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ABSTRACT: Removal of E. coli from water by modified polypropylene (PP) nonwoven
cloths which were prepared through radiation-induced grafting of 4-vinyl pyridine
(4-VP) onto PP nonwoven cloths and followed by quaterization was carried out by
filtration. The results showed that the content and structure of the pyridinium group on
PP nonwoven cloths were important factors to affect their antibacterial activity. The
antibacterial activity increased with the number of piled sheets of the used nonwoven
cloths and decreased with increase of the viable bacterial cell concentrations in the
influent and with filtration rates. The activity detection results found that modified PP
nonwoven cloths possessed the ability to capture the bacterial cell alive, and no
morphological changes of adhered bacterial cells were observed using SEM; thus, the
surfaces of the modified PP nonwoven cloths may not be bactericidal, but bacteriostatic.
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INTRODUCTION

In general, antibacterial agents of low molecular
weight are used for sterilizing water, but they
have a problem of residual toxicity of the agents,
even when suitable amounts of the agents are
used.! Recently, to prevent such a residual toxic-
ity of the agents, polymeric agents having anti-
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bacterial activity have been developed.> * As com-
pared with conventional antibacterial agents of
low molecular weight, polymeric antibacterial
agents have the advantages that they are non-
volatizable, chemically stable, and hard to perme-
ate through the skin of a man or animal. So, they
can significantly reduce losses associated with
volatilization, photolytic decomposition, and
transportation. Moreover, increased efficiency,
selectivity, and handling safety are additional
benefits. Polymeric antibacterial agents offer
great promise for enhancing the efficacy of some
existing antibacterial agents as well as reducing the
environmental problems associated with others.”
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But some polymeric antibacterial agents such
as pyridinium resin are not suitable for some
applied requirements, because of their low sur-
face area, high cost, poor workability, and bad
mechanical properties. To overcome these draw-
backs, some researchers have already attempted
to bear antibacterial agents onto polymeric ma-
trixes. Nonaka et al.® studied the antibacterial
activity of resin-containing triethylenetetramine
side chains and/or thiol group—metal complexes.
The results showed that the resins, which contain
both triethylenetetramine side chains and thiol
groups, bearing silver ions exhibited high anti-
bacterial activity against bacteria, especially
Escherichia coli (E. coli), without the residual
silver ions in water after contacting with bacteria.
Buchenska’ examined graft polymerization of
acrylic acid (AA) onto PA6 yarn. The resultant
fibers, containing a carboxylic group in their
structure, were additionally modified with peni-
cillin, neomycin, or gentamycin to obtain antibac-
terial fibers in relation to Gram-positive and
Gram-negative microorganisms (S. aureus, E.
coli, P. aeruginosa). The release of antibiotics into
solution proceeded for quite a long time, after
which there was still enough antibiotic on the
fibers to provide them with antibacterial proper-
ties. Park et al.® used a preirradiation grafting
method to graft AA onto polypropylene (PP) fab-
ric. Antibacterial activity on metallic complexes of
AA-grafted PP fabric were evaluated by viable
cell counting. An Ag-complexed fabric had strong
biocidal effect for all bacteria. Kawabata et al.’
coated nonwoven cloth with a small amount of the
polymer by soaking in a dilute organic solution of
the pyridinium-type polymer following by drying.
The treated cloth was found to be effective in
removing microorganisms from water. Since the
nonwoven cloth does not show marked resistance
to the flow of water, filtration through the non-
woven cloth may have practical application to the
treatment of water. Because there is only an af-
finity between the polymeric matrix and the an-
tibacterial agent, the antibacterial agent is easy
to release from the polymeric matrix during han-
dling, so it does not possess endurance and safety
antibacterial properties.

In this study, we made a systematic investiga-
tion into the antibacterial activity of modified PP
nonwoven cloth against E. coli suspended in ster-
ilized distilled water and discussed the factors
influencing antibacterial activity of this material.

