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Abstract—The surface of polypropylene (PP) fiber was modified by UV-induced graft polymerization of 1-vinylimid-
azole (Vim), followed by quaternization with iodomethane, sulfonation with chlorosulfonic acid, or loading of silver
(Ag) nanoparticles to endow the surface with antibacterial properties. The modified PP fibers were characterized by
FT-IR, SEM, and surface charge analyses. The antibacterial activity of the modified PP fibers was assessed against the
Gram-negative and Gram-positive bacteria, Escherichia coli (E. coli), and Staphylococcus aureus (S. aureus), respectively.
The PP-g-Vim was greatly improved by loading of Ag nanoparticles (>99.9%), quaternization (98.9-99.2%), or sulfona-

tion (=99.9%).
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INTRODUCTION

As the demand for advanced treatments has been increasing in
the water treatment industry, physicochemical separation technol-
ogies such as membrane filtration, reverse osmosis, and adsorp-
tion separation have come into wide use. Accordingly; development
of functional filtering materials is the core of the growth in the water
treatment industry as the demand for these materials has been
steadily increasing every year. A common problem encountered is
“biofouling}” which results from the attachment and propagation of
microorganisms on the surface during operation [1]. Biofouling
reduces the separation efficiency; which, in turn, increases the main-
tenance and/or operation costs. Therefore, attempts to endow the
surfaces with antibacterial properties by physio-chemical meth-
ods, such as blending, coating, crosslinking, and graft copolymer-
ization, have received considerable attention [2,3].

Two principal strategies have been investigated to construct the
antibacterial surfaces: (1) incorporating inorganic nanoparticles
such as silver (Ag) [4-6], TiO, [7,8], and ALO; [9] into the poly-
mer matrix or immobilizing them onto the surface; and (2) intro-
ducing organic compounds with antibacterial properties, such as
quaternary ammonium compounds [10-12], zwitterionic polymers
[13-15], and guanidine compounds [16,17], on the polymer sur-
face. Among the above-mentioned materials, Ag nanoparticles and
quaternary ammonium compounds seem to be the most widely
used for constructing antibacterial surfaces because of their supe-
rior biocidal ability [4-6].

Some imidazole compounds are known to possess antibacte-
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rial, antifungal, and antiprotozoal activities [18]. In addition, imid-
azole-containing polymers have high biocompatibility and are thus
considered useful materials for biomedical applications [19]. Fur-
thermore, like other vinyl monomers, vinyl imidazoles can be read-
ily graft-copolymerized with various polymers. Several previous
studies reported the graft copolymerization of vinyl imidazoles onto
biomaterials and polymers, such as chitosan [20], carboxymethyl
chitosan [21], polypropylene (PP) [22], and nylon [23] and demon-
strated their potent antibacterial activities. However, Meléndez-
Ortiz et al. recently reported that graft copolymers of N-vinylimid-
azole on poly(vinyl chloride) catheters, prepared by gamma-ray
irradiation, showed no antibacterial activity against Escherichia coli.
Moreover, the bacteria grew well even after full quaternization of
the imidazole ring. However, at a grafting yield above 20%, the
copolymers showed a highly effective antibacterial activity against
Staphylococcus aureus, even without quaternization [24]. Notably,
most of the studies on the antibacterial properties of organic mate-
rials were limited to gamma-ray grafting and quaternization, and
there are no studies on the introduction of other functional groups
such as photograft polymerization or sulfonation.

In the present study, the surface of PP fiber was modified by UV-
induced graft polymerization of 1-vinylimidazole. Then, quaterni-
zation with iodomethane, sulfonation with chlorosulfonic acid, or
surface immobilization of Ag ions/nanoparticles was done to en-
hance the antibacterial activity. The effects of grafting conditions
including monomer concentration, UV-irradiation time, reaction
temperature, and solvent concentration were investigated in detail.
The resulting surface properties were indicated in terms of their
surface chemical compositions, morphologies, and surface charge
densities. The antibacterial activities of the modified PP surfaces
were assessed against both Gram-negative and Gram-positive bac-
teria, represented by E. coli and S. aureus, respectively.
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MATERIALS AND METHODS

