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Abstract

Chitosan (CS) is a very interesting biomaterial for drug delivery; however its use in oral administration is restricted by its fast
dissolution in the stomach and limited capacity for controlling the release of drugs. To address this limitation, a new
microparticulate CS controlled release system, consisting of hydrophilic CS microcores entrapped in a hydrophobic cellulosic
polymer, such as cellulose acetate butyrate (CAB) or ethyl cellulose (EC) was proposed. These microparticles were obtained with
different types of CS and various core/coat ratios, with the particle size in all cases being smaller that 70 xm. Using sodium
diclofenac (SD) and fluorescein isothiocyanate-labeled bovine serum albumin (FITC-BSA) as model compounds, the properties of
these new microparticles for the entrapment and controlled release of drugs and proteins were investigated. Results showed that
the entrapment efficiency of SD was very high irrespective of the processing conditions. Furthermore, for both model compounds
(SD and FITC-BSA) it was possible to modulate the in vitro release of the encapsulated molecules by changing the core properties
(CS salt, M, core/coat ratio) or the coating polymer. The microparticles were stable at low pH and thus, suitable for oral delivery
without requiring any harmful cross-linkage treatment. © 1998 Elsevier Science B.V.
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1. Introduction ing the bioavailability of poorly water-soluble
compounds [4]. More recently, it has also been shown
that CS is mucoadhesive [5,6] and enhances the pene-
tration of macromolecules across the intestinal [7] and
nasal [6] barriers. These properties have opened promis-
ing prospects for the use of this polymer in the oral and
nasal administration of proteins and peptides. Further-
more, CS has been presented as a useful polymer for
colon-specific drug delivery because of its specific
biodegradation by the colonic bacteria [8].

From a technological viewpoint, CS has unique
properties which makes it an excellent material for
microencapsulation. Due to its hydrophilic and cationic

The use of natural polymers in dosage form design
has received considerable attention, especially from the
viewpoint of safety. Among these polymers, chitosan
(CS), the N-deacetylated product of the polysaccharide
chitin, is gaining increasing importance in the pharma-
ceutical field owing to its good biocompatibility, non-
toxicity and biodegradability [1,2]. In the early 1980s,
CS was proposed as a useful excipient for either sus-
taining the release of water-soluble drugs [3] or enhanc-
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character, CS has the ability to gel upon contact with
counter-anions [9,10]. CS has also been demonstrated
to possess very good film forming properties [11]. Nev-
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ertheless, despite the great potential of CS for drug
encapsulation, only a few articles on this specific area
have been published. Four main approaches have been
proposed for the preparation of CS microparticles: (i)
ionotropic gelation with an opposite charged polyelec-
trolyte, such as sodium tripolyphosphate or alginate [9];
(i1) simple or complex coacervation [12,13]; (iii) spray-
drying [14] and (iv) solvent evaporation [15]. Indepen-
dent of the particularities of microparticles produced by
these techniques, a common restriction to all of them is
their limited capacity for controlling the release of the
encapsulated compound and the necessity of a further
covalent cross-linking process in order to avoid their
rapid dissolution in the gastric cavity. This is due to the
free amino groups in the CS molecule which become
ionized in acidic media leading to the almost immediate
dissolution of the polymer. Chemical crosslinking with
aldehydes has been used to overcome this problem
[12,13,15]. However, this approach is not adequate for
the encapsulation of proteins, peptides and other
molecules with amino groups which can also undergo a
covalent cross-linkage. Moreover, the toxicity of the
aldehydes will significantly limit the exploitation of
these cross-linked microcapsules.

