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ABSTRACT: Surface of polypropylene (PP) sheets were
modified by radiation induced graft polymerization of a
mixture of two monomers, a quaternary ammonium salt
([2-(methacryloyloxy)ethyl]-trimethyl ammonium chloride)
(QAS) and acrylic acid(AA) to control the bacterial adhesion.
Electron beam radiation was used to activate PP sheets prior
to the grafting reaction. Depth concentration profile of nitro-
gen on modified PP up to 10 nm was performed by XPS.
However, XPS has revealed no significant changes in the con-
centration profile of nitrogen for the grafted PP prepared
under different parameters. Energetic characteristics
(Lifshitz-van der Waals (gLW), electron acceptor (g1), and
electron donor (g2) components) of these modified surfaces
(with different ratio of comonomermixtures) were calculated
by using contact angle measurements. The PP surfaces pre-
pared under one specific ratio of comonomer mixture (AA :

QAS) 20 : 40 (M-4) has been compared with the surfaces
modified with 20% AA (AA-20) and 40% QAS (QAS-40). The
surface charge and isoelectric point have been determined by
zeta potential measurements. AA-20 and comonomer mix-
ture modified PP (M-4) surfaces exhibit negative charges of
227 and216, respectively, while QAS-40 modified PP surfa-
ces show positive charge of 116. The physicochemical prop-
erties of Listeria monocytogenes (LM) were obtained by micro-
bial adhesion to solvent method. Finally, adhesion of LM on
unmodified and modified PP surfaces was observed by elec-
tron microscopy. � 2008 Wiley Periodicals, Inc. J Appl Polym Sci
109: 1746–1756, 2008
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INTRODUCTION

Food-borne bacterial infections are starving to de-
velop novel processes to inhibit the growth of micro-
organisms in the food products. However, it is very
important to maintain the quality, safety, and fresh-
ness of food. Bacteria tend to associate with surfaces.
Once bacteria adhere on the surface, a multi-step
process begins, which leads to the formation of a
complex and heterogeneous biofilm.1,2 Biofilms dete-
riorate food and food related equipments and there-
fore it is also important to inhibit the adhesion of
bacteria as well as the formation of an infectious and
pathogenic biofilm. Mainly, biofilm formation is a
two-step process, where the first step may be revers-
ible, involving physicochemical forces followed by
the second irreversible chemical step, which leads to
the synthesis of an extracellular polymeric film.1 One
of the ways to tackle this problem is to control the
physicochemical interactions between the bacteria

and the substratum surface. In food industries, anti-
microbial food packaging acts to reduce, inhibit or
retard the growth of microorganism that may be pres-
ent in the packed food or packaging material itself.3

Antimicrobial polymers are widely used in various
food related applications like active packaging. How-
ever, polymer surface modification has been a signifi-
cant issue inmany fields4,5 over the years.

A number of surface modification techniques have
been used to develop surfaces with antimicrobial
properties. Some of them are silver coated, surface
immobilized polyethylene oxide, surface thiocyana-
tion, surface modification by various gas plasma
(such as oxygen and argon) and plasma immersion
ion implantation.6–12 Unlikely, radiation-induced
graft polymerization has also been proved efficient
to introduce different functionalities onto polymer
surface as well as into bulk.13 The advantage of radi-
ation induced graft polymerization to promote or
reduce bacterial adhesion is that it enables the graft-
chain-containing interfaces bearing functional groups
into various polymeric backbones.14 Other research-
ers reported that nitrifying bacteria show a high
adhesiveness to a membrane whose surface is modi-
fied with positively charged graft polymer chains.15

Likewise Lee et al. found that a hollow fiber
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membrane modified by radiation induced graft poly-
merization exhibits a significantly high capturing
rate for Staphylococus aureus, indicating efficient bac-
terial recovery for water purification.16,17

Radiation grafting has also been projected as one
of the most convenient routes for the modification of
the polypropylene (PP) to achieve a desired chemical
functionality.18 In our previous investigation, surface
modification of PP sheets has been carried out by
radiation induced graft polymerization of a mixture
of two monomers, a quaternary ammonium salt
(QAS) and acrylic acid (AA).19 The synergistic effect
caused by different reactivity ratio of both mono-
mers mixture has been described earlier.19 QASs are
synthetic organic chemicals and are widely used in a
variety of areas such as environmental disinfection,
cosmetics, ophthalmic solution, pharmaceutical prep-
aration, and against fungal infection.20 QASs have an
antimicrobial effect by damaging the cytoplasmic
membrane.21 However, such an antimicrobial effect
is due to the presence of alkyl chain and their sur-
factant properties.22 QASs have strong antibacterial
effect towards gram positive bacteria than gram neg-
ative bacteria, since they have an extra protective
membrane, which inhibits diffusion of many chemi-
cal products.23

