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ABSTRACT: An easy and environment-friendly route for
antibacterial coating suited for mobile phone glass protectors was
successfully demonstrated. In this route, freshly prepared chitosan
solution in 1% v/v acetic acid was added with 0.1 M silver nitrate
solution and 0.1 M sodium hydroxide solution and incubated with
agitation at 70 °C to form chitosan-silver nanoparticles
(ChAgNPs). Varied concentrations of chitosan solution (i.e., 0.1,
0.2, 0.4, 0.6, and 0.8% w/v) were used to investigate its particle
size, size distribution, and later on, its antibacterial activity.
Transmission electron microscope (TEM) imaging revealed that
the smallest average diameter of silver nanoparticles (AgNPs) was
13.04 nm from 0.8% w/v chitosan solution. Further character-
izations of the optimal nanocomposite formulation using UV−vis
spectroscopy and Fourier transfer infrared spectroscopy were also performed. Using a dynamic light scattering zetasizer, the average
ζ-potential of the optimal ChAgNP formulation was at +56.07 mV, showing high aggregative stability and an average ChAgNP size
of 182.37 nm. The ChAgNP nanocoating on glass protectors shows antibacterial activity against Escherichia coli (E. coli) at 24 and 48
h of contact. However, the antibacterial activity decreased from 49.80% (24 h) to 32.60% (48 h).

1. INTRODUCTION
Bacterial infections are a globally concerning issue affecting
health and safety, morbidity, and mortality. These infections
can be transmitted through inanimate objects or gadgets that
carry bacteria and viruses. One of these indispensable gadgets
is mobile phones, which have a high-touch surface and can be a
reservoir of disease-causing microorganisms and, thus, a high-
potential source of transmission.1,2

The growing role of mobile phones in causing bacterial and
viral infections is alarming. For example, a study showed that
about 91.7% of 192 swabbed mobile phones showed bacterial
contamination in a community setting.1 On the other hand,
62.0% of 400 tapped mobile phones from varied communities
such as schools, food stalls, public offices, and hospitals showed
bacterial contamination, with food vendors having the highest
contamination rate.2 A review in the hospital reported that
10−100% of mobile phones sampled were contaminated
according to 39 studies worldwide, including countries such as
India, Nigeria, and the United States, among others, between
2005 and 2013, totaling 4876 samples.3 Staphylococcus aureus
(S. aureus) was cited as the most prevalent bacterial species
found on the mobile phone surface in both community and
hospital settings. Escherichia coli (E. coli) is also among those
found in both settings. These pathogens, if not disinfected, can
permeate dry surfaces for several months.4

Disinfection is one of the measures used to mitigate these
microorganisms’ spread on surfaces and decrease such
contamination. Several strategies with various pathogen-killing
formulations have been studied for their disinfection proper-
ties. The most popular tools and technologies for electronic
gadget disinfection devices include sanitizer sprays, self-
cleaning coatings, disinfectant wipes, and even UV light
sanitizing devices. The use of alcohol and alcohol-based
disinfectants has excellent potential to kill bacteria and viruses
on human skin. The antibacterial mode of action of alcohols is
done by the denaturation of proteins found in bacteria.5

Furthermore, around 70% alcohol concentration suffices in
disinfecting electronic devices.

Another disinfection alternative is the use of self-cleaning
protectors for mobile phones. These screen protectors can
come as plastic films or as tempered glass. Screen protectors
are applied to mobile phones to save costs from repairing
broken screens and improving screen durability.6 One of the
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most widely used screen protectors for mobile phones is the
tempered glass type due to its durability, scratch resistance,
and embedded antifingerprint technology. Aside from
enhancing mobile phone mechanical properties, screen
protectors are used to disinfect gadgets by incorporating
antibacterial and antiviral coatings. The most commonly used
coating materials are titanium dioxide (TiO2) photocatalytic
(or light-activated) coating, copper-based coating, reactive
oxygen species (ROS)-based coating, and quaternary-ammo-
nium compounds (QACs). These coatings are embedded or
applied onto screen protectors, which may come as plastic film
or tempered glass. While there have been available commercial
self-cleaning glass protectors, they showed little to no effect on
their antibacterial activity. Titanium dioxide is used as a
coating on surfaces in intensive care units and was observed to
not affect microbial colonization on such surfaces.7 QAC, on
the other hand, induces a rapid decrease in the bacterial count
only after 72 h. Consequently, excess or deficiency of the
copper-based material can be lethal and hard to clean.7−9

