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Abstract: Cellulose-based water filters are an affordable alternative to remove particulate matter; however, bacteria are too
small to be removed simply through size exclusion. Cellulose-based water filters prepared by layer-by-layer (LBL) assembly
with polypropylene-polyethylene (PP/PE) fabric decorated with silver nanoparticles (AgNPs) were tested to remove bacteria
from water samples. The gallic acid reduction method was used to produce potent antibacterial AgNPs; their decoration onto
PP/PE woven fabrics and the preparation of five-layered paper filters were further investigated. The use of acidic conditions
for loading AgNPs and improving their spatial distribution onto the PP/PE fabrics, as revealed by scanning electron
microscopy, was found to be correlated with the fabrics’ antibacterial activity. The PP/PE fabrics decorated with a higher
density of AgNPs (at pH 2) showed 96.7 % and 97.9 % reductions in the growth of E. coli and S. aureus, respectively.
Similarly, paper filters fabricated by LBL assembly of AgNP@PP/PE fabrics with cellulose filters deactivated growing E.
coli and S. aureus bacteria with good efficiency: approximately 99.4 % and 98.7 %, respectively. The results indicate that
fabricating water purification filters from the cellulose-based paper is feasible with LBL type assembly. The assembled paper
filters could be commercialized for point-of-use water purification in the future to prevent the spread of water-borne diseases.
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Introduction 

In developing countries lacking adequate water purification
services, point-of-use portable tools for instant water
purification are needed, especially in rural areas that lack
sophisticated infrastructure. The greatest threat to humanity
is bacterial contamination of water sources, which can
cause outbreaks of diseases such as cholera, giardiasis,
cryptosporidiosis, and gastroenteritis [1-3]. A nanosilver-
silica composite with prolonged antibacterial effects was
recently reported as a potential material for use in wound
dressings [4]. Membrane filtration (ultrafiltration and
microfiltration) has been recently adopted as a new process
for the large-scale filtration of drinking water; however, the
membranes suffer from easy fouling and clogging and are
not affordable [5,6]. Antibacterial metal nanoparticles (silver
and copper) in water filtration systems, typically in the form
of coatings on steel, membranes, polymers, and filters,
provide an antibacterial effect and prevent bacterial fouling
[7-9]. Interest in the manufacture of nano-enabled filters for
water purification has been increasing because such filters
can be portable, inexpensive, lightweight, and easy to
distribute and use [10,11].

Cellulose fibers are used in disposable filters, such as
coffee, green tea, and dust filters. Water filters based on

cellulose fibers have large pores that promote water
percolation; however, they are ineffective in removing
bacteria through size exclusion; modification of such
techniques is, therefore, desirable to achieve a bactericidal
effect. Filters, especially those made of natural fibers, are
susceptible to the growth of microorganisms, which can lead
to disease transmission, fouling, and reduction in the
filtration rate [12]. 

Silver nanoparticles (AgNPs) are a potent antibacterial
agent [13,14]. The aforementioned issues can be addressed
by incorporating antibacterial AgNPs in a wide range of
cellulosic materials such as cotton fabric, bacterial cellulose,
paper filters, and cellulose gels [15-18]. A polymeric
substrate called polyetheretherketone was recently coated
with AgNPs using a wet chemical method at room
temperature [19]. Metal nanoparticle behavior is dependent
on size, shape, chemical composition, and surface charge, as
well as the surrounding solution chemistry (e.g., pH and
ionic strength) [20,21]. Such factors play important roles in
determining the fate of nanoparticles, whether for aggregation
with other nanoparticles or deposition onto given surfaces
[22]. 