In the food industries, numerous studies have
shown that the contamination of products by patho-
genic organisms and/or by alteration generally
results from their adhesion to surfaces. This adhe-
sion is the first step in the formation of biofilms, a
permanent source of biocontamination in the in-
dustry. Among the undesirable microorganisms, Lis-
teria monocytogenes (LM), an ever-present bacteria
involved in food poisoning, occupies a preponderant
place at the same level as Salmonella Typhimurium
or even Escherichia coli. These gram-positive or gram-
negative bacilli can survive and develop in particu-
larly difficult conditions (i.e., low temperatures, acid
pH levels, highly saline environments)24 and adhere
to a wide variety of surfaces.25,26 They can be found
throughout the food chain, particularly in rinsing
water and on equipment surfaces.27 It has been
reported that the mechanism of bacterial adhesion to
solid surfaces is governed by electrostatic interac-
tions i.e., surface charge on substrate as well as on
microorganism.28–32 However, it is also important to
take into account the nonelectrostatic interactions
such as Lifshitz-van der Waals (LW) and Lewis
acid–base (AB).33,34 On the other hand, Speranza
et al. have described that the bacterial adhesion is
also influenced by the chemical properties of poly-
meric surfaces.35 In the present investigation, we
have determined the surface properties of previously
prepared grafted PP surfaces19 and their effect on
bacterial adhesion. On the basis of contact angle
measurements with polar and apolar liquids, surface

free energy of different grafted PP surfaces were cal-
culated with the help of Lifshitz van der Waals and
Lewis acid–base approaches.36 Zeta potentials of un-
grafted and grafted PP were also determined by
streaming potential measurements to get surface
charge.32,37,38 The present studies also reveal the
nitrogen concentration depth profile in QAS grafted
samples by XPS.

EXPERIMENTAL

Materials and modification of PP surfaces

Materials

PP of 1 mm thickness was received from Goodfellow
Cambridge, UK.

Electron beam (linear electron accelerator CIRCE
II) was used for the irradiation of PP sheets. The
energy of electron beam was 10 MeV and the power
was 20 kW with the speed of 0.44 m/min (IONISOS
laboratory, Orsay, France). The irradiation was car-
ried out in air for the dose of 100 kGy. Samples
were exposed twice for the irradiation (dose of 50 kGy
each). After the irradiation, PP sheets were kept at
2808C prior to the grafting reaction.

Grafting reaction

Grafting reaction was carried out in a closed reac-
tor.19 The monomer solution was prepared by mix-
ing a mixture of two monomers AA and QAS
(received from Aldrich, Germany) in distilled water
(monomers were used without any purification). We
have used different ratio of each monomer (AA :
QAS) such as 50 : 10, 40 : 20, 30 : 30, 20 : 40, 10 : 50,
and denoted as M-1, M-2, M-3, M-4, and M-5,
respectively. The required amount of monomer solu-
tion was added to the glass reactor along with the
Mohr’s salt (Aldrich, Germany) as homopolymer in-
hibitor. The reactor was placed in an oven at 708C.
Electron beam irradiated PP sheet (100 kGy) was
placed in the monomer solution in a closed reactor.
Argon was continuously purged into the reaction
mixture to create inert atmosphere. After desired pe-
riod, grafted PP sample was taken out and washed
with distilled water in ultrasonic water bath at 408C
for 15 min to avoid any traces of homopolymer.
Grafted PP samples were dried overnight in an air
over at 408C. The degree of grafting was calculated
according to the following equation.

Degree of grafting ð%Þ ¼ Wg �Wo

Wo
3 100 (1)

where, Wo and Wg are the weights of ungrafted and
grafted PP sheets, respectively.
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Surface properties of modified surfaces

X-ray photoelectron spectroscopy

The nitrogen concentration depth profile was deter-
mined using ESCALAB 250 equipped with a non-
chromatized AlK(X-ray source from Electron Corp.
The pass energy for general spectrum was 100 eV.
The analysis was carried out under UHV of 6
3 1029 mbar. During analysis X-ray arrives on sample
surface with an angle of 458, however the angle in the
detection column was 908 with the surface of the sam-
ple. The spectra were collected at a photoelectron take-
off angle 45 and 908, which corresponds to sampling
depths of� 0–5 nm and 0–10 nm, respectively.

Determination of the energetic characteristics
of modified PP surfaces

Contact angle measurements were carried out on
KRUSS (France) G 40 goniometer with three pure
liquids of known surface properties i.e., high purity
water (Millipore milliQ), formamide and a-bromo-
naphthelene (supplied by Sigma France). Samples
were mounted on platform and a drop of appropri-
ate liquid was placed on the surface. The contact
angle was measured within 30 s of placing the drop
on the PP surface and an average of seven measure-
ments was reported.

The surface energetic properties of the ungrafted
and grafted PP were determined by using the fol-
lowing equation of Young-van Oss:36,39–41

ð1þ cos uÞgL ¼ 2½ðgLWS gLWL Þ1=2

þ 2ðgþS g�L Þ1=2 þ 2ðg�S gþL Þ1=2� ð2Þ

where gL is the total surface tension, gLW is the Lif-
shitz-van der Waals and g1 and g2 are the electron-
acceptor/donor components of the surface of
unmodified and modified PP (S) and were estimated
by measuring contact angles (y) with above-mentioned
three pure liquids (L). The energetic characteristics of
all three pure liquids are presented in Table I. The solid
surface free energywas expressed inmJ/m2.

