
Effect of Formulation Variables on the Prediction of
Release from Microparticles with Experimental Design

A. Luzardo-Alvarez,1,2 S. Almeida-Prieto,1 F. Fraga-López,3 F. Otero-Espinar,1
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ABSTRACT: Different formulations of triamcinolone ace-
tonide (TA) encapsulated in microparticles (MPs) based on
poly(D,L-lactide-co-glycolide) (PLGA), poly(e-caprolactone)
(PCL), and poly(methyl vinyl ether-co-maleic anhydride)
(Gantrez AN119) blends were obtained by spray-drying
with a mixture experimental design. The goal of this study
was to investigate the influence of the mixture composition,
particle size, particle shape, enthalpy of melting (DHm) of
PCL, enthalpy of depolymerization of PLGA, and glass-tran-
sition temperature of Gantrez on drug release at pH 1.2 and
6.8. The presence of Gantrez in the MPs made PCL more
amorphous because of the reduction of its DHm. The deter-
mination of the activation energy (Ea) associated with TA

release from the MPs was used to calculate the fitting equa-
tion of the drug-release profile, and subsequently, a thermo-
dynamic (Arrhenius-like) model was established. Drug
release increased as Ea and DHm decreased. Our results sug-
gest that this approach was capable of predicting in vitro TA
release from these MPs, which allowed us to develop formu-
lations with low-release patterns at pH 1.2 and to modulate
drug release at enteric pH. � 2006 Wiley Periodicals, Inc.
J Appl Polym Sci 102: 4546–4553, 2006

Key words: biodegradable; blends; drug delivery system;
differential scanning calorimetry (DSC); microencapsula-
tion

INTRODUCTION

In the treatment of colonic pathologies, such as ulcera-
tive colitis and Crohn’s disease, local delivery of drugs
is required to prevent associated effects due to sys-
temic absorption of prolonged treatments if they are
absorbed at sites in the small intestine. Therefore, vari-
ous approaches have been commonly proposed for co-
lonic delivery for the administration of anti-inflamma-
tory drugs with enteric formulations, such as pellets or
tablets. The efficacy of these systems might be reduced
due to the presence of diarrheas frequently associated
with these kind of pathologies. To achieve successful
colonic drug delivery, the drug needs to be protected
from absorption and the environment of the gastroin-
testinal tract, and once the formulation reaches the
proximal colon, ideally, the drug should be released.

One approach for obtaining selective colonic drug
delivery has been the development of formulations
based on polymers that show pH-dependent solubility
(Eudragit) or the use of pellets coated with polymers
capable of being degraded by colonic enzymes.1,2

In this study, biodegradable polymers blend of poly
(D,L-lactide-co-glycolide) (PLGA) copolymer (PLGA
RG502H), poly(e-caprolactone) (PCL), and poly
(methyl vinyl ether-co-maleic anhydride) (Gantrez
AN119) were selected as the polymeric matrix for tri-
amcinolone acetonide (TA) encapsulation with spray-
drying. TA, a glucocorticoid, is a current drug of choice
for the treatment of ulcerative colitis and Crohn’s dis-
ease. It is poorly soluble in water and is very effective
at low doses compared to other drugs such as sulfasa-
lazine.

PCL is a biocompatible and biodegradable low-cost
polyester polymer that degrades slowly, and it has
been widely used in drug delivery.3 It exhibits a low
melting temperature (Tm ¼ 68.38C) and a low glass-
transition temperature (Tg¼�638C).4

PLGA is one of the biodegradable copolymers that
has been more extensively studied as a carrier for
microparticles (MPs). These PLGA polymers have
already been marketed for the delivery of protein and
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peptide drugs,5 whose biomedical applications have
been demonstrated.6 Finally, the third component, the
copolymer poly(methyl vinyl ether-co-maleic anhy-
dride) (Gantrez AN119), is a polymer that belongs to
the vinyl ethers group with major pharmaceutical
applications. It is a biodegradable polyanhydride that
is hydrolyzed in two free acid groups.7 At acid pH, this
polymer (pKa ¼ 2.5) shows slow dissolution rates,
which makes it a suitable material for colonic drug
delivery.

