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KEYWORDS Abstract This study explored the green synthesis and immobilization of colloidal silver nanopar-
Immobilization; ticles (AgNPs) on a solid compatible support. Its antibacterial properties in reusable air filters are
Silver nanoparticles; also discussed. The chitosan stabilized colloidal AgNPs (chi-AgNPs) were prepared using visible
Chitosan; light irradiation in methanol. The UV—Vis, FTIR spectra, and TEM confirmed the chi-AgNPs for-
Antibacterial; mation. The immobilization technique of chi-AgNPs on the surface of white-silica-gel beads, which
Air filter was previously coated chitosan (chi-SiG), was effective. The immobilized silver particles (AgNPs-

[chi-SiG]) were solid, stable, dispersed, and nano-size. Both AgNPs-[chi-SiG] and chi-SiG exhibited
antibacterial properties and prevented the growth of Gram-positive (Staphylococcus aureus) and
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Gram-negative (Escherichia coli) bacteria in agar media. Air filter containing the AgNPs-[chi-SiG]

showed high antibacterial activity against Bacillus subtilis in the air.

© 2021 The Authors. Published by Elsevier B.V. on behalf of King Saud University. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

There has been an increasing emphasis on developing green synthesis
to reduce harmful solvents and toxic reagents in the past few decades.
The use of environmentally friendly solvents and multipurpose
reagents that serve as the reducing agent are significant issues in green
nanoparticle production. The nanoparticles are usually prepared
either by physical (Zhang et al., 2016; Kang et al., 2019) or chemical
methods (Gakiya-Teruya et al., 2019; Targhi et al., 2021). In chemical
processes, many procedures involve stabilizers and reducing agents
that are toxic and harmful to the environment (Shanmuganathan
et al., 2019). Research has shown that the biological method is a rapid
single-step method, cost-effective and eco-friendly, and without toxic
chemicals (Velusamy et al., 2016; Goncea et al., 2021; Hashemi et al.,
2021). The biological methods usually employ plant extracts as the
reducing agents or the stabilizers for AgNPs. Biological materials,
including plant extracts, easily decompose and might not be long-
lasting (Zhang et al., 2018; Alsammarraie et al., 2018; Senthilkumar
et al., 2019). A simple procedure to minimize the chemical toxicity
of stable and preservable nanoparticles is demand for metallic
nanoparticle synthesis. Several simple studies have been introduced
involving chitosan (natural polymer from crustacean shells) as stabi-
lizers and reducing agents for colloidal gold nanoparticles (Adlim &
Bakar, 2008). Chitosan stabilized colloidal silver nanoparticles
(chi-AgNPs) prepared with visible photo-irradiation is an alternative
for green chi-AgNPs synthesis to prepare relatively dispersed
nanoparticles and narrower size distribution (Adlim, 2006a). Chitosan
has characteristics as biodegradable polymer, film-forming ability,
antimicrobial activities, biodegradability, and non-toxicity. It is widely
used in numerous applications (Sundaram et al., 2016; Divakar et al.,
2017; Ranjani et al., 2019; Ye et al., 2019; Awais et al., 2021; Valencia
et al., 2021). Chitosan has amino groups that serve as lone pair
electrons to attract Ag' ions for coordination bond formation
(Wang et al., 2015).

Among the antimicrobial nanoparticles, AgNPs has gained signif-
icant attention due to their antimicrobial activity against a wide range
of microorganism (Wang et al., 2017). AgNPs can kill more than 650
types of pathogenic microbes, such as bacteria (Senthilkumar et al.,
2017; Angulo-Pineda et al.,, 2019; Kanniah et al., 2021), fungi
(Zhang et al., 2019; Dutta et al., 2020) and viruses (Hamouda et al.,
2021; Garcia-Serradilla & Risco, 2021). AgNPs exhibit antimicrobial
efficacy due to their large surface area, thermal stability, and Ag™
release rate, depending on the silver type, size, and shape. Compared
to bulk metal or salts, AgNPs achieve the slow and controlled Ag™*
release, contributing to their antimicrobial endurance (Mokhena &
Luyt, 2017; Raman et al., 2017). Most of the bioactivity testings were
focused on colloidal AgNPs, which has some constraints in scaling-up
and broader application. The colloidal system is less efficient, not
easily separated from the liquid substrate, and less compatible for con-
tinuous use and regeneration (Alamgholiloo et al., 2020; Wijesena
et al., 2020).

In the present research, we studied the immobilization of colloidal
AgNPs on white-silica-gel beads that are a compatible size for the gas
antibacterial filter. The immobilization technique of AgNP on silica
beads has not been much known. An immobilization model was intro-
duced on bimetallic Pd/Au on titania powder (Adlim & Bakar, 2013).
The immobilization challenges are how to keep metal nanoparticles
stable in proper particle size in solid-state form, but the particle size
and distribution are comparable to the colloidal phase. The stabilizer

and an adhesive are required to adhere colloidal nanoparticles onto
the support. Still, the nanoparticles remain dispersed, and the stabilizer
shall not cover up the nanoparticle surface.

Some researchers have used AgNPs for air filtration purposes due
to their antibacterial properties. The AgNPs directly adhered onto the
High-Efficiency Particulate Air (HEPA) filter cloth. This may reduce
the air-fluent rate and is not easily regenerated (Venkatesan et al.,
2017; Ju et al., 2021; Ji et al., 2021). Thereby, chi-AgNPs immobilized
on the white-silica gel are studied as the alternative solution to address
this issue. The antimicrobial activity is represented by Gram-negative
and Gram-positive bacteria in a simulated air filter.