Zeta potential measurements

Zeta potentials (f) of unmodified and modified PP
were determined using a Zetacad from CAD Instru-
mentation, France. The concentration of NaCl solu-
tion was 1.5 3 1023 M. The pH of the solution was
adjusted within the range of 2–10 by adding KOH or
HNO3. Zeta potential was measured through stream-
ing potential method described by Wagenen et al.38

Streaming potential DE was measured at a driving
pressure DP, which varies from 50 to 110 mBar. The
measurements were repeated six times for each pres-

sure that means three times for one flow direction
and three times in the reverse flow direction. The
streaming potential depends both on the surface
charge in the diffuse layer and the electrolyte prop-
erties i.e., conductivity Ksol, viscosity h, and dielec-
tric constant D. For flat surface like PP sheets,
streaming potential (DE) is related to zeta potential,
so by knowing DE, zeta potential (f) can be calcu-
lated by the following equation:

f ¼ 4ph
D

Ksol þ Lsurf
b

� �
DE
DP

(3)

where, Lsurf represents the specific conductance at
the surface of shear and b the half distance between
the two samples. The value of b was 0.05 mm in our
experimental setup.

Physicochemical properties of bacteria

Bacterial strains and growth conditions

The strain of LM CIP 103574 (N8 UBHM 152) used
in this study was provided by UBHM (INRA,
France). Bacterial cells were stored in a biofreezer at
2808C prior to the experiments. The strains were
subcultured twice, and then cultivated for 24 h at
208C in BHI (brain heart infusion, Oxoid) under oxy-
genated conditions until the stationary stage was
reached. For the preparation of bacterial suspension,
the cells were harvested by centrifugation for 10 min
at 7000 3 g and 48C and then washed twice with,
and resuspended in the sterile suspending liquid
(1.5 3 1023 mol L21 NaCl).

Microbial adhesion test to solvents

The partitioning method has originally been reported
by Bellon-Fontaine et al.39 It is based on the compari-
son between microbial cell affinity to a monopolar
solvent and an apolar solvent. The monopolar sol-
vent can be electron—acceptor or electron—donor,
but both solvents must have similar van der Waals
surface tension components. We therefore used the
following pairs of solvents:

• Chloroform, an acidic and electron acceptor-sol-
vent with hexadecane, an apolar n-alkane.

TABLE I
Values of Energetic Characteristics Components

of Pure Liquids

Pure liquids gLW g1 g2 gAB gT

Water 21.8 25.5 25.5 51.0 72.8
a-Bromonaphthalene 40.0 0.0 0.0 0.0 40.0
Formamide 39.0 2.3 39.6 19.0 58.0
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• Ethyl acetate, a basic and strong electron-donor
solvent with decane, an apolar n-alkane.

The difference in the results between chloroform/
hexadecane and ethyl acetate/decane (due to their
surface tension properties) enabled to determine the
surface properties at the surface of LM: electron-do-
nor/acceptor interactions as well as hydrophobic/
hydrophilic properties.

In the experiment, a suspension containing � 108

cells in 2.4 mL suspending liquid (NaCl 1.5 3 1023 M)
was vortex-mixed for 60 s with 0.4 mL of the solvent
under investigation. The mixture was allowed to
stand for 15 min to ensure complete separation of
two phases before a sample (1 mL) was carefully
removed form the aqueous phase and the optical
density measured at 400 nm. The percentage of
bound cells to each solvent was subsequently calcu-
lated using the following equation:

% Affinity ¼ ð1� A=A0Þ 3 100 (4)

where A0 is the optical density measured at 400 nm
of the bacterial suspension before mixing and A is
the absorbance after mixing.

Electrophoretic mobility and zeta potential

For electrophoretic mobility measurements, bacteria
were suspended in 1.5 3 1023 M NaCl solution at a
concentration of � 107 cells mL21. The pH of the
suspension was adjusted to vary over the range 2–7
by adding HNO3 or KOH. Measurements were taken
in an electric field of 50 V with a Laser Zetameter
(Zêtaphoremetre II, Société d’Etude Physicochimi-
ques, France).

Observation of bacterial adhesion
by electron microscopy

LM cells adhering to inert surfaces were visualized
by field emission scanning electron microscopy
(FESEM). Before analysis, each sample was rinsed
with 150 mL of demineralised water, fixed with 3%
glutaraldehyde for 1 h and washed three times with
sodium cacodylate (0.2 mol L21, pH 7.4). Further fix-
ing with 1% osmium tetroxide for 1 h at 48C was the
performed. The samples were washed with sodium
cacodylate and then dehydrated by passage through
a graded series of ethanol/water solutions from 50
to 100%. The samples then remained desiccated
before gold/platinum sputtering and viewing as sec-
ondary electron images (8 kV) with a Hitachi S4500
FESEM.

RESULTS AND DISCUSSION

Surface properties of modified surfaces

Nitrogen concentration depth profile by XPS

To evaluate the concentration depth profile of nitro-
gen (N) from the surface of grafted PP up to the
core, nitrogen concentration depth profile (NCDP)
experiments were carried out using XPS. XPS has
proven to be a valuable tool for determining the ele-
mental composition on the polymer surface as well
as to study the concentration depth profile of differ-
ent atoms from surface to the core of the materials.
NCDP of PP grafted with comonomer mixture M-4
and QAS are presented in Figure 1(a,b). These two
spectra were collected at a photoelectron take-off
angle 45 and 908, which corresponds to sampling
depths of � 0–5 nm and 0–10 nm, respectively. Fig-
ure 1(a) indicates that the relative amount of N is
slightly different as a function of the surface region
being analyzed. However, the relative amounts of N
concentrations given by Figure 1 are difficult to ana-
lyze due to the weak N1s peak intensities. The N/C
atomic ratio (0.031) in Figure 1(a) until 5 nm (at 458)
is almost similar to that calculated (0.029) up to
10 nm (at 908). These data suggest that the N con-
centration is almost identical from the surface (modi-
fied PP) up to 10 nm. Spectra in Figure 1(b) also
illustrated the same trend of N/C atomic ratio. How-
ever, the difference between N/C atomic ratios
(0.037–0.027 up to 5–10 nm) was slightly higher in
spectra 1b. Nevertheless, there is no significant dif-
ference between the two. The only difference is the
presence of an extra peak intensity of Cl in 1b spectra.
Cl is present as a counter ion in QAS. All the above
data reveal that in both modified PP samples the cor-
responding decrease (not significant) in the amount of
N has been observed with the increase photoelectron
take off angle. That means the N concentration has
found to be almost similar from the surface up to
10 nm depth in both modified surfaces.

