools; the first pool contains a readily released
fraction of drug, and the remaining will be subsequently released
at a later stage.

During the initial measurements, D2 for both 50:50MS and
75:25MS (Fig. 5A), are well above those of 65:35MS, suggesting
65:35MS experienced lower rate of hydration. This is reflected in
the lower fraction of imbibed water (1 − p) for 65:35MS seen in
Fig. 5B. The D2 of 50:50MS began with a lower value than that of
75:25MS but after 4 days, it surpassed the D2 of 75:25MS. A possible
scenario is that, initially, the pores within 50:50MS were the most
tortuous, and then water started to diffuse into the microspheres.
As a result, pore expansion and swelling increased the fraction of
imbibed water. The effects of hydration on PLGA microspheres are
proposed below:

i. Hydration occurs via two phases, water diffusion through the
amorphous region of the polymeric microsphere and water pen-
etration through surface micro- or nano-pores. This hydration
process will increase the fraction of imbibed water (1 − p). Prior
to this, the microspheres may be partially filled with residual
water from the production process.

ii. When a cavity or pore undergoes hydration, it expands and leads
to swelling. As a result, the microsphere can increase in size
(Fig. 4A).

iii. The presence of interconnecting channels or amorphous regions
would permit water transport between pores or regions in the
matrix.

In the event of water diffusing from one pore to another, i.e.
from bigger pores to smaller pores, while the water in a bigger pore
leaves to fill a smaller pore, the “swollen” bigger pore decreases in
size while the smaller pore expands as water gradually fills up.
These lead to temporary changes in pore sizes where pores expand
and shrink due to water migration between them. Furthermore, it
could also be that initially, the pores nearest to the microsphere
surface experience a more frequent hydration-swelling effect. This
effect then gradually took place in the interior of the spheres as
immersion proceeded.

Here, it is suggested that the least hydrophobic nature and
degradation resistance of 50:50MS gives rise to a higher water dif-
fusion compared to 65:35MS and 75:25MS. Hence, D2 increases
with (1 − p) because of the higher hydration rate experienced by
50:50MS. Thus, the imbibed water was able to move more freely in
enlarging pores.

It is common to observe that swell-able polymeric micro-
spheres exhibit both structural swelling and shrinking. Fujiyama

et al. (2003) presented cross-sectional SEM images of degrading
PLGA/PLA microspheres. Interior structural collapse was shown
by these authors and at different degradation times, this struc-
ture alternated between dense and porous natures. Swelling was
thought to have caused the expansion of local cavities/pores and
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inimised the adjacent spaces. The pore sizes of swollen cellu-
ose beads after immersion in water could sometimes double their
nitial sizes (Ek et al., 1995).

Owing to its higher Sv ratio, liquid confined within pores crys-
allises (or freezes), and melts, at temperatures well below its bulk

elting point. Compared to bulk, this high Sv ratio introduces
xcess energy for the solid. Thereby, the liquid–solid equilibrium
s shifted towards the liquid state (Petrov and Furó, 2006). Hence,

olten liquid is still present in the porous microspheres even below
he normal freezing point of water. The freezing of water in pores
ccurs via the ingress of ice crystals from the frozen bulk into the
nterior pores (Khokhlov et al., 2007; Perkins et al., 2008) and this
auses the delay in the complete freezing of water present in the
ystem, as seen in Figs. 6–8. This scenario resembles the typical
ink-bottle” pores where the main pores are connected through
necks” of smaller sizes.

In order to overcome the nucleation barrier that may delay
reezing, Brun et al. (1977) suggested to initially freeze the system
ith excess liquid and at a low enough temperature to obtain a

rozen bulk. Following that, the temperature is increased to a point
ust below the bulk melting temperature to study melting in pores.
ubsequently, freezing is initiated again. By doing so, a solid phase
ill always exists at the entrance of the pores and can act as nuclei

or freezing inside pores.
The resulting F/M/rF cycles (Fig. 7) show that the signal inten-

ities of the latter two cycles were very close to the background
ignal/noise and were unable to clearly distinguish any phase
hanges for a large fraction of the pore size distribution. This sce-
ario may be because the 75:25MS used had pore sizes such that
heir corresponding melting points were very close to the bulk

elting temperature.
It is also evident that the F/M cycles shown in Fig. 7 did not

etrace one another thereby suggesting the presence of hystere-
is. This is largely due to the delayed freezing nucleation (Petrov
nd Furó, 2006). By referring to Fig. 7, the mechanism, whereby
he freezing of water confined in pores occurs by ice ingress
rom the frozen bulk through the interconnecting channels, can be
emonstrated. For porous media, the hysteresis is thought to have
riginated from the pores of varying cross-sections and networks
ffects. It is the connection through a smaller channel to a bigger
ain cavity that gives rise to pore-blocking effect. This mechanism

ccurs when a narrow channel is preventing the further ingress of
he solid phase. After reaching TFo, the ice front will not be able
o ingress into smaller pores until the thermodynamical condition
avouring this penetration is achieved. Consequently, a second or
hird freezing point is detected at a much lower temperature.

