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ABSTRACT: Chitosan gel films were successfully obtained by evaporation cast from chitosan solutions in aqueous acidic solutions of
organic acids (lactic and acetic acid) as gel film bandages, with a range of additives that directly influence film morphology and po-
rosity. We show that the structure and composition of a wide range of 128 thin gel films, is correlated to the antimicrobial properties,
their biocompatibility and resistance to biodegradation. Infrared spectroscopy and solid-state '°C nuclear magnetic resonance spec-
troscopy was used to correlate film molecular structure and composition to good antimicrobial properties against 10 of the most
prevalent Gram positive and Gram negative bacteria. Chitosan gel films reduce the number of colonies after 24 h of incubation by
factors of ~10°~10" CFU/mL, compared with controls. For each of these films, the structure and preparation condition has a direct
relationship to antimicrobial activity and effectiveness. These gel film bandages also show excellent stability against biodegradation
with lysozyme under physiological conditions (5% weight loss over a period of 1 month, 2% in the first week), allowing use during
the entire healing process. These chitosan thin films and subsequent derivatives hold potential as low-cost, dissolvable bandages, or
second skin, with antimicrobial properties that prohibit the most relevant intrahospital bacteria that infest burn injuries. © 2012 Wiley
Periodicals, Inc. J. Appl. Polym. Sci. 128: 3939—-3948, 2013
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INTRODUCTION cytotoxicity, biocompatibility, and biodegradability.'>"> One
property of chitosan is its ability to rapidly clot blood, and has
recently gained approval in the USA and Europe for use in ban-
dages and other hemostatic agents. The enzymatic degradation
of chitosan is one of its advantages in preparing various materi-
als for medical purposes, such as films, sutures, coatings, and
gels. 1213

Chitosan, formed by a mixture of f-(1,4)-p-N-acetylglucos-
amine and f-(1,4)-p-glucosamine, is an exceptionally useful
polysaccharide derived from deacetylation of chitin, which is
found in the cell walls of lower plants and in the exoskeletal tis-
sues of lower animals including arthropods, crustaceans, and
mollusks."* Exploiting the high molecular weight of chitosan
gives it the ability to form polymeric gel-like films® by evapora-  Chitosan is currently receiving a great deal of interest for
tion casting, layer-by-layer growth,* or by addition of plasticiz-  medical and pharmaceutical applications. Because of promising
ers. There have been several investigations into the antimicrobial ~ biocompatibility effects, topical ocular applications are possible,
activity of chitosan and its derivatives.”” One of the supposi-  as well implantation or injection uses. Biologically, chitin and
tions is that the cationic property of chitosan allows it to  chitosan provide sources of glucosamine, a potentiator for anti-
interact with the negative residues of the cellular wall and alter ~ biotics and consequently a substance with wound-healing prop-
the permeability causing the cell to lose proteins and intracellu-  erties. Chitosan is a hemostatic, and it also promotes collagen
lar electrolytes.” ' As a functional polymer, it has several formation, thus helping to reduce scar formation. The chemis-
distinctive biomedical properties such as low toxicity, negligible  try and mechanical properties of chitosan also gives it excellent
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film forming and handling properties, and it has great utility in
the formation of membranes."* Its toughness can be used in
producing high-strength fibers and bioseparation films, and it
therefore may have other medical applications such as sutures.
Furthermore, chitosan is metabolized by certain human
enzymes, e.g., lysozyme, and can be considered as biodegrad-
able.'*'>'> Medical applications of chitosan composite gel films
performed on patients with burns, ulcers, and injuries have
shown that films containing glycerol exhibit good adhesion and
elasticity in comparison with those without. We previously
showed excellent performance® in skin recovery after 7-10 days
from patients with various degrees of burn injury, using chito-
san acetate and lactate. Complete epithelialization was observed
in the patients treated with the gel films® and subsequent full
healing occurring using these “second skin” bandages.