Polymer blend formulations might improve TA
delivery because the drug is incorporated in small
MPs, which maintain their biodegradable character, to
achieve a local action and, therefore, to reduce the sec-
ondary effects. Moreover, MPs obtained with spray-
drying as a conventional microencapsulation method
offers a simple, reproducible, and versatile technique
for TA encapsulation due to their easy scale-up.

The aim of this study was to design MPs made of
biodegradable and biocompatible polymers with
spray-drying for colonic delivery. A mixture experi-
mental design was performed to build amodel (a poly-
nomial equation) that could estimate and quantify the
effect of formulation variables on drug release and,
therefore, to obtain the optimal formulation for TA
delivery in simulated physiological circumstances. For
this purpose, each formulation was characterized by
differential scanning calorimetry (DSC), size, spheric-
ity, and loading efficiency. In vitro release properties
were evaluated. Finally, the TA release profiles over
12 h were used to establish a thermodynamic model
that related the TA release and the thermal behavior of
the samples.

EXPERIMENTAL

Materials

The biodegradable polymer blend used as the matrix
was composed on PCL, (molecular weight ¼ 42,500
Da; Sigma-Aldrich, Madrid, Spain); 14,000-Da non-
sterified PLGA 50 : 50 (Resomer RG502H) was pur-
chased from Boehringer Ingelgheim (Ingelgheim, Ger-
many). Poly(methyl vinyl ether-co-maleic anhydride)
(Gantrez AN119; molecular weight ¼ 200,000 Da) was
kindly gifted by ISP (Barcelona, Spain), and TA was
from Roig Farma S. A. (Barcelona, Spain).

Experimental design

To easily optimize the formulation and evaluation of
the influence of each component on the dissolution
rate, the mixture experimental design was used to pre-
pare systematic model formulations of the drug. This
experimental mixture design was built with Design-
Expert Software version 5 (Stat-Ease, Inc., Minneapolis,
MN). Solvent volume (ethyl formate), polymer concen-

tration for spray-drying, and drug concentration were
fixed at 3.7 and 3% w/w, respectively. Obviously, the
solvent volume (ethyl formate) was adjusted to the
total polymer concentration, both already mentioned
in the text. The solvent volume is clearly deduced by the
reader when the concentration of polymer and drug is
mentioned. According to the constrained experimental
design, PLGA, PCL and Gantrez AN119 proportions
were selected as input variables. Limits values for the
experimental design are shown in Table I.

To evaluate the influence of the partial replacement
of PLGA in the formulations by other polymers such as
PCL or Gantrez AN119, various parameters were
selected as output variables as follows: the percentage
of TA released at 120 and 720 min, the encapsulation
yield, the shape and size of MPs, and the enthalpies
and Tg values obtained from the thermograms of the
final formulations.

All formulations were prepared and assayed in
terms of TA release as randomized to minimize the
effect of systematic errors.

Ternary diagram

Once ranges of the variation of input variables were
established, the number of formulations to investigate
that were in good agreement with the restrictions men-
tioned previously was finally set at 11.

For the experiments, the total sum of the three sub-
stances was considered as 100%, and all possible mix-
tures were plotted on a ternary diagram (Fig. 1) whose
vertices represented the pure components (Table I).

The experimental results were analyzed with the
Design Expert software. We established, by analysis of
variance (ANOVA), the input variables that had a sig-
nificant effect on the response variables already mea-
sured. The experimental results were also analyzed
from the fitting thermodynamic model for pH values
of 1.2 and 6.8. The equation of models for every output
variable was also obtained, and we fit the response of
the output variables. Also, with ANOVA, the signifi-
cance of the fitting was determined.