In this article we propose a very simple single-step
manufacturing process for the preparation of a new
multiparticulated CS-controlled release system made of
CS microcores entrapped in cellulosic microparticles.
When designing this system, we tried to avoid the use
of a covalent crosslinking agent as well as to improve
the controlled release properties of CS. Two model
compounds were selected to evaluate the potential of
these new microparticles as oral drug delivery systems:
the protein fluorescein isothiocyanate-labeled bovine
serum albumin (FITC-BSA) and the anti-inflammatory
drug sodium diclofenac (SD). It was expected that these
two types of compounds could benefit from the pro-
posed system. It was assumed that both the cellulosic
polymer coating and the CS would protect the protein
entrapped in the CS cores as it passes through the
acidic and enzymatic environment of the stomach, al-
lowing release of the protein during the intestinal tran-
sit. The special advantage of the CS particles for
anti-inflammatory drugs relies on their ability to
weaken the gastro-intestinal side-effects caused by these
drugs. This ability is not only related to the prolonged
release but also to the well-known antacid and anti-ul-
cer effects of CS [16,17].

2. Materials and methods
2.1. Materials

The following chemicals were obtained from com-
mercial suppliers and used as received: chitosan gluta-

mate (supplier’s specification: viscosity of 1% w/w
aqueous solution at 25°C was 20-200 cps for Sea cure
G210, high M, grade), chitosan (supplier’s specifica-
tion: viscosities of 1% w/w aqueous solutions in 1% v/v
acetic acid at 25°C were <20 and 20-200 cps and
degree of deacetylation was > 80% for Sea cure 123,
low M, grade; and Sea cure 223, high M, grade)
(Pronova, Drammer, Norway); cellulose acetate bu-
tyrate (CAB-381-20), cellulose acetate propionate
(CAP-482-20) (Eastman, Zug, Switzerland); ethyl cellu-
lose (EC) (Ethocel 10, Dow, Zug, Switzerland); fluores-
cein isothiocyanate-labeled bovine serum albumin
(FITC-BSA), sodium diclofenac (SD), polyvinyl alco-
hol (PVA) (M, =30000—-70000) (Sigma, St. Louis,
MO); polysorbate 80 (Tween® 80), monohydrated citric
acid, acetic acid glacial (Merk, Vorquimica, Vigo,
Spain); methylene chloride, ethyl acetate and methanol
(Romil, Teknokroma, Barcelona, Spain). Milli-Q
(Milli-Q Plus, Millipore Iberica, Madrid, Spain) water
was used throughout.

2.2. Preparation of microencapsulated CS microcores

The CS-containing microparticles were prepared by
the W,/O/W, solvent evaporation technique previously
described and conveniently modified [18]. Polysaccha-
ride solutions were prepared by dissolving CS gluta-
mate (5% w/w) in distilled water and CS (1, 3 and 5%
w/w) in a diluted acidic solution (acetic acid, citric acid,;
0.5 M) at room temperature. The CS solution (400 mg)
was dispersed (Branson sonifier® 250, USA) into a
solution of the cellulosic polymer (CAB, CAP, EC; 20
mg) in methylene chloride (2 ml) by sonication (sonica-
tion time = 10 s, output =4), and then emulsified in a
PVA aqueous solution (100 ml, 1% w/v PVA) under
moderate stirring. The system was maintained under
agitation (1300 rpm) for 2 h to allow the evaporation of
the solvent. Finally, the microparticles were collected,
rinsed with water and freeze-dried ( — 30°C, 24 h; Lab-
comcon apparatus, Labconco, Kansas City, MI). The
microencapsulation process was monitored by optical
microscopy (magnification x 1000; Olympus BH-2,
Tokyo, Japan).

The active compound (2.5% w/w based on the total
amount of polymer) was dissolved (BSA-FITC) or dis-
persed (SD) in the CS solution, and the process was
carried out as previously indicated. Since SD is not
soluble in the CS solution, it was first dissolved in
methanol (40 ul) and then added to the CS solution,
thereby achieving a homogeneous dispersion of the
drug.

2.3. Morphological characterization of microparticles

The examination of the surface properties of the
microparticles was performed by scanning electron mi-
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croscopy (SEM). The particles were freeze-dried, coated
with gold palladium to achieve a film of 20 nm thick-
ness (Sputter coater, Balzers SCD 004, Liechtenstein)
and observed with a scanning electron microscope
(SEM, JSM-6400, Tokyo, Japan).

