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Abstract. Pectin is a heteropolysaccharide which has been investigated for the development of colon-
specific drug delivery systems. Polymers have been associated with pectin to reduce its aqueous solubility
and improve the performance of drug delivery systems. Pectin–casein interaction is widely known in food
research, but it has not been fully considered by pharmaceutical scientists. Thus, this study investigated the
potential of casein–pectin microparticles as a drug delivery system and clarified the impact of cross-linking
and drying methods on the in vitro release of indomethacin (IND) or acetaminophen (PCT) from
microparticles. Microparticles were prepared by coacervation and dried by spray or spouted bed methods.
Drug recovery, in vitro drug release, size, morphology, and the thermal and diffractometric properties of
dried microparticles were determined. Spray-dried non-cross-linked microparticles were able to prolong
IND release, and pectin was still degraded by pectinolytic enzymes. On the other hand, glutaraldehyde
cross-linking prevented the enzymatic breakdown of pectin without improving IND release. Spouted bed
drying reduced IND recovery from all microparticles when compared with spray drying, thus the success-
ful spouted bed drying of microparticles depends on the chemical characteristics of both the drug and the
polymer. Release data from PCT microparticles suggested that the microparticle formulation should be
improved to bring about a more efficient delivery of water-soluble drugs. In conclusion, casein–pectin
microparticles show great potential as a drug delivery system because casein reduces the water solubility
of pectin. The drying method and cross-linking process had significant effects on the in vitro performance
of these microparticles.
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INTRODUCTION

Pectin is a non-starch natural heteropolysaccharide which
is degraded by colonic bacterial enzymes but is resistant to
enzymes of the stomach and small intestine (1). The selective
digestibility of pectin makes it suitable for the development of
colonic drug delivery systems (1,2). However, pectin on its
own swells on contact with aqueous media and leads to drug
release in the upper gastrointestinal tract and thereby pre-
vents successful colonic delivery (1,2).

To reduce the aqueous solubility of pectin, several poly-
mers have been associated with it, as presented by Liu et al.
(3). Caseins are proline-rich milk proteins, which are insoluble
in low pH aqueous media. Food researchers have long been
interested in the ability of pectin to stabilize casein micelles
during milk drink acidification, which prevents casein aggre-

gation (4). Until recently, however, the potential of the
casein–pectin interaction has not been considered by phar-
maceutical scientists. Rediguiere et al. (4) studied the com-
plexation of pectin and casein in a calcium-free, low pH
aqueous mixture using pectin concentrations higher than
those studied by food scientists. These authors reported
the formation of a microparticulate system by coacervation
under mild conditions.

Coacervation, as studied by Rediguiere and co-workers,
is an attractive method for the production of microparticles
because it reaches very high payloads (5), but the isolation and
drying steps make the processing of this microencapsulation
technique very expensive (5). Thus, drying methods for pro-
cessing these coacervates must be either designed or adapted.

Coacervates are usually dried by spray, fluidized bed, or
freeze drying. Spray drying has been widely used for this
purpose because of its ability to dry heat sensitive materials
and provide easy control over the particles' properties.
Spouted bed drying is a fluidization technique which yields
high thermal efficiency at low cost. The application of spouted
beds overlaps with those of fluidized beds (6), and spouted
beds are considered a low cost option (7,8) for processing low
tonnage products typically found in the pharmaceutical indus-
try (9). Drying paste-like materials in a spouted bed requires
movement of the inert bodies added to the system, induced by
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direct contact of the hot air stream with the film formed by
spreading the paste on the surface of the inert bodies. Once
dried, the film is removed from the inert surface by the me-
chanical attrition caused by spouting (7). This technique has
been neglected in the pharmaceutical literature. There are few
studies showing its application in drying pharmaceutical pastes
such as plant extracts and microcapsule dispersions (10–12).
The impressive performance of a spouted bed in drying mi-
croparticles containing probiotics (13) shows the flexibility of
this drying method. Applications of spouted beds for drying
pharmaceuticals have been reported by Marreto et al. (14).

