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Stability of a Chitosan Layer Deposited onto a Polyethylene Surface

Elena Paslaru,? Lidija Fras Zemljic,? Matej Braci¢,® Alenka Vesel,* Irena Petrinié,® Cornelia Vasile!
LPetru Poni Institute of Macromolecular Chemistry, Physical Chemistry of Polymers Department, 41A Grigore Ghica Voda Alley,

700487 lasi, Romania

2Faculty of Chemical Engineering, University of Maribor, Smetanova Ulica 17, SI-2000 Maribor, Slovenia

SInstitute for Textile Chemistry, Faculty of Mechanical Engineering, Laboratory for Characterization and Processing of Polymers,
University of Maribor, Smetanova Ulica 17, SI-2000 Maribor, Slovenia

4Jozef Stefan Institute, Jamova 39, 1000 Ljubljana, Slovenia

SCenter of Excellence for Polymer Materials and Technologies, Tehnoloski Park 24, 1000 Ljubljana, Slovenia

Correspondence to: C. Vasile (E-mail: cvasile@icmpp.ro)

ABSTRACT: A two-step procedure was applied to obtain antimicrobial films; this procedure involved a corona treatment of the poly-
ethylene (PE) surface and its chemical activation with 1-ethyl-3-[3-dimethylaminopropyl] carbodiimide hydrochloride and N-hydrox-
ysuccinimide, and this led to the covalent bonding of chitosan on the PE surface. Electrochemical methods were used to investigate
the stability of the deposited chitosan layer. The potentiometric and polyelectrolyte titrations showed that some amount of chitosan
desorbed faster from the surface until equilibrium was reached and also that the grafted chitosan layer was more stable than the
physically adsorbed one. The chitosan immobilized on the PE surface exhibited the expected antibacterial activity when tested against
three bacteria, which included two Gram-negative bacteria, Salmonella enteritidis and Escherichia coli, and one Gram-positive

bacterium, Listeria monocytogenes.
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INTRODUCTION

Despite the considerable research and development efforts made
through the years, the problem of infections related to biomedical
devices and implants persists. Bacteria evidently can readily colo-
nize the surfaces of synthetic materials, such as those used for
the fabrication of catheters, hip and knee implants, and many
other devices. There is a strong need to mitigate bacterial coloni-
zation by the modification of the surfaces of biomedical devices
and implants and impart to them features such as surface chem-
istry and surface roughness to prevent bacterial attachment."

Bacterial adhesion onto surfaces is the first event in a series of host
and organism reactions. Adhesion is mediated by physicochemical
interactions between the bacteria and the biomaterial’s surface.
Hence, the surface modification of biomaterials or devices is a rela-
tively straightforward strategy for creating desirable surfaces that
will decrease the surface susceptibility to bacterial adhesion.’

Most medical devices, such as prostheses, bone replacement
implants, drug-delivery devices, tissue engineering devices, and
catheters, are made of synthetic polymers. These polymers are
easily processable into desirable shapes at low costs, yet they
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lack biocompatibility and biodegradability. Despite the consider-
able success achieved with the use of synthetic polymers in
medical devices and food packaging, their surfaces are suscepti-
ble to bacterial colonization; this creates important public
health concerns. Surface modification is one of the solutions
recommended to prevent infections and to prolong the shelf life
of these devices and the safety of food products.’

Low-density polyethylene (LDPE) is a heat-sealable, inert, odor-
free material that shrinks when heated. It acts as a good mois-
ture barrier but it has a relatively high gas permeability, high
sensitivity to oils, and poor odor resistance. It is less expensive
than most films and is, therefore, widely used.*

Chitosan is a biopolymer with a good antimicrobial ability
because it inhibits the growth of a wide variety of fungi, yeasts,
and bacteria.>® In addition, it forms a clear, tough, flexible film
almost by itself after its dissolution in an acidic solution and
acts as a good oxygen barrier.”®

Several studies have been devoted to the improvement in the qual-
ity (especially the antimicrobial properties) of LDPE food packag-
ing films by chitosan. Both Gram-positive and Gram-negative
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bacteria were inhibited by antimicrobial LDPE films containing
more than 1.43 wt % of incorporated chitosan.”'°

For inert polymers, such as polyethylene (PE), the polymer back-
bone requires functionalization before the bioactive agent of in-
terest can be attached or generated. The simplest methods for
laboratory use involve wet chemical oxidations of the polymer
surface with, for example, chromium trioxide, potassium hypo-
chlorite, or potassium permanganate in concentrated sulfuric
acid.'"'? In a study developed by Lin et al.,"> chitosan was used
to modify the inner surface of an oxidized PE tubing device used
for biliary stent applications by a methanol precipitation tech-
nique. The commercial application of wet chemical modifications
is limited by numerous safety and environmental concerns
because of the toxicity of the chemicals used. Plasma treatment
technologies are likely to be the most useful commercial techni-
ques for the controlled surface functionalization of a broad range
of polymers.'* Corona-discharge oxidizes the film surface, intro-
ducing a series of oxygen and nitrogen-containing functional
groups onto the polymer backbone.'”> Shin et al.'® applied the
plasma source ion implantation technique to the improvement of
the adhesion between linear LDPE and chitosan or corn zein.

A recent publication by Theapsak et al.'” presents the prepara-
tion of a chitosan-coated PE film by dielectric barrier discharge
(DBD) under medium vacuum pressure in the presence of air
gas. The authors claimed that the functional groups implanted
onto the PE surface after DBD treatment enabled the formation
of ester linkages between the PE surface and chitosan and also
that the obtained surface exhibited antibacterial activity against
Escherichia coli and Staphylococcus aureus.

