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ABSTRACT

Surface and structural investigations of natural biopolymer (chitosan) films containing various conven-
tionally applied hydrophilic plasticizers (glycerol and poly(ethylene glycol) 400) were performed and the
results were compared, with the aim of acquiring new information concerning the formation of these
plasticized films. The surface tests revealed that the water uptake, the water-binding properties (mois-
ture content) and the polarity were higher for the film containing glycerol as plasticizer. Positronium
lifetime measurements and NMR studies performed to evaluate the effects of the plasticizer on the poly-
mer structure demonstrated relevant differences in the effects of the plasticizers. The influence of glycerol
on the structure of the film formed was more intensive than that of PEG 400. It can be concluded that
the surface properties of the films, which are very important for their storage and application, cannot
be established exactly by means of structural tests. Both surface and structural tests must be performed
before the formulation of this type of plasticized mucoadhesive films.

Surface free energy

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Efforts are currently being made to acquire a more detailed
understanding of all technological processes in pharmaceutical
technology and hence in industry. Knowledge of film formation
from aqueous solution of polymers is very important during the
coating of solid dosage forms. This process and the structure of the
film can be influenced by different additives [1,2]. An understanding
of the formation of macromolecular films is very important, because
the field of application of these films is constantly becoming wider.
They are used not only as coatings and binders for granulation, but
also as separate dosage forms (films for topical application), e.g. the
buccal administration of different sensitive agents, such as proteins
[3.4].

An exact knowledge of film-formation properties can be infor-
mative in an evaluation of the surfaces of films. These are very
relevant because the surface can determine the adhesion to the core
or to biological membranes (bioadhesion for drug-loaded films) [5].
In spite of the importance of these surface tests, however, they are
not frequently performed during optimization of fluids containing
film-former agents. In studies conducted to evaluate the properties
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of the surfaces of films, mainly films prepared from different solu-
tions have been used [6,7]. It this case, the aqueous and organic
solution of different types of cellulose ethers was evaluated. This
can furnish a better understanding of the effects of different addi-
tives. The changes in the surface properties of films due to the
additives must not decrease the adhesion of the complex film to
the surface. The adhesion between the particles can be calculated
from the surface free energies of the components [8]. The levels
of adhesion between solid materials and a single binder polymer
for granulation have been evaluated [9,10]. In these studies, the
work of adhesion and the work of cohesion were calculated and
correlated with the pellet properties (friability, bulk and tapped
density, and porosity). However, those publications did not deal
with the films, but only with the solid components. In the event
of the coating of films containing a large number of additives, it
is not enough to determine the adhesion between the polymer
and the core. Determination of the surface free energy of the com-
plex film is therefore very important. It is well known from our
previous results that the surface properties of film can not be pre-
dicted from the parameters of the separate components [11]. In
that study, taste-masking films were prepared from aqueous cit-
ric acid solutions of a cationic polymer with various hydrophilic
plasticizers. The wetting properties and surface free energy of the
free films were studied. The direction of the change in polarity
(a hydrophilic component caused a decrease in the polarity) was
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unexpected. It was explained by the change in orientation of the
macromolecules.

Changes in the arrangement of macromolecules can alter the
properties of the surface of the film. This can mainly be achieved
with different additives (or with the active agent for drug-loaded
films). In this case, the network of the polymersis disturbed by these
components. An factor affecting the surface chemical properties of
the cellulose ether films is the degree to which functional groups
and the cellulose backbone orient during film formation [6]. These
water-soluble components are surface active and will organize and
form structures at the solution-air interface. The properties of the
pendant chains will also influence this process. These surface effects
during the drying process may contribute significantly to the rel-
ative presence of functional groups at the surface in much the
same way that solvent composition and annealing can influence
surface properties in EC [7]. Methods for a separate evaluation of
the internal structure must therefore also be applied for a better
understanding of film formation.