In the present study, AgNPs were prepared by the gallic
acid reduction method and decorated onto the polypropylene-
polyethylene (PP/PE) woven fabrics via the dip-coating
technique under different pH conditions. Our approach is to
embed AgNPs onto PP/PE fabrics and use for assembled*Corresponding author: sbpkim@dongguk.edu
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layer-by-layer (LBL) with cellulose filter disinfecting the
drinking water contaminated with water-borne bacteria. To
the best of our knowledge, this work represents the first
report of the preparation and testing of AgNP@PP/PE paper
filters as point-of-use water purifiers. The AgNP@PP/PE
fabrics washed with DI water and used in the LBL system
with cellulose filters kill bacteria through physical interaction
and biocidal activity. A bacterial suspension was passed
through AgNP@PP/PE paper filters, and the effluent water
was analyzed to assess viable bacteria and the bactericidal
effect of the AgNPs. The porosity of the paper filters enables
microorganisms to contact the AgNPs; however, a strong
attachment to the fiber surfaces limits the dispersal of
AgNPs in the effluent water. The results revealed that the
purification mechanism is the removal of bacteria from the
water by filtration and deactivation of bacteria before
percolation through the AgNP@PP/PE paper filter structure.
The large pore size of the paper filters enables good flow by
gravity, without the need for suction or pressure. 

Experimental

Materials

Desiccated beef extract, Luria-Bertani (LB), nutrient broth
(NB), and agar powder were purchased from Becton
Chemicals Co. (Dickinson, France). Silver nitrate in grain
form was purchased from Sigma-Aldrich (Germany). NaOH
(1 M) stock solution (prepared in water) was obtained from
Chemicals Co. (Daejung, Korea). Bacterial cultures of
including Staphylococcus aureus (KCCM 11335; S. aureus)
and Escherichia coli (KCCM 11234; E. coli) were obtained
from the Korean Culture Center of Microorganisms
(KCCM, Seoul, South Korea). Whatman paper filter (grade
113) with high strength, a pore size of 30 μm, and a
thickness of 0.40 mm were acquired from Sigma-Aldrich
(Sweden). The PP/PE woven fabrics manufactured with
dimensions of 25×35 cm2 for food packaging purposes were
purchased from a local supplier (TNCE Electronics,
Gyeonggi-do, Korea). The PP/PE fabrics had an inner core
of PP and an outer layer of PE, with a PP/PE composition of
50:50 (wt%).

Nanoparticle Synthesis and Characterization 

The AgNPs were produced via the biochemical reduction
method using gallic acid as a stabilizer capped onto the
AgNP surface, with minor modifications to the previous
report [23]. In this method, the concentration of AgNO3 was
varied from 0.5 to 6 mM. Four milliliters of gallic acid
(12.5 mM) was mixed with the appropriate amount of 20
mM AgNO3. The total volume of the reaction mixture was
then adjusted to 10 ml by addition of nanopure water. To
these solutions, 50 µl of NaOH solution (1 M) was added to
facilitate the reduction reaction of Ag+ to Ag0 at ambient
temperature (22-24 oC). These suspensions turned dark

brown within a fraction of a minute; however, the suspensions
were kept static for 12 h. The UV-vis spectra were collected
using 0.05 ml aliquots of as-prepared AgNP solutions
diluted with 0.95 ml of DI water; the spectra were acquired
over the wavelength range from 300 to 900 nm and plotted
as a function of AgNO3 concentration.

Characterization

The size distribution of the AgNPs was manually
measured by counting more than 300 NPs. Fourier transform
infrared (FT-IR) spectra of the gallic acid and AgNPs were
recorded using a Nicolet iS 50 FT-IR spectrometer with a
KBr automated beam splitter. A pellet of gallic acid and
AgNPs in a KBr matrix (1:100 ratio) was prepared and air-
dried, and the FT-IR spectra were recorded in the
wavenumber range from 500 to 4000 cm-1. The crystal
structures of the AgNP thin films were examined by X-ray
diffraction (XRD). The XRD patterns were recorded on an
X-ray diffractometer (Malvern Panalytical XPert PRO) in
the range 30 o ≤ 2θ ≤ 80 o in scanning mode using Cu Kα
radiation. AgNP dispersions were deposited onto glass and
dried before analysis by X-ray photoelectron spectroscopy
(XPS) using a Thermo Fisher Scientific (UK) spectrometer
equipped with a monochromatic Al Kα X-ray source. The
XPS peak energies were calibrated against the C1s peak at
284.5 eV. Scanning electron microscopy (SEM) was used to
study the morphology of the AgNPs decorated into PP/PE
fabrics. Dried samples were coated with a thin layer of
platinum and imaged with a Hitachi S4700 field-emission
scanning electron microscopy (FE-SEM) system