The following theories are suggested by Petrov and Furó (2006)
o explain the freezing/melting hysteresis;

i. As far as bulk liquid is concerned, homogenous nucleation
causes an uncontrollable delay in freezing. The bulk liquid
becomes supercooled until homogeneous nucleation initiates
freezing.

ii. Freezing by solid ingress within the interior pores may be het-
erogeneously nucleated by the surrounding bulk ice but this
solid ingress is delayed by a pore-blocking effect.

ii. There is present a free-energy barrier for solid ingress which
separates metastable states of a confined material from stable
ones.
This sort of analysis is advanced from the studies of capillary
ondensation and vaporisation which are parallel to those of melt-
ng and solidification/freezing respectively (Beurroies et al., 2004;
enoyel et al., 2004). From the delay in freezing (Fig. 7), the follow-

ng is deduced:
armaceutics 383 (2010) 244–254 253

i. 75:25MS are likely to be porous and hydration enables water to
be imbibed in its interior.

ii. The presence of hysteresis suggested that these pores are made
of ink-bottle geometry. The ink-bottle effect is thought to delay
the freezing of confined water.

iii. Since melting curves could not be explored, the freezing curves
can only be used to estimate the size of the neck, i.e. the “chan-
nels” through which the ice crystal ingresses. The presence of
second and third freezing points indicated a bimodal system;
75:25MS used herein was potentially inherited with necks of
one or two different sizes.

Referring to Fig. 7, when the temperature reaches TN1; this point
corresponds to the freezing of the water in the interconnecting neck
of size xN1. Further cooling to TN2 freezes the water in the neck of
size xN2. From the Gibbs–Thomson equation (Eq. (7)), the neck with
size xN1 is bigger than the neck with size xN2 because the latter
occurs at a lower temperature.

The same mechanism observed in liquid freezing can be
expected for melting of liquid in porous media inherited with ink-
bottle pores (Beurroies et al., 2004). Since the water confined in
pores will not freeze before the water in its connecting necks, like-
wise, the melting will also begin in the neck before the frozen
confined water. Denoyel and Pellenq (2002) also agreed with this
phenomenon, suggesting that surface melting occurs at the end of
the metastable range and the only condition is that the pore wall is
preferentially wetted by the liquid rather than by the solid phase
(ice). Morishige and Kawano (1999), amongst others, also observed
the presence of a bound liquid layer located adjacent to the pore
wall when the inner fluid had frozen.

For the necks present in 75:25MS, only the 5 and 30 days
samples show a bimodal neck size system. The appearance and
disappearance of the smaller necks in 75:25MS could have been
caused by the swelling/shrinking effects. Hansen et al. (2005) dis-
covered a complicating situation in which changes could appear in
the porous network upon the addition of water. During their sam-
ple preparation, the drying process caused the pores to partially
shrink, and in extreme cases, collapse. In subsequent measurement,
some of the larger pores that collapsed during the earlier drying
reappeared after water immersion. In 75:25MS, although pores of
size xN1 were not detected on the tenth and twentieth days, they
may reappear at different stages. The expansion of smaller space
within the polymeric matrix could also be forming new necks,
while the swollen necks transformed into larger cavities/pores and
disappeared from the detection.

For 50:50MS, they are observed to have a unimodal neck-pore
system. Again, the intermittent polymer swelling and shrinkage
may have given rise to the increase and decrease in their neck sizes.
After 30 h of immersion in water, a much smaller neck size, i.e.
1.47 nm, was detected. This neck could be a newly expanded space
due to polymeric swelling, or a neck that is experiencing shrinking
effect. Our further results (not shown) from NMR cryoporome-
try experiments showed that 50:50MS can be experiencing more
prominent swelling effects and the appearance of second necks at
a much later stage.

Fig. 10 shows a 75:25MS of size ∼20 �m. From Fig. 10C, it can
be seen that the spatial distribution of 4-TFMU varied across the
sphere. For instance, with the increasing intensity from plane dis-
tance of 0 to 4–5 �m, this indicates an increase in concentration of
the entrapped agent across these planes. From the orthogonal view

(Fig. 10B), the distinct bright site tends to concentrate at one side of
the sphere, which was the bottom hemisphere. This is attributable
to the presence of residual water. Regions filled with 4-TFMU could
vary in intensity over time due to possible water transport between
the interior cavities.
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Figs. 9 and 10 show the heterogeneous distribution of 4-TFMU
n 75:25MS. The amorphous and crystalline regions in PLGA are
hought to hinder a homogeneous distribution of entrapped agent
Sastre et al., 2004). An imperfect entrapment can arise from an
nstable emulsion during the production process. This instability
an lead to the coalescence of droplets and can cause the drug to
e heterogeneously distributed within the microsphere (Perez et
l., 2000). As aforementioned, the heterogeneous distribution of
ntrapped agent in PLGA microsphere can contribute to the com-
lexity in predicting in vitro drug release.

With the suggested swell-able and bimodal neck system inher-
ted by the PLGA microspheres produced in this study, drug may
e entrapped in the main pores with small connecting necks.
hese drugs would not be released until the connecting necks
ndergo swelling to permit the passage of drug. This mechanism of
he neck might contribute to the applicability of a bi-exponential

odel (Eq. (11)), which indicates the presence of two separate drug
ractions.
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