Figure 1 Spectra of nitrogen concentration depth profile
by XPS. (a) Grafted PP with comonomer mixture, AA :
QAS (20% : 40%), (b) Grafted PP with QAS (40%). [Color
figure can be viewed in the online issue, which is available
at www.interscience.wiley.com.]
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Surface energetic characteristics of modified surface

To control bacterial adhesion, surface modification of
PP has been done by radiation induced graft poly-
merization of a mixture of two monomers, AA and
QAS.19 To analyze the surface wettability, contact
angle measurements were carried out on unmodified
(virgin and exposed PP) and previously modified
(grafted) PP surfaces18,19 and are presented in Figure 2
and Table II. Water contact angle is the most conven-
ient parameter for analyzing the surface hydro-
philic/hydrophobic properties of modified polymeric
surface.40 Moreover on the basis of contact angle,
one can also determine the energetic characteristics
of unmodified and modified surfaces by using polar
and apolar liquids. Three pure liquids, two polar
and one apolar were used to measure contact angles
as described in the experimental part (2.2.2). Most of
the liquid used to measure contact angles, were ca-
pable of interacting via hydrogen bonds, while
modified surfaces may interact via polar, apolar and
hydrogen bond attractive forces. Interestingly,

through these attractive forces, it is possible to check
the interaction behavior of polar and apolar liquid
simultaneously. According to Figure 2, water contact
angles of virgin and exposed PP were found to be
higher than the grafted PP surfaces, showing their
hydrophobic nature. However, decreasing trend of
contact angle has been observed with water as the
ratio of QAS increases in the comonomer mixtures.
The decrease in the water contact angle with the
increase in the ratio of QAS has been discussed else-
where in details.19

According to our earlier investigation,19 we chose
one ratio of comonomer mixture i.e., M-4 [20 :
40(AA : QAS)] for other investigations. The samples
grafted with the above concentration ratio exhibit
low water contact angle of 228 and we have appro-
priate amount of both monomers too. However, we
have also observed the individual effect of each
monomer on the degree of grafting19 and contact
angle. Figure 3 shows the variation in the contact
angle, using polar and apolar liquids on the surface
of PP modified with a mixture of comonomer M-4
and individual monomer such as QAS-40 (40% QAS
in distilled water), and another one with AA-20
(20% AA in distilled water). QAS-40 modified PP
surfaces show almost similar wettability as M-4
modified samples. In reverse AA-20 grafted PP sur-
faces exhibit higher water contact angle as compare
to M-4 and QAS-40 modified PP surfaces. However
formamide contact angle shows complete hydrophi-
licity for the PP modified with QAS and AA individ-
ually. It is to be noted that we put 208, as the value
of contact angle to show complete hydrophilicity, as
the real value was too small or even was not possi-
ble to measure the contact angle (Table III).

Surface energetic characteristics of unmodified and
modified PP were evaluated by using Young-van
Oss equation36,39–42 and presented in Table IV. The
contact angle values of a-bromonaphthalene with g2

and g1 5 0 was used to derive gLW while water and
formamide contact angles were inserted in eq. (2). to
get electron donor g2 and electron acceptor g1 com-
ponents of the surface free energy respectively.

TABLE II
Values of Contact Angle Measurements by Using Three Pure Liquids

(Water, Formamide, and a-Bromonaphthelene) on Ungrafted and Grafted PP at
Different Ratio of Comonomer Mixtures

Sample Grafting (%) Water

Contact angle (8)

Formamide a-Bromonaphthalene

Virgin PP 0.0 90.0 6 3.4 75.1 6 5.8 45.2 6 3.3
Exposed PP 0.0 90.0 6 3.6 78.1 6 3.5 41.4 6 2.3
PP-g-AA : QAS (50% : 10%) 2.4 6 0.3 53.2 6 2.2 26.0 6 3.1 28.1 6 2.8
PP-g-AA : QAS (40% : 20%) 1.9 6 0.1 55.0 6 2.3 23.0 6 2.8 25.1 6 3.4
PP-g-AA : QAS (30% : 30%) 2.0 6 0.1 32.6 6 2.0 21.2 6 3.7 26.9 6 2.1
PP-g-AA : QAS (20% : 40%) 2.3 6 0.2 21.9 6 0.7 25.2 6 3.3 20.7 6 1.0
PP-g-AA : QAS (10% : 50%) 1.2 6 0.1 25.5 6 2.6 21.5 6 3.0 30.5 6 2.2

Figure 2 Variation of the contact angle measurements by
using three pure liquids (water, formamide and a-bromo-
naphthelene) on ungrafted and grafted PP at different ratio
of comonomer mixtures. [Color figure can be viewed in
the online issue, which is available at www.interscience.
wiley.com.]
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Abbasian et al.43 suggested that apart from the pa-
rameters such as drop volume, molecular weight,
surface roughness, etc., which affect the contact
angle measurements and to analyze surface free
energy of polymers, the film thickness in nanometric
scale can also be considered. However we did not
take into account the film thickness parameter in our
experimental procedure.