AgNP-decorated PP/PE Fabrics

AgNP@PP/PE fabrics were prepared as follows. PP/PE
fabrics (5 cm×5 cm) were immersed into 20 ml of an AgNP
solution at a fixed concentration and various pH levels from
5.0 to 2.0. The PP/PE fabrics were removed gently from the
AgNP solution and rinsed three times with DI water to
remove excess AgNPs and avoid pH effects. Excess water
was then removed by drying the AgNP@PP/PE fabrics in an
oven at 40 oC for 6 h. The AgNPs coated on PP/PE fabrics
were subsequently imaged by FE-SEM and characterized by
XRD measurement.

Layer-by-layer Assembly

The LBL assembly method has been demonstrated to be a
promising technique over the past two decades and has
potential applications in the fabrication of water-purification
membranes [24,25]. The LBL assembly was based on a
technique described by Ottenhall et al. [26], where the paper
filter and polyelectrolyte layers are alternated. This type of
paper filter was assembled by the LBL method to introduce
a portable point-of-use water filters. The difference between
our method and the procedure reported by Ottenhall et al. is
that the AgNP@PP/PE fabrics were used instead of
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polyelectrolytes. Whatman paper made of cellulose was
used as the paper filter. It is robust, unlike the cellulose pulp
fibers used in a previous study [2]; hence, no dissolution was
expected. Five layers of AgNP@PP/PE fabric were assembled
in alternating fashion with layers of a paper filter, where six
layers of the paper filter were required, being the first and
the last layer. The AgNP@PP/PE fabrics and paper filter
were prepared as a stacked LBL assembly. A paper filter was
also prepared using PP/PE fabrics without modification by
AgNPs and used as a control reference sample in the
filtration tests. The LBL-assembled paper filters with
AgNP@PP/PE fabrics were air-dried at room temperature
before being used as a filter. The average weight and thickness
of a single circular sheet of paper filter were approximately
70 mg and approximately 0.40 mm, respectively. Filters
composed of AgNP@PP/PE fabrics and paper filters stacked
in alternating fashion were installed in syringe filters.

AgNP@PP/PE Antibacterial Studies 

Disk-diffusion Assay 

The disk-diffusion agar method was used to test the
effectiveness of the PP/PE fabrics decorated with AgNPs on
Gram-positive and Gram-negative bacteria. Bacteria (S.

aureus and E. coli) were spread onto an agar plate, and the
seeded inoculum (CFU 104/ml) was allowed to dry on the
plate for 20 min at 24 oC. Specimen disks of PE/PP were
decorated with AgNPs at different pH (5, 4, 3, and 2) and
placed on nutrient agar. S. aureus and E. coli were allowed to
grow on the nutrient agar plates at 37 oC for 24 h. A zone of
inhibition was then observed around the specimens. The
growth-free space around every disk of AgNP@PP/PE
fabrics indicated the lethality of the AgNPs toward the
bacteria. 

Effect on a Growth Curve 

The cultures of S. aureus and E. coli were used to
inoculate nutrient broth (NB) and Luria-Bertani broth (LB)
media, respectively, at 1:400 dilution in the assays. The
well-grown inoculum was then aliquoted into a series of
culture tubes, to which AgNP@PP/PE fabrics or PP/PE
specimens were subsequently added. Then, 1 ml of these
solutions were placed into a sterilized UV-vis cuvette and
banded in duplicate. The bacterial growth at 37 oC was
recorded by measuring the optical density (OD) at 600 nm at
0, 3, 6, 9, 12, 24, and 32 h. The absorbance data were plotted
as a function of the incubation time to assess the effect on
the growth-curve phases. 

Testing the Paper-filter Bactericidal Properties 

The bactericidal activity of the AgNP@PP/PE paper
filters was tested against E. coli and S. aureus. The bacteria
grown in nutrient media were separated by centrifugation for
7 min at 3000 rpm and then suspended in peptone water and
diluted to an absorption value of 0.1, which corresponds to
approximately 110 colony-forming units (CFU)/ml. These

diluted bacterial suspensions used as a model for contaminated
water were passed through the filter. The water flowed
gravity, enabling free-flow filtration. To test the effluent
water for infiltrated bacteria, the effluent was cultured with
fresh nutrient broth and bacteria suspensions were monitored
at 600 nm for 24 h. 