2. Materials and method

2.1. Materials and equipment

Medium molecular weight chitosan (~400,000) purchased
from Sigma-Aldrich (Indonesia) and white-silica-gel beads
(sorbed India production; spherical, (J ~3 cm with specifica-
tion refer to https://www.silicagel-desiccant.com/silica-gel-
white) were purchased from the local market (Indonesia).
Acetic acid glacial (CH;COOH) solution (99.8%), silver
nitrate (AgNO3) crystal, and methanol (CH;OH) were of ana-
lytical grade and purchased from Merck KGaA (Indonesia).
Distilled water (H,O) was purchased from the Chemistry Lab-
oratory of Syiah Kuala University (Indonesia). Escherichia coli
(E. coli, ATCC 25922), Staphylococcus aureus (S. aureus,
ATCC 25923), Bacillus subtilis (B. subtilis, ATCC 6633),
Mueller-Hinton Agar (MHA), and Nutrient Agar (NA) were
all obtained from Dipa Puspa Labsains (Indonesia). All chem-
icals were used without further purification.

2.2. Preparation and characterization of colloidal chi-AgN Ps

Colloidal chi-AgNPs were prepared following a previous study
(Adlim, 2006a) with some modifications. It was prepared by
dissolving 0.600 g of chitosan in 100 mL of 1.5% (v/v) aqueous
acetic acid under magnetic stirring at room temperature. Then
20 mL of chitosan solution was diluted with the addition of
20 mL of methanol. AgNOj crystal (0.1800 g) was weighed in
a weighting-boat, and then it was transferred slowly into a
100 mL three-neck-round bottom flask under magnetic stirring.
The weighting boat was rinsed with a few drops of distilled
water. During AgNOj; dissolution, the flask was wrapped with
aluminum foil to avoid direct contact with sunlight. The round
flask was connected with a thermometer, rubber stopper, and a
Liebig condenser and placed within a water bath. A Tungsten
lamp (40 W) was placed 5 cm distance from the solution, and
it was turned on to irradiate the solution for 90 min. The tem-
perature solution might rise ~40 °C in a water bath. Two milli-
liters of the solution were sampled to follow the color change
from colorless to brown, indicating the formation of AgNPs.
The absorbance of chi-AgNPs colloidal was recorded by using
a UV-Vis spectrophotometer at 400-700 nm.
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2.3. Coating and characterization of chitosan-coated white-
silica-gel beads (chi-SiG)

Coating procedure was prepared according to a previously
described protocol (Adlim et al., 2021) with some modifica-
tions. White-silica-gel beads (28.8660 g) were soaked within
50 mL of chitosan solution (as prepared in Section 2.2) for
60 min at room temperature, then it was dried into the oven
for 60 min at 40 °C (called the first coating) and denoted as
chi-SiG. Next, the chi-SiG was soaked again within 50 mL
of chitosan solution for 60 min at room temperature and dried
into an oven for 60 min at 40 °C (as the second coating), then it
was repeated until the third coating. The drying process was
carried out until a constant weight was attained. Each step
of the coating was characterized by using binocular micro-
scope stereo and SEM. The three-time coated chi-SiG was then
used further in the following experiments.

The coating stability of chi-SiG was tested by suspending
the chi-SiG into several solvents, which were 1.5% (v/v) aque-
ous acetic acid, distilled water, and methanol. In a separated
small beaker, every two granules of chi-SiG were soaked into
5 mL of 1.5% (v/v) aqueous acetic acid, 5 mL of distilled
water, and 5 mL methanol for 60 min at room temperature.
The chi-SiG was then dried in the oven for 30 min at 40 °C.
The chi-SiG was observed using a binocular microscope stereo.

The swelling property of chi-SiG was studied by soaking
each dried chi-SiG (3 granules) into each following solvents;
1.5% (v/v) aqueous acetic acid, distilled water, and methanol
for 60 min. The different weights of dried chi-SiG and wet
chi-SiG were recorded with an analytical balance (dried sample
as M, & wet sample as M). The wet chi-SiG piece was air-
dried and dried in the oven until the constant weight and
was denoted as M,. The swelling studies were referred to the
previous report (Wu et al., 2018) with minor modifications.

Swelling properties (W, %) was calculated by using this
equation:

M, — M

Wsp = % % 100% (1)

|
Chitosan solubility (W, %) was calculated by using the
equation:

My — M,

Wces = = x 100% (2)

0

Wy, (%) = Swelling property

W (%) = Chitosan solubility

M, = weight of the dried sample before immersing into the
solvent

M; = weight of the wet sample after immersing into the
solvent

M, = weight of the dried sample after immersing into the
solvent

2.4. Immobilization and characterization of AgNPs on chi-SiG
to form AgNPs-[chi-SiG]

Immobilizing AgNPs on chi-SiG followed a previous study
(Hidayat et al., 2021). The chitosan layer on chi-SiG was used
as the template and stabilizer for AgNPs in the immobilization
process. The chi-SiG (28.866 g ~ 902 granules) was placed into

a 100 mL round flask, then 20 mL of methanol containing
0.18 g of AgNO; was added. Methanol containing AgNOj3
was covered with aluminum foil to avoid sunlight contact.
The flask was set in a rotary evaporator and rotated at
200 rpm, equipped with a water bath without heating. While
rotating, the Tungsten lamp (40 W, at 5 cm distance from
the round flask) irradiated the round flask for 90 min, and
the temperature was maintained at ~ 40 °C. The chi-SiG color
changed from colorless to faintly red-brownish, indicating the
formation of AgNPs on chi-SiG and was denoted as AgNPs-
[chi-SiG]. AgNPs-[chi-SiG] was dried by heating until it
reached the constant weight. The surface morphology of
AgNPs-[chi-SiG] was characterized using a binocular micro-
scope stereo and SEM. Then the AgNPs particle size on the
surface of chi-SiG was analyzed using TEM. Five granules
of AgNPs-[chi-SiG] was suspended into distilled water for
24 h, then shaken to pile off the outer film containing AgNPs.
The slurry was recorded using TEM according to the previous
method (Adlim et al., 2004).