TABLE I
Composition of Variables Investigated in Every

Formulation of Biodegradable MPs

Formulation X1 X2 X3

F1 70.0 0.0 30.0
F2 78.5 0.0 21.5
F3 87.0 8.0
F4 68.5 1.5 30.0
F5 87.0 0.0 13.0
F6 75.6 4.6 19.8
F7 67.0 3.0 30.0
F8 67.0 10.0 23.0
F9 87.0 10.0 3.0
F10 67.0 6.5 26.5
F11 77.0 10.0 13.0
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Preparation of MPs by spray-drying

According to the experimental design (Table I), solu-
tions of the mixtures of the polymers of 2.2 g were pre-
pared. The amount of TA was maintained to be always
constant at 66mg in 60mL of ethyl formate.

We obtained the MPs by spraying the solutions for
every sample through the nozzle (0.5 mm diameter) of
a spray-dryer (model Mini Büchi 190, Büchi Labortech-
nik AG, Flawil, Switzerland). The process parameters
were set as follows: inlet temperature ¼ 43 6 28C, out-
let temperature ¼ 39 6 28C, aspirator setting ¼ 100%,
pump setting ¼ 3 mL/min, air flow rate ¼ 500 L/h,
and spray flow pressure ¼ 6 bar. MPs were collected
and dried in vacuo for 18 h.

Morphological analysis and particle size analysis

The external morphology of the MPs were analyzed by
optical microscopy (Olympus BX-60, Barcelona, Spain)
equipped with a video camera JVC TK-350 (JVC,
Tokyo). The pixel size used in the analysis was
0.16 mm. Pictures were digitalized with a video card
(Matrox Comet, Matrox Electronic Systems, Ltd., Que-
bec, Canada) with PC image VGA 24 software (Foster
Finlay Associates, Newcastle, England). To assess the
size of MPs from the images obtained, Sigma Scan Pro
5.0 (SPSS, Inc., Chicago) image analysis software was
used. Fifty pictures of MPs were taken from every for-
mulation. Analysis of the pictures was performed, and

the following parameters were calculated to character-
ize the MPs: Feret’s diameter (the measured distance
between parallel lines that are tangent to a MP’s profile
and perpendicular to the ocular scale), mean radio,
and two factor forms useful for MP characterization:
the parameter indicating shape (Vr) and the parameter
related to surface roughness (Vp).

8

Surface hydrophobicity of the MPs

The surface hydrophobicity of MPs was determined
with the Rose Bengal (Sigma-Aldrich) partitioning
method.9 A concentration of 5 mg/mL for every for-
mulation of MPs was resuspended in 0.1M phosphate
buffer saline (PBS) solution (with 10 mg/mL of Rose
Bengal). After incubation at room temperature of 2 h,
samples were centrifuged at 14,000 rpm. Absorbances
were measured at 540 nm. The relation between the
partition quotient and the surface area of MPs was
selected as a relative parameter for the comparison of
the hydrophobicity of theMP surfaces.

Loading efficiency

To determine the amount of TA encapsulated, accu-
rately weighted samples of 30 mg of MPs from every
formulation were dissolved in ethyl formate. The TA
concentration was determined by spectrophotometry
(242 nm; Hewlett-Packard Co., Palo Alto, CA). The an-
alytical method was previously validated in terms of

Figure 1 Ternary diagram illustrating the experimental composition of the MP formulation.
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accuracy, reproducibility, and precision. The loading
efficiency was given as the relationship between the
weight of TA found in every batch of MPs and the ini-
tial weight of TA. The results are expressed as the
amount of TA per milligram ofMPs.