Results and Discussion 

Synthesis and Characterization of AgNPs

The aqueous-phase AgNO3 (0.5, 1.0, 2.0, 3.0, 4.0, 5.0, or
6.0 mM) and freshly prepared gallic acid solution were
mixed such that the gallic acid concentration was 5 mM, and
the resulting mixture was incubated at 22-24 oC for 12 h. The
synthesis of AgNPs was initially observed by an immediate
color change (within a fraction of a minute) from colorless to
dark brown, which is attributed to the excitation of surface
plasmon resonance (SPR) of the AgNPs, as shown in the
inset of Figure 1(a). The AgNP suspensions were diluted

Figure 1. (a) UV-vis spectrum of AgNP suspensions obtained

using increasing concentrations of AgNO3 (0.5 to 6 mM) and (b)

Absorbance intensity recorded at 420 nm for AgNP suspensions

prepared using increasing concentrations of AgNO3 (0.5 to 6 mM).
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with DI water (AgNPs:H2O 0.05:0.95 ratio). The UV-vis
spectra of the AgNPs showed an absorption peak at 420 nm
(Figure 1(a)), which indicates AgNPs were produced. For all
of the investigated AgNPs trials, we systematically observed
a progressive SPR in the extinction spectra without any red-
shift, broadening, or damping of the peaks (Figure 1(a)).
This trend was typical; it quantitatively depends on the
AgNO3 concentration without deterioration of the AgNP
properties (i.e., size, shape, and molecular capping). To the
best of our knowledge, a reaction mixture at pH 11 was
adjusted by 50 µl NaOH (1 M), where dihydroxyl group’s
starts two-electron oxidation reaction and it was a
prerequisite to produce a high yield of the stabilized AgNPs.
The oxidation of phenolic-OH groups was used to induce the
formation of the quinone form, which is essential for the
reduction of Ag+ and the rapid nucleation and isotropic
growth of the AgNPs as reported recently [27]. 

To fulfill the growing demand for AgNPs in various
applications, attention toward green chemistry principles is
essential to enable the easy synthesis and the formation of
high-concentration suspensions of metal NPs. The brown
color appeared within a fraction of a minute, confirming the
compatibility of the gallic acid method with the real-time
monitoring green chemistry principle (P11) “real-time
monitoring and process control to prevent pollution”. In
addition, this method is excellent to maximize atom economy
of the process; it was revealed by the transformation of
5 mM AgNO3 (98.60 %) using only 5 mM gallic acid. A plot
of the absorbance recorded at 420 nm as a function of the
AgNO3 concentration was found to be linear within the
AgNO3 concentration range from 0.5 to 5 mM, indicating
that high-concentration suspensions of AgNPs were obtained
(Figure 1(b)). Thus, the method demonstrates excellent
productivity. Furthermore, the formation of well-defined
AgNPs with long-term stability was observed at ambient
temperatures (22-24 oC), compatible with green chemistry
principles P6 ‘design for energy efficiency’ and P3 “less
hazardous chemical synthesis” [28].

The physicochemical properties of AgNPs were investigated
by FT-IR, XRD, XPS, and SEM. Figure 2a shows the FT-IR
spectra of both the gallic acid and the AgNPs. A broad FT-
IR peak was observed in the range 3353 and 3422 cm-1; were
attributed to the -OH and stretching vibrations of  galllic acid
and AgNPs. Typically after the reaction of gallic acid with
AgNO3, the position of the aforementioned peak was shifted
toward higher wavenumber. This evidence reveals that
deprotonation of gallic acid was prerequisite to produce
electron for reduction of Ag1+. In agreement with the
interpretation of Yoosaf et al., the peak at 3422 cm-1 also is
the good evidence of the formation of intermolecular
hydrogen bonding from hydroxyl the group around the
AgNPs [29]. The intensity of stretching vibration of C-O
bond at 1337 cm-1 was retained for AgNP sample, however
the intensity of bending vibration of O-H bond at 1040 cm-1

region was clearly decreased. The FT-IR spectra observed
for both gallic acid and AgNPs showed that the stretching
vibration peak of carbonyl group at 1634 cm-1 remained
identical. As observed in Figure 2(a), some of the fingerprint
vibrational peaks of gallic acid at 1541 and 1202 cm-1 was
disappeared after the formation of AgNPs, and this can be
one of a clue of the oxidation of the phenolic-OH to form
quinone like structure, immediately after the reduction
reaction of AgNO3 [27]. 