1. Materials

Non-woven PP fabric (180 g/m’, Samsung Non-Woven Fabric
Co., Korea) was used to indicate the grafting substrate polymer. 1-
Vinylimidazole (Vim, 99%, Sigma Aldrich, USA), and benzophe-
none (BP, Yakuri Pure Chemical Co., Japan) used, respectively, as
the monomer and photoinitiator. Methanol (MeOH) and deion-
ized water were used as solvents. Silver nitrate (AgNO;, 99.8%),
chlorosulfonic acid (98%), dichloromethane (99%), NaCl, KCl,
KH,PO,, and Na,HPO, were purchased from commercial suppli-
ers. All chemicals and solvents were of high grade and used as
received without any purification. E. coli (AATCC 25922) and S.
aureus (AATCC 6538) were obtained from the Korean Culture
Centre of Microorganisms (Seoul, Korea). The Difco™ nutrient broth
was purchased from Becton, Dickinson and Company (MD, USA).
3M™ Petrifilm™ plates were used to culture E. coli and S. aureus.
2. Grafting of Vim onto PP Surface

The non-woven PP fabric was cut into 2x5 cm pieces and dried
at 60 °C prior of grafting. The monomer solution was prepared
with 5-20 vol% MeOH in water as the solvent and contained 2.5-
10.0vol% Vim and 0.2 wt% BP. One piece of the PP fabric was
placed in a Pyrex glass tube containing 20 mL of the monomer
solution. The tube was purged with nitrogen gas to eliminate oxy-
gen and sealed. The tube was then exposed to UV light at 60-80 °C
for 2-8h using a 400 W' high-pressure mercury lamp (Miya Electric
Co., Korea) as the light source. The glass tubes were set to rotate
and simultaneously revolve around the source of light at a distance
of 10 cm. After the grafting reaction, the samples were taken out
from the glass tubes and washed three times with hot water, extracted
with MeOH for 3h in a Soxhlet apparatus to remove unreacted
monomer and homopolymer, and then dried at 60 °C until a con-
stant weight was obtained. The degree of grafting was calculated
flowing Eq. (1):

100(W,—W,)

W 0

Degree of grafting (%)=

where W, and W, are the weight of the substrate PP fabric and the
grafted PP fabric, respectively. At least three parallel experiments

UV-irradiation

were executed for each condition.
3. Quaternization of PP-g-Vim

PP-g-Vim fabrics with a grafting degree between 25-100% were
immersed in 10 vol% iodomethane (CH,I) solution in MeOH, and
sterilized for 5h at room temperature, protected from light. The
quaternized PP-g-Vim fabrics (PP-g-Vim-CH,l) were washed with
MeOH and deionized water to remove the unreacted CH,I and
dried at 60 °C until a constant weight was obtained. The density of
the quaternized imidazole ring was estimated as follows [25]:

Density of quaternized imidazole ring (mmol/g)
_(W,-W,) 1000

W, 1491 @

where W, represents the weight of the quaternized PP-g-Vim fab-
ric, while 141.9 corresponds to the molecular weight of CH;I [25].
4. Sulfonation of PP-g-Vim

PP-g-Vim fabrics with a grafting degree between 25-100% were
immersed in 5vol% chlorosulfonic acid in dichloromethane for 1 h
at room temperature. After the reaction, the sulfonated PP-g-Vim
fabrics (PP-g-Vim-SO,H) were washed several times with acetone
for removing the unreacted chlorosulfonic acid and dichlorometh-
ane and then dried at 60 °C until a constant weight was obtained.
The density of the sulfonic acid group was estimated as follows:

Density of sulfonic acid group (mmol/g)
_(Ws-W,) 1000 ®3)
W, 1165

where W; represents the weight of the sulfonated PP-g-Vim fab-
ric, while 116.5 corresponds to the molecular weight of CISO;H.
5. Loading of Ag Ions onto PP-g-Vim