The aim of this study was to evaluate casein–pectin coac-
ervates as a multiple-unit drug delivery system designed for
the colonic drug delivery of two model drugs with different
solubilities: acetaminophen (PCT) and indomethacin (IND).
The effect of chemical cross-linking and the drying method
(spouted or spray drying) on drug release, microcapsule di-
gestibility, and structural integrity was investigated.

MATERIAL AND METHODS

Materials

Genus® USP type citric pectin (degree of esterification
68%andmolar mass between 110 and 130 kg/mol) was obtained
from CP Kelco S/A (São Paulo, Brazil). Bovine milk casein was
purchased from Kauffman & Co. (Germany). Caseinate disper-
sion was analyzed by Rediguiere et al. (4) and was shown to be
made up of αs-casein (32 kDa), β-casein (29 kDa), and κ-casein
in a 4:1:4:1.3 (αs1/αs2/β/κ) ratio. Pectinex® Ultra SP-L was kind-
ly donated by Novozymes S/A (Paraná, Brazil). Indomethacin
and acetaminophen (pharmaceutical grade) were purchased
fromHenrifarma LTDA (São Paulo, Brazil). All other materials
used were of analytical grade.

Methods

Preparation of Microparticles

Non-cross-linked microparticles were prepared by indi-
vidually dispersing 8 g of pectin or casein in 100 mL of distilled
water (solid content 8%, w/v) under constant mechanical
stirring. To prepare casein, the dispersion pH was adjusted
to 8.0 using 4.0 M sodium hydroxide. After complete disper-
sion, 100 mL of the pectin dispersion was slowly added to
100 mL of the casein dispersion, and the pH of the mixture
was adjusted to 8.0±0.1 using 4.0 M sodium hydroxide. Eight
grams of IND or PCTwas coarsely dispersed in distilled water
(20 mL) and added to the casein–pectin dispersion (2:1, poly-
mer/drug weight ratio). For the IND, 0.02% (w/v) sodium
lauryl sulfate was added to the drug dispersion.

After 12 h of mechanical stirring (800 rpm), microparti-
cles were obtained by slowly and gradually reducing the pH to
3.5±0.1 with 1.0 M citric acid. After that, in some formula-
tions, the microparticle walls were hardened by adding glutar-
aldehyde (50 μL/g polymer) with constant stirring for an
additional 30 min (cross-linked microparticles).

Non-coacervated microparticles (IND–pectin or IND–ca-
sein microparticles) were prepared by dispersing the individ-
ual polymers in distilled water (16 g in 200 mL) under
mechanical stirring (800 rpm). In both cases, the pH of the

dispersion was adjusted to 8.0 with 4.0 M sodium hydroxide.
This was followed by 12 h of mechanical stirring and a new
adjustment of pH to 3.5 with 1.0 M citric acid. Drug incorpo-
ration was performed by adding an IND aqueous dispersion to
the polymer dispersions at pH 8.0 (2:1, polymer/drug weight
ratio). Drug dispersion was prepared by adding 8 g of the drug
to 20 mL of a 0.02% (w/v) sodium lauryl sulfate aqueous
solution.

Drying Procedures

The spouted bed unit consisted of a cylindrical column
measuring 140 mm in diameter and 830 mm in height attached
to a conical base with a 60° internal angle and an air inlet
orifice with a diameter of 22 mm. The inert bodies were
spherical beads with a narrow size distribution and an average
diameter of 2.6 mm. Spouting air was supplied by a 30 HP
compressor (120 SCFM, Wayne, Santa Catarina, Brazil), and
its temperature was measured and kept constant by a digital
PID device (HW2000, Coel, São Paulo, Brazil) connected to a
4-kW electric heater. Microparticle dispersions were not
sprayed but dropped onto the spouting bed of inert bodies
through a vertical tube centrally located above the particle
fountain, with the help of a peristaltic pump (LS Masterflex,
Illinois, USA). The dried powder was collected in a glass flask
using a Lapple cyclone. Figure 1 presents a schematic diagram
of the experimental apparatus, and Table I lists the details of
the experimental conditions.