EXPERIMENTAL

Materials

4-Vinyl pyridine (4-VP) was first grafted onto PP
nonwoven cloth as described before,'® and then
the grafted samples were quaternized with halo-
hydrocarbon (quaterization agent). Quaterization
was achieved by immersing a known weight of the
grafted samples in ethanol containing twice the
calculated weight (based on the amount of 4-VP in
grafted samples) of halohydrocarbon (RX). The
samples were refluxed at 70—80°C for 6 h, then
removed and thoroughly washed with ethanol
and water. Finally, the samples were dried and
the increase in weight (W,) due to the quateriza-
tion reaction was noted. The pyridinium content,
which represents the amount of pyridinium
(mmol) per gram of the sample, were calculated
according to the increase in weight (W,). The
quaterization extent of the samples could also be
calculated as follows:

W,

W, X 100 (%) (1)

Quaterization extent (%) =

where W, is the theoretical weight of the quater-
ization agent needed for complete quaterization of
grafted 4-VP.

The obtained grafted PP nonwoven cloths and
the corresponding modified PP nonwoven cloths
containing the pyridinium group were designated
as PP-g-4VP and Q-PP-g-4VP, respectively. The
halohydrocarbons used in our experiments were
benzyl bromide (BzBr), benzyl chloride (BzCl),
ethyl bromide (EtBr), butyl bromide (BuBr), and
hexadecyl bromide (HdBr). The halohydrocarbon
usually used was BzBr unless otherwise men-
tioned. The results of the composition analysis of
the Q-PP-g-4VP samples are given in Table 1.

Bacteria

E. coli MIG 1.45 was used as the test bacteria for
the experiments. The strain was provided from
the Microorganism Institute of Guangdong. E.
coli were incubated at 37°C for 24 h on a nutrient
agar plate. Then, the bacterial cell suspensions
were prepared as described before,® with sterile
distilled water used as the suspending medium.

Removal of Bacteria from Water by Filtration
Using the Samples of Modified PP Nonwoven
Cloths (Q-PP-g-4VP)

Removal of bacteria by simple filtration using
Q-PP-g-4VP samples was carried out using a
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Table I Composition Analysis of Modified PP Nonwoven Cloths with Pyridinium Group

Samples Pg (%) Quaterization Quaterization Pyridinium Content
(Q-PP-g-4VP) (PP-g-4VP) Agents Extent (%) (mmol/g)
A, 2.3 BzBr 92.8 0.19
A, 8.6 BzBr 95.7 0.64
A, 18.8 BzBr 97.6 1.17
A, 39.2 BzBr 98.1 1.81
Ay 53.7 BzBr 98.8 2.10
Ag 2.3 BzCl 91.7 0.19
A, 2.3 EtBr 91.3 0.19
Ag 2.3 BuBr 90.2 0.19
A 2.3 HdBr 89.0 0.19

©

glass instrument similar to a condenser. On the
bottom of the inner glass column of the instru-
ment is a simple stage, which acts as a supporting
nonwoven cloth sample and has no effect on the
filtrating process. The diameter of the inner glass
column is 34 mm and the length is between 150
and 200 mm. The Q-PP-g-4VP sample was placed
on the sample stage and the prepared bacterial
suspension was added from the inlet of the inner
glass column at a given rate so as to make the
bacterial suspension pass through the Q-PP-g-
4VP sample, thus being filtrated. The effluent
suspension was collected with the aseptic con-
tainer at the outlet located under the sample
stage. The filtration test was usually carried out
at room temperature. The extent of removal was
calculated according to the following equation:

N (inf.) N (eff.)

Removal (%) = N
(inf.)

X 100 (%) (2)

where N ;,.¢) and N ¢, are the viable bacterial cell
concentrations in the influent and effluent sus-
pensions, respectively, in the unit of cells/mL.

Scanning Electron Microscopy

The Q-PP-g-4VP sample used to remove the E.
coli cell suspension was collected and repeatedly
rinsed with sterilized physiological saline. Subse-
quently, the sample was fixed chemically with a
glutaraldehyde and osmium oxide solution, and
then the sample was dehydrated with a graded
ethanol series. After dehydration, the sample was
immediately soaked in absolute isoamylacetate,
dried in a critical point dryer (Model DX-1, EIKO
Co), mounted on a sample stand, and coated with
gold in an ion fine coat (Model JFC-1100, JEOL).