PP-g-Vim fabrics with a grafting degree between 25-100% were
immersed in 1.0 wt% AgNO, solution dissolved in MeOH and
shaken at room temperature for 24 h. The Ag ion-immobilized fab-
ric was then washed with MeOH to remove the residual AgNO,
and then re-immersed in 0.4% NaBH, solution to reduce the Ag
ion immobilized onto the fabric. After shaking for 2h at room
temperature, the fabric was rinsed with deionized water to remove
the residual salts, and then dried at 60 °C until a constant weight
was obtained. The density of Ag nanoparticles on PP-g-Vim was
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Fig. 1. Schematic illustration of PP surface modification process.
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estimated from the weight gain as:

(W4—W])X 1000

4
W, 107.9 @

Density of Ag nanoparticle (mmol/g)=
where W, represents the weight of the Ag-loaded PP-g-Vim fabric
(PP-g-Vim-Ag), and 107.9 corresponds to the atomic weight of Ag.

The synthetic route and the chemical structure of PP-g-Vim and
further modified PP-g-Vim fabrics are shown in Fig. 1.

6. Characterization of Surface

The chemical structure of the PP-g-Vim fabrics was analyzed
using a Fourier transform infrared (FT-IR) spectrophotometer (Shi-
madzu IR-435, Japan). Scanning electron microscopy (SEM, Hita-
chi S-4800) was used for observing the surface morphology of the
PP-g-Vim fabrics. The surface charges of the PP-g-Vim fabrics were
measured using the potentiometric titration method [26]. The fab-
ric was cut into 5x5 mm pieces and then mixed with 0.01 M NaCl
solution to obtain a 2 g/L suspension. Titrations were performed
by the addition of 0.1 M HCI and 0.1 M NaOH using a micropi-
pette. The pH values of the suspensions were measured using a pH
meter (Thermo Scientific Orion 3-Star). The surface charge den-
sity, s (C/cm’), was calculated as a function of pH using Eq. (5):

_F(C,—Cy+[OH]-[H])
B WA

2

o(C/cm”) (5)
where F is the Faraday’s constant (96,490 C/mol), C, and C; are
the concentrations of the acid or base after each addition during
the titration (mol/L), [H'] and [OH ] are the equilibrium concen-
trations of H" and OH ions, W and A are the weight (g) and the
surface area (cm’/g) of the fabric, respectively.
7. Antibacterial Testing

Antibacterial tests were conducted with E. coli and S. aureus pure
cultures according to previous reports [3,14]. E. coli and S. aureus
were cultivated in a sterilized nutrient medium (containing 10 g/L
peptone and 3 g/L beef extract at a pH 6.8) at 37 °C with shaking
at 150 rpm for 24 h. The bacterial cultures were harvested by cen-
trifugation at 3,000 rpm for 10 min. The cells were washed twice
with sterilized 0.5% saline solution and resuspended in 1/20 nutri-
ent medium. The bacterial cell concentration was estimated from
the optical density (OD) at 540 nm, based on a predetermined cal-
ibration curve between the OD and cell concentration. A working
suspension was prepared by diluting the cells to a concentration of
10° cells/mL using the 1/20 nutrient medium. One piece of the origi-
nal or modified fabric (2x2 cm) was immersed in 5 mL working
suspension in a 30 mL sterile glass bottle and incubated at 37 °C
for 1 h with continuous shaking. After 1h, 1 mL of the working sus-
pension was removed, diluted appropriately with saline solution,
and 0.5mL of the diluted solution was spread onto Petrifilm™
plates. After incubation of the plates at 37 °C for 24-48 h, the num-
ber of colony-forming units (CFUs) was counted by using a colony
counter. The mean CFU/mL was obtained by multiplying the CFU
count with the dilution factor. The antibacterial activity of the fab-
ric was calculated as follows:

(NO — Nr)
N

0

Antibacterial activity (%)= %100 (6)
where N, is the number of CFUs in the control solution (in contact
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with the substrate PP fabric) and N; is the number of CFUs in the
test solution.