Spray drying was carried out with a laboratory scale mini
spray drier model LM-MSD 1.0 (Labmaq LTDA, Ribeirão
Preto, Brazil) using a double fluid type atomizer nozzle with
an orifice of 0.7 mm. Table I lists the experimental conditions
applied in this study. For a better comparison of the two
drying procedures, the maximum capacities of water evapora-
tion were calculated at the same outlet temperature and kept
at the same level for both procedures.

Optical and Scanning Electron Microscopy

The structural features of microparticles were investigat-
ed by optical microscopy using a Leica DMLB microscope
equipped with a Leica MPS 30 camera (Germany). Size anal-
ysis was performed using ImageJ software (NIH, Maryland,
USA).

For the scanning electron microscopic analysis, micropar-
ticles were attached to an SEM stub using a two-sided adhe-
sive tape. The specimens were coated with gold using a model
SCD-050 Bal Tec sputter coater (Austria) and analyzed using
a JSM 5200 Jeol scanning electron microscope (Japan).

Drug Recovery from Microparticles

Drugs were exhaustively extracted from spouted bed and
spray-dried microparticles. For IND extraction, 40 mg of the
microparticles was added to 4 mL of a 1:1 (v/v) mixture of
methanol/sodium dibasic phosphate buffer (pH 8.0). The mix-
ture was mechanically agitated for 15 min and then centrifuged.
The supernatant was then quantified spectrophotometrically at
318 nm. The precipitate was subjected to four additional extrac-
tion steps, using the procedure described above. The sum of the
material recovered from each of these extractions was
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considered the total drug recovery from the samples. The anal-
yses were carried out in triplicate.

The same procedure was used for PCT extraction from
dried microparticles, except that methanol was replaced by
ethanol in the solvent system. The spectrophotometric detec-
tion was performed at 243 nm.

Mass Balance Study for IND Casein–Pectin Microparticles
in the Spouted Bed Drying

A mass balance experiment was carried out while drying
the IND microparticles in a spouted bed to assess the possi-
bility of drug segregation during the drying operation. Micro-
particles from the collector flask were extracted as described
above. Microparticles which adhered to the spouted bed walls,
inert bodies, and filter bag were also analyzed. For assaying
IND in the microparticles adhering to inert bodies, 200 g of
inert bodies was rinsed with a solution of methanol–phosphate
buffer (1:1, v/v). The rinsing solutions were centrifuged and
the supernatant was assayed at 318 nm. The difference be-
tween the weight of the inert bodies before and after rinsing
was considered the microparticle weight of the sample. Micro-
particles which had adhered to the drying wall chamber or
those collected by the filter bag were extracted and quantified,
as previously described. All analyses were carried out in
triplicate.

Physicochemical Characterization of IND Microparticles

Differential scanning calorimetry analyses were performed in
a Shimadzu calorimeter (DSC-50, Japan) from room temperature
to 200°C.Each sample (±4.5mg)was analyzed under nitrogen flux
(50 mL/min) at 10°C/min after calibrating the temperature and
heat of fusion using metallic indium and zinc standards. Baseline
calibrationwas performed according to themanufacturer's instruc-
tions. All analyses were performed in triplicate.

Fourier transform infrared spectra were collected with a
PerkinElmer RXIPF-IR (Massachusetts, USA). The samples
were dispersed in KBr by grinding the powders in an agate
mortar and compressing the sample. The compressed sample
was then scanned in the range of 400–4,000 cm−1 at 2 cm−1

resolution.

In Vitro Release Studies

To examine the effects of the cross-linking process and
drying method on IND and PCT release from microparticles,
studies were carried out using polyethylene baskets covered
with nylon and prepared with the same dimensions as the USP
dissolution apparatus I (Sotax AT7, Germany). The apparatus
was operated at 50 rpm and 37±0.1°C.