In the present work, the surfaces and structures of samples
containing the natural polymer chitosan (CS) with various conven-
tionally applied hydrophilic plasticizers (glycerol and poly(ethylene
glycol) (PEG) 400) were compared. It is a preformulation study for
the preparation of poured drug loaded film. These mucoadhesive
films were prepared from the acidic solution of chitosan. The pro-
tecting effect of this film is not appropriate for the formulation
of coating product. It can be increased with the alkalizing of the
film. Our aim was the formulation of free films for individual buc-
cal drug delivery system. In this case, the application of this step
is not obviously necessary. The alkalizing of the surface of film was
therefore not applied. The moisture contents, wetting properties
and surface free energies of the free films were studied in order
to evaluate the external surfaces of the films. These studies were
supplemented with solid-state nuclear magnetic resonance (NMR)
spectroscopy and positronium lifetime measurement so as to eval-
uate the arrangement of the film-forming molecules and hence
the structures of the films, which is very important as concerns
an understanding of the formation of plasticized films.

The positron is the anti-particle of the electron. In vacuum, it is
stable but it undergoes annihilation when it encounters an electron.
In materials, the characteristics of the annihilation are determined
by the chemical and spatial structure of the material [12]. When
positron spectroscopy is applied for the study of polymers, the most
important positron state is the positronium. This is a very light
“hydrogen” atom in which the proton is replaced by a positron.
This “atom” scans the free volume of materials. The longer its life-
time, the larger is the free volume. In the case of polymers, this free
volume is the free space between the polymeric chains.

Solid-state NMR spectroscopy is an effective and powerful tool
for the characterization of mixed and amorphous materials that
cannot be characterized by means of scattering methods. Besides
an analytical characterization of a system, solid-state NMR meth-
ods yield structural information on the molecular scale. 'H single
pulse and cross-polarization (CP) 13C solid-state NMR spectra were
recorded and analyzed in order to investigate the changes in molec-
ular dynamics caused by the plasticizer.

2. Experimental
2.1. Materials

CS is a linear polysaccharide composed of randomly distributed
[3-(1-4)-linked D-glucosamine (deacetylated unit) and N-acetyl-D-
glucosamine (acetylated unit). High molecular weight CS (Chitosan
1568, Giusto Faravelli S.p.a., Milano, Italy) was applied (degree of
acetylation =9%). The molecular weight of the chitosan was pre-
viously determined by using the viscosimetric method, using the

Mark Houwink equation [13,14] The obtained molecular weight
was of 1850 kDa. Ascorbic acid (AA), glycerol and PEG 400 were
supplied by Sigma Chemicals Co. (Milano, Italy). Ascorbic acid was
applied as solubilizing agent and it may improve the permeation
enhancement properties of the chitosan [13].

2.2. Preparation of free films

2.43 g of AAwas dissolved in distilled water. After its dissolution,
the plasticizer was added at 1% (w/w) followed CS to obtain a con-
centration of 2.5% (w/w). The pH of the CS + AA solution containing
PEG 400 was about 4.62, and that of the solution containing glycerol
was about 4.8. 3 g of each liquid was poured onto an even Teflon sur-
face with a diameter of 3.3 cm, and dried under ambient conditions
(25+2°C and 50+ 5% RH). The dried samples (after 24 h drying)
were stored for 24 h in a desiccator (<20% RH/room temperature)
and were examined. Film thickness was measured with an accuracy
of 0.001 mm with a screw micrometer (Mitutoyo Ltd., Kawasaki) at
the middle of the specimens.

2.3. Water uptake of films

An Enslin apparatus with a glass filter and a pipette with an
accuracy of 0.01 ml were used to determine the water uptakes of
the free films. A piece of film took up the maximum quantity of
water possible through a filter paper under these conditions. The
quantity of fluid was controlled every 10s. 0.10-0.15 g of film was
tested. Three parallel experiments were performed.