The XRD pattern of the obtained NPs demonstrates the
formation of highly crystalline AgNPs. Characteristic XRD
diffraction peaks of AgNPs at 2θ angles of 37.9 o, 44.6 o,
64.7 o, and 77.7 o correspond to diffraction of the (111),
(200), (220), and (311) lattice planes of Ag, respectively
(Figure 2(b)). Furthermore, the XRD patterns reveal that the
AgNPs were highly crystalline, with a cubic structure [30].
Figure 3(a) shows the XPS survey scan of the AgNPs and
the high-resolution Ag3d, C1s, and O1s spectra. The binding
energy (BE) of AgNPs was examined by XPS to correlate
the Ag3d spectra with the formation of Ag clusters. Figure

Figure 2. (a) FT-IR spectra of gallic acid and AgNPs and (b) XRD

pattern of the as-prepared AgNPs.
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3b shows two XPS peaks with BEs of 373.7 eV and 367.8
eV; these peaks are attributed to the Ag3d3/2 and Ag3d5/2

electrons of Ag(0), respectively, with a spin-energy split of
approximately 5.9 eV. As shown in Figure 3(c) the C 1s core
level resulted in two distinct components for as-prepared
AgNPs. The first one appearing at the binding energy of
284.5 eV is a major peak and allocated to carbon atoms (C-C
bond) within the phenyl rings of gallic acid [27]. The other
peak seen in higher binding energies about 286.7 eV, is
originated from to electron emission from carbon in C-O. In
the XPS core-level spectra of gallic-acid-protected AgNPs,
the single O1s peak at 531.2 eV is attributed to the oxygen of
the hydroxyl groups (-OH), as shown in Figure 3(d). The
results of the FT-IR and XPS analyses of the AgNPs are in
agreement, revealing that C-O, and O-H are surface
functional groups. The peak for the C-O species arises from
the interactions of AgNP surfaces with the oxygen-containing
functional groups of gallic acid. These groups can bond with
metal surfaces, resulting in behavior through electrostatic
interactions that is useful and essential for developing
practical applications [31]. 

Characterization of AgNP@PP/PE Fabrics

The AgNPs prepared using 2 mM AgNO3 at 24 oC were

stored and used for characterization and deposition onto the
PP/PE fabrics. A low-magnification SEM image of the PP/
PE fabric is presented in Figure 4(a). To manufacture
AgNP@PP/PE fabrics, the adsorption efficiency of PP/PE
woven fabrics was observed for obtained AgNP solutions in
different acidic environments. Micrographs of AgNPs
decorated at pH 5, 4, 3, and 2 are shown in the SEM images
in Figures 4(b)-(e). The AgNPs’ size distribution confirms
that their sizes ranged from 8 to 17 at pH 5, with an average
of 13 nm, as shown in the inset of Figure 4(b). As the SEM
image in Figure 4(c)-(d) shows, the AgNP aggregates were
small sized and formed an identical structures and
distribution over PP/PE surfaces upon treatment from pH 4
to 3. However, the AgNP aggregates were increased
substantially in size and formed an excellent deposition
upon treatment at pH 2, as can be seen in SEM image
(Figure 4(e)). The SEM images confirmed that AgNPs were
decorated onto PP/PE fabrics, suggesting that the mean
diameter of the AgNPs increased with increasing acidity of
the AgNP suspension (Figure 4(b)-(e)). This behavior is
attributed to an increase of the zeta potential of the AgNPs,
as suggested in a previous report [32]. The loading of
AgNPs was achieved through multiple interactions, including
hydrogen-bonding attraction, van der Waals attractions, and

Figure 3. XPS analysis of AgNPs; (a) survey scan, (b) high-resolution Ag3d, (c) high-resolution Cls, and (d) high-resolution O1s.
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electrostatic attraction between AgNPs and PP/PE fabrics,
similar to the observations in a previous report [33].
Improvement in the spatial distribution of AgNPs onto PP/
PE fabrics should be a promising strategy in the fields of
nanomedicine, water filtration, and food packaging materials
[34]. 

