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PEC Films Prepared from Chitosan—Alginate Coacervates

Xiaoliang Yan,” Eugene KHor,” and Lee-Yong Liv**

Departments of Pharmacy” and Chemistry,® National University of Singapore, 10 Kent Ridge Crescent, Singapore 119260.

Received December 13, 1999; accepted March 6, 2000

Chitosan-alginate polyelectrolyte complex (PEC) have been prepared in situ in beads and microspheres.
This study examines the preparation of suitable chitosan—alginate coacervates for casting into homogeneous PEC
films for potential applications in packaging, controlled release systems and wound dressings. Coacervation be-
tween chitosan and alginate was rapid, but the rate may be controlled with the addition of water miscible organic
solvents. Compared with ethanol and PEG200, acetone was the more promising solvent moderator. Suspensions
of fine, uniformly dispersed coacervates were produced by a dropwise addition of 0.25% w/v chitosan solution
(solvent: 1:1 v/v of 2% acetic acid and acetone) into 0.25% w/v sodium alginate solution in water under rapid
agitation. The PEC films were transparent and flexible. They exhibited high permeability to water vapor, but re-
sisted complete dissolution in 0.1 M HC], distilled water and pH 7.4 phesphate buffer solution. Micrescopic het-
erogeneity in the films could be reduced by immersion in aqueous media, but this was accompanied by modifica-
tions in the thickness, permeability and mechanical property of the films.
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Chitosan is the deacetylated product of chitin, a polysac-
charide found in abundance in nature, primarily in crustacean
shells. It is water soluble at low pH due to the protonation of
the glucosamine moieties. Alginate is a polysaccharide de-
rived from brown seaweed and comprises blocks of guluronic
and mannuronic acids. Some salts of alginates, e.g. sodium
alginate, are soluble in water. Both polymers are biocompati-
ble and edible, and have been widely studied in the formula-
tion of biomedical'— and agricultural products.*

Whilst the water solubility of the polymers is an advantage
in eliminating the use of noxious solvents during processing,
it limits the use of the polymers as packaging materials, car-
riers in controlled release drug delivery systems and as bio-
materials. In recent years, the development of polyelectrolyte
complexes (PEC) involving chitosan and alginate has gained
impetus.'*1? The PEC has been shown to be water insolu-
ble and proven more effective in limiting the release of en-
capsulated materials compared to either polymer alone."”
Such complex formation is expected to result mainly from
electrostatic interactions between the amino groups in chi-
tosan and the carboxyl groups in alginate. However, the reac-
tion between chitosan and alginate has been reported to be
independent of the pH and ionic strength of the media,!'?
leading Mireles et al.'? to postulate that hydrogen bonding
and other intramolecular interactions may predominate in the
complex formation process.

The preparation of chitosan—alginate PEC to date has in-
volved mainly beads and microsphere systems.'”—'” These
systems were heterogeneous, comprising the PEC membrane
encapsulating a chitosan or alginate core. In most cases, the
extent of reaction is not known or controlled. PEC involving
chitosan with other polymers have been reported,*~'” and
some have been cast into films.”"~'” The demonstration of
film forming capability is important as it widens the applica-
tions of the PEC to include membrane products that can be
used for packaging, dialysis, coating and wound dressings.
The objectives of this study were to examine the feasibility
of preparing homogeneous PEC films from chitosan—alginate
coacervates, and to characterize the films as a function of
processing parameters.
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Experimental

Materials Chitosan (Tokyo Kasei Kogyo Company Ltd., Tokyo, Japan)
was purified and further deacetylated by refluxing twice with 40% w/v
sodium hydroxide in the presence of NaBH,, intermitted by washing with
copious amounts of water. The polymer was then dissolved in 3% v/v acetic
acid, regenerated with 1M sodium hydroxide, washed with distilled water
and freeze-dried. Viscosity average molecular weight, M,, of the purified
chitosan, measured by solution viscometry (Cannon Ubbelohde, 30°C, 0.2 M
CH,COOH/0.1 M CH,COONa solvent, K=6.6x10"°, a=0.88),'® was 8.60
(£0.64)X10° (n=5) while its degree of deacetylation, determined by the
first derivative UV spectrophotometric method,'” was 95.7+0.2% (n=5).
Sodium alginate (Lot #2445310L, BDH Ltd., Poole, England) was used as
received. It has an intrinsic viscosity of 3.23, which may be approximated to
a M, of 1.04Xx10° (Cannon Ubbelohde, 25°C, 0.1m NaCl solvent,
K=6.9%107%, a=1.13).29 All other chemicals and reagents were of analyti-
cal grade.