The amount of silver attached to the ch-SiG was deter-
mined by wusing the AAS method. AgNPs-[chi-SiG]
(4.9650 g) was transferred into a 250 mL beaker, and 5 mL
of concentrated HNO; was added. The solution was mixed
for 10 min by using a glass spatula. Then, distilled water
(100 mL) was added and mixed thoroughly. The mixture was
boiled until the volume was ~ 30 mL to expel nitric acid diges-
tion gases and dissolve all soluble salts. The solution was then
filtered with a Whatman filter paper (#2) into a 50 mL volu-
metric flask. The distilled water was added to rinse the filter
paper up to 50 mL before AAS analysis.

2.5. Antibacterial property of AgN Ps-[chi-SiG ] against Gram-
positive and Gram-negative bacteria

The antibacterial test was performed by a previous study
(Hidayat et al., 2021). AgNPs-[chi-SiG] antibacterial proper-
ties were tested against S. aureus (Gram-positive) and E. coli
(Gram-negative) by determining the inhibition zone diameters
after exposure to the samples. We used chi-SiG and white-
silica-gel as the control. Bacterial suspension used was 0.5
McFarland standard equal to 1.5 x 10® CFU/mL bacteria
and inoculated on an agar plate of Mueller-Hinton Agar
(MHA). Three granules (AgNPs-[chi-SiG]) were put into a
petri dish that contained MHA and bacterial suspensions. Sim-
ilar procedures were repeated for white-silica-gel beads as con-
trol and chi-SiG. The agar plate was then incubated at 37 °C
for 24 h before measuring the inhibition zone diameters.

2.6. Preparation of air-filter containing AgN Ps-[chi-SiG ] and
simulated-air-filter media

Air-filter was made from pieces of acrylic glass with a length of
14 cm, a width of 10.5 cm, and a thickness of 2 mm (Fig. 1).
This air-filter was coated with a plain tile cloth (14 cm x 10.
5 cm) which has a pore size of =1 mm to cover all sample
granules in the filter, then the prepared AgNPs-[chi-SiG]
(29.470 g) was filled into this air-filter. The filter containing
the AgNPs-[chi-SiG] granules was prepared in two conditions
that are dried and wet conditions. The AgNPs-[chi-SiG] were
sprayed with distilled water before being inserted in the air-
filter chamber (Fig. 2). This treatment was noted as a wet con-



M.I. Hidayat et al.

00000000
00000000
00000000
00000000
00000000
00000000
00000000
00000000
00000000
00000000
00000000
00000000
00000000
00000000

00000000
00000000

00000000
00000000
00000000
00000000
00000000
00000000
00000000
00000000
00000000
00000000
00000000
00000000
00000000
00000000

(a) (b)

Air-filter containing (a) SiG, (b) chi-SiG, and (c) AgNPs-[chi-SiG].

Fig. 1

16 cm

(c)

Information:

1.Smallfan5V

2. Agar plate
contained
bacterial
suspension

3. Air-filter

4. Sterile agar
plate

Fig. 2 Simulated-air-filter media.

dition. Air-filter containing chi-SiG and SiG (as control) were
also prepared for control of antibacterial test, as shown in
Fig. 1. Each air filter was a single layer containing 902
granules.

The simulated-air-filter chamber was made from acrylic
glass (31 cm x 15 cm x 11 ecm) and equipped with a 5 V small
fan (8.8 cm x 9 cm x 3.7 cm). The chamber was in a vertical
position, and the fan was placed at the top. Both air filter, the
chamber media was sterilized using UV light irradiation
(ESCO Airstream) at 250 nm for 30 min. Two agar media were
prepared; one sterile (at the bottom) and the other contained
bacterial suspension (on the top), as presented in Fig. 2. The
fan was turned on to dry and to flow media containing bacte-
ria. The air-containing bacteria passed through the air filter.
The experiment was performed for two days, and the fan
was run for 60 min per day at a velocity of 3.1 m/s. The bac-
teria colony before and after filtering was compared, and bac-
teria stuck on the sterile agar plate was also observed. The
detailed procedure for the bacterial test is described in
Section 2.7.

2.7. Antibacterial property of air-filter containing AgN Ps-[ chi-
SiGJ

The bacterial suspension (1 McFarland standard, which is
equal to 3 x 108 CFU/mL bacteria) was inoculated on an agar
plate of Nutrient Agar (NA) and inserted into the air filter
chamber. Air-filter containing dried AgNPs-[chi-SiG] was
inserted in between B. subtilis agar media and the sterile agar
media. The media was then incubated at 35 °C for 48 h, and

the air was flown from B. subtilis agar media to penetrate
AgNPs-[chi-SiG]. Within the air-filter compartment, a small
fan blew air slowly in the surface agar plate containing B. sub-
tilis bacteria. The agar plate slowly dried, and B. subtilis pro-
duced the spores (Franklin & Clark, 1981). The passing air
containing bacterium spores were flown into sterile agar
media. Then, the number of bacteria colonies before and after
penetrating the air filter was compared. The experiment was
repeated after 24 h and 48 h incubation in the chamber. The
colonies were counted by using colony counter (BISQUIT
Industrial Co.) Similar procedures were carried out for air-
filter containing wet AgNPs-[chi-SiG], air-filter containing
chi-SiG, and air-filter containing SiG (as control) tested
against B. subtilis. The bacteria staining procedure was con-
ducted according to the Gram staining protocol (Gerhardt,
1981). The steps involved the fixation and staining using safra-
nin. If staining gives blue/purple, then the B. subtilis exists. The
spore staining procedure was followed the Schaeffer-Fulton
method by using a malachite green stain, and after the spore
stain, the oval spores stained would be green, and the long veg-
etative cells stained would be red—orange. Both Gram and
spore staining were observed through a microscope.