RESULTS AND DISCUSSION

1. Grafting of Vim on PP Fiber

To determine the optimal conditions for photografting, the effects
of UV irradiation time, reaction temperature, monomer concen-
tration, and MeOH concentration on the degree of grafting were
investigated. Fig. 2(a) shows the effects of varying the UV irradia-
tion time from 2-8 h and the reaction temperature from 60-80 °C
at fixed concentrations of the monomer (10 vol%) and MeOH (20
vol%). It is evident that the degree of grafting increased with an
increase in the UV irradiation time and the reaction temperature.
An increase in the UV irradiation time increases the number of
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Fig. 2. Effects of photo-irradiation time at various reaction tempera-
ture (a) and Vim concentration (b) on the degree of grafting
onto PP fiber.
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Fig. 3. Effect of MeOH concentration in the monomer solution on
the degree of grafting onto PP fiber.

BP molecules that are excited to the triplet state by absorbing the
UV energy. Thus, more molecules can abstract hydrogen atoms
from the PP surface to yield radicals, which are capable of initiat-
ing graft polymerization with the monomers. Irrespective of the
reaction temperature, the grafting degree tended to decrease after
6h of UV irradiation. This is probably due to a large amount of
homopolymer formation in the residual monomer solution, which
would decrease the amount of monomer that is available for graft
polymerization. The increase in the degree of grafting upon in-
crease in the reaction temperature can be explained by the resul-
tant increase in the mobility of the monomer and the diffusion
velocity of the photoinitiator, which leads to an increase in the proba-
bility of polymerization reactions. Fig. 2(b) shows the changes in
the degrees of grafting upon varying the UV irradiation time (2-
8h) and the monomer concentrations (2.5, 5.0, and 10.0%) at a fixed
MeOH concentration (20 vol%) and reaction temperature (80 °C).
The degrees of grafting were considerably different between 2.5%
and 5.0% monomer concentrations, although, irrespective of mono-
mer concentrations, the grafting degree increased with an increase
in the UV irradiation time. Fig. 3 shows the effects of varying the
concentration of MeOH (5-25%), the solvent for photografting, on
the degrees of grafting at two monomer concentrations (2.5 and
5.0%), at a fixed UV irradiation time of 6 h at 80 °C. The degree of
grafting showed a clear tendency to increase with a decrease in
MeOH concentration. MeOH was essential at an appropriate con-
centration to dissolve B, which is water insoluble, in the mono-
mer solution for use as a photoinitiator. However, the decrease in
the degree of grafting at such high concentrations might be due to
the hydrogen bonding present in MeOH, which is highly reactive
to abstraction. Indeed, it is known that the solvent has an effect on
the photografting and is directly proportional to the photoreduc-
tion reactivity of the hydrogen bonding present in the solvent [27].
2. Activation of Vim Graft Chain

To enhance the antibacterial activity of the grafted copolymers,
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particles (c) in PP-g-Vim depending on the degree of grafting.
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the imidazole group grafted onto the PP surface was subsequently
modified by quaternization with iodomethane, sulfonation with chlo-
rosulfonic acid, or loading of Ag ions/nanoparticles. Fig. 4 shows
the densities of the methyl iodide group (a), sulfonic acid group
(b), and Ag nanoparticles (c) introduced to the Vim graft chains of
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Fig. 5. Effects of the degree of Vim grafting on adsorption capaci-
ties of quaternized and solfonated PP-g-Vim.

the PP-g-Vim fabric, with the degree of grafting in the range of 25-
100%, by quaternization and sulfonation of the PP-g-Vim fabric,
respectively. As shown in Fig. 4, the iodomethane and sulfonic acid
groups showed an increase in the range of 1-4 mmol/g along with
the increase of the grafting degree. Unlike these groups, the density
of Ag nanoparticles showed a maximum value of 2.5 mmol/g when
the degree of grafting was 50% and decreased thereafter (Fig. 4(c)).
A similar trend was found in the adsorption capacities of quater-
nized PP-g-Vim-CH,] and sulfonated PP-g-Vim-SO;H. Fig. 5 shows
the PO; and NH; adsorption capacities of PP-g-Vim-CH,I and
PP-g-Vim-SO;H, respectively. As shown, maximum adsorption cap-
acities for PO;~ and NH; were reached when the degrees of graft-
ing were 50% and 75%, respectively. Although the densities of the
methyl iodide and sulfonic acid groups, which are the functional
adsorption groups, increased in proportion to the grafting degree
(Fig. 5), their adsorption capacities decreased at high degrees of
grafting. This could be because of the thickening of the graft layers
by graft polymerization and subsequent modification reactions,
which decreased the specific surface areas or inhibited the internal
diffusion of ionic substances. Together, these results suggest that
appropriate degrees of grafting of Vim for the preparation of anti-
bacterial surfaces would be approximately 50-75%.
3. Surface Characterization