Particle size analysis was determined on a suspension
of microparticles in 0.9% NaCl solution. The samples
were analyzed by a Counter Coulter® Multisizer 11
system (Coulter, Luton, England).

2.4. Determination of the encapsulation efficiency

The drug content in the microparticles was calculated
from the difference between the total amount of drug
and the amount of drug in the external aqueous phase.
The concentration of SD was determined by UV (276
nm) spectroscopy (Schimadzu RF 5001 PC, Kyoto,
Japan).

The encapsulation efficiency was calculated from the
following expression:

Encapsulation efficiency (%)

_ Total amount of drug — Free amount of drug 100

Total amount of drug

The concentration of FITC-BSA can be determined
by visible spectroscopy (4=494 nm). However, the
FITC-BSA encapsulation efficiency could not be deter-
mined due to the extraction difficulties of the FITC-
BSA from the microparticles.

2.5. Evaluation of SD and FITC-BSA release from the
microparticles

In vitro release studies were performed by incubating
the microparticles (2 mg for SD and 5 mg for FITC-
BSA) in 1 ml isotonic pH 7.4 phosphate buffered saline
containing 0.02% w/v polysorbate 80, at 37°C in a
horizontal shaker (Heidolf promax 2020, Germany)
(n = 3). At desired times, the microparticles dispersions
were centrifuged (0.5, 1.5, 4, 8 and 24 h) (Sigma, model
2-15, Madrid, Spain) for 5 min at 2500 g, and the
supernatants filtered (0.2 um NY filters) (Lida,
Kenosha, WI) and assayed for drug release by measur-
ing its absorbance at 276 nm (SD) or 494 nm (FITC-
BSA).

3. Results and discussion

The development of drug delivery multicore mi-
croparticles, made of a combination of polymers, is
receiving increasing attention in the field of microen-
capsulation. These systems offer significant advantages
over the classical one-polymer based microcapsules: (i)

by selecting the appropriate core/coating polymer com-
bination it is possible to achieve the encapsulation of
hydrophilic and hydrophobic drugs simultaneously; (ii)
the active ingredient can be conveniently isolated and
protected in the microcores; and (iii) the core material
provides the coating polymer with an additional ele-
ment for controlling the release. In the present study we
describe a new drug delivery microparticulate system
which consists of microcores made of CS, a hydrophilic
swellable polymer, microencapsulated in a water insolu-
ble cellulosic coat. The selection of CS was based on its
interesting biopharmaceutical properties in addition to
the drawbacks of the CS microparticles developed until
now, previously described (introduction). Therefore, it
was the aim of this work to present a new approach for
the preparation of CS microparticles suitable for oral
administration and to evaluate their potential for the
encapsulation and controlled release of hydrophobic
drugs as well as hydrophilic macromolecules.

3.1. Development of the microencapsulated CS cores

The manufacturing process described in this paper is
a single-step procedure based on the W,/O/W, emul-
sion—solvent evaporation technique [18]. To date, this
technique has been preferably used for the encapsula-
tion of hydrophilic compounds, mainly antigens and
peptides/proteins [19,20]. Therefore, in order to obtain
microencapsulated CS microcores, this technique had
to be modified accordingly: (i) the inner aqueous phase
(W) is a very viscous and concentrated solution of CS
in which the active ingredient can not only be dissolved,
but also dispersed; (ii) the organic phase (O) is a
relatively diluted solution of a polymer, the organic
solvent and the polymer, both being inert with respect
to the CS.

The first part of this work was focused on the search
for a hydrophobic polymer and the corresponding or-
ganic solvent which would allow the encapsulation of
CS. As indicated in Table 1, three cellulose derivatives,

Table 1
Processing variables in the preparation of the CS—cellulose multicore
microparticles

Processing variables Investigated variables

Type of coating polymer CAB, CAP, EC
Type of organic solvent MC, EA?
Cs concentration 1, 3, 5% w/w

Core/coat ratio
CS type of salt
Cs M,, (viscosity grade)

1/5, 1/1.7, 1/1
Acetate, citrate, glutamate
Low M, high M,

@ Microparticles were not formed.