At the beginning of the experiment, the dissolution medi-
um was 375 mL of the 0.1 M HCl solution (pH 1.2±0.05). After
2 h, 125 mL of the 0.2 M sodium tribasic phosphate buffer was
added (pH 6.8±0.05), and after 6 h, 15 mL of the same buffer
was added to pH 7.4±0.05. One milliliter of the pectinolytic
enzymes (Pectinex® Ultra SP-L, Novozymes S/A) was added
to the dissolution medium after 6 h. All analyses were
performed under sink conditions (100 mg of the IND-loaded
microcapsules and 300 mg of the PCT) and in triplicate.

Aliquots (5 mL) were collected during the experiment and
replaced by an equal volume of the dissolution media. The
material collected was filtered and spectrophotometrically
assayed at 243 nm (PCT) or 318 nm (IND). PCT or IND
analytical curves were prepared by diluting the drugs in the
solvent systemof the same composition as the dissolutionmedia.

Data from in vitro release studies were fitted to Higuchi
and first-order equations (Excel®, Microsoft Corporation).
The expression in Eq. 1 was used to solve the Higuchi model.

Ft ¼ Kt1=2 ð1Þ

Fig. 1. Schematic diagram of the spouted bed facility

Table I. Summary of Experimental Conditions in Spray and Spouted
Bed Drying

Drying conditions Spray drying Spouted bed

Tgi (°C) 220 110
Tgo (°C) 95 95
Vms (m3/h) 77.34 20.32
WMEC (L/h) 1.62 1.62
We (L/h) 0.870 0.168
η 0.4120 0.9084
H/Hmax – 50
V/Vms – 1.3

Tgi inlet temperature,Tgo outlet temperature,Vmsminimum spouting air
volume, V spouting air volume, WMEC maximum water evaporating
capacity,We dispersion feed outflow, η thermal efficiency,Hmaxmaximum
spoutable bed height (28 cm),H bed height
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where Ft is the amount of drug released in time t, K is the
Higuchi dissolution constant, and t is time.

RESULTS

Microparticle Morphology and Size Analysis

The morphologic characteristics of the microparticles can be
observed in Fig. 2. As prepared, the empty microparticles
exhibited a predominantly spherical shape (Fig. 2a), which was
maintained after spray drying (Fig. 2b). The incorporation of the
poorly soluble drug, IND, produced more irregular spray-dried
microparticles (Fig. 2c) with some large structures which could be
drug crystals coated by polymer (Fig. 2d). The incorporation of
PCT led to a similar effect but to a lesser degree (Fig. 2e).

Empty spouted bed microparticles (Fig. 2f) were irregular
in shape with clusters which could be attributed to micropar-
ticle coalescence on the inert body surface. In contrast to
spray-dried microparticles, drug incorporation did not affect
the morphology of the spouted bed microparticles (data not

shown). The cross-linking process did not result in any mod-
ifications to the morphology of the microparticles dried by
either method studied here (data not shown).

Themean diameter (Dp) of themicroparticles was affected
by both drug incorporation and drying method (Table II). Spray
drying slightly decreased the Dp of empty microparticles as a
result of solvent losses. The incorporation of the poorly soluble
drug IND increased the Dp in spray-dried microparticles to a
greater degree than did the incorporation of PCT (Table II). On
the other hand, the coalescence of empty microparticles in-
creased the particle size after spouted bed drying, but in this
case, Dp was not affected by drug incorporation. The cross-
linking process did not affect the Dp for either the spray- or
spouted bed-dried microparticles (Table II).