Following the previous studies and taking into account the low
number of carboxyl groups that could be implanted onto the PE
surface by DBD treatment, we concluded that a simple corona or
DBD treatment of PE was not sufficient to provide a stable chitosan
layer over time. This study dealt with functionalization of PE by
chitosan, with a two-step procedure involving corona treatment at
atmospheric pressure followed by carbodiimide coupling chemis-
try; this enabled stronger covalent linking between the PE surface
and chitosan and thus assured the stability of the coating. To deter-
mine the efficiency of the coating methodology and the influence of
the two-step procedure on the quality of surface coating, the PE
surfaces were analyzed by different methods. The stability of the de-
posited chitosan layer in media of different pH (at both neutral and
acidic pH) was investigated. The corona-discharge-treated polyeth-
ylene (PE.,,) films subsequently coated/grafted with chitosan were
physicochemically analyzed by attenuated total reflection
(ATR)-Fourier transform infrared (FTIR) spectroscopy, X-ray pho-
toelectron spectroscopy (XPS), potentiometric titration, {-potential
(ZP) measurements, and polyelectrolyte titration, and the antimi-
crobial activity was tested against some pathogenic microorgan-
isms, including Gram-positive (Listeria monocytogenes) and
Gram-negative (E. coli and Salmonella enteritidis) bacteria.

EXPERIMENTAL

Materials
PE, 0.02 mm thick and purchased from SC LORACOM SRL
(Roman, Romania), was used. The PE was composed of two parts
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UV-treated LDPE (Tipolen, Tiszai Vegyi, Hungary) and one part
high-density polyethylene (HDPE; SIDPEC, Egypt), respectively.

Low-molecular chitosan (CHT), with a 20-300-cP dynamic vis-
cosity in 1% acetic acid and a 75-85% deacetylation degree,
was purchased from Sigma-Aldrich (Steinheim, Germany).

Ethanol (96%) and glacial acetic acid (99.5%) were purchased from
Chemical Co. (Iasi, Romania). A water-soluble carbodiimide cross-
linker for the zero-length carboxyl-to-amine conjugation of 1-ethyl-
3-[3-dimethylaminopropyl] carbodiimide hydrochloride (EDC) and
N-hydroxysuccinimide (NHS; Thermo Scientific Pierce Protein
Research Products) were used. The excess reagent and the crosslinking
byproducts were easily removed by washing with water or dilute acid.

Corona Treatment of the PE Films

The corona treatment of PE was performed before chitosan
deposition with atmospheric plasma by means of an Enerkon
Corona Osman Onder instrument.

The PE film was placed between two electrodes subjected to a
difference of potential. The treatment station applied a 50/60
Hz electrical power to the surface of the material through an air
gap via a pair of electrodes at high potential and a roll at
ground potential, which supported the material. Only the side
of the material facing the high-voltage electrode should have
shown an increase in surface tension. Atmospheric air was cho-
sen as the gas, and the following parameters were used: a fre-
quency of 30 kHz, an interelectrode distance of 7 mm, and a
plasma treatment power of about 45 kJ/m?.

After the corona-discharge pretreatment, the PE surface was
enriched with oxygen-containing groups, such as carboxyl, car-
bonyl, hydroxyl, and/or ester groups.

Functionalization of the PE Surface:

Coating/Immobilization Procedures

Chitosan coating on the PE surface was achieved by the dipping
of the PE,, films into chitosan solutions with 1 wt % concen-
tration. This concentration value was selected after a study of
the influence of this parameter, which gave similar results to
those presented by Theapsak et al.'”

The chitosan solutions were prepared in twice-distilled water
containing 8% acetic acid and 30% ethanol to facilitate film for-
mation and solvent evaporation.

Covalent Bonding. Chitosan was immobilized (covalently
attached) on the PE,, film surface by means of coupling agents
(EDC and NHS). EDC is a zero-length crosslinking agent used
to couple carboxyl groups to primary amines. EDC reacts with
a carboxyl to form an amine-reactive O-acylisourea intermedi-
ate. If this intermediate does not encounter an amine, it will hy-
drolyze and regenerate the carboxyl groups. In the presence of
NHS, EDC can be used to convert the carboxyl groups to
amine-reactive NHS esters. This is accomplished by the mixing
of EDC with a carboxyl-containing molecule and is followed by
NHS addition. Through the combination of EDC and NHS,
amine-reactive NHS esters can be created as intermediates on
any carboxyl-containing molecule.

An aqueous solution of 75 mM EDC and 15 mM NHS was
used to activate the carboxylic groups formed at the PE surface
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Scheme 1. Possible reaction scheme between the corona-activated PE surface and chitosan with crosslinking agents (adapted from refs. 18-20). [Color
figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

after corona pretreatment. When the activated PE film was
immersed in the chitosan solution, the activated carboxylic
groups formed at the surface after corona-discharge exposure
reacted with the chitosan amino groups to form stable amide
bonds, according to Scheme 1.

Other reactions were also possible because of the high reactivity
of the active species created by plasma exposure and the func-
tional groups of chitosan.

The chitosan-coated films were washed with double-distilled
water and dried, first at room temperature and subsequently in
vacuo, at 50°C for 24 h. The thus prepared samples were ana-
lyzed by various methods.

The coated and grafted untreated PE films and PE,, films were
investigated comparatively with the untreated PE film, which
was used as a reference (Table I). Desorption studies were per-
formed at various pHs (the sample notation indicates the pH
value involved; see Table I).

Investigation Methods

Chitosan Coating of the PE Surface. ATR-FTIR spectroscopy.
The ATR-FTIR spectra were recorded on a Bruker VERTEX 70
spectrometer in transmittance mode with a 4-cm ™' resolution.
The background and sample spectra were obtained in the
600-4000 cm~ ' wave-number range. Spectral processing was
achieved with the SPECVIEW program.