CS, chitosan; CAB, cellulose acetate butyrate; CAP, cellulose acetate
propionate; EC, ethyl cellulose; MC, methylene chloride; EA, ethyl
acetate.
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Fig. 1. Scanning electron micrographs of core/coat microparticles and the corresponding control formulations prepared using cellulose acetate
butyrate (CAB) and ethylcellulose (EC) as coating polymers. Key: (a) CS/CAB microparticles, (b) control CAB microparticles; (c) CS/EC
microparticles and (d) control EC microparticles (core/coat ratio = 1/1; CS =low M,, chitosan acetate).

cellulose acetate butyrate (CAB), cellulose acetate propi-
onate (CAP) and ethyl cellulose (EC), were checked for
their ability to coat the CS gels. Two organic solvents
typically used in the double emulsion technique,
methylene chloride (MC) and ethyl acetate (EA), were
selected for the dissolution of the coating polymer.
Microscopical (optical microscopy) examination of the
samples indicated that, when the organic solvent was MC,
the encapsulation of the CS gels occurred properly
independent of the coating polymer. In contrast, when
EA was used to dissolve the coating polymer, filaments
and aggregates of the polymer were obtained but not
particles. This could be explained by the rapid diffusion
of EA to the inner (W,) and external (W,) aqueous phases;
a situation that led to the destabilization of the system.
Microparticles were obtained for the three polymers
tested, however based on the similar properties of CAB
and CAP, only EC and CAB were selected as coating
polymers for further experiments. In a second step, the
feasibility of producing microparticles with different types
of CS (M, and type of salt) and several theoretical
core-to-coat (core/coat) ratios was investigated. From
these experiments it is interesting to note the following
features: (1) It was possible to encapsulate CS gels of
various concentrations (1, 3, 5% w/w) leading to the
formation of particles with different core/coat ratio (1/5,
1/1.7, 1/1); (2) The encapsulation of CS was achieved
independent of the type of acid used to dissolve the CS,
and hence the type of salt formed (citrate, acetate), and
of the CS M,, grade (low M, high M).

All the dried CS—cellulosic microparticles prepared
using this procedure were quite spherical, free-flowing and
non-aggregated. The size of the microparticles varied
between 50 and 70 um and it was not affected by the
processing conditions. On the contrary, the appearance
of the microparticles clearly varied with the polymer coat
and the concentration of CS. Scanning electron micro-
graphs (SEM) shown in Fig. 1 reveal that the control
CAB-microparticles, made without CS, are more porous
than the corresponding EC-formulations. In addition, for
both coating polymers, the entrapment of CS rendered
a more irregular and rough surface to the microparticles.
The trend observed was that the higher the CS concen-
tration, and hence, the higher the theoretical core/coat
ratio, the higher the surface roughness and the higher the
irregularity of the microparticles. This observation sug-
gests that these new microparticles consist of CS micro-
cores entrapped in a cellulosic matrix.

3.2. Microencapsulation of sodium diclofenac and
FITC-BSA

Two model compounds were selected in order to
investigate the suitability of the microencapsulated CS gel
cores for the encapsulation and controlled release of
bioactive compounds: SD (M, = 318) and FITC-BSA
(M, = 69000). The effect of the foregoing investigated
variables on the encapsulation efficiency and drug/protein
release was evaluated.
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The encapsulation efficiencies of SD within various
microparticles consisting of different CS/CAB ratios,
and the control formulation (no CS), are displayed in
Fig. 2. It is important to state that the SD entrapment
was very high (close to 100%) irrespective of the
amount of CS used in the preparation (the amount of
CAB was maintained constant). Furthermore, it was
found that the encapsulation efficiency was excellent
independent of the CS M, CS salt and the type of
coating polymer (EC vs. CAB).