2.4. Moisture content

The moisture contents of the free films were determined
with a moisture analyzer (HR73 Halogen Moisture Analyzer,
Mettler-Toledo GmbH, Greifensee, Switzerland). The standard dry-
ing program was used and the drying temperature was 105 °C. The
sample was heated to the drying temperature and then held con-
stant at that temperature. The films were dried to constant weight.
Three parallel experiments were performed.

2.5. Determination of wetting and surface free energy of films

One major factor to consider in solid-solid contact is the surface
free energy. The surface free energy is the free energy change when
the surface area of a medium is increased by unit area. For solids,
the surface free energy is commonly denoted by ys and is given in
units of energy per unit area, mj/m?2 (or mN/m).

The surface free energy of a sample can provide very important
information (e.g. adhesion, spreading, etc.) concerning the proces-
sibility of the solid product. It is therefore advisable to know this
parameter during the formulation of a film-coated product. The
solid surface free energy was calculated according to the method of
Wu [15]. It is the sum of the polar (¥?) and dispersion (yd) compo-
nents of the solid. The solid-surface free energy can be assessed by
measurements of the contact angle of two liquids of known polarity
and the solution of two equations with two unknowns:

(14 cos Oyl — 4vdvd) AV
- ,d d p p
W+t v+

where y) is the liquid surface tension and y;s is the solid-surface
free energy.

The polarity, as a percentage, can be derived from the surface
free energy. It is the ratio of the polar part and the total surface free
energy.

An optical contact angle measuring device (OCA 20, DataPhysics
Instruments GmbH) was utilized to determine the wetting proper-
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ties of the samples. An automatic syringe was used for the dropping,
and circle fitting was applied to determine the contact angle. The
test fluids were water and diiodomethane (Merck KGaA, Darm-
stadt). The dispersion part of the surface tension was 21.8 mN/m for
water and 50.8 mN/m for diiodomethane. The polar part of the sur-
face tension was 51 mN/m for water and O mN/m for diiodomethane
[16]. The dried samples (after 24 h drying) were stored for 24 h in a
desiccator (<20% RH/room temperature) and were examined with
the two solvents. The contact angles were calculated from results
of 20 drops.

2.6. Positronium lifetime measurement

The positron source consisted of carrier-free 22NaCl. It was
placed between two very thin (2 mg/cm?) kapton foils and two
identical polymer samples. The activity of the source was around
105Bq. The lifetime spectra were collected by a conventional
fast-fast coincidence unit. The time resolution of the system was
around 250 ps.

The spectra were evaluated by the computer program RESOLU-
TION [17]. Three lifetime components were identified but only the
longest one, the positronium lifetime, was used to characterize the
samples. The intensity of positronium formation in the samples was
around 8-10%.

2.7. NMR study

The solid-state magic angle spinning (MAS) 'H and *C NMR
spectra of the samples were recorded on a Varian NMR System oper-
ating at a 'H frequency of 600 MHz, with a Chemagnetics 3.2 mm
narrow bore triple resonance T3 probe in double resonance mode.
The spinning rate of the rotor was in all cases 10 kHz. The 13C NMR
spectra were measured with a CP technique under Hartmann-Hahn
conditions [18]. The contact time was 2 ms and SPINAL-64 [19] pro-
ton decoupling was used. The measuring temperature was 25°C
and adamantane was used as external chemical shift reference.

3. Results and discussion
3.1. Surface properties

First the general surface properties of the samples were tested.
The mechanical property of the CS film without plasticizer was so
poor that it was not appropriate for the preliminary tests. The film
formed from the CS solution was inadequate and the film formed
broke during drying (“spider web”-like). The development of the
small pieces of this film (width was about 1-2 mm) was detected.
These segments partly detached from the surface. Because of the
cracked surface, the wettability and the contact angle of this film
could not be determined. There was no significant difference in the
thickness of the free films formed (Table 1). The enhanced water-
binding tendency was higher for the films containing glycerol. This
can be explained by the higher amount of uptake water and the
increased moisture content.