The value of gLW was found to be 29.0 and 30.6 mJ/
m2 for virgin and exposed PP respectively, while
the electron acceptor component g1 exhibited very
low value of 0.01 and 0.35 mJ/m2 for the same sam-
ples. For the grafted samples, the value of gLW was
calculated in the range of 31.1–37.5 mJ/m2, which
are the close values of unmodified PP samples. This
indicates that there is no difference for the influence,
according to van der Waals attractive forces between
grafted and ungrafted samples. Guillemot et al. have
also reported almost the same value (26.3 mJ/m2) of
gLW for PP.44 The electron donor component g2 was

shown to vary greatly from 5.5 mJ/m2 for unmodi-
fied to 10.18–47.28 mJ/m2 for modified PP surfaces.
This suggested that unmodified PP samples are
hydrophobic in nature, however the PP samples
grafted with AA-20 show moderately hydrophilic
character, while grafting with QAS-40 exhibited
hydrophilic and basic character. For the other
grafted samples the value of g2 increases with the
increase of QAS ratio in the comonomer mixture
[except for the comonomer ratio 40 : 20 (AA : QAS)]
indicating the increase in the hydrophilicity and ba-
sic nature. The hydrophilicity in all cases may be
due to the presence of QAS and carboxylic groups
on the surface of PP, which is not identified on
unmodified PP surfaces. The hydrophilicity can be
attributed to the basic character of the modified PP.
Furthermore, in case of QAS an increase in the basic
nature may be attributed to the effect of counter ion
(Cl2) present in the QAS.

Zeta potential measurements

Zeta potential is the average potential in the surface
of shear and denoted as f. Zeta potential measure-
ments reveal the acidity or basicity of solid surfaces
quantitatively. To investigate the surface charged
properties of unmodified and modified PP, the
streaming potential were measured as a function of
pH in 1.5 3 1023 M NaCl solution followed by the
calculation of zeta potential by using eq. (3). Figure 4
illustrated the effect of pH on the zeta potential of
unmodified and modified PP surfaces. The variation
of zeta potential with pH indicates that H1 and
OH2 ions are potential determining ions. They are
ionic species of the aqueous medium, which actually
interact with the surface.45 Depending on the acid–
base character of the surface, whatever the group
present on the surface may gain or lose a proton
according to the pH value of the aqueous phase.
Table V presented the values of zeta potential at
neutral pH and isoelectric point (iep) of different PP
samples. Iep is the point where the value of zeta poten-
tial is zero, that means the total positive charges are

TABLE III
Values of Contact Angle Measurements by Using Three Pure Liquids

(Water, Formamide, and a-Bromonaphthelene) on Ungrafted and Grafted PP
with AA (20 and 100%), QAS (40%), and a Specific Ratio of Comonomer

Mixture, AA : QAS (20 : 40%)

Sample Grafting (%) Water

Contact angle (8)

Formamide a-Bromonaphthalene

Virgin PP 0.0 90.0 6 3.4 75.1 6 5.8 45.2 6 3.3
Exposed PP 0.0 90.0 6 3.6 78.1 6 3.5 41.4 6 2.3
PP-g-20% AA 1.8 6 0.2 59.0 6 6.6 20.0 6 0 20.0 6 0
PP-g-40% QAS 0.07 6 0.06 28.0 6 1.0 20.0 6 0 40.0 6 2.1
PP-g-AA : QAS (20% : 40%) 2.3 6 0.2 21.9 6 0.7 25.2 6 3.3 20.7 6 1.0
PP-g-100% AA 8.0 6 1.4 28.6 6 1.6 20.0 6 0 24.2 6 4.0

Figure 3 Variation of the contact angle measurements by
using three pure liquids (water, formamide and a-bromo-
naphthelene) on ungrafted and grafted PP with AA (20
and 100%), QAS (40%) and a specific ratio of comonomer
mixture, AA : QAS (20% : 40%). [Color figure can be
viewed in the online issue, which is available at www.
interscience.wiley.com.]
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equal to the total negative charges and beyond iep the
zeta potential increases due to the adsorption of poten-
tial determining ions, which can also reveal the surface
acidity–basicity character qualitatively.