Release studies

Release studies from the MPs were performed in auto-
matic dissolution test equipment (Prolabo, Barcelona,
Spain) with a connection to a diode array spectrophotom-
eter (Hewlett-Packard 8452A, Palo Alto, CA). System N8
2 according to USP XXIII was used. Every formulation
with a weight of 266 mg of MPs was dispersed in 450 mL
of gastric medium (pH ¼ 1.2 6 0.1). After 120 min,
228 mL of PBS buffer/NaOH was added to increase the
pH to 6.8. The second part of the assay was performed
over 600 min. These studies were carried out in triplicate
at 37 6 18C with a stirring speed of 100 rpm. A wave-
length of 242 nmwas selected for TAdetermination.

DSC

A differential scanning calorimeter (Q100, TA Instru-
ments, New Castle, DE) was used to determine differ-
ent calorimetric parameters [Tg, enthalpy of melting
(DHm), and enthalpy of depolymerization (DHd)].

The calorimeter required three calibrations: Tzero cal-
ibration, cell constant calibration, and temperature cal-
ibration. The Tzero calibration requested two experi-
ments: the first one was done without samples, and the
second one was performed with sapphire disks
(without pans) on both the sample and the reference
position. The same method was used in both experi-
ments. It was started with equilibration at an initial
temperature, isothermal was held for 5 min, and then it
was heated at a constant rate to a final temperature and
held at isothermal for 5min. The range of temperatures
necessary for this calibration was between �90 and
4008C.

The enthalpy constant calibration was based on a
run in which one standard metal (indium) was heated
through its melting transition. The calculated heat of
fusion (27.66 J/g) was compared to the theoretical
value (28.39 J/g). The cell constant was the ratio
between these two values.10

Temperature calibration was based on a run in
which a temperature standard (indium) was heated
through its melting transition. The recorded Tm of this
standard (157.958C) was compared to the known Tm

(156.618C), and the difference was calculated for tem-
perature calibration. The same file used for the cell con-
stant calibration was used for this calibration.10

All of the experiments were carried out under a dry
nitrogen atmosphere at about 58C to prevent any inter-
ference in the sample (chemical aging). The experi-

ments were carried out in a temperature range from 20
to 2008C.

RESULTS AND DISCUSSION

The selected ranges for the three components of the
polymer mixture given by the experimental design
were 67–87% for PLGA, 0–10% for Gantrez AN119,
and 3–30% for PCL. However, on the basis of prelimi-
nary studies, the formation of particles was not possi-
ble when high concentrations of any of these polymers
in solution for spray-drying were used, either one
polymer alone or a mixture of three components. In the
case of PCL, for example, the maximum percentage of
PCL in the spray-drying solutions was 1.32% w/w.
Higher concentrations caused nozzle clogging. Similar
problemswere observed for Gantrez AN119.

The TA content of MPs prepared by spray-drying
was satisfactorily high, independent of the compo-
nents used in the mixture. The loading yield of MPs
recovered was around 90% with a very similar content
homogeneity for the different formulations. This load-
ing efficiency was similar to those obtained before by
other authors,11 for example, in the case of encapsula-
tion of cyclosporin A in a PLGA/PCL system by an
emulsion-solvent evaporation technique.

Generally, MP size is a very important issue for
pharmaceutical applications because it greatly affects
in vitro and in vivo drug-release studies and, therefore,
its efficacy in biological conditions. The particle size
characteristics of MPs loaded with TAwere exactly the
same as those whose particles were empty (plainMPs).
Themean diameters of theMPs obtainedwith different
mixtures varied from 3.36 6 0.91 mm (F3) to 4.84 6
1.9 mm (F7), which was indicative of the extreme repro-
ducibility of the spray-dying technique, independent
of thematerials used.