The substrate PP, grafted copolymer PP-g-Vim, quaternized PP-
¢-Vim-CH.,], and sulfonated PP-g-Vim-SO;H were subjected to
SEM, FT-IR, and surface charge analysis to identify the changes in
the surface characteristics and chemical structure of PP due to graft
polymerization and the subsequent surface modification reactions.

Fig. 6. SEM images of PP, PP-g-Vim, PP-g-Vim-CH,], and PP-g-Vim-SO;H.
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As shown in Fig. 6, SEM images of the substrate PP, PP-g-Vim,
PP-g-Vim-CH,], and PP-g-Vim-SO;H indicated that graft polym-
erization and subsequent surface modification reactions led to a
thickening of the PP fibers by at least 2-fold.

The FT-IR spectra obtained from the substrate PP, grafted copo-
lymer PP-g-Vim, quaternized PP-g-Vim-CH,], and sulfonated PP-
g-Vim-SO;H are presented in Fig. 7. The FT-IR spectrum of the
substrate PP included many peaks at 1,375, 1455, 2,840, 2,870,
2,920, and 2,950 cm™', which corresponded to the stretching vibra-
tions of the C-H bond in the CH, and CHj, groups [28,29]. In the
grafted copolymer PP-g-Vim, characteristic peaks were seen at
1,220 cm™" corresponding to the N-C-N bond, and at 1,495 and

PP-g-VIm-SO:H

PP-g-VIm-CHs|
9
8
c
8
E
w
=
8
|_

CH
C-H
C-H
' | ' | ' |
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Wavenumbers (cm™)

Fig. 7. FT-IR spectra of PP, PP-g-Vim, PP-g-Vim-CHl, and PP-g-
Vim-SO;H.
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1,550 cm™" corresponding to the stretching vibrations of the aromatic
C=C and C=N bonds in the imidazole ring, respectively, confirm-
ing that Vim was grafted onto the substrate PP polymer. After quater-
nization with jodomethane and sulfonation with chlorosulfonic
acid, new peaks appeared at 1,165 and 1,039 cm ™ corresponding to
=N"-CH, and O=S=0 stretching vibrations, respectively; as a result
of the appearance of the iodomethane and sulfonic acid group in
the PP-g-Vim fabrics, indicating the successful preparation of the
quaternized PP-g-Vim-CH;,I and the sulfonated PP-g-Vim-SO;H
fabrics [30].

Fig. 8 shows the surface charge densities of the various fabrics.
While the substrate PP shows surface charges close to 0 irrespec-
tive of the pH, the surface charge of PP-g-Vim varies with the pH,
showing an increase in the positive and negative values in the acidic
and alkaline ranges, respectively. The surface charges of the quat-
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Fig. 8. Surface charge density of PB, PP-g-Vim, PP-g-Vim-CH,], and
PP-g-Vim-SO,H as a function of pH.
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Fig. 9. Viable cell numbers and antibacterial activities of E. coli and S. aureus after contact with PP-g-Vim fibers depending on the degree of

grafting and subsequent surface modification methods.
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ernized PP-g-Vim-CHS,I became more positive along with decreas-
ing pH, while those of sulfonated PP-g-Vim-SO;H became more
negative with increasing pH. These results indicate that the sur-
faces of these fabrics acquired positive potentials (anion-exchange
capacity) and negative potentials (cation-exchange capacity) by quat-
ernization and sulfonation, respectively.
4. Antibacterial Properties