The crystalline structure of the prepared AgNPs@PE/PP
fabrics at different pH conditions was determined using
XRD measurement and were shown in Figure 5. The
identical XRD peaks observed for all tested samples can be
indexed to monoclinic phase from a composite PP/PE
fabrics according to the JCPDS No. 089-0032 (Figure 5).
These XRD patterns are from composite of PP/PE fabrics,
the reflections from PE found at 21.3 o and 23.7 o and for PP
at 13.9 o, and 16.6 o and these peaks are in agreement with
the previous report on PE/PP blends [35]. It can be seen
from Figure 5 that the AgNPs@PP/PE fabrics prepared at
pH 2 forms quite different XRD patterns compared to the
other samples of PP/PE and AgNPs@PP/PE samples. The
XRD pattern for the sample prepared at pH 2, clearly

Figure 4. SEM images of (a) PP/PE woven fabrics (inset is the PP/PE fabric bag), PP/PE decorated with AgNPs prepared at pH 5, (c) PP/PE

decorated with AgNPs prepared at pH 4, (d) PP/PE decorated AgNPs prepared at pH 3, and (e) PP/PE decorated AgNPs prepared at pH 2.  

Figure 5. XRD patterns of PP/PE and AgNPs decorated PP/PE

fabrics. 
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showed that the AgNPs were effectively decorated on PP/PE
fabrics and were crystalline (Figure 5). Four different Bragg
reflection peaks from the cubic structure of pure AgNPs
(JCPDS, file No. 004-0783), were observed at 2θ values of
37.9 o, 44.6 o, 64.7 o, and 77.7 o which were indexed to (111),
(200), ( (220) and (311) planes, respectively (Figure 5), and
in good agreement with previous reports on AgNPs [36-38].
The size of AgNPs decorated onto the PE/PP fabrics by pH 2
treatment was calculated by using Debye-Scherer’s equation. 

where D is the crystallite size, λ is the wavelength of X-ray
(1.54 Å), K ~0.89, β is the full width at half maximum of the
XRD peak, and θ is the Bragg’s angle. The XRD peak
corresponding to 37.8 o was due to the AgNPs from crystal
structure corresponding to the lattice plane (111). The size of
deposited AgNPs has estimated about 11 nm from the
breadth of the (111) reflection. The obtained value of crystallite
size is attributed to the presence of non-aggregated AgNPs
onto the PP/PE fabric surface with high density at pH 2.

Disc-diffusion Assay 

In the first part of the present study, we systematically
explored the acid-responsive nature of AgNPs and their
interactions with PP/PE fabrics by adsorption, paving the
way for the design of AgNP@PP/PE fabrics. Such a hybrid
nanocomposite could be used as a surface protectant for
waterborne pathogens, providing an alternative to traditional
suspension-based biocide agents [39]. The diffusion of
AgNPs within the agar medium is an important factor that
defines the size of the inhibition zone. The antibacterial
activities of the AgNP@ PP/PE fabrics were compared with
that of pristine PP/PE fabrics. Cells of both Gram-negative
bacteria (E. coli) and Gram-positive bacteria (S. aureus)
were inoculated onto a nutrient agar plate with different
specimens of PP/PE fabrics decorated with AgNPs. The
yellow color of the respective PP/PE fabric samples is

consistent with a good distribution of AgNPs. Photographs
of the AgNP@PP/PE fabrics with increasing AgNP
concentrations are shown in Figure 6. The highly effective
antibacterial specimens produced a wide ring due to no
bacterial growth. Less effective antibacterial specimens
showed no change in the surrounding bacterial colonies. The
AgNP coatings formulated at pH 3 and 2 exhibited greater
diffusion of AgNPs around the PP/PE fabrics, resulting in
the largest inhibition zones (14 and 17 mm average values
for coatings formulated at pH 3 and 2, respectively) (Figure
6(a)). The trend of the appearance of the inhibition zone is
similar to the growth curve profile, as we describe in section
3.4, where a PP/PE sample treated at pH 2 shows maximum
antibacterial activity against S. aureus. Notably, the zone of
inhibition is dependent on the release of Ag+ ions and the
diffusion of AgNPs from the PP/PE fabrics, as reported
previously [40,41]. 