These results provided evidence for the feasibility of
this technique—for the encapsulation of compounds
which were not soluble but dispersed in the CS gels.
Afterwards, it was important to assess the acceptability
of this approach for the encapsulation of hydrophilic
macromolecules. As indicated above, the double emul-
sion technique has been extensively used for the encap-
sulation of proteins and antigens within PLGA
microspheres; however, to our knowledge, there is no
report describing the entrapment of proteins within CS
particles coated with a cellulosic polymer. In this study,
FITC-BSA was selected as a model of hydrophilic
macromolecule and dissolved within the CS gels previ-
ously to their microencapsulation. Even though it was
not possible to determine with accuracy the protein
encapsulation efficiency, the micrograph, shown in Fig.
3, demonstrates that cores containing CS and FITC-
BSA are entrapped within a CAB microparticle. Fur-
thermore, preliminary SDS-PAGE (sodium dodecyl
sulfate-polyacrylamide gel electrophoresis) studies of
FITC-BSA released from microparticles indicated that
FITC-BSA did not suffer either aggregation or frag-
mentation during the preparation process (results not
shown).
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Fig. 2. Effect of the core/coat ratio on the encapsulation efficiency of
sodium diclofenac within CS/CAB and CS/EC microparticles (CS =
low M,, chitosan acetate) (data shown are the mean + S.D., n > 3).

Fig. 3. Optical micrograph of a FITC-BSA loaded CS/CAB mi-
croparticle (core/coat = 1/1; CS =low M|, chitosan acetate).

3.3. In vitro release of SD and FITC—BSA

Results in Fig. 4 show the influence of the core/coat
ratio on the in vitro release of SD; the higher the
amount of core material, the faster the in vitro release
rate of SD. This core/coat dependence of the drug
release behavior could be logically explained by the
hydrophilicity of CS. It was expected that, following
their incubation in a buffer medium, the CS core parti-
cles entrapped in the cellulosic polymer would absorb
water, swell and, consequently, create hydrophilic path-
ways that should facilitate the release of the drug.

In addition, results in Fig. 5 indicate that the type of
acid used to dissolve the CS influence the drug release
from CS/CAB micropaticles differently. The CS citrate
led to a slower drug release than CS acetate. The
explanation to this distinct behavior was found in the
differences in the solubilities and swelling/gelling capac-
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Fig. 4. Effect of the core/coat ratio on the in vitro release of sodium
diclofenac from CS/CAB microparticles: (@), 1/1; (l), 1/1.7 and (A),
1/5 (CS =low M,, chitosan acetate) (data shown are the mean + S.D.,
n>=3).
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Fig. 5. Effect of the type of chitosan salt on the in vitro release of
sodium diclofenac from CS/CAB microparticles: (®), CS acetate and
(M), CS citrate (core/coat ratio =1/1; CS =low M,, chitosan) (data
shown are the mean + S.D., n > 3).

ities of the various CS salts [21-23]. In the present
study, it was interesting to observe that CS acetate
films, prepared by a solvent evaporation method,
swelled slowly to a high extent, thus allowing the
continuous release of the drug; whereas CS citrate films
swelled very rapidly and then formed a very viscous
gel-like barrier which hindered the release of the drug.
These results agree with those previously reported by
Nigalaye et al. [24], who studied the retarding effect of
CS—citric acid complexes.