The antibacterial activity of PP-g-Vim, PP-g-Vim-CH,], PP-g-
Vim-SO;H, and PP-g-Vim-Ag against E. coli (indicating for Gram-
negative microorganism) and S. aureus (indicating for Gram-posi-
tive microorganism) was evaluated. As shown in Fig. 9, PP-g-Vim
exhibited 6.7-58.0% and 23.3-69.2% antibacterial activities against
E. coli and S. aureus, respectively; as the grafting degree rises in the
range of 10-80%, indicating that imidazole groups possess antibac-
terial property. However, the antibacterial activities of PP-g-Vim
did not exceed 70% compared to that of the substrate PP, indicat-
ing that their antibacterial activity was not optimal. Meanwhile,
when the grafted imidazole group (50+5% degree of grafting) was
quaternized (-CH;l), sulfonated (-SO;H), or Ag ions were intro-
duced to the graft chains, the antibacterial activities remarkably
improved, reaching 98.9%, >99.9%, and >99.9% against E. coli and
99.2%, 299.9%, and >99.9% against S. aureus, respectively. In par-
ticular, PP-g-Vim-SO,H, with the sulfonic acid group, and PP-g-
Vim-Ag, with Ag nanoparticles, showed a very high germicidal
power as indicated by the drastic reduction in the bacterial cell
count from 10° CFU/mL to less than 10 CFU/mL after contact of
the culture with the test solutions of these fabrics. From these results,
it can be seen that the antibacterial activity of only the Vim-grafted
polymers was limited and to obtain high antibacterial activity; the
imidazole group grafted onto the substrate polymer had to be fur-
ther modified by quaternization, sulfonation, or loading of Ag ions,
which reinforced the antibacterial functionality of these surfaces.

To evaluate the reusability of the PP-g-Vim and further modified
fibers, the fibers after being used for antibacterial test were regen-
erated by washing with ethanol and drying at 60 °C. The reuse
cycle was repeated ten times and the antibacterial activity against
E. coli was measured for each cycle. As shown in Fig. 10, the anti-
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Fig. 10. Evaluation of the reusability of PP-g-Vim, PP-g-Vim-CH;,],
and PP-g-Vim-SO;H and PP-g-Vim-Ag fibers.
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bacterial activity of PP-g-Vim decreased with the number of reuse
cycles. After using for the fifth time, the antibacterial activity de-
creased down to less than 10% and then disappeared. However,
further modified PP-g-Vim fibers by quaternization, sulfonation,
or loading of Ag ions exhibited almost constant antibacterial activ-
ity regardless of the number of reuse cycles. The results suggest that
the imidazole group grafted onto the substrate polymer should be
further modified to obtain a high antibacterial activity and dura-
bility.

CONCLUSIONS

PP surfaces were modified by UV-induced graft copolymeriza-
tion of Vim and then by quaternization with iodomethane, sulfon-
ation with chlorosulfonic acid, or loading of Ag nanoparticles.

The degree of Vim grafting was influenced by the monomer con-
centration, irradiation time, reaction temperature, and the content
of MeOH as a solvent. A concentration of 5-10% Vim, a UV irra-
diation time of 4-6 h, a reaction temperature of 80 °C, and a con-
centration of 20% MeOH seems to be optimal for the grafting of
Vim onto PP in terms of a stable degree of grafting.

The antibacterial activity of the PP-g-Vim fabric against both E.
coli and S. aureus was shown to be below 70%, indicating that addi-
tional surface modification was necessary to enhance their antibac-
terial activity. When PP-¢-Vim was quaternized with iodomethane,
sulfonated with chlorosulfonic acid, or its surface loaded with Ag
nanoparticles, the antibacterial activities against both E. coli and S.
aureus were enhanced substantially (>99%). The antibacterial activ-
ity against both E. coli and S. aureus increased in the order of PP-
g-Vim-Ag>PP-¢-Vim-SO;H>PP-g-Vim-CH,I>PP-g-Vim.  Further,
modified PP-g-Vim fibers exhibited superior durability in the anti-
bacterial activity.
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