2.8. Characterizations

UV-visible (UV-Vis) absorption spectra of the chi-AgNPs col-
loidal were registered using a UV—Vis spectrophotometer (Shi-
madzu UVmini-1240, Indonesia). Fourier-transform infrared
spectroscopy (FTIR, Shimadzu IRPrestige-21, Indonesia)
was used to analyze the bonding of synthesized nanoparticles
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with functional groups of chitosan. Binocular microscope
stereo (Olympus SZ61, Indonesia) equipped with an optical
camera (OptiLab, Indonesia) was used to observe SiG, chi-
SiG (original, before, and after immersing with solvents),
and AgNPs-[chi-SiG]. The energy dispersive X-Ray spec-
troscopy (EDS) was carried out on a scanning electron micro-
scope (SEM, JEOL JSM 6360 LA, Indonesia). Ag" content on
AgNPs-[chi-SiG] was detected by atomic absorption spec-
troscopy (AAS, iCE 3000 SERIES, Indonesia). Philip CM 12
transmission electron microscope (TEM) was used to evaluate
the size and shape of AgNPs on AgNPs-[chi-SiG]. The sample
was prepared according to the previous report (Adlim et al.,
2004). Spore and Gram staining were observed under a micro-
scope (Olympus CX-21, Indonesia).

3. Result and discussion

3.1. Preparation and characterization of colloidal chi-AgN Ps

Before immobilization of AgNPs in the air filter, the formation
of chi-AgNPs was studied from the colloidal phase. Silver ions
formed coordination bondings with amino groups (—NH;),
providing lone pair electrons in chitosan chains. Chitosan also
contains lone pair electrons from —OH. Ag™, as soft acid,
prefered to bond with a softer base like N (65 pm of atomic
radius) instead of forming bonding with O (60 pm of atomic
radius). Distributing silver ion with chitosan matrix before
reduction to silver metal proposed to disperse silver metal col-
loidal particles.

The silver ion photoreduction mechanism in methanol has
been described in previous study (Hada et al., 1976). The elec-
trons from methanol (CH3OH) move to silver ions in the pres-
ence of photons. Silver ions are surrounded with CH;OH
molecules noted as a cage. CH;OH transfer e~ to Ag” and
formed Ag, proton and *CH;O radicals

(Ag*,CH;0H) +hv 2 (Ag,HY, *CH;0) e 3)

cage
Then solvent cage gradually decomposed

(Ag,H", -CH;0),,. — Ag+H' +-CH;0 (4)

cage

The methoxy radicals (*CH30) transfer the electron into
other Ag" to form methanal.

—10'
—50'

—20'
045 —60'
= 0.40
<0.35
0.30
0.25
0.20
0.15
0.10
0.05

—70'

Absorbance

400 500 600 700

Wavelength (nm)
(a)

Fig. 3

—30 40'

Ag* + -CH;0 — Ag+ HCHO (5)

The redox reaction is thermodynamically feasible since they
have large different reduction potentials, that are HCHO/CH;-
OH (E°.q = ~—0.45V, SHE) and Ag"/Ag (% = +0.8V,
SHE). Trace of CH;0H and HCHO were all evaporated off at
room temperature since they were volatile with the boiling
point of 64.7 °C and —19 °C, respectively.

During irradiation, the UV—Vis spectra of the colloidal chi-
AgNPs were periodically recorded, and the spectra reached a
maximum after 70 min of irradiation, as presented in Fig. 3
(a). The spectra gradually shifted to a higher wavelength until
a maximum at 580 nm as the plasmon band. According to the
previous adsorption spectra study on large colloidal silver col-
loid in water (Sukhov et al., 1997), the spectra shift might indi-
cate the reducing completion of Ag™ reached nearly maximum
(~90%) and enlarging Ag colloidal particles (20-30 nm). The
UV-Vis absorption spectra exhibited broader absorbance in
60—70 min synthesis time, and the higher absorbance indicated
the greater yield AgNPs. Reduction time also confirmed the
previous studies that found after 60 min irradiation, the col-
loidal Ag spectra nearly maximum intensity (Harada &
Katagiri, 2010). The shifting to a longer wavelength might
indicate the agglomeration of colloidal silver particle size by
reduction time (Paramelle et al., 2014). However, other factors,
including the stabilizer, reducing agent/technique, might affect
the UV-Vis spectra properties of colloidal AgNPs (De
Leersnyder et al., 2020). The agglomeration formation might
be explained by studies conducted by Harada & Katagiri
(2010).

However, these typical chi-AgNPs colloidal absorbance
spectra were consistent with the literature (Matsumoto et al.,
2006; Ifuku et al., 2015). The consequent color changes were
observed from colorless to brown, indicating the production
of AgNPs during the reaction (Zielinska et al., 2009). The spec-
tra were broad and shifted to a higher wavelength along with
irradiation time. The maximum absorbance around 550—
590 nm is comparable with the previous report, especially
when the chi-AgNPs had changed to brown (Ifuku et al.,
2015). Other findings reported the maximum spectra of chi-
AgNPs were between 400 and 500 nm, which is related to
the yellowish color (Adlim, 2006a; Adlim et al., 2021). The
chi-AgNPs brown color and broad spectra might indicate par-

} ==
(b)