In severe burns, the complete thickness of the skin can be
destroyed and the definitive standard solution is an autologous
graft. Surgeons often use temporary grafts or second skin cover
materials to prevent infections.'® Colonization of burn wounds
by microorganisms due to the presence of bacteria in necrotic
tissue of an open injury is generally established during the first
week. The infection is promoted by the loss of the epithelial bar-
rier, the malnutrition induced by the associated hypermetabolic
response, and also because of immune suppression, due to the
release of immunoactive agents from the injury. Pathogen bacte-
ria infection occurs then within the first 10 days. The burn scar
vascularization is natural part of the healing process, but open-
ings quickly allow colonization by microorganisms and bacteria,
even with the use of antimicrobial agents. Chitosan, and its
derivatives in film form, allows total coverage of the wound in
addition to proving antimicrobial support during healing. The
chitosan was found to be biodegradable by enzymes present
during healing wounds, and the gel film does not need to be
removed preventing dehydration and infection; an improvement
in the gradual growth of damaged tissues was possible.

Here, we report the formation of novel chitosan gel films
achieved by evaporation casting on several solvents such as ace-
tic and lactic acid solutions, their biodegradation properties in
lysozyme, and the antimicrobial properties of the chitosan films
against 10 of the most prevalent Gram-positive and Gram-nega-
tive bacteria responsible for many intrahospital infections.
Detailed spectroscopic (solid-state cross-polarization magic
angle spinning nuclear magnetic resonance and infra-red spec-
troscopies) investigations into the structural properties and
interactions of the polymeric macromolecules, correlate the
polymeric structure to antimicrobial properties and biodegrada-
tion. These chitosan films can be tuned structurally and compo-
sitionally with physical properties that have beneficial antimi-
crobial and biodegradation effects, slated for development as
low-cost, dissolvable bandages, or transparent and protective
“second skin” patches, against the most relevant intrahospital
bacteria that infest burn injuries.

MATERIALS AND METHODS

Chemicals and Reagents
Two varieties of chitosan from shrimps (Pleuroncodes monodon),
provided by Quitoquimica Ldta, were used for chitosan acetate film
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preparation. The molecular weight was calculated from the depend-
ence on the polymer intrinsic viscosity [#] using the Mark—-Houwink
relation,'” [] = KM, where K = 0.076 and a = 0.76. For chitosan,
the K and a values are strongly dependent on the degree of deacety-
lation. The deacetylation degree in both compounds was around
97% and the low, medium, and high molecular weights used were
determined to be 68, 138, and 263 kgmolfl, respectively. The deace-
tylation degree was determined by potentiometric titration. The
acid—base titration of the NH;"Cl™ from chitosan was carried in a
known excess of 0.1N NaOH. A pH meter WTW pH 531, with a
combined glass electrode WIW Sen Tix 41, pH 0-14/0-80°C is
used, and the change in pH due to neutralization with the advance
of reaction is followed. Egg white lysozyme was purchased from
Sigma Aldrich Chemical. All the reagents for the studies were analyt-
ical grade. Clinically isolated bacterial strains used for the antimicro-
bial test were provided by Hospital del Trabajador, Chile. American
Type Culture Collection strains came from the microbiology bank of
the Faculty of Biological Science, Chile.

Film Preparation

Chitosan films were obtained by evaporation casting with organic
acid solutions such as acetic and lactic acids, and also with differ-
ent additives such as glycerol, fatty acids, and their mixtures. The
composition of the solutions were carefully controlled and
excesses in organic solutions were removed. The pH of each film
formation solution was adjusted with a 5% solution of NaOH
and maintained at 5.4. The films were obtained from 25 mL of
filtrated final mixture were placed in Petri dishes and placed in a
Shel Lab 14-2 oven with air convection at 36°C for 12 h until
complete film formation. Excess salts are subsequently removed
and excess glycerol is removed before investigations of the gel
swelling. Table I shows the variables (solutions, additives, etc.)
used for the assays. The principal factors were maintained in all
experimental designs, whereas the secondary factors were used to
tune and differentiate results between conditions with the aim of
determining the best combination set.