The morphological examination of all of the formu-
lations with image analysis showed similar values for
Feret diameter, Vp, and Vr. For example, the values for
Feret diameter were between 3.54 6 0.99 mm (F3) and
5.12 6 2.0 mm (F7). On the other hand, no significant
differences were found among the minimum andmax-
imum values obtained forVr (5.396 2.23 mm for F8 and
7.20 6 2.63 mm for F1) and Vp (8.40 6 2.72 mm for F11
and 7.396 2.43 mm for F2). Vr is considered a statistical
measure of radius variability, indicating shape. Vp is
defined as a geometric measure of perimeter circular-
ity, indicating surface roughness.7 These form factors
should be interpreted together. According to other
authors, these results indicate that the MPs in all of the
formulations were slightly elliptical with a certain su-
perficial roughness. No significant differences were
found in all of the formulations examined, which sug-
gested, first, the reproducibility of the technique and,
second, that the mixture composition did not affect the
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particle size and shape in the spray-drying processes.
Additionally, no particle preparation was possible out
of the range values obtained from the analysis of the
experimental design.

The dissolution profiles of all of the formulations
given by the mixture experimental design are shown

in Figure 2. Table II summarizes the experimental dis-
solution profiles for all of the formulations.

To evaluate the drug release from MPs, we used the
percentage of TA released between 0 and 120 min and
between 120 and 720min.

No significant differences were found for the drug-
release rate at pH 1.2 (0–120 min) of all of the formula-
tions, probably because of the wide dispersion of data,
although some of the formulations did show low-
released drug under these conditions. This behavior
might have been due to the high hydrophobicity of
most of the formulations, especially those showing
these low proportions of Gantrez compared to batches
with higher proportions of this polymer in the mixture
(data not shown).

To evaluate the release profile at 720 min, we used
normalized values for drug content in such a way that
the amount of drug remaining at 120 min was consid-
ered as total (100%) loading for all MP formulations.
The results are shown in Table II.

To investigate the influence of each component on
the TA dissolution pattern, the causal factor and
response variables were related with a polynomial
equation [eq. (1)] and statistical analysis. Furthermore,
a computer optimization technique based on a
response surface methodology with a polynomial
equation [eq. (1)] was used to search for the optimal
TA release formulation. The prediction model was
obtained as follows:

R2 ¼ 2953:41X2 � 15:78X1 � 508:03X3

� 2271:74X1X21195:71X1X3 � 4673:15X2X3 ð1Þ

where R2 is the total amount of TA released between
120 and 720 min, X1 is the percentage of PLGA
RG502H in themixture,X2 is the percentage of Gantrez
AN119 in the mixture, and X3 is the percentage of PCL
in themixture.

The statistical analysis (ANOVA) and the correlation
coefficient deduced from the calculated response with
the regression equation, our prediction model, and the

Figure 2 Experimental dissolution profile of MP formula-
tions.

TABLE II
Experimental Dissolution Profile for All Formulations

Formulation R1 (pH ¼ 1.2) R2 (pH ¼ 6.8)

F1 11.86 6 4.22 86.52 6 1.08
F2 6.60 6 4.78 81.86 6 3.56
F3 12.51 6 0.77 60.59 6 5.44
F4 52.60 6 10.35 88.05 6 11.67
F5 5.67 6 1.38 54.07 6 1.86
F6 11.14 6 4.87 78.33 6 0.75
F7 8.61 6 2.58 71.18 6 1.97
F8 8.65 6 1.81 91.82 6 0.41
F9 7.76 6 1.50 85.66 6 2.54
F10 11.48 6 1.82 83.88 6 0.33
F11 23.07 6 2.66 100.9 6 1.98

R1 ¼ percentage of TA released at 0–120 min.

4550 LUZARDO-ALVAREZ ET AL.



values obtained experimentally (p ¼ 0.0047; r2 ¼ 0.94)
showed that this mathematical model gave as a result a
good prediction for drug release at pH 6.8. The
response surface (represented in Fig. 3) allowed us to
estimate the TA release patterns according to the for-
mulation composition.