One of the sought-after nanoparticles with antibacterial
properties are silver nanoparticles (AgNPs). Compared to
other metal nanoparticles, AgNPs are better in antibacterial
activity and stability. AgNPs are much-favored metal nano-
particles due to their higher antibacterial activity compared to
other metal nanoparticles with fewer oxidation aftermaths.10,11

Investigations have shown that silver nanoparticles exhibit
antibacterial activity against Gram-negative and Gram-positive
bacteria. Among them include Staphylococcus aureus (S.
aureus), Escherichia coli (E. coli), Candida albicans,12,13

Klebsiella pneumoniae (K. pneumoniae),13 multiple antibiotic-
resistant (MAR) Klebsiella pneumoniae,14 Enterococcus faecium,
Pseudomonas aeruginosa, and Staphylococcus epidermis.13

Unlike other chemical agents, such as borohydrides and
hydrazine, which are detrimental to the environment and
health, green reagents are used to reduce risks.15 Toxic-
reducing reagents have often been utilized in the chemical
synthesis of metal nanoparticles, making them impractical for
biomedical applications.16

The applications of silver nanoparticles have brought about
numerous innovations, such as in medical instruments, infant
products, cosmetics, and food coatings, including using these
nanoparticles on glass surfaces.17 The study of Hofmeister et
al. noted the stability of AgNPs embedded in glass under
various fabrication techniques.18 Pallavicini et al. assessed the
antibacterial activity of AgNPs on glass. Nanoparticles were
found firmly grafted onto the glass surface even after four
weeks.19

A decimal-log reduction rate of 4.93 against E. coli was
achieved after 5 h of contact with the AgNPs, while the
identical particles obtained a rate of 5.54 against S. aureus after
24 h.19 By European Standard EN 13697, an acceptable
microbicidal activity is a decimal-log reduction rate of at least 4
after 5 min of contact.

However, one of the challenges in the use of nanoparticles is
the selection of a suitable reagent and other auxiliaries in
consideration of environmental friendliness and low toxicity.20

One of the ways in the metal-ion reduction process is by using
biocompatible and environment-friendly biopolymers that can
be extracted from natural resources.20

On the other hand, biological approaches are preferred to
overcome drawbacks such as excessive cost and environmental
and biological hazards posed by using toxic, hazardous

chemicals from the chemical and physical synthesis of
AgNPs.21

One novel biological approach is the use of a natural
polysaccharide, chitosan. This biopolymer is often used to
reduce metal nanoparticles and does not introduce environ-
mentally toxic and biological hazards.22 Several studies have
reported chitosan as an effective reducing reagent in synthesiz-
ing silver and gold nanoparticles.16,22,23 In the presence of
chitosan, the reduction of Ag+ ions to Ag0 can occur at room
temperature owing to the free electron provided by the
oxidation of alcohol or glucoside groups in the chitosan
molecule. Furthermore, when the reaction temperature is
increased, the reduction reaction occurs faster.16 Many studies
have confirmed the application of chitosan-silver nano-
composites (ChAgNPs) in food coatings, antimicrobial
coatings, packaging, and other applications.24−29 Studies have
shown that chitosan can be used as a multifunctional template
as both a reducing agent and a stabilizing agent in synthesizing
the chitosan-silver nanocomposite. Such a multifunctional
template is possible due to carbohydrate and amino group
polymers acting as reducing and stabilizing agents for metal
nanoparticles.12,30,31 This polysaccharide chitosan is an
attractive template for metal nanoparticles because of its
availability, biocompatibility, and highly positive charge.

Although chitosan is known for its metal nanoparticle ability
to reduce and stabilize metal ions to nanoparticles, there are
limited studies observing the relationship between chitosan
concentration and AgNP size. It is essential to know such a
correlation as it affects the stability and the risk of aggregation
depending on the agent used in the nanocomposite synthesis.
This preserves the nanostructure properties such as morphol-
ogy and composition and, in turn, its efficiency upon
application. The group of Venkatesham et al. observed that
the absorbance value at the 420 nm wavelength peak increases
as the concentration of chitosan increases, indicative of the
increased efficiency in nanoparticle synthesis.32 The study of
Nate et al. shows the synthesis of ChAgNPs that occurs at 0.5,
1.0, and 2.0% w/v chitosan concentrations. TEM reveals that
the smallest average nanoparticle size was measured at 2 nm,
using 2.0% w/v chitosan concentration.23 Thus, chitosan
concentration can contribute to the generation of smaller
nanoparticle sizes.