Preparation of Films Chitosan solutions (0.0625 to 0.5% w/v) were
prepared by adding acetone, ethanol or PEG 200 (0 to 50% v/v) to filtered
solutions of the polymer in 2% v/v aqueous acetic acid. Twenty-five milli-
liters of the solution were added dropwise to 25ml of sodium alginate
(0.0625 to 0.5% w/v) in water. Coacervation was effected under vigorous
manual agitation for 20 min. Selected suspensions were cast into polyethyl-
ene petri dishes (Sterilin, UK, internal ¢85mm) and allowed to dry
overnight at ambient temperature (25 °C).

Processing of Films Dried chitosan—alginate PEC films were immersed
for 1h in distilled water, 0.1 M NaOH, 0.1 m HCI or by sequential immersion
for 1hin 0.1 M NaOH followed by 1 h in 0.1 m HCL. The films were then re-
trieved with care, washed with distilled water until the washings were neu-
tral to litmus, and dried for 10 h in an oven at 60 °C.

Characterization of Films The PEC films were stored in desiccators at
ambient temperature, and measured for weight (Mettler-Toledo) and thick-
ness (Mitutoyo thickness gauge). Surface morphology was observed under a
light microscope (LM) (Leica 520804 microscope, Nikon FM2 camera,
200X magnification) and a scanning electron microscope (SEM) (JEOL
JSM-T220A, 15kV and 200X magnification, Mamiya camera). Film sam-
ples were coated with gold-platinum (Ion sputter JFC-1100, 5min) for the
SEM observations.

To determine film permeability to water vapor, film samples of 40 mm di-
ameter were mounted on plastic cups with the help of water impermeable
sealant to give test areas of 7.07X10™*m? Each plastic cup contained
weighed amounts (5—6 g) of silica gel previously activated at 200 °C for 1 h.
At prescribed time intervals, the cups were weighed to determine the amount
of water vapor transmitted through the films. The experiments were con-
ducted in triplicates at controlled temperature and relative humidity (Con-
therm environmental chamber). Control experiments comprised using empty
cups scaled with the PEC films, as well as using aluminum foil to seal cups
containing the silica gel. In both controls, there were negligible changes in
cup weight with time, suggesting that the extent of water vapor sorption by
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the PEC films, and water permeability through the plastic cup per se, were
negligible.

The water sorption capabilities of the PEC films in distilled water, 0.1 M
HCI and pH 7.4 phosphate buffer solutions were measured. Triplicate film
samples of 30 mm diameter were stored in desiccators to constant weight be-
fore immersion in 100ml of test media at 37.0+0.1 °C. At periodic inter-
vals, the films were retrieved from the media, blotted with filter paper and
weighed immediately. The extent of water sorption is given as the ratio of
weight at time # (W,) and original weight (/,) of the films.

Mechanical properties of the films (n=35) were determined at 25 °C and
50% relative humidity using a tensile tester (Instron 4502). Film samples
(70X 10 mm) were held at a grip distance of 50 mm and subjected to a strain
rate of 1.0 mm/min.

Two milligrams of film were mixed with 200mg KBr and pressed at
13tons for 3min to give sample disks for IR spectroscopic (Jasco FTIR)
measurements. Disks were similarly prepared using isolated chitosan—algi-
nate coacervates, alginic acid, chitosan acetate films and purified chitosan
instead of the PEC films. The coacervates were obtained from mixing 0.25%
w/v chitosan and alginate solutions, and were retrieved by filtration, washed
with water, processed as described for the PEC films and freeze-dried. Al-
ginic acid was precipitated by adding 30ml of 0.1 M HCI to 25ml of the
0.25% w/v sodium alginate solution, and was recovered by filtration, washed
with water and freeze-dried. The chitosan acetate film was prepared by cast-
ing 50 ml of 0.25% w/v chitosan solution in 2% v/v acetic acid.

Results and Discussion

Coacervation between Chitosan and Alginate Chi-
tosan has pK, of 6.5,”" while alginate has pK, values of 3.4
to 4.4.2Y Chitosan and alginate solutions in this study had
initial pHs of about 4.15 and 6.84 respectively. Under these
circumstances, the amino groups in chitosan and the car-
boxyl groups in alginate are largely ionized, and coacervation
would arise primarily from electrostatic attraction, although
hydrogen bonding and hydrophobic interactions have been
implicated.'?