The independent main variables during tests, summarized in Tables
I and II: (I) chitosan molecular weight, (II) percentage of chitosan,
(IIT) type of solvent, and (IV) glycerol in the solution, respectively.
The secondary variables were additives such as (V) oleic, (VI) lino-
leic acids and (VII) polyoxyethylene sorbitan monolaureate (Tween
20), and (VII) polyoxyethylene sorbitan monooleate (Tween 80)
surfactant concentrations, with 128 different films obtained and
examined. Swelling in glucose and saline solutions for several films
was evaluated, and swelling is found to be higher in the glucose
solutions. Additionally, porosity within the films is important for
oxygen permeability, which was achieved with these composites by
forming an aerogel before casting. Thin films of optically transpar-
ent chitosan have been investigated in addition to its biomimetic
properties.'*'® Their direct conversion to films, which exhibit con-
trollably different physical and antimicrobial properties that depend
on the additives used, their mixture, and resulting film thickness
give possibilities for moldable thin-film applications.'®

Film Characterization

Thickness of films from the Experimental Design A set was in the
range of 0.023-0.046 * 0.004 mm, measured with an Electronic
Digital Micrometer from Vetto with a resolution of 1 pum. Differ-
ent amounts of additives for each Experimental design were tested
to obtain the best films for biological property assessment, deter-
mined to be those with a 1% chitosan concentration. Thickness
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Table I. Variables and Levels for the Experimental Designs

ARTICLE -

Variables Levels

|: Chitosan molecular weight 68 k 138 k
Experimental design A II: Chitosan percentage (% p/v) 1 2
64 samples IIl: Solvent acetic acid lactic acid
Labels: 1001-1064 IV: Glycerol (%v/v) 0.25 0.50

V: Oleic acid (% v/v) 0 0.003

VI: Linoleic acid (% v/v) 0 0.005

|: Chitosan molecular weight 68 k 263 k
Experimental design B Il: Chitosan percentage (% p/v) 1 2
32 samples Ill: Solvent acetic acid lactic acid
Labels: 2001-2032 IV: Glycerol (% v/v) 0.25 0.50

VII: Tween 20 (% v/v) 0.010 0.250

|: Chitosan molecular weight 68 k 263 k
Experimental design C Il: Chitosan percentage (% p/v) 1 2
32 samples Ill: Solvent acetic acid lactic acid
LLabels: 8001-8032 IV: Glycerol (% v/v) 0.25 0.50

VIll: Tween 80 (% v/v) 0.010 0.250

Compounds in italics are secondary additives in each experimental design.

measurements and film morphology for representative films were
also investigated using scanning electron microscopy (SEM) in a
JEOL JSM 6380LV. Samples were sputtered with 15 nm of gold to
minimize e-beam charging of the films.

Optical Spectroscopy of Chitosan Gel Films

The chitosan films were examined using Fourier transform infra-
red spectroscopy and spectroscopic ellipsometry. The vibrational
IR spectra of the composites were recorded with a 2-cm ™! resolu-
tion in a Nicolet Nexus spectrophotometer. Small coupons of cast
films were used in a NaCl window with no previous treatment.
As cast films were prepared at 36°C, contributions from water
molecules in films were taken into account for quantitative analy-
sis. Refractive indices of the films with known thickness were
independently determined using an M-2000UTM Spectroscopic
Ellipsometer, (J. A. Wollam) in the wavelength range 400-900 nm.

13C Cross-Polarization Magic Angle Spinning Solid-State
Nuclear Magnetic Resonance

The room-temperature '*C cross-polarization magic angle spin-
ning solid-state nuclear magnetic resonance ('’C CP-MAS NMR)
characterization of the solid material was performed using a
Bruker CXP 300 spectrometer with 3000 accumulations at a spin-
ning frequency of 5.7 kHz and a contact time of 2 ms using a
broadband CP-MAS probe. Recycle delays were typically between
5 and 10 s and 4,4-dimethyl-4-silapentane-1-sulfonic acid was
used as a reference.