The antibacterial effects of AgNP@PP/PE fabrics prepared
at different pH levels were also tested against E. coli. The
clear zones of PP/PE fabrics decorated with AgNPs against
E. coli are demonstrated in Figure 6(b). The AgNP coatings
prepared at pH 3 and 2 supported on PP/PE fabrics (Figure
6(b)) showed superior inhibition activity compared with
pristine PP/PE fabrics. Thus, no colonies grew where
AgNP@PP/PE fabrics allowed the diffusion of either
AgNPs or Ag+ ions into the agar. The zones of inhibition
against E. coli cells were visible for AgNP@PP/PE fabrics
prepared under pH 4, 3, or 2 (Figure 6(b)). Thus, this
strategy of aggregative deposition of AgNPs onto PP/PE
fabrics enables maximum biocidal activity. The greater
distribution and stability of AgNPs on PP/PE fabrics may be
responsible for the antimicrobial activity toward both Gram-
negative, Gram-positive, and antibiotic-resistant bacteria
[42]. 

Effect on Growth 

The antibacterial activity of the AgNP@PP/PE fabrics
was assessed against Gram-positive bacteria (S. aureus) in
NB media and Gram-negative bacteria (E. coli) in LB media
by turbidity measurements (Figure 7). The bacterial growth
curve was plotted for the recorded OD of the culture
suspensions vs. time. First, we investigated how S. aureus

cells respond to AgNP@PP/PE fabrics and their potential in
targeting biofilm inhibition [43]. The area under the growth
curve was also observed for AgNPs decorated PP/PE woven
fabrics formed by acidic pH treatment at 5, 4, 3, or 2. The
OD at 600 nm indicates the number of bacterial cells; the
absorbance increased in a sigmoidal fashion in the absence
or with less effective AgNPs on the PP/PE fabrics produced
at pH 3 and 2 (Figure 7(a)). However, for AgNPs @PP/PE
fabrics produced at pH 3, the initial lag phase was extended
to 12 h compared with that of the control cells; surviving
bacteria growth reached a maximum within 24 h (Figure
7(a)). A further increase in the loading of AgNP aggregates

D
Kλ

βcosθ
--------------=

Figure 6. Zone of inhibition on nutrient agar plates containing

specimens of PP/PE decorated with AgNPs prepared at different

pH conditions, as labeled in the figure; (a) S. aureus and (b) E.

coli.
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treated at pH 2 caused the complete inhibition of the growth
of S. aureus. The absorbance ranged from 0.012 to 0.054 for

36 h (Figure 7(a)). This sample was considered to be
completely inhibited, resulting in 97.9 % efficiency for S.

aureus. Growth curve results indicated S. aureus cells
growth can be successfully inhibited with AgNP@PP/PE
fabrics, whereas pristine PP/PE fabrics did not (Figure 7).
Currently, there is great interest in creating antibacterial
materials or coatings with antimicrobial NPs in the context
of addressing bacterial resistance [44]. 

The observed effects on the growth and the lag phase of
Gram-negative bacteria (E. coli) are shown in Figure 7(b).
The growth curve plotted using absorbance vs. time
indicates the density of E. coli; the absorbance increased in a
similar sigmoidal fashion, depending on the density of
AgNPs onto PP/PE fabrics. For AgNP@PP/PE fabrics
produced at pH 3, the initial lag phase was successfully
extended to 6 h compared with the cells grown with pristine
PP/PE fabrics. However, surviving E. coli cells successfully
continued their growth, reaching a maximum within 15 h
(Figure 7(b)). Similarly, for AgNP@PP/PE fabrics formed at
pH 3, the initial lag phase was effectively extended to 14 h
compared with the cells grown with control samples.
Surviving E. coli cells continued their growth, reaching a
half-maximum within 35 h (Figure 7(b)). The control
experiment with specimens of PP/PE fabrics showed high
turbidity because of bacterial growth; by contrast, AgNP@PP/
PE fabrics prepared in an acidic environment at pH 2
showed 96.7 % inhibition of the bacterial growth of E. coli.
The pH-mediated loading of AgNPs, therefore, exhibited
density-dependent antibacterial activity that inhibited visible
bacterial growth. Because AgNPs are well known to
demonstrate antibacterial activity, they can be used as
coating materials for water filters, wound-healing bandages,
and medical devices to prevent bacteria-related infections
[45]. Textiles containing AgNPs have been synthesized and
shown to exhibit significant antibacterial activity against E.