When the chitosan and alginate solutions were mixed by
dropwise addition of one solution into the other, capsules
were obtained. Rapid coacervation induced the formation of
a dense interphasic PEC membrane that separated the poly-
mer solutions and prevented further reaction. Although this
technology was commonly employed to prepare beads and
microspheres® % of chitosan (or alginate) encapsulated by
chitosan—alginate PEC membrane, it was not suitable for the
production of coacervates for casting into films. Suspensions
of the capsules gave rise to heterogeneous films comprising
demarcated capsules dispersed in sodium alginate matrix. To
prepare coacervates for casting into homogeneous films, the
rate of reaction between the two polymers must be suffi-
ciently slow to prevent the formation of interphasic mem-
branes, so that the reaction may be allowed to proceed to
completion.

Addition of a water miscible organic solvent (acetone,
ethanol or PEG200) into the chitosan solution was effective
in slowing the rate of coacervation. The efficiency of the sol-
vent moderators in producing homogeneous precipitation
was in the order of acetone>ethanol>PEG200. In solvents
of lower polarity, chitosan assumes less extended conforma-
tions, which restricts the reaction between the two polyelec-
trolytes. The rate and extent of coacervation would be deter-
mined by the accessibility of reactive groups as the polymers
undergo conformational changes in solution.

It was more effective to add the solvent moderator to the
chitosan, rather than the alginate, solution because of the lat-
ter’s poor solubility in the mixed solvents. Other formulation
parameters investigated were the concentrations of polymers
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(0.0625 to 0.5% w/v) and solvent moderators (10 to 50%
v/v), the rate of addition of one polymer solution to the other
and the rate of stirring during mixing. Optimal suspensions
of fine, uniformly dispersed coacervates were prepared by
dropwise addition of 25 ml chitosan solution (0.25% w/v in a
1:1 v/v solvent mixture of 2% v/v water acetic acid and ace-
tone) to 25 ml sodium alginate solution (0.25% w/v in water)
under vigorous agitation. These suspensions were used to
cast the chitosan-alginate PEC films for this study.

The IR spectrum of the isolated chitosan—alginate coacer-
vates showed a broad band at 1607cm™!, a shoulder at
1520cm™" (8yy), and another band at 1400cm™ (8, 5)
(Fig. 1a). It had a fingerprint region, 1000 to 1400 cm™", typ-
ical of cellulosic polymers. Coacervates that had been
processed with aqueous HCl, whether alone or sequential to
NaOH immersion, gave rise to 3 prominent bands at
1750cm™!, 1635cm™! and 1520 cm™". These bands may be
attributed to the protonation of residual amino groups
(1520cm ™), and the conversion of the PEC to alginic acid,
the 1750cm ™" and 1635cm™' bands corresponding to the
carboxyl and carboxylate carbonyl groups, respectively, of ‘al-
ginic acid (Fig. 1c). On the other hand, when the coacervates
were processed with aqueous NaOH, the IR spectrum be-
came poorly resolved, and resembled that for purified chi-
tosan (Fig. 1c). The basic medium may cause the PEC to dis-
sociate into soluble sodium alginate and chitosan precipitate.
The latter was retained by filtration and therefore detected in
the IR spectrum.

Chitosan—-Alginate PEC Films Figures 2 and 3 show
the LM and SEM photographs of PEC films prepared from
suspensions of the chitosan—alginate coacervates. The sur-
face of unprocessed film (Fig. 2) was undulating, comprising
uniformly distributed nodule-like elevations. Mean film
thickness was 48.2 um. Processing the PEC films in aqueous
NaOH and HCI removed most of the nodules. The films were
intact upon retrieval but, due to loss of film matrix
(25.08+2.45% and 26.42+1.33% (n=38), respectively), be-
came thinner on drying. Film thickness is given in Table 1.
Sequential immersion of the PEC films in NaOH followed by
HCI also removed the nodules. These films were the thinnest
(Table 1), although the weight loss (29.2221.02%) was only
slightly higher than those processed in NaOH or HCl alone.
Extensive film expansion in the aqueous HCl may have given
rise to the thinner films.