Antimicrobial Assay

The antimicrobial activity of the films was measured primarily by
the diffusion disk method or Kirby—Bauer method to determine
the leaching of the respective antimicrobial principle. Composite
disks of @ = 1 cm were placed on the nutrient solid media con-
taining the microorganism to assay. In the second part of the
study, the dynamic contact method described by ASTM E 2149-
10%° was used to quantify the antibacterial characteristics of the
material using small pieces of film immersed in bacterial culture
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with a concentration of 10°-10° CFU/mL (ASTM E 2149-10).
Table III lists the 10 microorganisms investigated in the assays.

In Vitro Biodegradation Assay

The in vitro biodegradation of the films was measured under
physiological conditions in a phosphate buffered solution. Films
prepared on disks of 1 cm diameter were immersed for duration
of 28 days in the solution containing lysozyme at bodily fluid
concentrations at 36°C. Two different concentrations of enzyme
were used: C1 = 1.5 pug/mL and C2 = 1 mg/mL.

RESULTS AND DISCUSSION

Evaporation cast chitosan films have macroscale (1-100 pm)
morphologies similar to cellophane and commercial polypropy-
lenes, as shown in Figure 1(a). SEM examination of the surface
and cross sections in Figure 1(c—e) show that the additives
outlined in Table I gave a plasticizing effect, and the resulting
morphology the gel films was smooth but contains pores that
run through the thickness of the film from the top surface. The

Table II. Independent Variables Used in the Experimental Designs

Variables Code

Principal Chitosan molecular weight |
Chitosan percentage Il
Solvent I
Glycerol Y,

Secondary Oleic acid V
Linoleic acid VI
Tween 20 VI
Tween 80 VIl

Compounds in italics are secondary additives in each experimental
design.
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Table III. Microorganisms Used for the Antimicrobial Assays

Types Names ATCC code
Gram-positive  Staphylococcus aureus ATCC 6538
bacteria
Staphylococcus epidermidis  ATCC 12228
Streptococcus pyogenes ATCC 19615
Bacillus subtilis ATCC 6633
Gram-negative  Escherichia coli ATCC 9637
bacteria
Pseudomona aeruginosa ATCC 9027
Acinetobacter baumannii ATCC 19606
Klebsiella pneumoniae ATCC 10031
Salmonella spp. ATCC 14028
Enterobacter spp. ATCC 13048

addition of glycerol and Tween 80 changes the characteristic
surface topology but maintained a coherent film with minimal
cracking. The surface of @ = 1 cm chitosan disks used during
assays (see below) was also found to be smooth but partially po-
rous as evidenced by the differential interference contrast optical
image in Figure 1(b), where a limited number of super-wave-
length roughness features are seen.”' The porosity in the chitosan
composite mixtures during gelation and plasticizing allows oxy-
gen permeation through a wound dressing, which maintains the
healing rate and also the proliferation of anaerobic bacteria.

Atomic force microscopy (AFM) measurements of surface
roughness confirm that the additives, such as glycerol, give a
more homogeneous, nonporous surface due to its plasticizing
effect; all additives in these series of films affect roughness with
the highest influence on morphology caused by the solvent. For
the smoothest, most uniform films, we characterize and relate
the differences in composition and structure (both morphology
and chemical structure) to their antimicrobial and biodegrada-
tion properties.