Another of the objectives of this study was to deter-
mine the activation energy (Ea) associated with the
drug (TA) release process from the release profiles.
Subsequently, we tried to establish a thermodynamic
model (which related the percentages of TA released
and Ea). An equation was deduced on the basis of drug
percentages released between 0 and 120 min and
between 120 and 720 min and the time of release dur-
ing the experiments. The equation properly predicted
the experimental values with a very good fitting (r2 ¼
0.99) for the two conditions of release. The equation
obtainedwas as follows:

Y ¼ ae�b=xþc

where Y is the percentage of TA released, x is the time,
the coefficient a is related to the asymptotic value that
the equation takes at greater times (i.e., the maximum
in the TA release), b is related to the Ea corresponding
to the release process, and c is the time correction fac-
tor. The optimal coefficients determined for every fit-
ting equation [eq. (1)] are shown in Table III. On the

other hand, we propose the following Arrhenius-like
model, which allowed us to calculate Ea for all of the
formulations (Table IV) for the two conditions of pH
investigated:

Ea ¼ b

c

8
>:

9
>;RT (2)

where R is the gases Arrhenius constant (units : kj/
kelvin* mol) and T is the temperature (units : kelvin
degree).

Finally, to determine whether the variables of the
design (percentages of each component of the blend)
had any effect on the percentages of drug released, we
established a predictionmodel for DHm of PCL (R4).

Figure 4 shows different thermograms in the
dynamic mode from 20 to 2008C at a heating rate of

Figure 3 Response surface (R2) for the percentage of TA
released at 720 min (pH 6.8): A : A ¼ PLGA; B : B ¼ Gantrez
AN119; C : C ¼ PCL. [Color figure can be viewed in the online
issue, which is available at www.interscience.wiley.com.]

TABLE III
Optimal Coefficients (a, b, and c) for the Fitting Equation
[Eq. (1)] Determined for Every Formulation for pH 1.2

(Upper Number) and pH 6.8 (Lower Number) in
the TA Release Experiments

Formulation A B C

F1 16.39 6 0.51 �45.66 6 3.25 10.38 6 1.46
94.76 6 0.63 �58.51 6 2.16 �98.68 6 1.97

F2 9.23 6 0.23 �46.64 6 2.61 9.38 6 1.15
103.77 6 0.94 �148.99 6 4.53 �69.54 6 2.88

F3 17.73 6 0.70 �51.66 6 4.44 12.66 6 1.91
79.76 6 1.58 �153.26 6 11.96 �21.0 6 9.61

F4 79.28 6 1.97 �57.37 6 2.90 13.30 6 1.19
103.11 6 0.72 �63.59 6 3.42 �15.97 6 6.25

F5 9.34 6 0.50 �71.0 6 6.78 13.27 6 2.51
108.94 6 2.61 �461.98 6 19.22 9.86 6 7.25

F6 17.58 6 0.41 �62.55 6 2.78 12.37 6 1.09
82.73 6 0.35 �20.97 6 0.88 �114.74 6 1.12

F7 12.37 6 0.40 �50.66 6 3.52 11.07 6 1.51
76.61 6 0.67 �38.84 6 2.53 �100.17 6 3.0

F8 15.79 6 0.56 �84.75 6 4.90 18.35 6 1.70
98.50 6 0.20 �39.73 6 0.73 �95.59 6 0.80

F9 11.85 6 0.44 �58.74 6 4.41 14.53 6 1.81
93.28 6 0.48 �44.90 6 1.52 �101.74 6 1.58

F10 17.28 6 0.51 �56.70 6 3.35 10.05 6 1.36
89.17 6 0.25 �29.17 6 0.68 �108.83 6 0.83

F11 42.93 6 1.95 �93.89 6 6.66 22.36 6 2.24
102.83 6 0.19 �17.03 6 0.39 �110.91 6 0.67

TABLE IV
Ea at pH 1.2 and 6.8 for Every Formulation

Formulation

Ea (kJ/mol)

pH 1.2 pH 6.8

F1 11.3 1.5
F2 12.8 5.5
F3 10.6 18.8
F4 11.1 10.3
F5 13.9 120.7
F6 13.1 0.5
F7 11.8 1.0
F8 11.9 1.1
F9 10.4 1.1
F10 14.5 0.7
F11 10.8 0.4
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208C/min for formulations F3, F5, and F9. The appear-
ance of different endothermic peaks allowed us to cal-
culate DHm and DHd. A Tg was found in the thermo-
gram made for formulation F9. DHd for PLGA, the en-
thalpy of PCL, and Tg are given in Table V.