Observation of the sample was done under a scan-
ning electron microscope (Model JSM-T300,
JEOL).®

RESULTS AND DISCUSSION

Effect of the Content and Structure of Pyridinium
Group of Q-PP-g-4VP Samples

Removal of E. coli from water by simple filtration
using Q-PP-g-4VP samples in this work was car-
ried out by passing bacteria suspensions through
the filtration apparatus, and the filtration was
easily accomplished. Figure 1 shows the effect of
pyridinium content on the extent of removal when
one sheet of the Q-PP-g-4VP sample was used.
The extent of removal increased with increase in
the pyridinium content, but it leveled off when
the pyridinium content was higher than 1.81
mmol/g. When the pyridinium content was 0.19
mmol/g, the extent of removal was 95.27%. On the
other hand, in the corresponding control experi-
ments using PP nonwoven cloth, the extent of
removal was only 72.63%, while in another con-
trol experiment using the unquaternized sample
of PP-g-4VP [percent of grafting (Pg), 2.3%], the
extent of removal was 84.42%. The difference in
the extent of removal indicates that the strong
ability of the Q-PP-g-4VP sample to remove bac-
terial cells from water is attributed to the inter-
action between the bacterial cells and the pyri-
dinium groups on the PP nonwoven cloth acting
as functional groups. Because the pyridinium
group is a group of quaternary ammonium salts
possessing positive charges and because the bac-
terial cells usually have negative charges,!! there
is a strong electrostatic interaction between pyri-
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Figure 1 Effect of the pyridinium content on the extent of removal for E. coli: N ¢,
7.55 X 10° cells/mL; filtration rate, 7.5 mL/min; collected effluent bacteria volume, 20

mL; one sheet of sample.

dinium groups and bacterial cells. Obviously, the
higher the pyridinium group content in the Q-PP-
g-4VP sample, the stronger the electrostatic in-
teraction that can occur between the bacterial
cells and the sample; thus, the sample can remove
bacteria more efficiently.

The antibacterial activity was also different
with the change of the pyridinium-group struc-
ture. The influence of different halohydrocarbons
(RX) with the same Pg on the extent of removal is
shown in Table II. When R was Bz with different
X, it was found that the N g, of A;(BzBr) was
lower than that of Ag(BzCl), or the extent of re-
moval of A;(BzBr) was higher than that of
A4(BzCl). There were hydrated layers in the sur-
face of the Q-PP-g-4VP samples due to the solvent
water action. Because the hydrated capacity of
Cl™ was higher than that of Br™, the hydrated

layer thickness of C1~ was greater.'? The thinner
the hydrated layer thickness, the nearer the gap
of the Q-PP-g-4VP samples and the bacterial cells
was; thus, the electrostatic interaction between
them was stronger. However, when the used qua-
terization agent RX has the same X and a differ-
ent R group, the extent of removal decreased in
the following order: A;(BzBr) > Ay4(HdBr)
> Ag(BuBr) > A,(EtBr). A;(BzBr) possesses the
strongest antibacterial activity, which might at-
tribute to the peculiar structure. As R was a lin-
ear alkyl, the longer the carbochain, the better
antibacterial activity it shows. It has been re-
ported that the target site of antibacterial agents
is the cytoplasmic membrane of the bacteria. The
phospholipids in the cytoplasmic membranes of
bacteria are phosphoglycerides that have both a
hydrophilic end (phosphate, often with other po-

Table II Effect of Different Quaterization Agents on Extent of Removal for E. coli

Viable Cell Concentrations (cells/mL)

Quaterization
Samples Agents Influent Effluent Removal (%)
A, BzBr 7.55 X 106 3.57 x 10° 95.27
Ag BzCl 7.55 X 10¢ 4.82 X 10° 93.62
A, EtBr 6.93 X 10¢ 7.53 X 10° 89.13
Ag BuBr 6.93 x 10° 6.33 x 10° 90.86
A HdBr 6.93 x 10° 5.86 X 10° 91.54

©

2 Filtration rate, 7.5 mL/min; one sheet of Q-PP-g-4VP sample; collected effluent bacteria volume, 20 mL.
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Table III Effect of the No. Plied Sheets of QPP-g-4VP Samples on the Viable Bacterial Cell

Concentration in the Effluent [V g1

N (o) (cells/mL), at the Following No. Piled Sheets

Samples 1 2 5 7 10

PP nonwoven cloth 1.52 x 108 1.37 x 10° 1.04 x 10° 9.96 x 10° 9.05 x 10°
A 2.57 x 10° 5.05 X 10* 2.81 x 10 4.23 X 102 28
A 2.02 x 10* 5.03 X 10° 6 0 0

? Ningy 5.61 X 10° cells/mL; filtration rate, 7.5 mL/min; collected effluent bacterial volume, 20 mL.

lar residues attached to it) and a hydrophobic end
(two long-chain fatty acid tails possessing a car-
bon number of 12-20). The antibacterial agents
possessing a long alkyl chain are assumed to
strongly interact with the cytoplasmic mem-
branes owing to an affinity of the molecular struc-
ture, leading to the higher activity.'® Therefore,
the hydrophobic end of antibacterial agents must
possess a suitable carbochain length to make the
molecular attack a lipid phase.