XPS. XPS analysis was carried out with a thin film analysis XPS
Physical Electronics instrument. The basic pressure in the cham-
ber was about 6 X 10~ ® Pa. The samples were excited with X-
rays over a 400-um spot area with monochromatic Al Ko, ,
radiation at 1486.6 eV. The photoelectrons were detected with a
hemispherical analyzer positioned at an angle of 45° with
respect to the normal of the sample surface. Survey-scan spectra
were recorded at a pass energy of 187.85 eV and with a 0.4-eV
energy step, whereas high-resolution spectra of the Cls carbon
were obtained at a pass energy of 23.5 eV and with a 0.1-eV
energy step. An electron gun was used for surface neutralization.

J. APPL. POLYM. SCI. 2013, DOI: 10.1002/APP.39329

WILEYONLINELIBRARY.COM/APP

The concentration of elements was determined with MultiPak
v7.3.1 software from Physical Electronics, supplied together
with the spectrometer. XPS survey spectra were taken at least at
two different spots on the surface, and the results obtained are
given as an average.

Potentiometric titration. Potentiometric titration was used for
the direct determination of the amino groups on the PE surface.
The theoretical principle behind potentiometric determinations
was well described by Fras et al.?! A two-burette instrument
(Mettler-Toledo) equipped with a combined glass electrode
(Mettler T DG 117) was used. The burettes were filled with
0.1M HCI (Fluka, analytical) and 0.1M KOH (Baker, diluted).
All solutions were prepared with deionized water with a very
low carbonate content, which was obtained by boiling and sub-
sequent cooling under a nitrogen atmosphere.

The PE films coated with chitosan and the reference PE were
titrated in forward and back runs at pH values ranging between
2.8 and 11. The titration experiments were carried out at a
0.1M ionic strength, set to its appropriate value with KCI (Rie-
del-de-Héen, Germany). The titrant was added at varied preset
intervals of 0.001-0.25 mL. The stability criterion for taking a
reading after each addition was set to dE/dt=0.1 mV/30 s,
where E is the first derivative of the potential in respect with
time (), 30 s was the minimum time needed to reach equilib-
rium conditions between the two additions of the titrant, and
the maximum time was set to 180 s. Further on, the blank
HCI-KOH titration was carried out under the same conditions.

The titration of the chitosan solution with an excess amount of
HCl was expected to be similar to that of the mixture of a
strong acid (excess HCl) and a weak acid (—NH;" of chitosan).
In this case, it is generally approximated that the amount of
weak acid titrated is equal to the amount of base consumed
between the first and second inflection points of the titration
curve. The pK, value of the —NH;™ group can be estimated
from the midpoint of the titration curve. At this point, half of
the amino groups are in protonated state and half of them are
in deprotonated state.
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Table I. Notations and Descriptions of the Investigated Samples

ARTICLE

Sample notation

Sample description

PE Untreated PE film
CHT Chitosan

PE/CHT

PE o /CHT

PE/EDC + NHS/CHT

Untreated, chitosan-coated PE film
Corona-treated, chitosan-coated PE film
Untreated PE film immersed in an aqueous solution of the coupling agents EDC and

NHS and further coated with chitosan

PE.o/EDC + NHS/CHT

PE/CHT, pH 3.6 (6.5)

PEcor, pH 3.6 (6.5)

PE/EDC + NHS/CHT, pH 3.6 (6.5)

Corona-treated PE film activated with EDC + NHS and coated with CHT
Corona-untreated PE film coated with CHT and with desorption at pH 3.6 or 6.5
Corona-treated PE film coated with CHT and with desorption at pH 3.6 or 6.5
Corona-untreated PE film activated with an EDC + NHS solution, coated with CHT, and

with desorption at pH 3.6 or 6.5

PE.o/EDC + NHS/CHT, pH 3.6 (6.5)

Corona-treated PE film activated with an EDC + NHS solution, coated with CHT, and

with desorption at pH 3.6 or 6.5

With the Henderson—Hasselbalch eq. (1) (with consideration of
the ionization of the weak acid HA), we calculated the pK,:

H =pK,+1log [ A (1)
=pK,+log [ —~
PHTPRaTIO8 | [HA]
where pK, = —log 10K, (where K, is the dissociation constant),

[HA] represents the molar concentration of a weak acid, and
[A7] is the molar concentration of the dissociated ion.

In this particular case of chitosan, the Henderson—Hasselbalch
equation becomes eq. (2):*

pH =pK,+log ([[Sgi]o (2)
3

where pH is the solution pH, pK, is the acid dissociation con-
stant, [NH,] is the concentration of the amine groups, and
[NH3] is concentration of the protonated amine groups.

ZP measurements. ZP was determined with a SurPASS electro-
kinetic analyzer on the basis of the streaming current and
streaming potential measurement methods used for flat solid
surfaces.”>™” The latter enables the calculation of a correct ZP
without approximation. The ZP of flat surfaces can be deter-
mined with two different rectangular measuring cells: the
clamping cell and the adjustable gap cell. In our case, the ad-
justable gap cell was used for ZP measurements.

Evaluation of the Chitosan Desorption. Polyelectrolyte titra-
tion. An amount of 0.05 g of sample was immersed for 48 h in
50 mL of aqueous solution at different pH values (3.6 and 6.5,
adjusted by 0.1M hydrochloric acid). The solution was filtered
at pre-established times, and the filtrates were further used for
polyelectrolyte titration. The analyte was composed of 38 mL of
distilled water, 1 mL of ortho-toluidine blue indicator (Sigma-
Aldrich), and 1 mL of the filtered solution (desorbed chitosan).
A Mettler-Toledo DL 53 titrator with a 10-mL burette was used
for the incremental addition of the polyelectrolyte titrant [poly-
ethylenesulfonate sodium salt (PES-Na); concentration = 10
mM]. Incremental additions of 100 uL were performed every 3—
10 s. The absorbance was measured as a potential change in
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millivolts with a Mettler-Toledo Phototrode DP660 at a wave-
length of 660 nm. [NH3] was determined from the equivalent
volume (V) of the added PES-Na solution, which was detected
as the steep step in the absorbance versus V (PES-Na) titration
curve and by the estimation of a 1:1 binding stoichiometry of
ethylenesufonate to the chitosan amine groups.