Dissolution Studies

Figure 3a shows the percentage of IND released as a
function of time from non-cross-linked microparticles during
conditions mimicking mouth to colon transit. In all curves

Fig. 2. Outer morphology of casein–pectin microparticles observed by optical microscopy (a) or
SEM (b–f). Empty (a), spray dried (b), indomethacin (c, d) and acetaminophen (e) loaded spray-
dried microparticles, and empty spouted bed-dried microparticles (f). Magnification, ×400 (a);
×3,500 (b, c); ×2,000 (d); ×3,700 (e); ×2,700 (f)
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presented, IND release in the first 2 h of the experiment was
very low because of the poor solubility of this drug in the
acidic environment. After 2 h, a sodium tribasic phosphate
buffer was added to pH 6.8, after which the release profile of
the IND from non-cross-linked spray-dried microparticles
followed two phases. The first release phase (from 150 to
360 min) showed a lower IND dissolution when compared
with the free IND crystals, and the Higuchi equation fits the
data better than the first-order kinetics equation (Table III).
The second release phase (from 360 to 450 min) started after
adding pectinolytic enzymes, which resulted in a rapid drug
release. The Higuchi equation fits the data from the second
phase release better than the first-order equation, but it is
important to note that the correlation coefficient values are
very close in this case (Table III). In contrast, the release
profile of the IND from spouted bed non-cross-linked micro-
particles (Fig. 3a) did not show bimodal behavior and
exhibited rapid IND dissolution, similar to free IND. The
Higuchi correlation coefficient was similar to that of the first
order and the Higuchi K value was far superior (Table III)
when compared with the values obtained for spray-dried mi-
croparticles in the first or second release phases.

Figure 3b shows the release profiles of the IND from
cross-linked microparticles. Spray-dried microparticles
showed a gradual, monomodal IND release. The IND release
from spouted bed cross-linked microparticles (Fig. 3b) showed
similar profiles when compared with the spray-dried micro-
particles. In both cases, the Higuchi equation fits the data
better than that of the first order (Table III). The analysis of
Fig. 3a, b showed a higher IND release from spouted bed
microparticles when compared to free IND or spray-dried
microparticles. This could be attributed to the normalization
performed on release data from cross-linked and non-cross-
linked spouted bed microparticles, which showed a low IND
recovery.

PCT release profiles from spray- and spouted bed-dried
microparticles are shown in Fig. 4a, b (non-cross-linked mi-
croparticles and cross-linked microparticles, respectively). In
both cases, the total drug release occurred within 210 min. The
Higuchi equation fits these data better than that of the first

order for all PCT formulations (correlation coefficients higher
than 0.9610). Higuchi K values for cross-linked and non-cross-
linked spouted bed microparticles were 6.05 and 5.91, respec-
tively. For cross-linked and non-cross-linked spray-dried mi-
croparticles, HiguchiK values were 7.35 and 4.80, respectively.

Drug Recovery and Mass Balance Study

IND concentration in the assay solutions showed incom-
plete drug recovery from spouted bed microparticles (31.71±
0.28%) in contrast to spray-dried particles (99.04±4.30%). On
the other hand, total PCT recovery was achieved from micro-
particles dried by spouted bed drying or spray drying.

A mass balance was carried out to assess the possibility of
IND crystals adhering to the spouted bed (on the surface of
inert bodies or the wall of the chamber). Material collected
from inert particles showed an IND content of 31.06%
(±4.07%), similar to that in microparticles from the collector
flask. Powder accumulation in the filter bag was negligible,
demonstrating that drug drag did not occur in the air stream.
In contrast, IND recovery from microparticles adhering to the
wall chamber was complete (94.91±6.09%) but not superior
to the expected theoretical value, which would indicate that no
drug segregation occurred on the wall.

Casein–IND and pectin–IND microparticles were pre-
pared and dried in a spouted bed to determine which poly-
meric component was implicated in the low IND recovery.
These dispersions were dried immediately after their prepa-
ration, and the dispersions were kept under constant mechan-
ical stirring to prevent solid sedimentation. Drug recovery was
only incomplete after IND–casein spouted bed drying
(29.39%), which showed that casein was involved in the low
drug recovery from casein–pectin microparticles. So, the
IND–casein microparticles were subjected to additional phys-
icochemical characterization.