According to Figure 4, zeta potentials of Virgin PP
and exposed PP are 240 mV and 243 mV at neutral
pH respectively, and 233 mV at the pH of physio-
logical water. The iep (Table V) of virgin and
exposed PP are 3.3 and 2.6. We have also measured
the zeta potential on virgin PP after the extraction of
additives to neglect the effect of additive on the sur-
face charge. However, no significant difference has
been observed in the values of zeta potential (235 at
the pH of physiological water) and iep (3.0) after
extracting the additives. Thus the negative zeta
potential may be due to the processing of PP at ele-
vated temperature, which causes the thermal degra-
dation or partial oxidation of PP during storage and
contamination on the PP surface. In that case, the
behavior of negative charge on exposed PP would
be different than the negative charge of grafted PP
caused by carboxylic groups. Aranberri-Askargorta
et al.46 has also reported the same value of iep (3.3)

of pure PP fibers. Grafting of PP samples vary the
zeta potential greatly. Grafting with AA-20 slightly
increased the iep to 3.7. However the zeta potential
for the AA-20 grafted sample at neutral and physio-
logical water pH was found to be 227 and 223,
respectively. The decrease in negative zeta potential
may be assigned to the change in basic character
due to the presence of carboxylic groups. Kuehn
et al. has suggested that for polymeric materials, an
increase in the hydrophilic functional groups on the
surface decreases the negative zeta potentials as ion
adsorption occurs in concurrence to water adsorp-
tion at hydrophilic sites.47 However an increase in
negative zeta potential may occur if no water
adsorption takes place, which causes an increased
number of dissociable surface groups.46 The curve of
QAS-40 grated PP clearly shows that the surface
charge is positive throughout the entire pH range
(2–10). Hence QAS-40 grafted PP surface does not
show iep. This is due to the presence of basic func-
tional groups on the QAS-40 modified PP surfaces.
In QAS-40, nitrogen may be considered as the source
of the positively charged surface. The iep of comono-
mer mixture (M-4) grafted PP surfaces is 5.2. These
surfaces exhibit positive and negative charges below
and above their iep. At neutral and physiologic
water pH, the values of zeta potentials are 216 and
215. Here, one can assume that above the iep the
negatively charged surfaces are generated by acidic

TABLE IV
Surface Energetic Characteristic Components of Ungrafted and Grafted PP

Sample gLW (mJ/m2) g1 (mJ/m2) g2 (mJ/m2) gAB (mJ/m2)

Virgin PP 29.0 0.01 5.55 0.57
Exposed PP 30.6 0.35 7.56 3.27
PP-g-20% AA 37.5 4.36 10.18 13.24
PP-g-40% QAS 31.1 3.29 43.46 23.92
PP-g-100% AA 36.56 1.81 43.55 17.79
PP-g-AA : QAS (50 : 10%) 35.43 3.36 17.57 15.4
PP-g-AA : QAS (40 : 20%) 36.3 3.78 14.63 14.89
PP-g-AA : QAS (30 : 30%) 35.72 2.1 39.56 18.2
PP-g-AA : QAS (20 : 40%) 37.5 1.42 47.28 16.43
PP-g-AA : QAS (10 : 50%) 34.82 1.94 47.5 19.21

TABLE V
Values of Zeta Potential at Neutral and Physiologic

Water pH and iep of Ungrafted and grafted PP with AA
(20 and 100%), QAS (40%), and a specific ratio of

comonomer mixture, AA : QAS (20 : 40%)

Sample

f (mV) at
neutral
pH

f (mV) at
physiologic
water pH iep

Virgin PP 240.0 233.0 3.3
Exposed PP 243.0 233.0 2.6
PP-g-20% AA 227.0 223.0 3.7
PP-g-40% QAS 127.5 130.0. 2
PP-g-AA : QAS
(20% : 40%) 216.0 215.0 5.2

Figure 4 Zeta potential of ungrafted and grafted PP with
AA (20 and 100%), QAS (40%) and a specific ratio of
comonomer mixture, AA : QAS (20% : 40%). [Color figure
can be viewed in the online issue, which is available at
www.interscience.wiley.com.]
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functional group such as carboxylic groups while
below the iep, presence of basic functional group is
responsible for positive charge. However, the above
modified surfaces have much stronger positive
charge at acidic conditions (136) than negative
charge at alkaline conditions (218). This could sug-
gest that the modified surfaces may have a higher
density of QAS than carboxylic groups. These results
can be correlated with the contact angle measure-
ments, where the PP grafted with comonomer
mixture (M-4) and QAS-40, exhibit almost identical
wettability, whereas PP grafted with AA-20 shows
different behavior of wettability. Moreover, PP surfa-
ces grafted with comonomer mixture (M-4) and
QAS-40 also have the identical maximum value of
zeta potential (136) in acidic pH.

We have also measured the zeta potential of pure
AA grafted PP samples (as in case of pure AA
grafted PP most of the carboxyl groups are present
on the surface18). The introduction of dissociable car-
boxylic groups into hydrophobic PP influences the
zeta potential due to the change in surface hydrophi-
licity. The presence of carboxylic groups on the sur-
face, subsequently increase the hydrophilicity, which
results in the extension of the swelling layer on the
modified PP surface and lead to a shift of shear
plane towards the bulk solution. As a result of which,
we observed the relatively low negative value of zeta
potential due to the decrease in the potential between
the charged surface and the bulk solution as a function
of the distance from the charged surface.

Physicochemical properties of bacteria

Microbial adhesion test to solvents

The results of this microbial adhesion to solvent test
of the breakdown between solvents and a suspen-

sion of LM (Fig. 5) showed that LM had a greater af-
finity for chloroform (an electron acceptor solvent)
than for hexadecane (an apolar solvent), indicative
of an electron donor character of this hydrophilic
bacteria.

Electrophoretic mobility and zeta potential

Measurements of the electrophoretic mobility of LM
in a pH range 2–7 is shown in Figure 6. It can be
noted that LM was highly negatively charge and no
isoelectrical point could be determined in the range
of pH explored.