After the chitosan-desorption experiments, the PE surfaces were
dried at 50°C and investigated by ATR-FTIR spectroscopy and
potentiometric titration under the previously described conditions.

Antimicrobial tests. Antimicrobial tests were performed by well-
known standard methods such as the following:

e SR ISO 16649-2/2007: Microbiology of food and animal feed-
ing stuffs: This is a horizontal method for the enumeration of
B -glucuronidase-positive E. coli. It included a colony-counting
technique at 44°C with 5-bromo-4-chloro-3-indolyl f-p-glu-
curonide. The most probable number of f-glucuronidase-posi-
tive E. coli was determined according to the number of tubes of
Minerals Modified Glutamate Broth (catalog number 1365),
whose subcultures produced blue or blue-green colonies on
tryptone bile glucuronide agar. This was inoculated and incu-
bated at a temperature of 44°C for 20-48 h.

e SR EN ISO 11290-1:2000/A1:2005, part 1: Detection method,
amendment 1: Microbiology of food and animal feeding
stuffs: This is a horizontal method for the detection and enu-
meration of L. monocytogenes.

e SR EN ISO 6579/2003/AC/2004/AC/2006, amendment 1:2007:
This is a horizontal method for the detection of Salmonella
spp. bacteria, approved by European Committee for Stand-
ardization as EN ISO 6579:2002.

RESULTS AND DISCUSSION

Chitosan Coating of the PE Surface
ATR-FTIR Results. The ATR-FTIR spectra for the PE surfaces
coated with chitosan are shown in Figure 1.

The FTIR spectrum of chitosan (Figure 1, spectrum 7) showed a
broad —OH stretching absorption band between 3550 and 3030
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Figure 1. ATR-FTIR spectral comparison of PE films coated with chitosan by different methods, namely, physical adsorption and grafting: (1) PE, (2)
PE.,» (3) PE/CHT, (4) PE,/CHT, (5) PE/EDC + NHS/CHT, (6) PE,/EDC + NHS/CHT, and (7) CHT. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]

cm ™" and aliphatic C—H stretching between 2980 and2830 cm ™~ ".**

When the —OH and the aliphatic C—H stretching bands were
aligned, they appeared in the spectrum as a broad band from 3550
to 2830 cm ™ '. Another major absorption band with a maximum at
1597 cm™ " represented the free primary amino groups (—NH,
bending) at the C, position of glucosamine, a major group present
in chitosan. The peak at 1657 cm™' represented the acetylated
amino groups in chitin and indicated that the sample was not fully
deacetylated (the chitosan used had a 75-85% deacetylation
degree). The peak at 1384 cm ™' represented the —C—O stretching
of the primary alcoholic group (—CH,—OH). The absorption
bands at 1155 cm ™' (antisymmetrical stretching of the C—O—C
bridge) and 1081 and 1029 cm ™" (skeletal vibration involving C—O
stretching overlapped with the —NH, stretching vibration) were
characteristic of the saccharide structure of chitosan.

Spectrum 3 (Figure 1) showed that the chitosan absorption
bands with small intensities (the —OH stretching and aliphatic
C—H stretching bands at 3550-2830 cm ™' and the —NH, band
at 1597 cm™ ') appeared when PE was not pretreated with co-
rona discharge. In this case, some viscous chitosan solution
stuck only physically to the surface after drying, although after
corona treatment, the characteristic IR bands of chitosan (Fig-
ure 1, spectrum 4) were much more intense and well-defined,
with the chitosan coating being significant only after corona
treatment. Furthermore, mention should be made of the fact
that after corona pretreatment, the coating was more uniform,
and the chitosan layer was thicker than that of the untreated
corona surface (see Figure 2). This assertion was proven by the
presence in the IR spectrum of untreated corona PE and the
chitosan-coated sample of the PE characteristic vibration bands
(CH stretching at 2916-2847 cm™ '), even when an overlapping
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vibration band occurred in this spectral region. For example,
the IR spectrum of the PE/CHT sample (Figure 1, spectrum 3)
revealed chitosan’s characteristic bands with a flattened aspect,
whereas two sharp and narrow bands assigned to PE were pres-
ent in the 2916-2847-cm ™' range. On the contrary, in this last
region, for a corona-treated sample (Figure 1, spectrum 4), this
shoulder became broader, was no longer divided into two parts,
and was assigned only to chitosan. The bands characteristic of
PE no longer appeared in the IR spectra; this indicated a good
chitosan-coated surface. Similar spectral modifications were also
found in the ATR-FTIR spectra of the corona-treated samples
activated with the coupling agents EDC + NHS (Figure 1, spec-
trum 6). Moreover, three particular bands localized at 1654,
1547, and 1258 cm™ ' and assigned to the stretching vibrations
of —C=0 (amide I), amide N—H bending, and C—N stretch-
ing vibrations (amide II), respectively, and a complex band con-
sisting of C—N stretching and N—H in-plane deformation
vibrations (amide III band), respectively, were used to assess the
covalent bonding of chitosan on the PE surface.”””’

Theoretically, in the case of grafted samples, the amount of de-
sorbed chitosan from the PE surface should be lower, as dem-
onstrated by subsequent gravimetric and desorption studies.