This data permitted us to conclude that, by ade-
quately selecting the CS salt and the core/coat ratio, it
was possible to control the release of the encapsulated
drug. Other than the factors related to CS, it was
expected that a key factor affecting the drug release
would be the nature of the coating polymer. The release
profiles corresponding to two formulations consisting
of low M, CS acetate microcores coated with CAB or
EC, and the corresponding control formulations (no
CS) are displayed in Fig. 6. The different release behav-
ior as a function of the coating polymer, could be
explained, in part, by the microparticles surface mor-
phology. As shown in Fig. 1, control CAB microparti-
cles were more porous than control EC microparticles,
thus, it was logical to conclude that they released the
encapsulated drug faster. A drastically different pattern
was, however, observed for the CS-containing mi-
croparticles: CS/EC microparticles release much faster
than CS/CAB. This behavior can be solely attributed to
the different efficiency of the coating by the two poly-
mers: EC coats the CS cores less than CAB, thus
releasing the encapsulated drug more quickly. In both
formulations, the presence of CS creates hydrophilic
pathways which would explain the faster release when
compared to the corresponding controls.

Once it was demonstrated that the drug release rate
could be easily modulated by simply adjusting some
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Fig. 6. Effect of the coating polymer on the in vitro release of sodium
diclofenac from core/coat microparticles and the corresponding con-
trol formulations: (M), CS/EC microparticles; ([J), control EC mi-
croparticles; (®), CS/CAB microparticles and (O), control CAB
microparticles (core/coat ratio = 1/1; CS =low M,, chitosan acetate)
(data shown are the mean + S.D., n > 3).

formulation variables, the usefulness of this system for
controlling the release of the entrapped FITC-BSA was
investigated on the CAB formulations prepared with
low and high M, CS and various types of CS salts
(acetate, citrate, glutamate) (CS/CAB ratio = 1/1). Re-
lease profiles in Fig. 7 indicate that, by selecting the CS
M, and acid used to prepare the gels, it was possible to
modulate the protein release rate. As in the case of SD,
the distinct behavior of the formulations agrees well
with the differences in the swelling/gelling capacities of
the different CS cores. In this sense it was found that
films made of CS glutamate dissolved much faster than
those made of CS acetate and CS citrate. An additional
interesting observation from the profiles shown in Fig.
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Fig. 7. Effect of the type of salt and M,, of chitosan (CS) on the in
vitro release of FITC-BSA from CS/CAB microparticles: (O), low
M, CS acetate; ([J), low M,, CS citrate; (@), high M, CS acetate;
(M), high M, CS citrate and (A), high M, CS glutamate (core/coat
ratio = 1/1) (data shown are the mean £+ S.D., n > 3).
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Drug loaded CS-cellulose
multicore microparticle

Burst effect

Drug diffusion through the
swollen/gelled CS cores

Fig. 8. Theoretical cross-section structure and release mechanisms of drug-containing core/coat microparticles.

7 is that the protein release rate from microparticles
prepared with the high M, CS was slower than from
the formulations containing the low M, CS. This be-
havior was predictable based on the relationship be-
tween M, and viscosity [25]. Increasing the viscosity of
the polymer retarded the diffusion of the drug through
the gel into the release medium.

3.4. Microparticles structure and release mechanism

Fig. 8 illustrates the probable drug/protein release
mechanisms from the multi-core CS-—cellulosic coat
systems. The drug release would involve the following
processes: (i) water penetration into the microparticles,
(i) CS swelling/gelling and dissolution of the active
compound, and (iii) diffusion of the active compound
through the CS hydrogels. Therefore, the drug release
rate would be controlled by the extent and rate of water
absorption/swelling of the CS included within the mi-
croparticles, and the rate of diffusion of drug out of the
gel, which in turn, will be dependent on the type and
amount of CS entrapped. As the CS content in the
microparticles increases, the diffusion of the drug/
protein out of the microparticles increases as well. The
presence of non-totally coated CS cores on the surface
of the microparticles would explain the burst effect
achieved with a few formulations.

Other factors, such as protein/CS interactions and
disintegration of the microparticles did not seem to
have a key role in the process. On the other hand, the
protein (isoelectric pH = 6) was positively charged,
therefore its electrostatic interaction with CS was mini-
mized. The microparticles morphology (as assessed by
SEM) did not change significantly following incuba-
tion, either in an acidic or neutral medium, further
supporting the suitability of these particles for oral
administration.
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