(a) UV-Vis spectra of chi-AgNPs colloidal, and (b) TEM image of AgNPs colloidal (scale bar = 100 nm).
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ticle agglomeration, especially after one week of storage. This
is consistent with an earlier report (Adlim, 2006a). The particle
aggregation of colloidal chi-AgNPs in this current study was
confirmed with TEM image, as shown in Fig. 3(b). TEM anal-
ysis revealed that in 70 min of synthesis time, spherical and
mixed morphology (bars and rods) AgNPs within clusters were
formed and showed that chi-AgNPs particles were aggregated
with the mean particle size of 8.5 £ 4.1 nm (Fig. 3b). In some
literature, the particle size of colloidal chi-AgNPs was in
arrange of 4-120 nm (Adlim, 2006a; Chen et al., 2019; Zong
et al., 2014). Thus, the preparation of chi-AgNPs in the pres-
ence of methanol by visible light photo-irradiation gave col-
loidal AgNPs, and the particle started to aggregate after one
week of storage. Rapid nucleation process of particles with a
diameter of ~2.5 nm might occur during irradiation time, then
Ostwald ripening growth for bigger aggregation (~11.5 nm)
and finally dynamic coalescence of large growth particles
(Harada & Katagiri, 2010). Due to considerable energy, the
AgNPs tend to agglomerate leading to a decrease in antibacte-
rial potential, which can be solved by loading AgNPs on a
solid support (Nie et al., 2018) as a promising strategy for syn-
thesis uniformly distributed functionalized AgNPs and it is
described in Section 3.3. The physical properties like size,
shape, and uniform distribution are vital properties that
impact the antibacterial action of AgNPs. As far as shape
and size are concerned, it has been found that smaller
nanoparticles and well distributing are more stable and display
a higher antimicrobial activity (Li et al., 2013).

The chitosan stabilizing properties towards colloidal
AgNPs were related to electron pairs of —OH and —NH,
groups within chitosan chains that interact with Ag" prior
to the chemical reduction process (Hang et al., 2010; Huang
et al., 2004; Reicha et al., 2012; Twu et al., 2008). We
attempted to prove the interaction by FTIR method, but the
specific band was not very noticeable, as shown in Fig. 4.

The observed band at 3401.61 cm™! (chitosan) was shifted
to 3424.76 cm™' (chi-AgNPs) and is ascribed to the valence
vibrations (stretching) of O—H and N—H intramolecular
hydrogen bonds (Ghaseminezhad et al., 2012; Senthilkumar
et al., 2017) which reflected the presence of interactions
between Ag, and N atoms of —NH, groups. The band alter-

ation is comparable to previous reports on chitosan-AgNPs
(Nate et al., 2018; Dara et al., 2020).

3.2. Coating and characterization of chitosan-coated white-
silica-gel beads (chi-SiG)

We learned from our previous work that simultaneous prepa-
ration of colloidal-metal-nanoparticles and the immobilization
process (in-situ process) on the solid support was not prefer-
able. We found that when chitosan film covered up the surface
metal-nanoparticles this subsequently caused the AgNPs to be
less accessible and had low catalytic activity (Adlim, 2006b).
Therefore, the white-silica-gel beads (SiG) were prepared by
coating with chitosan film to enhance the surface stickiness
and provide sites for Ag" prior to the immobilization of
AgNPs. By which, AgNPs were dispersed and stabilized.

Three layers of chitosan coating on SiG were observed
using binocular microscope stereo and SEM. The microscope
images of SiG (control) and chi-SiG are displayed in Fig. 5.
The chitosan film was very thin (12.24-57.14 um) and trans-
parent yellowish, and it surrounded the SiG surface
(Fig. 5b). At higher magnification, the chitosan film surface
on SiG looks wrinkled (Fig. 5c), while the SiG surface was
smooth (Fig. 5a).

A closer appearance of the chitosan layer is presented in the
SEM pictures (Fig. 6). The surface morphology at low magni-
fication (500x) showed several thin layers of chitosan film
wrapped around the surface of SiG (it is shown by the red
arrows in Fig. 6a). This is consistent with the preparation pro-
cess where SiG was coated with three layers of chitosan film.
At higher magnification (5000 x), the chitosan microfibril, with
a diameter of approximately 5 pum covering the SiG surface,
can be observed in detail (as shown by the red arrows in
Fig. 6b). The existence and morphology of chitosan layers con-
firmed an appropriate template for the incorporation of
AgNPs. Further confirmation of chitosan-coated SiG was
achieved using EDS analysis that the presence of 27.02 mass
% carbon was contributed from chitosan polymers, and Si
was from silica beads.

The dried-chitosan layer on chi-SiG was immersed into the
various solvents to investigate the extent to which the dried-

346t:61
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Fig. 4

FTIR spectra of chitosan and chi-AgNPs.
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Fig. 5 Microscope images of cross-section of (a) SiG with 13 x magnification, (b) chi-SiG with 13x magnification, and (c) chi-SiG with

20 x magnification.

1aky

(b)

Fig. 6 SEM images of chi-SiG with (a) 500 x magnification, and (b) 5000 x magnification.

chitosan layer is stable. Microscope images of the chi-SiG after
immersion in methanol, distilled water, and 1.5% (v/v) acetic
acid are displayed in Table 1. Table 1 showed that compared
to control and the other solvents (distilled water and acetic
acid), methanol destroyed the coating less and became the
appropriate solvent for immobilization of chi-AgNPs.

The coating stability was confirmed from the swelling test
of chi-SiG, as presented in Table 2. Table 2 showed that all
the solvents caused chi-SiG to swell with swelling properties
of 5.23+£2.8,31.50 + 14.0, and 18.87 £ 9.4 for methanol, dis-
tilled water, diluted-acetic acid, respectively. The chi-SiG
swelled excessively in distilled water, and chi-SiG swelled and
destroyed the chitosan coating in a diluted acetic acid solvent.
Only 30.3% of the chitosan coating remained, while the rest
dissolved (weight loss) in the acetic acid (Pardo-Castaiio and

Bolafios, 2019). The swelling is less in methanol, only 2.32—
7.83% and no chitosan dissolution occurred, consistent with
the microscope images shown in Table 1. Hence, methanol
did not destroy the chitosan coat. Therefore, methanol was
chosen as the solvent for the immobilization process. This find-
ing is consistent with the previous report (Hidayat et al., 2021).