Chitosan Layer Thickness. The initial thickness of the PE films
was 0.02 mm. The average mass and thickness of the chitosan
layer deposited on the PE surface was determined by high-preci-
sion weighing (gravimetric method) and automatic micrometer
measurements, respectively. The results are listed in Table II.

We easily observed that the mass and thickness of the chitosan
layer were higher after corona-discharge exposure of the
substrate.
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Figure 2. High-resolution carbon peaks of (a) PE (reference), (b) PE,, (c) PE/CHT, (d) PE,/CHT, and (e) PE,/EDC + NHS/CHT.

Surface Chemical Composition Determined by XPS. The sur-
face chemical composition and atomic concentrations (%) of
the pristine PE film, PE,, film, and chitosan-coated film were
obtained with XPS survey-scan spectra (Table III) measured at
two different spots on the surface of each sample.

A useful comparison of the survey spectra revealed that carbon
was the predominant species (usually found on the neat PE

Table II. Mass and Thickness of the Deposited CHT onto the PE Surface

Thickness of

CHT mass the CHT
Sample (mglcm?) layer (um)
PE/CHT 25.2 5
PE o /CHT 285.2 30
PE/EDC + NHS/CHT 231 4
PEo/EDC + NHS/CHT 263.2 25
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surface); traces of oxygen, resulting from partial oxidation, and
traces of impurities were also found. After the corona treatment
of the PE surface, the carbon content decreased from 99.2 to
94.2%, and the oxygen amount increased up to 5.6%; this indi-
cated implementation of the oxygen-containing functionalities,
which improved the adhesion of the chitosan on the PE surface
and confirmed the covalent bonding via the previously
described coupling reaction. The C content of the PE surface
was reduced after the corona-discharge treatment, probably
because of chain breaking at the polymer surface and chemical
reorganization induced by the electrons generated during co-
rona discharge. Coating with chitosan led further to important
changes in the surface composition of the samples. In the case
of the untreated film, no N component was detected on the
sample surface, and this was consistent with the absence of
nitrogen in the PE structure. As expected, new O and N emis-
sion peaks appeared in the XPS spectra of the modified PE
samples because of subsequent chitosan coating. The oxygen
content increased up to 25 atom %, whereas the nitrogen
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Table III. Experimental Atomic Composition (atom %) Obtained from
the XPS Survey Spectra for the Corona-Treated and Chitosan-Modified
PE

Sample C (atom %) O (atom %) N (atom %)
PE 99.2+0.3 08+0.1 =

PEcor 94.2+0.3 56+0.1 —

PE/CHT 92.0+1.6 6.7+1.0 =
PEcor/CHT 70.2+0.5 23.1+0.6 44+01
PE.../EDC + 69.8+0.3 249+0.3 5.4 +0.02
NHS/CHT

amount even reached 5.4 atom %. The most significant change
in the surface composition was observed for the PE,/
EDC + NHS/CHT sample.

Because the only source of nitrogen on the PE surface was rep-
resented by the chitosan coating, the atomic content of nitrogen
could be used for the evaluation of coating efficiency. The high-
est atomic percentage of nitrogen was found for the PE,/
EDC + NHS/CHT sample; therefore, the grafting procedure
could be considered to be the most efficient.

Figure 2 provides the high-resolution C1s—XPS spectra for both
the untreated and the modified PE samples, with the variation
of the corresponding areas evidencing the differences between
the samples (Table IV). The Cls spectrum of PE [Figure 2(a)]
showed a single peak at 284.8 eV, whereas the Cls spectra of
the other samples could be curve-fitted with two or three peak
components, from chemically nonequivalent carbon atoms
mainly bonded to oxygen for the corona-treated samples to
nitrogen for the chitosan-coated ones.

According to literature data, for the PE Cls spectrum [Figure
2(a)], the peak at 284.8 eV (denoted as Cl) could be assigned
to the C—C and C—H bonds. In the case of the PE,, sample,
the deconvoluted Cls core-level spectrum consisted of three
peaks [C1, C2, and C3; Figure 2(b)]. The first, situated at 284.9
eV, could be assigned to C—C/C—H bonding. The second peak,
located at 286.2 eV, was attributed to the chemical bonding of
C in the C—O bond, and the third one, located at 287.9 eV,
was related to C=0 bonding.*'~*

The Cls spectra of the PE,/CHT and PE,/EDC + NHS/CHT
samples could be curve-fitted with three peak components.
From chemically nonequivalent carbon atoms, two major peaks
(denoted as C1 and C2) at 284.8 and 286.4 eV were related to
C—C and C—N species, respectively, and one smaller peak
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(denoted as C3) at 288.0 eV was attributed to the C in the am-
ide bonds N—C=0 and/or O—C—O chemical bonding in the
chitosan’s sugar residues. Covalent bonding did not change the
position of the last mentioned peak and only caused variation
of the peak area.

Chitosan grafting onto the PE,, surface was achieved by the
formation of amide bonds between the surfaces containing oxy-
gen functionalities and chitosan’s amino groups by means of
coupling agents (i.e., EDC + NHS). As to the concentration of
various bonds on the surface (Table IV), we observed that the
use of the EDC + NHS coupling agents led to an increase in the
C3 peak area, which was directly proportional to its atomic
concentration. This signal may have been due to the C from
N—C=0 bonding, a fact that proved that the exploitation of
the coupling agents was more favorable for chitosan immobili-
zation onto the PE surface, with the amide bond being a chemi-
cally stable one. This assertion was also supported by the ATR—
FTIR results, as according to the previous data, new amide
bonds were evidenced. Not all of the amino groups of chitosan
were involved in the coupling reaction, and free amino groups
were still present on the surface, ensuring antimicrobial activity,
as is demonstrated in the following section.