Fourier Transform Infrared Spectroscopy (FTIR) and *>C
CP-MAS NMR Characterization of Chitosan Gel Films
Representative samples from each experimental design under-
went spectroscopic characterization to determine the chitosan
state (powder or gel film) by examining organic contributions
and their interaction, by monitoring changes in the line-shape
and frequency shift of the molecular vibrations.*> FTIR spectra
acquired from a chitosan solution in acetic acid without any
additive, chitosan powder, and two representative chitosan films,
are shown in Figure 2(a,b). From 1400 to 1700 cm™ ! in all sam-
ples, we find signals at 1656 cm™ "' corresponding to the stretch-
ing of carbonyl group (C=0), and at 1598 cm™' from the
deformation mode of the free amino group NH,.?* For the chi-
tosan solution in acetic acid, axial vibrations of the carboxylate
anion (COO™) confirm chitosan salt formation.

In the region 3000-3700 cm”! [Figure 2(a,b)], all forms of the
chitosan studied in this work exhibit this band corresponding
to OH stretching from hydration. The characteristic OH band
overlapped by the NH stretching at ~3400 cm™" from the chito-
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san powder is routinely observed to shift to lower frequencies
when cast as a film due to increased water content in the film
structure. Separated signals of the OH groups at 3458 cm ™' and
the NH band at ~3300 cm™' confirm the reaction between the
OH from chitosan and the acetic acid to form the ester group.
The characteristic band of CH, scissoring at 1420 cm™' from
the chitosan are found to shift to lower frequencies for the films
due to the rearrangement of the hydrogen bonds,”® detailed in
Table IV.

In addition, at 1581 cm™' a vibration from N—H is observed,
due to the unprotonated amino group (symmetric stretching
N—H).>*® This specific coordination vibration was also
observed only in samples numbered 1035, 2021, and 8021. No
vibrational contributions from the amino salt group (NH;")

Figure 1. (a) Optical micrograph of a chitosan acetate film and a fully
formed chitosan lactate gel film. (b) Differential interference contrast opti-
cal image of a chitosan lactate and glycerol gel film disk. (¢) SEM image
of the surface of a gel film of chitosan lactate with glycerol and (d) of chi-
tosan lactate with glycerol and Tween 80. (e) Cross-sectional SEM image
of a film of chitosan lactate with glycerol. [Color figure can be viewed in
the online issue, which is available at wileyonlinelibrary.com.]
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Figure 2. FTIR spectrum of (a) chitosan powder and chitosan acetate and
(b) chitosan composites 1001 and 1043 prepared according to experimen-
tal design A. [Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

were observed for all samples investigated. The bending mode
from CH, groups at 1432 cm™', and CHj; groups at 1379 cm™'
in chitosan are blue-shifted to 1400 cm ' in its polymeric
derivative.

Figure 2(b) shows the FTIR spectra for two experimental design
A composites: 1001 (from acetic solution to chitosan acetate)
and 1043 (from lactic solution to chitosan lactate). The presence
of additives and also the solvent is observed from the IR signa-
ture. For instance, for sample 1043 prepared from lactic acid so-
lution, the band from stretching of the carbonyl group (C=O0)
is found at 1728 cm™' and the stretching of the simple C—O

Mﬂh\;’?lips WWW.MATERIALSVIEWS.COM
1

WILEYONLINELIBRARY.COM/APP

ARTICLE

bond found between 1149 and 1018 cm™'; these vibrations con-
firm the formation of the chitosan lactate.””*® The absorption
bands observed at 1635 and 1603 cm ™" in pure chitosan are sig-
nificantly changed in the spectra of their corresponding films.
Bands attributed to C=0 stretch (amide II) are shifted to lower
frequency (1643 and 1557 cm™ ") with respect to chitosan (Table
IV) in those containing acetic acid, due to acetate presence.
Films cast from lactic acid still contain chitosan lactate salt due
to the lower volatility of lactic acid, and it is these salts that
contribute to the carboxyl presence detected using IR. The spec-
tral bands confirm the presence of the additives (acids, double
bonds), and salt formation in the case of acetates or lactates. All
gel films evaporation cast from solutions with lactic acid exhibit
a band from C=O0 group stretching at 1730 cm™' in addition
to C—C(C=0)—C mode stretches centered at 1250 cm ' and
O—C—C stretching at 1140 cm~'. These modes indicate the
presence of chitosan lactate films, which is a critical step in the
formation of antimicrobial films, as detailed further on.