Differential scanning calorimetry (DSC) was used for the
thermal characterization of the free drug and IND–casein
microparticles. The melting point of the non-processed IND
crystals was 160.56°C (Table IV), which is typical of the γ
polymorphic form (15). Free IND crystals dried by spray or
spouted bed methods showed similar melting point tempera-
tures with a decrease in the enthalpy of fusion (Table IV)
when compared with non-processed IND crystals. This de-
crease denotes an increase in crystal energy and reactivity
after drying, which is expressed by the entropy of processing
(ΔPs) parameter (16). ΔPs was more pronounced in spouted
bed-dried crystals (ΔPs, 23.13) when compared with spray-
dried samples (ΔPs, 10.78).

Table IV also presents the IND melting points and the
enthalpy of fusion of the IND in the IND–casein physical
mixture, spouted bed, and spray-dried casein microparticles.
These results show that spray drying has little effect on the
melting point and enthalpy of fusion of the IND incorporated
in the microparticles, which are close to those of the physical
mixture. In contrast, the enthalpy of fusion of the drug was
significantly reduced after spouted bed drying, although there
was no significant shift in the peak of fusion (Table IV).

The infrared spectra (data not shown) supported the
thermal findings, which would suggest the presence of IND γ
crystals. This finding is in harmony with that of Taylor and
Zografi (17). Furthermore, the FT-IR spectra did not show

Table II. Mean Particle Size of As-Prepared and Dried Microcapsules

Formulation Dp (μm)

EM 7.4
EM-SD 6.2
EMC-SD 6.4
IND-MC-SD 9.9
PCT-MC-SD 7.3
EMC-SB 28.2
EM-SB 27.3
IND-MC-SB 25.4
PCT-MC-SB 27.5

EM as-prepared empty cross-linked microparticles, EM-SD empty spray-
dried microparticles, EMC-SD empty cross-linked spray-dried micropar-
ticles, IND-MC-SD indomethacin cross-linked spray-dried microparticles,
PCT-MC-SD acetaminophen cross-linked spray-dried microparticles,
EMC-SB empty cross-linked spouted bed microparticles, EM-SB empty
spouted bed microparticles, IND-MC-SB indomethacin cross-linked
spouted bed microparticles, PCT-MC-SB acetaminophen cross-linked
spouted bed microparticles
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Fig. 3. In vitro release profiles of indomethacin from non-cross-linked (a) and cross-linked
(b) dried microparticles. Free indomethacin (black diamond); spray-dried microparticles
(black square); spouted bed-dried microparticles (black triangle)

Table III. Linearization of Release Data from Casein–Pectin Microparticles

Microparticle formulation

Higuchi model First-order kinetics

CD K CD K

IND non-cross-linked spray dried 0.8787a 4.86a 0.7077a 0.8790a

0.8988b 7.71b n.a.b n.a.b

IND cross-linked spray dried 0.9806 5.65 0.8480 n.a.
IND non-cross-linked spouted bed dried 0.8482 19.62 0.8122 n.a.
IND cross-linked spouted bed dried 0.9429 5.98 0.7979 n.a.

IND indomethacin, n.a. not assessed, K rate constant, CD correlation coefficient
a First release phase
b Second release phase
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any solid-state changes in free IND crystals after processing.
However, the acid carbonyl stretching vibration peak
(1,717 cm−1) and benzoyl stretching peak (1,692 cm−1) which
are typical of the γ IND (17) were not observed after the
spouted bed drying of the microparticles. Physicochemical
characterization of PCT microparticles indicated the absence
of solid-state changes or drug–polymer interactions (data
not shown).

DISCUSSION

Interactions between polysaccharides and proteins can en-
hance food quality and produce innovative cosmetic and phar-
maceutical products (4). The interaction between casein and
pectin was studied in calcium-free solutions with low pH values
and high biopolymer concentrations. This interaction resulted
in the formation of microparticles under acidic pH (4).