coli and S. aureus [46].

Figure 7. Effect of PP/PE decorated with AgNPs prepared at

different pH conditions on the growth of bacteria in nutrient

media; (a) S. aureus and (b) E. coli.

Figure 8. Schematic depicting the retention of bacteria in paper filters containing PP/PE decorated with AgNPs.
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Bactericidal Tests for LBL Paper Filter 

Most of the E. coli and S. aureus bacteria were adsorbed
onto the filter, and the filtered effluents were analyzed for
viability; the results confirmed that no bacteria passed
through the filter (Figure 8). The test samples with five
layers of assembled filter prepared at pH 5.0 removed
approximately 36 and 41 % of the E. coli and S. aureus

bacteria, indicating a lower loading of AgNPs on the PP/PE
fabrics (Figure 9(a),(b)). The bacterial removal efficiencies
of all four assemblies of paper filters were linearly dependent
on the pH conditions under which the AgNP@PP/PE fabrics
were prepared. The regrowth of E. coli in LB broth and S.

aureus in nutrient media for filter prepared by pH 2
treatment showed the removal of approximately 99.4 % and
98.7 % of the bacteria, respectively (Figure 9(a),(b)). Thus,
AgNP@PP/PE (pH 2) and paper filter provided effective
and rapid removal of both E. coli and S. aureus bacteria as
compared with the PP/PE and cellulose paper filter as a
control reference sample (Figure 9(c)). AgNP@PP/PE fabrics
prepared using the pH approaches were tested for four
different pH conditions, and materials prepared at lower pH
performed well because they contained the high density of
AgNPs. 

The use of an LBL-assembly approach for preparing the
paper filter was found to be effective and rapid in removing
both Gram-positive and Gram-negative bacteria from
contaminated waters. The developed filters could be reused
several times, and most of the E. coli and S. aureus bacteria
get trapped onto the AgNP@PP/PE fabrics in the uppermost
layer of the LBL assembled filter. The use of LBL assembly
to induce bacteria adsorption onto AgNP@PP/PE surfaces is
an interesting and promising system that could be
commercialized to fabricate point-of-use water filters in the
future. Further research is needed to improve the filters and
the filtration design to achieve the standard recommended
by the World Health Organization for water treatment and
potential applications in the removal of pathogens of all
classes. 

Conclusion

We investigated the bacterial removal efficiency of paper
filters prepared by LBL assembly of AgNP@PP/PE woven
fabrics and cellulose paper filters. The bacterial reduction
increased with decreasing pH used to prepare AgNPs
decorated onto PP/PE fabrics, and most of the bacteria were

Figure 9. (a) Bacterial removal efficiency of the LBL-assembled paper filters containing PP/PE decorated with AgNPs at different pH

conditions and (b) paper filter with and without AgNPs loading onto PP/PE (pH 2.0).  
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easily trapped in the top layers of the filter. The developed
paper filters are affordable, environmentally friendly,
disposable, and effective against human pathogens (E. coli

and S. aureus). The antibacterial action of the LBL-
assembled paper filters is based on physical adsorption and
detoxification of bacteria from water without loss of AgNPs
into the water because cellulose provides a supplementary
surface in the paper filter. Compared with conventional
water treatment options or chlorine for decontamination, the
developed paper filter has an advantage in terms of the
contact-active bactericidal action. The results showed
potential for manufacturing portable water purification
filters using the LBL assembly approach. Thus, such filters
could perhaps be used for point-of-use water purification,
e.g., in emergencies to prevent bacterial diseases. 
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