The degree of substitution and degree of amidation for all com-
posites studied were also determined through peak area integra-
tion and ratio factoring using FTIR data, in parallel with 'H
NMR analyses. As the degree of chitosan substitution increases,
the relative intensity of the amide I band represented in the IR
spectra by the NH—CO—R (~1657 cm™ ") stretch is found to
increase. The following fingerprint trends are found at lower
degrees of substitution, the amide I mode appears as a shoulder,
whereas at a higher degree of substitution; it is a well-defined
band which overlaps with the amide I band from C=O vibra-
tions (1650 cm ™) of acetyl groups in the chitosan.

’C cross-polarization magic angle spinning nuclear magnetic
resonance (CP-MAS NMR) spectra were acquired to probe the
coordination and polymeric interactions within the large set of
chitosan gels. A representative spectrum from the chitosan ace-
tate-based gel film 1001 is shown in Figure 3, and the chemical
shifts of the chitosan gels films compared with previous reports
from chitosan salts are given in Table V. All spectra from the
gels show the characteristic signals from chitosan, in addition to
the prominent presence of carbonyl and methyl groups at 180
and 24 ppm,”>** respectively, from the carboxylic acids®* used
as solvents.”>* Resonance at § = 174.6 ppm related to N-acetyl
glucosamine units is observed in the spectra from gels, close to
the resonance at 180 ppm which comes from carbonyl carbon
from the carboxylate group.”” The '>’C CP-MAS NMR spectrum
of gel 1001 obtained from chitosan solution in acetic acid with
glycerol as an additive, shows resonances of 6 = 25 ppm in the
spectrum, assigned to the CHj carbon.

At 6 = 105 ppm, there is a small resonance from the anomeric
carbon atom of acetylated units, and no observable splitting of
the resonance due to the anomeric C atom from y-gauche con-
formations (~98 ppm) is found in the films’ spectra. NMR sig-
nals from chitosan in the films are observed with resonance
bands (see Figure 3) at 6 = 104.7 (C4), 6 = 85 (C3), 6 = 74
(C5), 6 = 60 (C6), 6 = 56 (C2), and summarized in Table V
for other films. Resonances at 6 = 162.5 (C7, carbonyl carbon
on the acetyl group), and § = 12.8 (C8, methyl carbon on the
acetyl group) are not observed in the films (Figure 3 and
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Figure 3. '’C CP-MAS NMR spectrum of gel film 1001.

Table V). A very low intensity, broad peak from the film at
~120 ppm corresponds to remnant C=C bond presence. This
signal represents the amount of carbon—carbon double bond
conversion, a significant presence of which is known to result in
increased cytotoxicity.”* At § = 131.5 (Cl) ppm, crosslinking
with amino group during chitosan film formation is found.”
The analysis confirms that the chitosan films made using acetic
and lactic acids as a dissolving vehicle formed the correspond-
ing acetic or lactic salt®® and its degree of formation. Overall,
spectroscopic characterization of the composites, probing or-
ganic phases, and interactions showed the characteristic forma-
tion of chitosan salt when an organic acid was used as a solvent
in the presence of additives.

Antimicrobial and Biodegradation Properties of

Chitosan Gel Films

Antimicrobial studies of the chitosan films against the Gram-
positive and Gram-negative microorganisms summarized in
Table III were also conducted. Figure 4 shows the percentage

Table V. Chemical Shifts from '*C/CP-MAS of the Chitosan Composites

ARTICLE

increase in disk diameter measured from each of the diffusion
disk assays. The microorganisms are not observed to grow
under the swollen film. As a result, the contact area with the
microorganism shows an inhibition of its growth in tandem
with an increase is disk diameter. In a few cases, we observed
areas where there is negligible film growth even in the presence
of microorganisms, which contradicts recent findings®>>"® that
report much higher (~98%) halo inhibition from films cast
from solutions with a different pH. The investigation has also
found that the antimicrobial activity is limited or in some cases,
not at all evident under certain preparatory conditions where
the temperature exceeds 36°C that result in dried thin films, as
has been suggested for related chitin derivatives.”® The films
here maintain a hydrated gel-like morphology with consistent
thickness and refractive index of 1.54 determined by spectro-
scopic ellipsometry.