IR spectra for the chitosan—alginate PEC films are shown
in Fig. 1b. Unprocessed films gave a spectrum that was
poorly resolved, showing a broad band spanning from 1500
to 1700 cm™'. Immersion of the films in aqueous media re-
duced their thickness, which improved the resolution of the
IR spectra. Processing with aqueous NaOH alone did not sig-
nificantly change the IR spectrum of the PEC films. Process-
ing the films with HCl, whether alone or sequential to NaOH
treatment, produced an additional band at 1520 cm™', which
may be attributed to the protonation of residual amino groups
in the films. Unlike the coacervates, acid processing of the
films did not produce a prominent IR band at 1750 cm L. The
apparent absence of alginic acid in the PEC films may be ex-
plained by its removal during repeated washings of the films
during processing. On the other hand, alginic acid would be
retained in the coacervates because they were retrieved by fil-
tration after processing.
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As mass loss was similar regardless of the nature of pro-
cessing medium used, we conducted further experiments by
processing the PEC films in a similar manner using 0.1Mm
aqueous acetic acid, distilled water and pH 7.4 phosphate
buffer solutions. Weight losses recorded for the films were
2548+0.46% (n=3), 22.93x0.75% (n=3) and 20.1%
(n=1) respectively. Compared to the unprocessed film, the
film processed with distilled water had a similar but better re-
solved IR spectrum (Fig. 1b) because it was thinner (Table
1). These results suggest that the loss of film matrix was rela-
tively independent of the nature of the aqueous media, and
may be attributed to the removal of non-reacted molecules
and unstable PEC from the films during processing and
washings. It is pertinent to recognize that the films comprised
significant amounts of stable PEC that were not solubilized
by distilled water, aqueous acids or bases.

The stability of the PEC is a function of the number of
binding sites between adjacent chitosan and alginate mole-
cules. Chitosan molecules in this study had high molecular
weight, about 8 times higher than that for the alginate, and
are not expected to have extended conformations in the
mixed solvent. Since the coacervation reaction is time-de-
pendent, it would continue in the suspensions even as they
were cast and allowed to dry into films. For this reason, the
films should contain more stable PEC and less residual reac-
tive groups than the isolated coacervates. Although quantita-
tive analysis of residual reactive groups was not carried out,
chitosan and alginate should bind in the ratio of 1:1
monomeric unit, equivalent to 1:1.5 by weight of chitosan:
alginate, if reaction were carried out to completion.')

The permeability of the chitosan—alginate PEC films to
water vapor (Table 1) was relatively high, comparable to cel-
lophane and polyvinyl alcohol films.?» Thickness and area of
the films available for water vapor transmission were consid-
ered when calculating the film permeability. Film permeabil-
ity was reduced after processing with aqueous media, with
HCI having a greater effect than NaOH. The film permeabil-
ity was in the order of unprocessed films>films processed in
aqueous NaOH>films processed in distilled water>films
processed in aqueous HCI>films processed in both NaOH
and HCL The poorer permeability of processed films could
be associated with greater homogeneity in film composition,
which allowed for closer molecular chain packing in the
films. Rearrangement of polymer chains was probably more
extensive in films processed with aqueous HCl because of
film expansion in this medium.

While the permeability of the processed films was rela-
tively unchanged, the unprocessed film had lower permeabil-
ity when the temperature was increased from 25 °C to 32 °C.
Enhanced chain mobility at higher temperature may have re-
duced the porosity of the unprocessed film through molecu-
lar rearrangement; but for the already dense processed films,
such molecular arrangement would not significantly affect
the film porosity. Raising the RH from 50% to 80% also low-
ered the permeability of the unprocessed film, probably
through a mechanism similar to that seen at elevated temper-
ature, while the acid- and base-processed films showed
slightly higher permeability to water vapor. The latter may be
attributed to a hydration effect.