Amino Group Determination by Potentiometric Titration.
The potentiometric titration curves for the reference PE, chito-
san, and chitosan-coated PE films are shown in Figure 3.

With eq. (2) (see Experimental section), the pK, values were
calculated for all of the investigated samples. In the case of chi-
tosan, we found a pK, value equal to 6.5. For the chitosan-
coated PE samples, the calculated pK, values were as follows:
for PE./EDC + NHS/CHT, the pK, was 5.9, and for PE,/
CHT, it was found to be 5.7. In both cases, the experimentally
obtained pK, value was close to that of native chitosan; this
proved the efficiency of the coating process.

As is well known, chitosan possesses ionizable groups in its
structure, namely, primary amino groups. In our case, the main
source for the positive charge was protonation of the chitosan
amino groups when the pH was changing. The surface charge
amount was calculated from the plateau level of the charging
isotherms (Figure 3). Figure 4 shows the surface charge amount
for the PE and chitosan-coated PE.

We noted that the positive charge increased after corona-dis-
charge treatment and chitosan coating. In the PE.,/CHT sam-
ple, we found a total charge amount value (113.04 mmol/kg)
that was slightly higher than that for the PE,/EDC + NHS/
CHT sample (94.78 mmol/kg). In the latter case, the variation

Table IV. Binding Energies (eV) of the Carbon Atoms and Area (atom %) of the Cls Peaks for the Untreated and Chitosan-Coated PE Samples

PE PEcor PE/CHT PEo/CHT PE.o/EDC + NHS/CHT
Sample Cc1 cC2 C3 C1 c2 C3 C1 c2 C3 C1 c2 C3 C1 c2 C3
Binding 2848 — — 2849 2862 2879 2848 2862 — 2848 2865 2881 2849 286.4 288.0
energy (eV)
Area 100 — — 943 409 0.8 98.1 1.9 — 60.7 31.0 8.3 452 442 10.6
(atom %)
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Figure 3. Potentiometric titration curves for the PE and chitosan-based samples: PE, PE.,, PE/CHT, PE.,/CHT, PE./EDC + NHS/CHT, and CHT.
[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

may have been due to a decrease in the number of amino
groups that could be protonated; this was caused by the cou-
pling reaction and the formation of amide bonds.

ZP Evaluation. The ZP or the electrokinetic potential originates
from the accumulation of electrical charges at a solid/liquid
interface. As an indicator for surface charge, the ZP gives infor-
mation about adsorption or adhesion processes and also about
the existence of acidic and basic surface groups.

The shape of the curve for untreated PE was typical for poly-
mers bearing no dissociating groups; however, it exhibited an
isoelectric point (IEP) around pH 2.5, which was close to the
values given in the literature’* (Figure 6, shown later). Benes
and Paulenova® found out that the H" and OH  ions are
potential-determining on the PE surface. Because of the hydro-
phobic characteristics of the unmodified PE, the preferential
adsorption of the chloride anions, which gave a negative ZP in
the pH range of 3-9 range was observed. The negatively charged
surface of PE was probably due to the dissociation of some po-
lar groups (e.g., carboxyl groups) contained on the PE surface
as a result of its partial oxidation/degradation during its poly-
merization and/or further processing.
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Compared to the untreated PE, all of the modified samples
showed a marked shift in IEP toward a higher pH, namely,
higher than pH 3.2; this indicated that the surface was enriched
with new basic functionalities. After chitosan coating, the func-
tion ZP = fipH) showed a reversal of charge toward positive
values, and later on, typical amphoteric characteristics and a
shifting of the IEP toward higher pH regions were observed. At
basic pH values, the negative streaming potential was due to
deprotonation of the chitosan hydroxyl groups. The protonation
of the chitosan amino groups (NH3) in the acidic region
changed the sign of the streaming potential to a positive
streaming potential at the IEP (pH =~ 6.5). The higher amount
of amino groups on the corona-treated and chitosan-coated
samples explained the higher positive and negative values of ZP
in the plateau of these samples. This was expected because chi-
tosan coatings reduced the acidity of the PE film’s surface.

The use of chitosan coatings with titratable end groups would
be expected to produce changes in the ZP corresponding to the
pK, values of the respective end groups.”” When the PE film
was covered with chitosan, the IEP approached the pK value of
chitosan; this was indicative of a proper surface coating. It is
well known (and was demonstrated previously) that the amino
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Figure 4. Amount of protonated amino groups on untreated, corona-
treated, and chitosan-coated PE films determined by potentiometric titra-
tion. [Color figure can be viewed in the online issue, which is available at
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groups in chitosan have a pK, value of about 6.5.>** Therefore,
it can be deduced from the graph presented in Figure 5 that a
better coating of the PE surface was achieved when the substrate
was corona-treated and further activated with a coupling agent
solution, an assertion suggested by the fact that the IEPs for the
PE.,/CHT and PE_,/EDC + NHS/CHT samples were closer to
the pK, value of chitosan.

Antimicrobial Tests. The modified/functionalized PE films were
tested against two Gram-negative bacteria, S. enteritidis and
E. coli, and one Gram-positive bacterium, L. monocytogenes
(Figure 6 and Table V).

The antibacterial activity of the chitosan-modified PE films
against all of the bacteria was evident; however, the influence of
concentration was much more important in the case of L.
monocytogenes (a conclusion drawn according to a study® of
the influence of 1, 3, and 5 wt % concentrations of chitosan on
the bacterial inhibitory action). This behavior could be
explained by the fact that chitosan and/or its derivatives have
been proven to be more effective against Gram-negative bacteria
than against Gram-positive bacteria.*'

The data presented in Table V reveal that the antibacterial activ-
ity of the grafted chitosan layer against all tested bacteria was
similar for all of the chitosan-coated samples.