The contact angles of the apolar diiodomethane were signifi-
cantly (p <0.05) different for the samples containing the different
plasticizers (Table 2). Wetting of the films with the polar agent led
to values that differed less. The calculated surface free energy was

Table 1
General properties of the films.

PEG 400 Glycerol
Thickness (um) 96.0 + 11.9 100.7 + 6.9
Water uptake (ml/g) 191 £ 0.13 2.36 + 0.09
Moisture content (%) 3.63 + 0.38 4,60 + 0.30

Table 2
Surface properties of the films.

PEG 400 Glycerol
®Diiodomethane (°) 42.84+2.69 47.24+1.06
®Water (°) 31.03 £1.50 32.19+1.94
y4 (mN/m) 38.84 36.75
yP (mN/m) 3245 32.69
y™@l (mN/m) 71.29 69.43
Polarity (%) 45.52 47.08

very similar for both samples. These results demonstrated that the
polarity (the ratio of the polar part and the total surface free energy)
of the films prepared with glycerol was slightly higher.

Increased moisture content can cause several stability prob-
lems, and differences in water uptake and wetting can influence
the behaviour of the films in aqueous media (e.g. bioadhesion).

3.2. Positronium lifetime measurement

The surface properties of the films (moisture content, water
uptake and polarity) were changed, and the texture of these sam-
ples should also be evaluated for a better understanding of the
film formation. The free volume holes are relatively small in CS,
the positronium lifetime data indicating an average hole radius of
around 4 A (Table 3).

The two plasticizers applied to modify the structure of CS
behave differently. While both slightly increase the positronium
formation intensity, only glycerol modifies the lifetime. The life-
time is decreased very considerably, which indicates a significant
modification of the original CS structure. In view of the chemical
compositions of the given molecules, there are two plausible expla-
nations for such alarge lifetime decrease: the formation of inclusion
complexes, or alarge-scale destruction of the original system of sec-
ondary bonds. In the former case, the holes in the CS become filled
with glycerol molecules; in the latter case CS chains move closer to
each other.

Positronium lifetimes alone are insufficient to decide between
the two possibilities. The NMR measurements performed in paral-
lel with the positron study suggested that structural breakdown is
much more probable than the formation of inclusion complexes.
Thus, glycerol destroys the rigid structure of CS strong secondary
bonds. The average hole radius in CS (glycerol) becomes a little less
than 4 A.

On the other hand, the other plasticizer, PEG 400 does not modify
the structure of CS. The positronium lifetime data revealed that the
free volume remains unchanged even after plasticization.

3.3. NMR study

Because of the homonuclear couplings, the signals in the solid-
state proton NMR spectra of the rigid amorphous CS are very broad.
The molecular motions averaging these couplings reduce the line
widths. In consequence of the influence of the plasticizer, the seg-
ment and chain motions become faster in the polymers, and thus
the proton signal narrows. The solid-state MAS proton spectra of the
pure and the plasticizer (glycerol and PEG 400)-containing films

Table 3
The measured o-Ps lifetimes and the calculated void radii for the samples.".

Sample 0-Ps lifetime (ns) Void radius (A)
Chitosan 1.578 4.09
Chitosan +glycerol 1.203 3.63
Chitosane +PEG 1.556 4.07

" The radii given are those detected by positrons. In the case of glycerol, the real
radius might well be around 4.08 A, but a glycerol molecule occupies in the void.
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Fig. 1. (a-c) 'H single-pulse solid-state MAS spectra of the untreated and plasticizer-containing films. The spinning speed of the rotors was 10 kHz.

are shown in Fig. 1. The signals relating to CS are broad and do
not indicate any significant narrowing caused by the additives. The
two proton signals of the glycerol cannot be identified because all
the small molecules are strongly H-bonded to the polymer chains.
This observation is in good agreement with a previous report [20]
that the glycerol signals can be clearly recognized at over 50% glyc-
erol content. The PEG 400 signal is much narrower than the CS
signals, pointing fast segment motions, which results in averag-
ing of the homonuclear couplings. The differences to between the
proton spectra of the glycerol and the PEG 400-containing films
demonstrate that the glycerol molecules are immobilized in the
film because of the formation of H-bonds with the polymer matrix,
while the PEG 400 molecules are more mobile.