3.3. Immobilization and characterization AgNPs on chi-SiG to
form AgNPs-[chi-SiG]

Immobilization of AgNPs on chi-SiG, which is then symbol-
ized as AgNPs-[chi-SiG] was evaluated by observing the sur-
face through SEM, and the particle size was evaluated by
TEM. The SEM images of AgNPs-[chi-SiG] presented in
Fig. 7 show that the surface was different from chi-SiG both
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Table 1 Observation results of immersion chi-SiG in various solvents through binocular microscope stereo with 13 x magnification.

Solvent

Before immersion

After immersion

Methanol

Distilled water

1.5% (v/v) acetic acid

200pm

200pm

200pm

P

(

200pm

- 200pm

200pm

Table 2 The results of swelling property and chitosan solubility in various solvents using gravimetric method.

Solvent No. M, (g) M, (g) M; (g) Wy (%) W (%) Chi loss (Wt%)
Methanol 1 0.047 0.051 0.047 7.84 - 0
0.034 0.036 0.034 5.55 - 0
3 0.042 0.043 0.042 2.32 - 0
mean 523+2.8
Distilled water 1 0.055 0.081 0.055 47.27 - 0
2 0.030 0.041 0.030 26.83 - 0
3 0.039 0.049 0.039 20.41 - 0
mean 31.50+14.0
1.5% (v/v) acetic acid 1 0.033 0.046 0.032 28.26 30.30 69.7
2 0.030 0.037 0.029 18.92 30.30 69.7
3 0.053 0.058 0.052 9.43 30.30 69.7
mean 18.87+9.4

(b)

aoa1 i

Fig. 7 SEM images of AgNPs-[chi-SiG] with (a) 500 x magnification, and (b) 5000 x magnification.
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at low and high magnification (Fig. 6). Fig. 7(b) showed the
number of white aggregates with a size of ~ 1-3 pm that might
represent of AgNPs assemble. The aggregates are contrasting
from the chitosan layer (Fig. 8b). Immobilized AgNPs on
chi-SiG to form AgNPs-[chi-SiG] was confirmed.

After immersing AgNPs-[chi-SiG], the slurry was analyzed
by TEM measurement, and the represented image is shown in
Fig. 8(a). The TEM image of AgNPs of AgNPs-[chi-SiG] was
different from the colloidal chi-AgNPs (Fig. la). Unlike the
colloidal nanoparticles, TEM analysis revealed uniformly
spherical AgNPs with fine dispersion (Fig. 8a) and slightly lar-
ger particles with a diameter mean of 13.18 £+ 6.9 nm (Fig. 8b).
It is worth understanding that the antibacterial efficiency of
AgNPs is strongly influenced by their stabilization on given
support. The stabilizer prevents particles from agglomeration,
which affects the biocidal activity. This study confirmed that
AgNPs on chi-SiG are stable without precipitation, dispersed
particles without excessive aggregation. The stability is related
to the chitosan role in the composite (Ranjani et al., 2019). The
different sizes and shapes might correlate with the immobiliza-
tion technique. AgNPs in colloidal (chi-AgNPs) was inside of
chitosan matrix, and all AgNP surfaces were covered with chi-
tosan solution. The different phenomenon occurs in AgNPs-
[chi-SiG] sample. The Ag ions were previously impregnated
on the surface of the [chi-SiG] (solid), then Ag ions were sub-
sequently reduced to form silver metal nanoparticles (AgNPs).
Such sequence preparation makes AgNP surface assessable for
bacteria interaction. This finding verified the previous study of
immobilization of chi-Pd/Au on titania (Adlim & Bakar,
2013). Therefore, this stepwise-immobilization technique was
confirmed as the appropriate method. This solid system also
promises several advantages, including compatibility on sepa-
ration, regeneration, storage, and lower cost. According to
AAS data, the mean of silver weight in each granular of
AgNPs-[chi-SiG] was 0.0135 mg or 0.4028 mg per gram of
AgNPs-[chi-SiG] granular.
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3.4. Antibacterial property of AgNPs-[chi-SiG] against Gram-
positive and Gram-negative bacteria

Before AgNPs-[chi-SiG] granules were assembled as an air fil-
ter, the antibacterial properties of AgNPs-[chi-SiG] granules,
chi-SiG and SiG as the control were studied against S. aureus
and E. coli bacteria. As shown in Fig. 9, all samples exhibit an
inhibition zone against both types of bacteria except SiG with-
out chitosan coating. The chitosan content in chi-SiG caused
chi-SiG to have antibacterial properties, but the number of chi-
tosan layers did affect, as shown in Table 3. The chi-SiG seems
to have higher antibacterial properties than AgNPs-[chi-SiG].
This might be related to the hydrophilic effect. Chitosan layer
swells in water (agar system), then antibacterial effect diffused
ecasily. In the case of AgNPs-[chi-SiG], the low hydrophilicity
of AgNPs-[chi-SiG] might be retard the effect in agar media.
The antibacterial properties would not diffuse as easily in the
agar system and subsequently have less effect on the bacteria.
Therefore, AgNPs-[chi-SiG] was not significantly different
from only chitosan content. The AgNPs content in the exper-
iment was very low (<0.04 mg), and AgNPs are insoluble in
water. The inhibition zone diameter of AgNPs-[chi-SiG]
against S. aureus and E. coli were 15.40 mm and 14.38 mm,
respectively.

The effect of chitosan on bacteria inhibition growth might
be explained based on the interaction of the amino groups of
chitosan with the bacteria cell wall. It would increase cell mem-
brane penetrability that caused intracellular components to
leak, disrupting respiration and preventing nutrients from
entering the cell wall (Chien et al., 2016; Chang et al., 2019).
Chitosan could cause the rupture of the cell membrane
(Wang et al., 2021). However, some studies reported that neat
chitosan film might not be effective over a longer period. Their
surface tends to saturate with dead bacteria cells and lose their
inhibition activity (Ardila et al., 2017).