As described previously, a quadratic model was
obtained to relate variable R4 with the blend composi-
tion variables. According to this equation, the signifi-
cant factors were the lineal mixture and the interac-
tions between PLGA (X1) and PCL (X3) and between
Gantrez AN119 (X2) and PCL (X3):

R4 ¼ 779:22X2 � 3:71X1 þ 134:89X3 � 741:80X1X2

� 85:70X1X3 � 1513:51X2X3 ð3Þ

where R2¼ 0.98.
As shown previously, DHm of PCL was affected by

the presence of the other two components in the
mixture. The presence of Gantrez, for example, seemed
to increase the degree of amorphous structure of the
substance in the mixture. Thus, formulations with
identical proportions of PCL but with various Gantrez
proportions had lower DHm values (Table V). This
effect was more pronounced at low concentrations of
Gantrez.

Formulations with a low proportion of PCL (e.g.,
13% of PCL from F11) showed higher DHm values than
formulations with high proportions, such as 23% (F8).
This phenomenon might have been influenced by the
presence of some kind of interaction with PCL, such as
London–Van der Waals, probably due to the particle
size difference.12

In this study, we found a direct relationship among
the three parameters obtained: Tm, percentage of

released drug, and Ea. The two first were determined
experimentally, and Ea was calculated from the ther-
modynamic model. For example, when we compared
formulations F3, F5, and F9, F9 had the lowest DHm

(3.75 J/g). It also showed a lower Ea (1.13 kJ/mol) and,
therefore, an increased release percentage compared to
the other two formulations. This fact confirmed the
good behavior of themodel to predict the drug profile.

The statistical model did not find any significant dif-
ferences among the Tg values obtained for the different
formulations. No differences were observed in Tg val-
ues. This suggests that Gantrez did not interact chemi-
cally, or at least, the changes were not quantified from
a calorimetric point of view.

In Figure 4, only a Tg is shown. This means that Gan-
trez was present as one amorphous phase, and there-
fore, there was no miscibility with PCL and PLGA.

TABLE V
Measured Responses

Formulation R3 (mg of TA) R4 (J/g) R5 (J/g) R6 (8C)

F1 29.7 18.77 1.49 —
F2 29.3 12.13 3.71 —
F3 27.4 1.24 4.84 138.6
F4 25.9 18.51 3.4 —
F5 33.1 4.79 6.84 —
F6 34.2 7.92 5.9 140.05
F7 33.5 15.14 4.39 139.36
F8 31.6 8.75 4.52 140.69
F9 25.6 8.18 3.75 142.42
F10 31.6 10.67 4.19 144.38
F11 28.2 6.46 6.31 139.86

R3 ¼ content of TA/mg of MPs; R5 ¼ DHd of PLGA; R6

¼ Tg of Gantrez. The data show the mean (n ¼ 3).

Figure 4 Overlay of DSC plots for 3 (F3, F5, and F9) of the 11 polymer mixtures investigated.
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Otherwise, a new inflection point (Tg) would appear
corresponding to the new amorphous phases.13

This behavior was observed by other authors, who
found a Tg for pure PLGA of 46.88C,11 which disap-
peared when PLGA–PCL was used. This phenomenon
was due to the fact that this endothermic effect was
overlapped by the melting peak of PCL, which took
place in the same temperature range.14

The presence of PLGA at certain proportions caused
the splitting of the endothermic peak due to the PCL,
which suggests the presence of at least two crystalline
microphases, both of them, characterized by its endo-
therm ofmelting.