The capacity of the PEC films for water sorption in differ-
ent liquid media is shown in Fig. 4. In many instances, the
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Untreated films Films treated by 0.1N NaOH

Films treated by 0.1N HCl Films treated by 0.1N NaOH/HCI

Fig. 2. Morphology of Chitosan-Alginate PEC Films as Observed under a Light Microscope

Untreated films

Films treate by 0.IN HCI Films treated by . IN NaOH/HCl

Fig. 3. Surface Morphology of Chitosan—Alginate PEC Films as Observed under a Scanning Electron Microscope
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Table 1. Permeability (g-mm-m™-24h"'-mmHg ') and Mechanical Properties of Chitosan—Alginate PEC Films

Permeability to water vapour (n=3)

Mechanical properties (n=25)

Processi di Thickness
rocessing medium (um) (n=5) RH50%,  RH80%, RHS50%,  Young’smodulus Tensile strength  Strain at break
25°C 25°C 32°C (MPa) (MPa) (%)
Unprocessed 482473 62140.12  578+032 4.08=0.12  45091+123.77 4.53+0.83 8.41+1.84
Distilled water 31.9+47 3.29+0.06 — — — — —
0.1 M NaOH 29.6+3.6 3.69+0.14  4.03%029 3.89=0.12  133822+101.91  12.34%1.20 7.75+1.85
0.1M HC 19.1+0.6 2494005 2817009 237x0.06  918.34+146.38 7.53+1.88 2.46+0.57
0.1MNaOH, and 0.1MHCl  17.6+0.9 207+0.03 2192008 2212010  752.76%48.19 4.49+0.76 232020
16 + 16 4 16 |
12 4 12 4 12
z z !
5 z 2
8+ 8 4 8 H
4 4 4
Jerrrt——y |
3 N — 0
0 20 40 60 80 100 120 140 0 20 40 60 80 100 120 140 0 20 40 60 80 100 120 140"
Time(min) Time(min) Time(min)

(a)

(©)

Fig. 4. Water Uptake by PEC Films as Measured by the Extent of Weight Change in (a) pH 7.4 Phosphate Buffer Solutions, (b) 0.1 M HCI and (c) Distilled

Water

Symbols: , unprocessed films; @, processed with distilled water; A, processed with aqueous NaOH; M, processed with aqueous HCI; X, processed with aqueous NaOH and

HCL.

films showed rapid weight gain in the first 5 min, followed by
gradual weight loss to reach equilibrium level at about
20min. The weight loss, which was substantial for the thin
processed films, may be attributed to solubilization of film
matrix. However, it is perplexing that such weight loss was
not apparent in the very thin NaOH/HCI processed film when
placed in 0.1 M HCIL.

All films showed poor water uptakes in the pH 7.4 phos-
phate buffer solution (Fig. 4a), while relatively large amounts
of water were absorbed, particularly for processed films, in
0.1 M HCI (Fig. 4b). This difference is related to medium pH,
since the ionic strengths of 0.1 M HCl and the pH 7.4 phos-
phate buffer solutions were similar (0.1m and 0.0895m). In
the acid medium, protonation followed by the repelling ac-
tion of residual amino groups in the PEC films caused film
expansion, which facilitated water sorption. PEC films
processed in both aqueous NaOH and HCI showed higher
water sorption because they were thin films.

Disparate water sorption capabilities were observed in dis-
tilled water (Fig. 4c). Unprocessed films and films processed
in distilled water or aqueous NaOH had similarly small
weight gains, while films processed in aqueous HCI showed
higher water uptakes. These results may be accounted for by

the presence of protonated amino groups in those films pre-
- processed in aqueous HCI. In this medium, thin films
processed in both NaOH and HCI again showed the highest
water uptake in the first few minutes.

The mechanical properties of the PEC films are given in
Table 1. The unprocessed film had a moderate Young’s mod-
ulus and relatively low tensile strength and percent elonga-
tion at break point. Processing in NaOH significantly im-
proved the mechanical properties of the films in terms of the
Young’s modulus and tensile strength, but not the elongation
at break point. The enhanced strength may be attributed to
the neutralization of charges at residual amino groups, which
confer mechanical strength reminiscent of the chitosan
film.>¥ Tensile strength and Young’s modulus were also im-
proved, although more modestly, by processing in HCI, or in
both NaOH and HCL. In this case, tensile strength may have
been acquired from improved chain packing in the relatively
more homogeneous films. However, these films were less
ductile when compared to the unprocessed film.

Conclusion

Coherent PEC films can be prepared by casting aqueous
suspensions of chitosan—alginate coacervates. The PEC films
were flexible, porous and hydrophilic, yet resistant to dissolu-
tion in water, aqueous acids and bases. Despite gross homo-
geneity, microscopic heterogeneity was observed in the film
morphology. These can be removed by processing with aque-
ous HCI or NaOH, which also modify the physicochemical
properties of the films. Further refinements in the formula-
tion and method of preparation, as well as mechanistic stud-
ies, are currently being investigated.
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