Some reports indicated that silver with a spherical shape of
silver nanostructure exhibited high antibacterial effectiveness
against  Gram-positive and  Gram-negative  bacteria

Mean = (13.184+6.9) nm

—
?
=
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s
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Fig. 8 TEM analysis (a) image of AgNPs (scale bar = 50 nm), and (b) particles size distribution of AgNPs.
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Fig. 9
coating 3 x, (4) AgNPs-[chi-SiG], and (5) SiG (control).

Table 3

(b)

Inhibition zone of chi-SiG tested against (a) S. aureus (b) E. coli; (1) chi-SiG coating 1 x, (2) chi-SiG coating 2 x, (3) chi-SiG

Inhibition zone diameter of prepared materials against Gram-positive (S. aureus) and Gram-negative (E. coli) bacteria.

Bacteria Material

Inhibition zone diameter (mm) (mean + SD)

chi-SiG coating 1 x
chi-SiG coating 2 x
¢chi-SiG coating 3 x
AgNPs-[chi-SiG]
SiG as control
chi-SiG coating 1 x
chi-SiG coating 2 x
chi-SiG coating 3 x
AgNPs-[chi-SiG]
SiG as control

Staphylococcus aureus

Escherichia coli

14.35 + 0.12
15.45 + 0.24
16.70 + 0.29
15.40 + 0.37
13.50 + 0.48
15.14 £+ 0.02
16.43 £+ 0.09
14.38 £ 0.06

All experiments were performed in triplicates and reported as mean + standard deviation (SD).

Table 4 Observation results of colonies using a colony counter for all filters.

Filter The number of initial colonies (before  Incubation The number of final colonies Inactivation
filter penetration) time (h) (after penetration) rate (%)

SiG 373 24 8 97

48 52 86
chi-SiG 325 24 1 99.7

48 15 95.4
AgNPs-[chi-SiG] 339 24 0 100

48 4 98.8
AgNPs-[chi-SiG] contained 361 24 0 100
1.027% water 48 0 100

(Ashkarran et al., 2013; Agnihotri et al., 2014; El-Zahry et al.,
2015), so this is reasonable to use the synthesized AgNPs-[chi-
SiG]. Due to the high surface to volume ratio, the smaller-sized
nanoparticles released more silver cations and, thus, proved
more effective in killing bacteria than larger-sized particles.
The smaller spherical AgNPs showed good inhibitory action
because a significantly large surface area was in contact with

the bacterial effluent compared to larger spherical AgNPs
(Raza et al., 2016). When AgNPs are delivered as antibacterial,
they get oxidized and release the Ag™ ion responsible for the
microbe’s death. It is known that bulk silver metal has high
reduction potential (E°Ag™ /Ag = +0.8 Volt), indicating inert
enough for oxidation, but the nano-size silver metal performs
inversely. The AgNPs (Ag°) is slowly oxidized to Ag™. The
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Table 5

Images of colonies observation after through the filters.

Filter contents

Incubation time (24 h)

Incubation time (48 h)

SiG

chi-SiG

AgNPs-[chi-SiG] (dried)

AgNPs-[chi-SiG] (wet) contained 1.027% water

antibacterial effect is related to the interaction of AgNPs with
sulphur-containing proteins in the bacteria cell membrane.
AgNPs would infiltrate the cell interior and disrupt its normal
metabolism (Duran et al., 2016). The difference in inhibition
zone diameter between Gram-positive and Gram-negative bac-
teria (presented in Table 3) may be attributed to the antibacte-
rial activity against S. aureus, which is superior to that of
E. coli due to the difference in their cell wall structures. The cell
walls of Gram-negative bacteria are multilayer structures,
which contain a thin peptidoglycan layer, lipoprotein layer,
phospholipids, or lipopolysaccharide layer. These complex
layer structures weakened the interaction between chitosan/
AgNPs and cells (Siripatrawan & Vitchayakitti, 2016). Mean-
while, the cell walls of Gram-positive bacteria are composed of

a thick but single peptidoglycan layer, so it easily interacts with
chitosan/AgNPs. Therefore, a higher amount leaked through
S. aureus membranes compared to those through the E. coli
membranes, suggesting that the antibacterial sensitivity
towards Gram-negative E. coli was lower than that of Gram-
positive S. aureus, and this result was consistent with the pre-
vious studies (Xu et al., 2019; Cheng et al., 2019).

3.5. Antibacterial property of air-filter containing AgN Ps-[ chi-
SiGJ

Each of AgNPs-[chi-SiG], chi-SiG, and SiG granules were
assembled to become a filter panel inserted in a simulated-
air-filter chamber, as shown in Fig. 2. Since only Bacillus sub-
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(c)

(d)

Fig. 10  Microscopic images of B. subtilis (a) spore stain after through SiG filter, (b) spore stain after through AgNPs-[chi-SiG] filter, (c)
Gram stain after through SiG filter, and (d) Gram stain after through AgNPs-[chi-SiG] filter with 1.000 x magnification using a

microscope.

tilis produced spores flown in the air by a fan in the air-filter
chamber, the experiment was limited to Gram-positive bacte-
ria (Basta and Ammaraju, 2021). When the agar-petri-dish
containing B. subtilis was blown by a small fan, then the
humidity slowly decreased. Subsequently, B. subtilis became
stressed and produced endospores that were flown to penetrate
the filter (Errington, 2003).