Effect of the Number of Piled Sheets

The antibacterial activity increased with the
number of piled sheets of the used Q-PP-g-4VP
samples, as shown in Table III. When one sheet of
the sample was used under the same conditions,
as for the A; sample with a low pyridinium con-
tent, the N ¢, was 2.57 X 10° cells/mL, and for
the A; sample with a high pyridinium content,
the N g, was 2.02 X 10* cells/mL. But the N,
were only 2.81 X 10? cells/mL and 6 cells/mL
when five sheets of the A; and A; samples were
used and decreased to 28 and 0 cells/mL using 10
sheets of the samples. Effective removal of bacte-
ria from water appeared to be easily accomplished
by increasing the number of piled sheets of the
Q-PP-g-4VP samples. In the control experiments
that used PP nonwoven cloth to remove bacteria
from the water, an increase in the number of piled
sheets was not very effective for the removal of
bacteria, and the N, was 9.05 X 10° cells/mL
even when 10 sheets of samples were used.

Effect of the Viable Bacterial Cell Concentrations
in the Influent Suspension [N,]

Figure 2 describes the extent of removal versus
time curves for filtrating bacteria at various NV,
when one sheet of A; was used. The extent of
removal increased with decrease in the N, at

the same filtration time. As to the given N ¢, the
extent of removal decreased with the duration of
filtration time. Because the bacterial cells’ ad-
sorption on or adhesion to the surface of A; in-
crease more and more with duration of filtration
time, the ability to adsorb or adhere bacterial
cells becomes worse and worse, resulting in losing
efficacy in the end. At the same filtration time,
the higher the N,¢), the more contact chances
between A; and the bacterial cells, and the more
bacterial cells can be adsorbed on or adhered to
the surface of A;. Therefore, the effective surface
of A; for adsorbing or adhering bacterial cells
becomes less as the filtration proceeds. The
higher the N,¢), the more quickly the effective
surface decreases, so the extent of removal is
lower.

Effect of Filtration Rate

Figure 3 shows the effect of the filtration rate on
the extent of removal when one sheet of the sam-
ple was used. The extent of removal for A; de-
creased with increase in the filtration rate, but it
remained level at 89.56% even at a high filtration
rate of 33.3 mL/min, while the extent of removal
for PP nonwoven cloth was only 75.16% even at a
slow filtration rate of 2.1 mL/min. At a high fil-
tration rate of 33.3 mL/min, the extent of removal
was only 36.55%.

When the bacterial suspensions pass through
the samples, the bacteria may be cutoff due to
surface adsorption or adhesion of the samples.
There are more bacterial cells to adsorb on or
adhere to their surface due to a longer contact
time at a lower filtration rate, so the extent of
removal is higher. Along with increasing the fil-
tration rate, it is unfavorable for samples to ad-
sorb or adhere bacterial cells at a shorter contact
time; therefore, the extent of removal is lower.
Because there is a strong adherence between A,
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Figure 2 Effect of viable bacterial cell concentrations in the influent suspension
[Nne)] on the extent of removal by sample A;. N, ): (#) 6.32 X 107 cells/mL; (®) 5.93
X 108 cells/mL; (A) 8.78 X 10° cells/mL; filtration rate, 7.5 mL/min; one sheet of A;.

and the bacterial cells attributed to electrostatic
interaction, the extent of removal is much higher
than that of PP nonwoven cloth.

Activity Detection of the Adhered Bacterial Cells
on Q-PP-g-4VP Samples

Actually, the antibacterial activity of the Q-PP-g-
4VP samples can also be called surface antibacte-

rial activity.!* To examine whether the surface
antibacterial activity of the samples is bacteri-
cidal activity or bacteriostatic activity, the exper-
iment of activity detection was carried out.