(a) chitosan
C=0

A

*  C1/C1(Ac)

The 13C NMR spectra provide more structural information than
the TH NMR spectra because of the larger chemical shift range. The
13C CP MAS NMR spectra of the samples are shown in Fig. 2. The
deacetylation ratio was found by solution-state 13C NMR (spec-
tra not shown) to be 50%. The ratio of acetylated and deacetylated
anomeric carbon signal intensities was 1:1. The two C1 carbon sig-
nals are not distinguishable from each other. Because of the highly
amorphous structure of the prepared films and the partial deacety-
lation, the carbon signals are relatively broad as compared with
those of pure chitin [21] and CS [22].

The signal intensity of a CP spectrum depends strongly on
the molecular and segment motions. The efficiency of the CP is
enhanced from the more rigid region of the sample. The spectrum

C5
C3

200 180 160 140

(b) chitosan + PEG400

100

40
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(c) chitosan + glycerol
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Fig. 2. (a-c) 3C CP MAS solid-state spectra of the untreated and plasticizer-containing films. The spinning speed of the rotors was 10 kHz. The asterisks denote the spinning

side band of the carbonyl atom.
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(Fig. 2b) of the film containing PEG 400 differs only slightly from
that of the untreated CS (Fig. 2a). The signal of the PEG 400 is clearly
observable at 70.7 ppm and there are small changes in the signals
of C6 and C2. The PEG 400 content of the sample is 30%, but its
signal intensity does not reflect this because of the rapid segment
motions which decrease the efficiency of the CP. This agrees very
well with findings based on the 'TH NMR spectrum of the sample.
The small changes in the signal of the C6 and C2 signals, however,
show that there are some interactions between the CS and the PEG
400. The 3C NMR signals of glycerol are not clearly identifiable,
similarly as in the 'H spectrum (Fig. 2c). Strong intermolecular
interactions occur between the glycerol and CS molecules, which
leads to broadening of the glycerol signals. Despite this broaden-
ing, they are definitely narrower than the signals of the other two
samples. The signal narrowing indicates changes in the molecu-
lar and segment motions. The glycerol molecules form H-bonds
with the CS and in parallel destroy the inter- and intramolecular
H-bonds between the polymer chains. The partial decomposition
of the H-bonded network structure leads to plasticized films. It is
important, that all the spectra were acquired with the same exper-
imental setup, in order to minimize the errors caused by different
measuring settings. Further solid-state NMR investigations are in
progress to investigate the changes in the H-bonds so as to obtain
a better understanding of the role of the plasticizer.

4. Conclusions

It can be concluded, that the water uptake, the water-binding
properties, and the polarity were higher for the CS film contain-
ing glycerol as a plasticizer. The application of glycerol therefore
led to a more polar surface than that obtained with PEG 400. This
surface can induce better wetting in aqueous media. The explana-
tion of this phenomenon may be the enrichment of the plasticizer
on the surface of the film and the special directed orientation of
the molecules, and thus the performance of structural studies was
advisable.

The positronium lifetime measurements and the NMR studies
revealed that the effects of the plasticizer components differed.
The connections between CS and glycerol were stronger than those
between CS and PEG 400. The H-bond-forming action of glycerol
was more intensive. The effects of further components in break-
ing down the H-bonds must therefore be considered during the
design of CS films containing glycerol. The effect of PEG 400 on the
structure of the film was less relevant.

Finally, it can be stated that the surface properties must be
known for the application of films. The connections between the
film-former macromolecule and the plasticizer must also be known
for understanding of film-forming. Both surface and structural stud-
ies must therefore be performed before the formulation of this type
of plasticized mucoadhesive films.
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