In connection, size can affect the antibacterial activity of the
nanocomposite, wherein decreasing the particle size of the
substance results in improved antibacterial properties.33 Gram-
positive bacteria have a cytoplasmic membrane and a cell wall
thickness of 20−28 nm. Meanwhile, Gram-negative bacteria
have two-cell membranes with 7−8 nm thickness. To strike
through the nucleus of the bacteria, a substance as minor as its
thickness is required to pass through and damage the bacteria
cell, causing the elimination or death of the microorganism.34

Thus, it is crucial to control the size of the nanoparticle
through the synthesis process and the factors that affect such a
reaction. The relationship between particle size and anti-
bacterial activity can be seen in the study of Raghupathi et al.
on zinc oxide nanoparticles (ZnONPs). It was observed that
the recovered viable cells increased as the particle size
increased, which suggests that more significant inhibition is
significantly observed at tiny nanoparticle sizes.35 The same
phenomenon was observed in the study of Martiǹez-Castañoń
et al. for AgNPs with gallic acid as its reducing agent. Results
showed that at 7 nm diameter, a poor minimum inhibition
concentration (MIC) was observed for E. coli and S. aureus
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bacteria.33 These studies prove that the smallest possible
nanoparticle made in the synthesis is the optimal candidate for
antibacterial activity and shall be used for assessment during
application. Another factor to consider in assessing the
antibacterial activity of nanomaterial coatings is contact time,
that is, the duration in which the surface is in contact with the
bacteria to kill the latter. It serves as an indicator of the efficacy
of the material in being an antibacterial agent.36 Minimal
studies have been made in investigating ChAgNPs as an
antibacterial coating on glass surfaces and the contact time
needed for it to exhibit microbial activity.

In this study, two objectives were targeted. The first is to
investigate the effect of chitosan concentration on nanoparticle
size during the reduction using a silver ion precursor. The
second is to assess the antibacterial activity of the optimal
nanocomposite as a mobile phone glass protector coating
against Gram-positive S. aureus and Gram-negative E. coli at
contact times of 24 and 48 h.

2. EXPERIMENTAL METHODS
2.1. Materials. Silver nitrate (AgNO3) solids (99.0%

purity, Sigma-Aldrich, St. Louise, Missouri) were used as
precursor materials for the synthesis of the metal nanoparticle.
Through a local supplier, the following reagents were
purchased: high-molecular-weight (HMW) chitosan powder
(≥75% degree of deacetylation, Sigma-Aldrich, St. Louise,
Missouri), glacial acetic acid solution (Ajax, Sydney, Australia),
and anhydrous sodium hydroxide pellets (≥97% purity,
HiMedia, Mumbai, India). The glass protectors used were
Samsung A12 camera lens glass protectors with dimensions 2.5
cm × 2.5 cm purchased from a local store in Cebu, Philippines.

The bacterial cultures that were used for the antibacterial
assay were S. aureus and E. coli. These were grown in nutrient
broth and agar. Saline solution (0.9% w/v sodium chloride in
distilled water) was used as a dilution and recovery medium
during the assay.

2.2. Sterilization of Apparatus, Glassware, Films, and
Workplace. Prior to the coating procedures and the
antibacterial assay, sterilization procedures were conducted.
This step is vital to all microbial studies to prevent
contamination by unwanted pathogens.

Glass protectors and apparatuses (such as Petri dishes,
forceps, and pipette tips) used in the coating procedures were
sterilized in an autoclave at 121 °C for 15 min. They were kept
wrapped and covered prior to use. On the other hand,
apparatuses (such as Petri dishes, culture tubes, forceps,
inoculation loops, and pipettes) used in the antibacterial assay
were decontaminated in an autoclave at 121 °C for 30 min.
These were then cleaned with liquid soap, rinsed with tap
water, and then rinsed with distilled water. Once dried, they
were wrapped with thick paper and sterilized again at 170 °C
for 120 min. These were also kept covered prior to use. The
workplace surface was wiped with a disinfectant solution and
then with 70% isopropyl alcohol. The room was thoroughly
cleaned and sprayed with disinfectant spray.

For the duration of the experiments, aseptic techniques were
also practiced. Mainly, these were (1) proper use of sterile
gloves, (2) regular hand disinfection, (3) torching of forceps in
between the handling of different samples, (4) limiting the
exposure of media to open air (i.e., keeping Petri dishes and
culture tubes containing media closed when not in use), and
(5) keeping apparatuses covered prior to use.

2.3. Synthesis of ChAgNPs. Glacial acetic acid (1% w/v)
was used to dissolve HMW chitosan powder to obtain 0.1, 0.2,
0.4, 0.6, and 0.8% w/v chitosan solutions. The prepared
solutions were then transferred to an Erlenmeyer flask and
agitated for 1 h at 40 °C in an incubator shaker at a speed of
150 rpm. The solution was then cooled to ambient
temperature before the conduct of reduction synthesis.