According to the coefficient in the prediction model,
the interaction between PLGA and PCL was not very
strong; however, we should bear in mind that the
PLGA proportion in the mixtures was very high com-
pared to the other two components. Therefore, we sug-
gest that when with low proportions of Gantrez, this
substance was probably placed at the interphase
between PLGA and PCL, thus reducing the crystal
growth. When the proportions of Gantrez in the mix-
ture were as high as in mixture F9, a new phase
appeared, as clearly shown in Figure 4, where a Tg is
well defined.

Prediction models showed that drug release was
affected by the interactions among components. We
have suggested some explanations for understanding
these interactions better, but whether these modifica-
tions produced in the microstructure depend on the
mixture composition used remains to be established.

In summary, this article describes the utility of mix-
ture experimental design to develop optimal formula-
tions successfully with different drug-release profiles
at pH values of 1.2 and 6.8. We also evaluated the
effects of the variables of drug-release behavior from
MPs based on blends of biodegradable polymers. Fur-
thermore, our approach allowed us to build a predic-
tion model of drug release from MPs by the thermal
characterization of materials included and in vitro
drug-release experiments with a few selected batches.

CONCLUSIONS

Wewere able to develop formulations by spray-drying
biodegradable blends of the polymers PLGA, Gantrez,
and PCL using an experimental mixture design. The
formulations here presented were able to control the
release the glucocorticoid TA with different release

profiles to minimize the drug release at pH 1.2. The
other parameters investigated, including particle
shape, particle size, DHd, DHm, and Tg, did not contrib-
ute significantly to the explanation of the drug-release
behavior.

Ea associated with the process of TA release was cal-
culated by a thermodynamic Arrhenius-like model in
which the parameters involved in fitting equation (b
and c) were included.

There was a direct relationship between the percen-
tages of TA released, DHm of PCL, and Ea calculated by
the thermodynamic Arrhenius-like model. The pres-
ence of Gantrez in high proportions in the mixtures
modified the thermal behavior and possibly the micro-
structure of the blend and greatly affected the Ea of the
process, which resulted in an increased TA release.
The prediction model obtained was well-suited to rep-
resent the experimental results and was, therefore, an
efficient tool for estimating TA release under physio-
logical conditions.

References

1. Chourasia, M. K.; Jain, S. K. Drug Delivery [Online] 2004, 11,
201.

2. Villar-Lopez, E.; Nieto-Reyes, L.; Anguiano-Igea, S.; Otero-
Espinar, F. J.; Blanco-Mendez, J. Int J Pharm [Online] 1999,
179, 229.

3. Gibaud, S.; Jabir Al Awwadi, N.; Ducki, C.; Astier, A. Int J
Pharm 2004, 269, 491.

4. Hamley, I. W.; Castelletto, V.; Castillo, R. V.; Müller, A. J.;
Martin, C. M.; Mollet, E.; Dubois, P. Macromolecules 2005, 38,
463.

5. Johansen, P.; Men, Y.; Merkle, H. P.; Gander, B. Eur J Pharm
Biopharm 2000, 50, 129.

6. Saho, S. K.; Panda, A. K.; Labhasetwar, V. Biomacromolecules
2005, 6, 1132.

7. Arbos, P.; Wirth, M.; Arangoa, M. A.; Gabor, I. J. M. J Con-
trolled Release 2002, 83, 321.

8. Almeida-Prieto, S.; Blanco-Méndez, J.; Otero-Espinar, F. J.
J Pharm Sci 2004, 93, 631.

9. Müller, R. H.; Davis, S. S.; Illum, L.; Mak. E. NATO ASI Ser A:
Life Sci 1986, 11, 239.

10. Fraga, F.; Castro-Diaz, C.; Rodrı́guez-Nuñez, E.; Martinez-
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