Figure 6 microscopically illustrates the way in which the bacte-
rial colonies grown both in the absence (ATCC) and in the
presence of the chitosan-coated PE films were inhibited.

According to the existing literature data, numerous factors affect
chitosan’s antibacterial effectiveness; these include microbial fac-
tors related to microorganism species and cell age; intrinsic fac-
tors of chitosan, including its positive charge density, molecular
weight, concentration, hydrophilic/hydrophobic characteristics,
and chelating capacity; its physical state, namely, the water-solu-
ble and solid-state of chitosan; and environmental factors
involving ionic strength in the medium, pH, temperature, and
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reaction time.*> Therefore, the protonation and number of
amino groups existing on the chitosan backbone, which are im-
portant in electrostatic interactions, play an important role in
enhancing the antibacterial activity.

As shown in Table V, chitosan grafting did not affect its bacteri-
cidal efficiency, with the value for the PE_.,/EDC + NHS/CHT
sample being similar to that of the PE.,/CHT one. Even when
some of chitosan’s primary amino groups were involved in the
coupling reaction, becoming less available for interacting with
the bacterium cell wall, the remaining free amino groups were
sufficient for inhibiting bacterial growth.

Desorption of Chitosan from the PE Surface

ATR-FTIR Spectroscopy Study of Chitosan Desorption. The
chitosan-coated PE films, which were subjected to a desorption
study at two different pH values, were taken from the desorp-
tion bath after 48 h and dried at 50°C in vacuo, after which
their ATR-FTIR spectra were recorded. The IR spectra of the
chitosan-coated PE films (corona-treated and activated with an
EDC + NHS solution), as plotted in Figure 7, qualitatively
revealed the presence of chitosan on the polymer surface, even
after a 48-h desorption period.

After the desorption phase in a pH solution, both forms of
amino group (NH, and NH; ™) were likely to be present in the
chitosan-coated samples, and we took into account the pK, of
the chitosan amine groups (ca. 6.5).* The protonation of chito-
san amine functionalities was much more obvious for the PE.,/
CHT sample at pH 6.5 (Figure 7, spectrum 3); this was sug-
gested by the presence of two peaks, both attributed to the
NH; " group, namely, the antisymmetrical deformation (J,;) at
1633 cm™ ! (a peak shoulder) and the symmetrical deformation

« PEcor
- + PE,CHT
40 9K s
o i,*r‘%‘ = PEcor, CHT
Faithe e, s+ PE, EDC+NHS, CHT
20- YA, A x PE cor, EDC+NHS, CHT
> 0
£ “
©
S 20 -
c
3 40
o
% 60
2 i
-80 -
-100

Figure 5. ZP versus pH (in aqueous solution of inorganic electrolyte, 1
mM KCl). [Color figure can be viewed in the online issue, which is avail-
able at wileyonlinelibrary.com.]
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Figure 6. Microscopic aspects of the bacterial colonies grown in the absence (ATCC) and presence of the PE films coated with chitosan. [Color figure
can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

(65 at 1575 cm™1.** The initial amide I and II bands were pos-
sibly overlapped by these vibrations. On the other hand, the
chitosan-coated PE sample, which was activated after corona
treatment with a coupling agent solution, was less protonated
after it was subjected to desorption, a phenomenon that could
be explained by the lower number of free amino groups, which
can be protonated easily and converted into amide groups [Fig-
ure 7 (spectrum 5); the peaks from 1651 and 1588 cm™'
assigned to amide I and amide II, respectively].

Gravimetric studies showed that for the PE_,/CHT sample, the
weight loss was larger than for the PE,/EDC + NHS/CHT one.
For example, after it was with a pH 6.5 aqueous solution, the
PE.,,//CHT sample had a weight loss of 50%, and the PE.,/
EDC + NHS/CHT sample had a weight loss of only 10% (for
the corona-untreated sample, the weight loss was 100%). We,
therefore, concluded that the chitosan layer deposited after the
carbodiimide chemistry coupling reaction was much stable
under various pH conditions than the other types of deposited
layers.

Table V. Antibacterial Activity of the Chitosan-Coated PE Surfaces

Potentiometric Titration Results after the Desorption Step.
The amount of chitosan remaining on the surface was quantita-
tively determined by potentiometric titration. The PE films
coated with chitosan were analyzed by potentiometric titration
before and after desorption in different pH baths.

No significant difference was noticed between the protonated amino
group amount found on the surfaces obtained by distinct immobili-
zation strategies of chitosan, namely, by the physical adsorption
(when the PE was corona-discharge-treated and then immersed in a
chitosan solution) and grafting (PE was corona-discharge-treated
and further chitosan was immobilized with coupling agents) meth-
ods. The main difference between these two methodologies refers to
the stability of the obtained chitosan layer on the PE surface. In the
case of grafting, a thin chitosan layer was irreversibly immobilized
on the surface. Figure 8(a,b) provides two examples of potentiomet-
ric titration determination of the protonated amino group (positive
charge) amount as a function of the desorption time.

A certain chitosan amount desorbed faster in solution, and
equilibrium was reached in less than 24 h.

S. enteritidis inhibition:

Sample composition ATCC 25922, 48 h (%)

E. coli inhibition:
ATCC 25922, 48 h (%)

L. monocytogenes inhibition:
ATCC 25922, 48 h (%)

PE 39
PE.o/CHT 100.0
PE../EDC + NHS/CHT 92.77

14 25
100.00 92.59
100.00 95.83
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Figure 7. ATR-FTIR spectra of the chitosan-coated PE surfaces: (a) 4250—
610 and (b) 2000-610 cm™". (1) PE; (2) PE.,/CHT; (3) PE.o/CHT, pH
6.5, 2880 min; (4) PE./EDC + NHS/CHT; (5) PE../EDC + NHS/CHT,
pH 6.5, 2880 min; and (6) CHT. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]

After a 48 h of desorption, the surface charge amount calculated
from the charge isotherms (Figure 9) was lower for PE,/CHT
at pH 6.5 than for PE_./EDC + NHS sample at pH 6.5; this
was due to the mass loss, which was much more significant for
the first sample.