The sample, which had been used in the filtra-
tion test, was washed repeatedly with sterilized
physiological saline. Then, the moisture on the
sample surface was sucked up with sterilized fil-
ter paper. Finally, the thus-treated sample was
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Figure 3 Effect of filtration rate on extent of removal for E. coli: (@) A;; (A) PP
nonwoven cloth; N, 8.15 X 10° cells/mL; collected effluent bacteria volume, 20 mL;

one sheet of sample.



MODIFIED POLYPROPYLENE NONWOVEN CLOTH. II 1875

(a)

(b

(c)

d)

B .!-.‘f"' Ly s
2C %803 3%

R ST e S e L

Figure 4 SEM photographs of the surface of samples adhered E. coli cells: (a) A;
(X2000); (b) A; (X5000); (c) A; (X10,000); (d) PP nonwoven cloth (xX5000).

placed into a nutrient broth. The turbidity of the
nutrient broth was observed on being cultured at
37°C for 18 h. If it becomes turbid, the multipli-
cation of E. coli is proved to occur in it. For the
sake of prudence, the cultured broth was inocu-
lated on nutrient agar plates and the inoculated
plates were cultured at 37°C for 12-18 h. As a
result, E. coli colonies appeared on the incubated
plates, indicating that the Q-PP-g-4VP samples
have the ability to capture bacterial cells alive;
thus, the surface of the samples may not be bac-
tericidal, but bacteriostatic. Because the free
pyridinium polymers can pass through cell walls
to cytoplasmic membranes of bacteria, they show
bactericidal activity. However, when the pyri-
dinium polymers are covalently attached to the
surfaces with short spacers, it is unlikely that
they penetrate through the cell walls of bacterial
cells. Therefore, their surface antibacterial activ-
ity was bacteriostatic.

Morphologies of Bacterial Cells Adhered onto the
Samples

E. coli cells adhered onto A; or PP nonwoven cloth
were observed using SEM. Figure 4(a—c) shows
the SEM of E. coli cells adhered onto A; with the
amplification of 2000, 5000, and 10,000, respec-
tively. It can be seen in Figure 4(a) that there
were many E. coli cells adhered to the surface of
A,. With the amplification increasing, the mor-
phologies of adhered E. coli cells that display a
shaft shape could be clearly seen, as shown in
Figure 4(b,c). It was also found that the surface
antibacterial activity of A; may be bacteriostatic,
as evidenced by no morphological changes of the
bacterial cells adhered on the surface of A;. Fig-
ure 4(d) shows the SEM of E. coli cells adhered to
the surface of PP nonwoven cloth with an ampli-
fication of 5000. It was observed that there were
only a few E. coli cells adhered to its surface.
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CONCLUSIONS

Removal of E. coli from distilled water using mod-
ified PP nonwoven cloth containing the pyri-
dinium group (Q-PP-g-4VP) was carried out by
filtration, and the following conclusions have
been made from the results obtained in this work:

1. The content and structure of the pyri-
dinium group in Q-PP-g-4VP were impor-
tant factors to affect their antibacterial ac-
tivity. The extent of removal increased
with increasing pyridinium group content.
With the same grafted sample, when the
used halohydrocarbon or quaterization
agent (RX) was different, the extent of re-
moval was also different. It was found that
the extent of removal of the sample using
the quaterization agent BzBr was the high-
est.

2. The antibacterial activity increased with
increasing the number of piled sheets of
the used samples. Effective removal of bac-
teria from water appears to be easily ac-
complished by increasing the number of
piled sheets of the Q-PP-g-4VP samples. In
the control experiments that used PP non-
woven cloth to remove bacteria from the
water, an increase in the number of piled
sheets was not very effective.

3. The extent of removal for bacteria de-
creased with increase of the viable bacte-
rial cell concentrations in the influent sus-
pension [N, and with filtration rate.

4. The activity detection result found that the
modified PP nonwoven cloths possessed the

ability to capture bacterial cells alive, and
no morphological changes of the adhered
bacterial cells were observed by SEM.
Thus, the surfaces of the modified PP non-
woven cloths may not be bactericidal, but
bacteriostatic.

The authors are grateful to the Nature Science Foun-
dation of Guangdong Province for its financial support
(Grant No. 960297).
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