Fig. 4. In vitro release profiles of acetaminophen from non-cross-linked (a) and cross-linked
(b) dried microparticles. Free acetaminophen (black diamond); spray-dried microparticles
(black square); spouted bed-dried microparticles black triangle)
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In this study, these casein–pectin microparticles as a drug deliv-
ery system were evaluated as was the influence of the cross-
linking process and drying method on the characteristics of
these microparticles.

The shape and mean diameter (Dp) of the spray-dried
casein–pectin microparticles were affected by the type of drug
incorporated. PCT-loaded microparticles showed a more spher-
ical shape and a lower Dp because PCT has a smaller crystalline
fraction than INDdue to the partial solubilization of PCT during
the coacervation procedure. The shape and Dp of the micropar-
ticles were also affected by the drying method. Dispersions in
spouted beds are dried by spreading the material on the surface
of inert bodies, removing the water and then forming a dried
film. The coalesced microparticles are removed as agglomerates
of higher dimensions and irregular shape.

Release studies were carried out to determine the in vitro
performance of casein–pectin microparticles dried by spray or
spouted bed methods and to determine the effect of the cross-
linking process on this performance. Rediguieri and co-workers
(4) showed that complexation in casein–pectin mixtures is a
reversible phenomenon and pectin molecules migrate from the
particles to the bulk phase at high pH. The release profile of
IND from spray-dried non-cross-linked microparticles (Fig. 3a)
suggested that pectin migration to the bulk phase at pH 6.8 was
not fast enough to lead the microparticles to lose their structural
integrity. It also showed that pectinolytic enzymes were still able
to degrade pectin on the surface of the non-cross-linked micro-
particles. In contrast, cross-linking inhibited enzymatic action
without further prolonging IND release from the microparticles
(Fig. 3b). Modifications in the enzymatic susceptibility of pectin
may result from the reaction of the terminal aldehyde groups of
the cross-linker with the hydroxyl groups of the pectin chains
forming a compact cross-linked network (18). However, it is
much more probable that the effect of the glutaraldehyde on
microparticle properties is related to a chemical reaction to the
amino groups of casein. This reaction may also inhibit enzyme
access to pectin sites, thus maintaining the structural integrity of
the microparticles. It should be noted that the maintenance of
enzymatic susceptibility through microbial triggering is a basic
characteristic of materials used for colon-specific drug delivery
systems. This requirement suggests that the cross-linking pro-
cess has a negative impact on the in vitro drug delivery perfor-
mance of these casein–pectin microparticles.

Most of themultiple-unit systems based on pectin—designed
for achieving colon delivery or for prolonging drug release—are
pellets or beads cross-linked with calcium ions and prepared by
inotropic gelation techniques.A comparison of the in vitro release

performance of the casein–pectin microparticles developed here
with the data in the literature was limited by the differences in
particle size, composition (type of pectin, cross-linking agent,
drug-to-polymer ratio), release test conditions, and the tech-
niques used for particle preparation.

However, indomethacin-loaded pectin microparticles
(≈10 μm) have previously been prepared by spray drying
(19). Non-cross-linked microparticles released indomethacin
very quickly (about 90% in less than 2 h at pH 7.4). In this
study, indomethacin release from spray-dried non-cross-linked
microparticles prepared by coacervation was much more
prolonged, which would indicate a reduction in the solubility
of pectin due to complexation with casein.

The behavior of the spouted bed-dried casein–pectin mi-
croparticles was very different from that of the spray-dried ones.
A high release rate constant was calculated for spouted bed non-
cross-linked microparticles, which could be attributed to micro-
particle rupture during the drying operation. This finding sug-
gests that the cross-linking agent influences the mechanical
properties of the microparticles, since the IND release rate
constant for cross-linked spouted bed microparticles was similar
to that observed for cross-linked spray-dried microparticles.
This finding indicates that glutaraldehyde cross-linking allowed
casein–pectin microparticles to resist the mechanical stress
imparted by the movement of the inert bodies.