Observation of LM by electron microscopy

Adhesion of LM was observed by electron micro-
scopic images on unmodified and modified poly-
meric surfaces having different surface characteris-
tics. Bacterial adhesion with solid substrate is
thought to be governed as a result of different pa-
rameters present in the suspension medium such as
positively–negatively charged ions in solution, the
charge on the bacterial wall and the acid/base sites
on the polymeric surface. Therefore, it is important
to know the surface characteristics of LM and poly-
meric surfaces that we used for bacterial adhesion
test. It can be seen that, LM exhibits highly negative
charge and electron donor (g2) character i.e., hydro-
philic nature. According to characteristics of LM, we
have modified the PP surface by radiation grafting
of comonomer mixture. The surface properties of
unmodified and modified PP have already been
explained in the previous section (see section 3.1.2–
3.1.3). The EM images of LM adhesion experiments
performed on unmodified and modified PP surfaces
are shown in Figure 7(a,b). The extent of bacterial
adhesion seems to be higher in the case of exposed
than the PP, which is grafted with comonomer mix-

Figure 6 Electrophoretic mobility of LM suspended in
NaCl 1.5 3 1023M in a range 2–7. [Color figure can be
viewed in the online issue, which is available at www.
interscience.wiley.com.]

Figure 5 Percentage of affinity of LM to solvents. C, chlo-
roform; HD, hexadecane; D, decane; AE, ethyl acetate.
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ture (M-4). The different adhesion trend may be
explained taking into account the hydrophilicity and
the presence of an acid–base interaction as the van
der Waals attractive forces have very little influence
between ungrafted and grafted samples.

It is well reported that the adhesion should be
higher on hydrophobic than on hydrophilic surfa-
ces.48–50 We can correlate these assumptions with
our contact angle results, which show that exposed
PP has hydrophobic while the above grafted samples
exhibit highly hydrophilic surface. These results can
also be explained that when the interacting surfaces
are highly hydrophilic, the acid–base interactions
lead to hydrophilic repulsion, whereas in the case of
strongly hydrophobic interacting surface long-rang
hydrophobic attraction occurs.51,52 On the other
hand, in the case of hydrophobic exposed PP the
later assumption can not be taken into account as
the LM possesses hydrophilic nature. This is why
we have observed higher adhesion of hydrophilic
LM on hydrophobic exposed PP, while comonomer
grafted PP and LM have shown hydrophilic nature,

leading to the repulsive interaction, which results
less adhesion.

Another factor, which can be involved in the bac-
terial adhesion, is electron acceptor (g1) and electron
donor (g2) components of the support and bacte-
rium. Exposed PP shows fewer values for g1 and
g2, so that we can consider it neutral. The comono-
mer grafted PP and LM have presented higher value
of electron donor character. Therefore, we can
assume the repulsive interaction between them,
which lowers the bacterial adhesion on the grafted
PP. Additionally, Figure 7(a,c) shows that LM colon-
ized the exposed PP sheets evenly in a monolayer,
rod shape structure with high density. In contrast,
very little LM adhesion has been observed on como-
nomer grafted PP sheets [Fig. 7(b,d)]. Furthermore,
the bacterium seems to be damaged on modified
surfaces. This can be described as the comonomer
modified PP has QAS and carboxyl groups; therefore
they show antibacterial and repulsive (antiadhesion)
activity against LM. However, at present the exact
mechanism of adhesion or antibacterial activity on

Figure 7 Scanning Electron microscopy images of ungrafted and grafted PP showing adhesion of LM. (a,c) Exposed PP,
(b,d) Grafted PP with comonomer mixture, AA : QAS (20% : 40%). (a,b) LM observed under 32 objectif. (c,d) LM
observed under 320 objectif.
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grafted PP is not known to us. We can only describe
the obtained results on the initial bacterial adhesion
to some extent from the physicochemical aspect, but
it is difficult to generalize the results and this is why
it is needed to be further investigated in future.

CONCLUSIONS

The present work attempts to control the surface
properties of PP such as hydrophilicity, surface
charge, iep, etc. by using cationic and anionic mole-
cules and their mixture (different ratio of each) to
avoid bacterial adhesion. Hence, positively and neg-
atively charged PP surfaces can be generated in the
pH range below and above iep by basic and acidic
functional groups present on the PP surface. To
achieve that, surface modification of PP sheets was
done by radiation induced graft polymerization of a
mixture of two monomers, QAS, and AA. We have
determined the energetic characteristics of these
modified surfaces (with different ratio of comonomer
mixtures) and used three different pure liquids to
measure the contact angle, subsequently calculation
of Lifshitz-van der Walls (gLW), electron acceptor
(g1), and electron donor (g2) components. We have
also compared the PP surfaces prepared under one
specific ratio of comonomer mixture i.e., M-4 [20 : 40
(AA : QAS)] with the surfaces modified with AA-20
and QAS-40. All the above modified PP surfaces
exhibited strong electron donor component and
hydrophilic nature accept the AA-20 grafted PP,
which showed moderately hydrophilic character.
However, we have found very little difference for
the influence of van der Waals attractive forces
between grafted and ungrafted samples.