The dynamic contact method used for the second part of the
antimicrobial studies demonstrated that almost all films prepared
have antimicrobial activity, whose effectiveness depends on the
preparation of the film, and thus its molecular structure. As
shown in Table VI, almost all films reduce the number of colonies
after 24 h of incubation by factors of ~10°~10" CFU/mL, com-
pared to controls. For each of these films, the film structure and
preparation condition have a direct relationship to antimicrobial
activity and effectiveness. Careful re-examination of ghost films
shows that the antimicrobial efficacy is due to the chitosan and
not from any residual acids or additives used in fabricating the
films. The films were also assessed for biodegradability in the
light of their use as bandages and wound healers. Despite the lack
of FDA approval for chitosan, its potential for wound healing,
controlled biodegradation, and drug delivery is promising.*>*!
Chitosan can be degraded in vitro by lysozyme,* and its rate of
degradation is inversely proportional to the degree of deacetyla-
tion.*»** NMR data in Figure 2 and Supporting Information con-
firmed acetylated units along the molecular chain.

Chemical shift (ppm)

Chitosan Chitosan
Carbon assigned Chitosan® Chitosan ? acetate® acetate? 1001 8026 8030
C=0 (carboxylate) ND® ND® 181.1 180.6 181.1 181.4 183.7
C=0 (chitosan) ND® 1746 1743 ND® ND® ND® ND®
Ca 104.7 104.2 102.4 98-102.3 105.1 104.2 100.0
Cs 81.0-85.7 83.4 82 82 84.4 80.2 ND®
Cs 741 75 76.2 77 74.9 747 75.8
Cs 741 75 76.2 73 74.9 74.7 71.2
Cs 59.6-60.7 61 60 60 60.5-62.9 57.0 56.1
Co 56.8 56.6 60 57 57.02 57.0 56.1
CH5 (chitosan) ND® 24.06 24 ND® ND® ND® ND®
CHs3 (carboxylate) ND*® ND® 251 252 24.5 24.6 21.0

@Chitosan, GD = 100%.
BChitosan, GD = 82%.
°Chitosan acetate, GD = 82%.
9Chitosan acetate, GD = 100%.
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Figure 4. (a) Diffusion disk results of chitosan composite films and (b) inhibition halo formation, against Klebsiella pneumonia (left) and Staphylococcus

aureus (right). Films that were case without plasticizing additives are more difficult to manipulate and had a tendency to roll into a tubular shape after

being added to the serum; such films exhibited the greatest dimensional change due to swelling. [Color figure can be viewed in the online issue, which

is available at wileyonlinelibrary.com.]

Table VI. Inhibitory Effect of Chitosan Composite Films over Microorganism Growth under Dynamic Conditions

Number of survival microorganisms (CFU/mL)

Samples S. aureus S. epidermidis P. aeruginosa K. pneumoniae
Control 1.6 x 10° 5.5 x 10° 1 x 108 1 x 108
Chitosan acetate 1 x 107 0 6 x 10* 1 x 107
1043 0 8 x 10* 0 1 x10%
1058 1.5 x 102 0 3 x 10* 2 x 10*
2013 0 3 x 10t 1 x 10t 3 x 10t
8017 1 x10% 1 x 1088 1 x 102 1 x 102

alt was not possible to accurately count the number of colonies; an average of 1 x 108 CFU/mL was determined.
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Figure 5. Standardized weight loss for eight composites from all Experi-
mental Design series under CI assay. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]

The in vitro biodegradability of the films with lysozyme under
physiological conditions at 37°C showed, for several concentra-
tions of enzyme, that the standardized weight loss (accounting
for solubilized water-soluble additives) of the chitosan films
approached 10% (90% of the initial weight of the disk). Figure 5
shows the standardized weight loss of chitosan films. It is found
that the films lose a maximum of 10% of their weight over 1
month,' confirming good resistance to biodegradation over peri-
ods of project use as antimicrobial burn-wound bandages.