Despite the low processing costs of spouted bed technol-
ogy and its potential for application in the pharmaceutical
industry, this technique presented no advantages for drying
IND casein–pectin microparticles. Only cross-linked micro-
particles could be successfully dried by this technique, without
any improvement in the release profile. Spouted bed drying
also led to low IND recovery from the microparticles; this
finding is in harmony with Baracat et al. (11).

The investigation of low drug recovery must include stud-
ies on drug–excipient interactions, evaluations of drug segre-
gation during processing, and a determination of the
suitability of the extraction method (20). The high recovery
of IND spray-dried microparticles showed the enhanced ex-
traction capability of the binary solvent system used here. The
polymeric component implicated in IND low recovery was
casein, since total IND recovery was obtained from spouted
bed-dried pectin microparticles.

According to Marini et al. (21), modifications in DSC
curves, such as a reduction in the enthalpy of fusion and a shift
of the peak of fusion, are considered to be indications of the
physicochemical interactions between drugs and excipients.
DSC curves from IND–casein microparticles dried by spouted

Table IV. Melting Point and Enthalpy of Fusion of the Indomethacin

Material Melting point (°C)±DP ΔH (J/g)±DP % theoretical value expected

INDN 160.53±0.10 −115.81±3.20 100.00
IND-SD 159.96±0.06 −110.58±2.23 95.50±1.92
IND-SB 160.27±0.15 −105.26±0.18 90.90±0.15
IND-CAS 158.83±0.19 −28.83±4.96 78.20±13.4a

MP-SD 159.26±0.31 −28.43±4.31 77.13±14.9a

MP-SB 157.58±0.22 −4.25±0.11 12.11±0.38a

INDN non-processed indomethacin free crystals, IND-SD spray-dried free indomethacin, IND-SB spouted bed-dried free indomethacin, IND-
CAS physical indomethacin/casein mixture (1:2, w/w), MP-SD spray-dried microparticles, MP-SB spouted bed-dried microparticles
aRelated to the expected enthalpy of fusion of the spray-dried indomethacin crystals
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bed showed a reduction in enthalpy without any significant
modifications in melting temperatures. This finding in conjunc-
tion with the infrared findings would suggest the existence of an
interaction between IND and casein under spouted bed drying
conditions. This interaction seems to be irreversible under the
conditions of the release test, since the total drug release at the
end of the experiments was similar to that observed after the
exhaustive extraction procedure.

Bed temperature and residence time distributions (RTD)
determine the thermal resistance of the materials in drying
operations (22). However, in this study, RTDs seem to have
had secondary importance only, as total IND recovery was
obtained from microparticles which had adhered to the wall of
the spouted bed chamber. It is likely that microparticles ad-
hering to the chamber wall are exposed to heat for a longer
time than microparticles collected in the collector flask, and
this difference suggests that there is a relationship between the
mechanical stress caused by inert particle shocking and low
IND recovery.

Total PCT recovery was obtained from all the formulations
tested here. PCT release from casein–pectin microparticles was
very rapid irrespective of the cross-linking process and drying
method used (Fig. 4a, b). This finding was in harmony with
previously reported results on the release behavior of small
water-soluble compounds from pectin matrices (3).

CONCLUSIONS

Casein–pectin microparticles were able to prolong indo-
methacin release, and the casein–pectin interaction did not pre-
vent an enzymatic attack on the polysaccharide. The results also
showed that the drying method selected affected product quality
and that successful spouted bed drying of microparticles de-
pends on the mechanical strength of the particles and the chem-
ical characteristics of the drug and polymer.

Acetaminophen-loaded microparticles were successfully
processed by both spouted bed and spray drying methods, but
the casein–pectin formulationmust be improved if water-soluble
drugs are to be delivered more efficiently. The drug-to-hydro-
colloid ratio and ratio of pectin to casein could drastically affect
the release profile and these formulation parameters should be
investigated in order to improve microcapsule performance.
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