Chitosan-Desorption Study by Polyelectrolyte Titration.
Another method used for amino group determination on the
PE films surface was an indirect one based on a photometric
version of the polyelectrolyte titration of a chitosan-containing
solution from the desorption bath.

Figure 10 illustrates the chitosan-desorption kinetic curves for co-
rona-treated and chitosan-coated PE samples. For the corona-
untreated PE film immersed in a chitosan solution, the polyelec-
trolyte titration is not shown, as no curve was obtained. The chi-
tosan amount on the surface was undetectable by this method.

The main characteristic of all of the samples was that at pH 6.5,
chitosan desorption was slower than in the desorption bath at
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pH 3.5. This behavior could be explained by the fact that at
acidic pH (3.5), all primary amino groups of chitosan were pro-
tonated (NH7%) and shifted more easily into solution.

A comparison between the PE,, film coated with CHT and the
chitosan-grafted sample (PE_,/EDC + NHS/CHT) showed that
in the mentioned sample, the chitosan amount desorbed from
the surface was larger and that the process was oscillating at pH
6.5. In this case, chitosan desorption was quasi-reversible; this
was possibly due to the unstable characteristics of the deposited
chitosan layer on the surface. For instance, the chitosan amount
determined at equilibrium in the desorption bath (pH 3.6) for
PE.,,/CHT was three times higher than for PE.,/EDC + NHS/
CHT. In this way, the importance of the use of coupling agents
for obtaining a stable layer of chitosan on top of the PE,, film
was once again highlighted.

Charge amount [mmol/g]
8 &5 8

-
(4.}
1

-
o
1

y T T T T T T y T
1000 1500 2000 2500 3000
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Figure 8. Kinetic desorption curves obtained by potentiometric titration
for (a) PE.,/EDC+NHS/CHT, pH 3.6, and (b) PE.,/CHT, pH 3.6.
[Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com. ]
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Figure 9. Potentiometric titration curves for PE,,/CHT, pH 6.5, 2880 min, and PE_,,/EDC + NHS/CHT, pH 6.5, 2880 min, and titration curve for chito-
san (CHT). [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

(a) (b)
——pH36
— 0.4 —=—pH 6.5 —e—pH36
;§- 0.35 - ';g 0.1+ pHES
= S0
g &2 = 0.08 -
E 0.25 E
< sl E 0.06 -
E E
S ots = 0.04
£ =
s " g 0.02
o 02 |
20 oos &
= Z
s o : : . - . ; = 0 - ; . ; r i
0 500 1000 1500 2000 2500 3000 “ 0 500 1000 1500 2000 2500 3000
time [min] time [min]

Figure 10. Kinetic desorption curves of chitosan at two different pHs (3.6 and 6.5): (a) PE,/CHT and (b). PE,/EDC + NHS/CHT. [Color figure can
be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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The potentiometric titration results showed a good correlation
with the polyelectrolyte titration data. Both methods showed
that for the corona-treated samples, a certain amount of chito-
san desorbed faster in solution and reached equilibrium in less
than 24 h (Figure 8). The difference between these two methods
was that the potentiometric titration determined the protonated
amino group (charge) amount on the surface, whereas the poly-
electrolyte titration determined the protonated amino groups
desorbed from the PE surface. In the last case, the analyzed
sample was the solution obtained from the desorption baths.
ATR-FTIR spectroscopy qualitatively supported the conclusion
drawn from the titration techniques, that only a certain amount
of chitosan desorbed from the PE_,, surface. This was evidenced
by a decrease in chitosan’s characteristic peak intensities after
desorption, even when some amount of chitosan still remained
on the surface, as mentioned previously.

CONCLUSIONS

The corona-discharge treatment of PE induced physicochemical
surface modifications, mainly by the implantation of oxygen-
containing groups on the surface, because of the interactions
between the polymer surface and the reactive species present in
the corona system. This step created a favorable surface envi-
ronment for chitosan adsorption/grafting.

Two complementary methodologies were developed for the anti-
bacterial chitosan immobilization on PE films, namely, physical
adsorption and grafting.

The formation of new oxygen-containing functionalities after
corona treatment and amine and amide groups after chitosan
coating/grafting were detected and analyzed by ATR-FTIR and
XPS spectroscopy. We established that chitosan was attached
only to the PE,,, surface. A corona-discharge treatment coupled
with chemical activation with EDC and NHS led to covalent
bonding of the chitosan on the PE surface, mainly by the for-
mation of amide groups and other types of linkages, and a sta-
ble surface layer of chitosan thus resulted.

Potentiometric and polyelectrolyte titrations showed that a cer-
tain amount of chitosan desorbed faster from the surface until
equilibrium was reached and also that the covalently attached
chitosan layer was more stable than the physically adsorbed
one.

The chitosan immobilized on the PE surface exhibited the
expected antibacterial activity when tested against three bacteria,
two Gram-negative ones, S. enteritidis and E. coli, and one
Gram-positive bacterium, L. monocytogenes.

The corona-discharge treatment of PE, a known industrially
applied technology, followed by coating with chitosan, proved
to be very useful for the appropriate modification of its surface
properties. Furthermore, a chemical coupling system is needed
to obtain a stable surface chitosan layer that can lead to an anti-
bacterial PE surface useful for food packaging or medical devi-
ces that prevent bacterial attachment and achieve anti-infection
properties. Furthermore, the covalently attached chitosan layer
prevented the undesirable migration of bioactive components in
the surrounding media.
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