The number of bacteria colonies before and after penetrat-
ing the AgNPs-[chi-SiG] filter panel were compared. The num-
ber of the colonies Bacillus subtilis is presented in Table 4. The
microscope images of the colonies are presented in Table 5.
Table 4 show several initial colonies (before penetration of
the filter) were 372 colonies. The colony remained 8 and 52
after penetration of SiG filter during incubation of 24 and
48 h, respectively. Unlike in agar media test, AgNPs-[chi-
SiG] show remain higher antibacterial properties than the chi-
tosan coating only. The colony was reduced to 1 and 15 after
penetration of chi-SiG filter during incubation time 24 and
48 h. The colony disappeared after penetrating the dried
AgNPs-[chi-SiG] filter, although there were 4 colonies still
existed after 48 h of incubation times. The air was sterile from

the bacteria after filtering with the wet AgNPs-[chi-SiG]. The
strength of AgNPs was due to their higher bacteriostatic and
bactericidal properties. Thereby, nanoparticles were trusted
as a preventive agent for bacterial contamination in prolong-
ing activity (Mathur et al., 2018; Angulo-Pineda et al., 2019;
Khorrami et al., 2020).

Fig. 10 confirmed the existing flown-endospore, and the
reduction of colony intensity was also verified after penetration
of the filters. Fig. 10(a) showed many spores and vegetative
cells after penetration of the SiG filter. Such morphology indi-
cated that these cells were alive and metabolically active. The
morphology was different after penetration of the AgNPs-
[chi-SiG] filter. The spores were not found inside the vegetative
cells (Fig. 10b). AgNPs might induce process sporulation in B.
subtilis cells. The spore development depends on the expression
and phosphorylation level of transcription factor and regula-
tor Spo0A ~ P, which is responsible for the activation of sub-
sequent sporulation genes (Eymard-Vernain et al., 2018).
Based on the observation of spore staining, it can be hypothe-
sized that the existence of AgNPs is necessary to stop the
sporulation process by inhibiting protein synthesis. Fig. 10(c)
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impregnated silver ion and silver reduction, and (b) the graphical abstract of air filter containing AgNPs-[chi-SiG] and the antibacterial

experimental set-up.

shows Gram staining of the existing colonies after entering the
SiG filter. SomeB. subtilis bacteria were still alive and had reg-
ular shapes (Fig. 10c). After filtering with the AgNPs-[chi-SiG]
filter, the cells were shrunk and had an unusual color
(Fig. 10d). These results confirmed AgNPs on the filter that
acted as an antibacterial agent, so it is effective in reducing air-
borne bacteria. This finding is also consistent with previous
studies on B. subtilis that showed AgNPs initiate the sporula-
tion and also inhibit the cell growth of B. subtilis bacteria
(Gambino et al., 2015; Rafinska et al., 2019). Although the
mechanisms underlying the antibacterial actions of silver are
still not fully understood, several previous reports showed that
the interaction between silver and the constituents of the bac-
terial membranes cause structural changes and damage to the
membranes and intracellular metabolic activity (Roy et al.,
2019; Behzad et al., 2020).

Some studies have shown that smaller spheres AgNPs have
been associated with increased antibacterial activity by the
release of many Ag™ (El-Zahry et al, 2015; Fan et al., 2021).

Using Ag" directly is not preferable due to excessive disso-
lution and early loss of bacterial activity (Korshed et al., 2018).

In contrast, the bulk silver metal is inert enough to release ion
Ag™. AgNPs with slow-release Ag ™ shows effective antibacte-
rial properties. Since AgNP is relatively expensive, then immo-
bilizing it in silica gel beads gave several advantages. It will
disperse  AgNPs on the surface and stabilize AgNPs
(Karunamuni et al., 2016). Also, it prevents airflow blockage
when applied in an air filter. Chitosan/silica phase decorated
by AgNPs has been reported to be an effective antibacterial
application (Nie et al., 2018; Zienkiewicz-Strzatka et al.,
2019; Abaza et al., 2021), but AgNPs are not immobilized in
silica gel beads, and the synthesis took a long time and needed
specific equipment. The present work established a simple,
rapid, low-cost, and environmentally friendly synthesis of
AgNPs-[chi-SiG]. As a template for nanoparticle attachment,
chitosan coats on white-silica-gel beads can notably enhance
the antibacterial activity of AgNPs. Chitosan functioned as
the stabilizer (Kumar-Krishnan et al., 2015). Silica gel beads
dispersed the silver metal particles on the surface and pre-
vented airflow blockage in the air filter operation. Therefore,
the AgNPs-[chi-SiG] investigation in the agar well diffusion
method (against S. aureus and E. coli) and in the simulated-



14

M.I. Hidayat et al.

air-filter (against B. subtilis) was effectively acted as antibacte-
rial material. The coating of white-silica-gel beads with chi-
tosan film, swelling of the chitosan films, the impregnating of
silver ions on chitosan film, and the reducting of silver ions
are illustrated in Fig. 11(a). The air filter model containing
AgNPs-[chi-SiG] and the experimental set-up of antibacterial
test in simulated polluted air are modelled in Fig. 11(b).

4. Conclusion

Preparation and immobilization of AgNPs on a solid support and the
installation on antibacterial-air-filter were confirmed as the suitable
procedure to give a compatible and green product with high antibacte-
rial activity. The visible irradiation on chitosan containing silver ions
in the presence of methanol was confirmed as the silver reduction tech-
nique for colloidal AgNPs. Methanol was easily removed by evapora-
tion, and the rest were nonharmful materials. The stepwise
immobilization method gave dispersed and nano-size silver metal
(solid). The chitosan coat functioned well as the stabilizer and the
adhesive for AgNPs. Both chi-SiG and AgNPs-[chi-SiG] inhibited
the surface adhesion of both Gram-positive (S. aureus) and Gram-
negative (E. coli) bacteria within agar media. Air filter containing
AgNPs-[chi-SiG] showed high antibacterial performance against
B. subtilis in air.
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