The film 1001 that contains glycerol as an additive shows the
greatest weight loss due to biodegradation in comparison with
films that have secondary additives. This film is acetate and a
corresponding lactate (1035) shows greater biodegradation in
the same timeframe most probably due to the less ordered,
cracked morphology of the film as seen by SEM (Figure 1).
Consequently, samples labeled 1050 and 1058 from experimental
design A showed 80% less weight loss than the 1001 film, due
to the addition of oleic and linoleic acid, respectively, to the ac-
etate. Composites 2017 and 2021 from experimental design C
series, lost only ~5% of their weight over a period of a month
with just ~2% loss over the first week and gave the best antimi-
crobial response as seen in Table VI.

Sample 8021 from experimental design C series (cf. Table I)
degrades with a similar rate to other gel film series for the first
7 days; however, due to the beneficial action of hydroxyl groups
from the glycerol additives, biodegradation is slowed from 7 to
20 days and eventually reaches a maximum of only ~4% total
weight loss after 1 month. Indeed, for most films, the maximum
biodegradation rate occurs within the first 7 days, with the
composite remaining stable for 28 days without further signifi-
cant weight loss. Examination of this process over the duration
of analysis by intermittent IR spectroscopy showed that there
was negligible blending of agents leaching from the gel films.
The biodegradation resistance is similar to photopolymerized,
crosslinked methacrylated glycol chitosan. Even though cross-

'Lysozyme was continually refreshed every few days during the tests.
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linking is observed through CP-MAS NMR spectra, and consid-
ering that lysozyme should be more accessible to the polymer
backbone through binding six sugar rings*’> in less crosslinked
polymers, the measured biodegradation is low. Characteristi-
cally, for the majority of gel film samples from all three experi-
mental designs, the maximum biodegradation measured as a
weight loss occurs within the first 2 weeks and stable for the
following 2 weeks.

CONCLUSIONS

A wide range of chitosan-based gel films have been successfully
prepared by evaporation casting as functional bandages. Depend-
ing on the preparation condition, which includes mixtures of
solvents and additives, chitosan gel films can be tuned with phys-
ical properties that have beneficial bactericidal and antimicrobial
effects in the control of the most relevant intrahospital bacteria
that infest burn injuries. The correlation between preparation
and resulting molecular structure was achieved through micros-
copy and spectroscopy investigations of the gel films and linked
specifically to corresponding antimicrobial performance. Gel
films exhibit different physical properties and macromolecular
structure depending on the additives used, their mixture, degrees
of deacetylation, substitution, and amidation.

The final biomaterial morphology and composition dependence
of these films on the antimicrobial activity; films that undergo
less biodegradation are acetates or lactates, smoothened by the
choice of solvent and plasticizing additives to prevent cracking
and porosity. Specifically, the corresponding antibacterial activity
showed a relative dependence on the chitosan molecular weight,
quantity, and solvent and typically allows a reduction in the
number of colonies after 24 h of incubation by factors of ~10°—
107 CFU/mL, compared with controls for some Gram-positive
and Gram-negative bacteria. As chitosan is a biomaterial already
used in various medical devices and holds considerable potential
in the fields of regenerative medicine and tissue engineering. In
tandem with its resistance to biodegradation gives a useful bio-
polymer while acknowledging the trade-off between resistance to
enzymatic degradation and antimicrobial efficacy. Thin gel films
are capable of molding to bandages or second skin patches for
burn-wound recovery.
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