The zeta potential measurements have been per-
formed to determine the surface charge and iep. The
zeta potentials were calculated on the basis of the
streaming potential measurements and were used to
reflect the charge state of unmodified and modified
PP surfaces. The surface charge on virgin and
exposed PP was found to be 240 and 243 mV,
respectively. After the grafting of AA (20 and 100%),
the magnitude of zeta potential was reduced from
240 to 217, whereas in the presence of QAS-40 zeta
potential was positive throughout the entire pH
range (2–10). However, with comonomer mixture M-
4, zeta was reversed from positive (136) in acidic
pH to negative (216) in basic pH. NCDP was per-
formed on modified PP surfaces by XPS but no sig-
nificant changes have been observed in the NCDP
for the surfaces prepared under different parame-
ters.

In the case of surface modified by pure monomer,
the degree of grating has to be very high to get
hydrophilic surfaces, however, it is well known that

high degree of grafting affects the physical structure
of PP notably the cristallinity. In the presence of
monomer mixtures [20 : 40 (AA : QAS)] for the same
surface hydrophilicity (308), the grafting rates are
significantly lower with a good reproducibility. Fur-
thermore, by using specific ratio of the two mono-
mers, it is possible to modulate energetic surface
properties of the substrate and may be to control
bacterial adhesion.

Adhesion of LM was observed on exposed and
comonomer grafted PP by electron microscopy. The
electron microscopic images illustrated that the
extent of bacterial adhesion is higher in the case of
exposed than the PP, which is grafted with comono-
mer mixture M-4. The damage of the cells on the M-
4 modified surfaces could be due to the graft mole-
cules present on the modified surfaces. Furthermore,
if we consider the surface properties of LM such as
electron acceptor (g1) and electron donor (g2) com-
ponents and hydrophilicity, we can suggest that in
the absence of electrostatic interaction, adhesion
could be due to the attractive van der Waals forces.
These van der Waals forces can be counter balanced
by the repulsive interaction of lewis acid–base. We
have explained the adhesion of LM on the basis of
physicochemical aspects, however at the time being,
we do not know the exact mechanism of adhesion
and therefore it is difficult to generalize the results.
This is why further research work is needed to eluci-
date the relationship between bacterial cells and the
prepared surfaces in detail.

Authors are deeply indebted to Margareth Renault and
Julien Deschamp for their help in determining physico-
chemical properties of bacteria.
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32. Boulangé-Petermann, L.; Doren, A.; Baroux, B.; Bellon-Fontaine,

M. N. J Colloid Interface Sci 1995, 171, 179.
33. van Oss, C. J. Colloids Surf A 1993, 78, 1.

34. van Oss, C. J.; Good, R. J. J Macromol Sci Chem 1989, 26,
1183.

35. Speranza, G.; Gottardi, G.; Pederzolli, C.; Lunelli, L.; Canteri,
R.; Pasquardini, L.; Carli, E.; Lui, A.; Maniglio, D.; Brugnara,
M.; Anderle, M. Biomaterials 2004, 25, 2029.

36. van Oss, C. J.; Chaudhury, M. K.; Good, R. J. Chem Rev 1988,
88, 927.

37. Vernhet, A.; Leveau, J. Y.; Cerf, O.; Bellon-Fontaine, M. N.
Biofouling 1992, 5, 323.

38. Wagenen, R. A. V.; Andrade, J. D. J Colloid Interface Sci 1980,
76, 305.

39. Bellon-Fontaine, M.-N.; Rault, J.; van Oss, C. J. Colloids Surf B
1996, 7, 47.

40. Li, C.-L.; Tu, C.-Y.; Huang, J.-S.; Liu, Y.-L.; Lee, K.-R.; Lai, J.-Y.
Surf Coat Technol 2006, 201, 63.

41. Rubio, C.; Costa, D.; Bellon-Fontaine, M. N.; Relkin, P.; Prad-
ier, C. M.; Marcus, P. Colloids Surf B 2002, 24, 193.

42. Moreau, O.; Thesis, INRA, France, Feb 2006.
43. Abbasian, A.; Ghaffarian, S. R.; Mohammadi, N.; Fallahi, D.

Colloids Surf A 2004, 236, 133.
44. Guillemot, G.; Vaca-Medina, G.; Martin-Yken, H.; Vernhet, A.;

Schmitz, P.; Mercier-Bonin, M. Colloids Surf B 2006, 49,
126.

45. Ridaoui, H.; Jada, A.; Vidal, L.; Donnet, J.-B. Colloids Surf A
2006, 278, 149.

46. Aranberri-Askargorta, I.; Lampke, T.; Bismarck, A. J Colloid
Interface Sci 2003, 263, 580.

47. Kuehn, N.; Jacobasch, H.-J.; Lunkenheimer, K. Acta Polym
1986, 37, 394.

48. Bruinsma, G. M.; Mei, H. C. V. D.; Busscher, H. J. Biomaterials
2001, 22, 3217.

49. Gottenbos, B.; Mei, H. C. V. D.; Busscher, H. J. J Biomed Mater
Res A 2000, 50, 208.

50. Higashi, J. M.; Wang, I.-W., Shlaes, D. M.; Anderson, J. M.;
Marchant, R. E. J Biomed Mater Res A 1998, 39, 341.

51. Israelachvili, J. N.; McGuiggan, P. M. Science 1988, 795, 241.
52. Attard, P. J Phys Chem 1989, 93, 6441.

1756 ANJUM ET AL.

Journal of Applied Polymer Science DOI 10.1002/app