The reduction of silver ions to silver nanoparticles using
chitosan was adapted from the modified experimental
procedures by Kalaivani et al. and by Dara et al.37,38 Five
milliliters (5 mL) of the prepared AgNO3 solution and two
milliliters (2 mL) of freshly prepared 0.1 M NaOH solution
were added to the chitosan solution. The prepared samples
were then agitated in an incubator shaker for 6 h at 70 °C and
150 rpm. The prepared samples were transferred to amber
bottles and stored in a dark, ambient area to mitigate
photooxidation.

2.4. Particle Imaging and Size Analysis. Five milliliter
aliquots of each produced concentration sample were obtained
from the ChAgNP solution samples produced. The samples
were sonicated at a frequency of 35 Hz for 10 min and were
diluted at a 1:1 ratio with deionized water to mitigate
interference of the polymeric material to the electron beam,
which can cause unviewable images upon microscopy. The
diluted samples were drop-cast onto a Ted Pella 01811 C/B
200 mesh Cu film and air-dried. Later, the dried cast films were
viewed under a JEOL JEM-2100F field emission transmission
electron microscope (FE-TEM) at 200 volts and a
magnification of ×150,000.

The generated TEM image of each sample was then
subjected to image processing using ImageJ software for the
determination of diameter size measurement as performed in
previous studies on nanocomposite particles.39,40 The expected
image must result in a scale of 1:50 nm. The recorded data for
each sample were then evaluated in a normal distribution, and
the average nanoparticle diameter and standard deviation were
calculated.

Based on the results, a selection among the produced
ChAgNPs was done. Based on the trend from size imaging, the
obtained samples were examined to check whether the average
nanoparticle size falls within the definitive nanoparticle size
range of 1 to 100 nm. The optimal formulation was then used
for further characterization using UV−vis spectroscopy,
Fourier transfer infrared (FTIR) spectroscopy, and ζ-potential.

2.5. Nanoparticle Presence and Optical Properties via
UV−Vis Spectroscopy. The ChAgNP nanocomposite at
optimal chitosan concentration was examined under a UV−vis
absorbance spectrometer (SHIMADZU UV-1900i, Japan).
Aliquots of the optimal formulation, the one with 0.8% w/v
chitosan concentration, were placed in a 1 cm quartz cuvette.
Spectroscopy was done at a spectrum of range of 200−900 nm
and was performed under ambient temperature.

2.6. Chemical Bond Composition via FTIR. FTIR
analysis was used to confirm the identity of the nanocomposite
by identifying the presence of molecular bonds in the
formation of the nanocomposite. Further investigation was
made under a diffused reflective FTIR (Perkin Elmer spectrum
100, USA) with attenuated total reflectance (ATR). The
sample was studied such that the spectrum ran at 10 scans,
with each scan running in the range of 4000−600 cm−1 with a
resolution of 0.09 cm−1. The liquid sample was deposited using
a dropper and was not dried prior. After each use, hexane was
used to clean the sample surface.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.3c00191
ACS Omega 2023, 8, 17699−17711

17701

http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c00191?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


2.7. ζ-Potential and Particle Size Distribution via
Dynamic Light Scattering (DLS). The optimal formulation
was further examined for particle size distribution and ζ-
potential using the nanoPartica SZ-100 (Horiba Ltd, Japan)
equipment operated with a voltage range of −200 to +200 mV.
The sonicated sample was injected into a disposable carbon-
coated cell with a volume of 100 μL in which the device
measures the electrophoretic mobility of the particle surface.
The sample was exposed to about 25 °C and at 90° scattering
angle.

2.8. Application of ChAgNPs on Glass Protectors.
Eight (8) commercial mobile phone glass protectors (2.5 cm ×
2.5 cm) were used per coating material used. Another eight
mobile phone glass protectors were used as blank (uncoated)
samples. The thickness of the glass was measured using a
handheld thickness gauge (Mitutoyo, Japan) with a resolution
of 0.01 mm. The procedure was adapted from the American
Society for Testing and Materials (ASTM) Standards D1005:
Procedure C for handheld micrometers.

To measure the thickness of the uncoated tempered glass,
the anvil was allowed to be in contact with the substrate,
without compressing it, by rotating the adjustment knob. The
thickness of the tempered glass was read from the four corners
of the panel and on the center. Three trials of thickness
measurements were done for each substrate, and the average
was calculated.

A modified method of Bormashenko et al. and Chandren &
Zulfemi was used in the drop-casting procedure of this
study.41,42 Glass protectors were then placed on a flat surface.
The optimum ChAgNP formulation was cast by dropping a 1
mL solution onto the glass substrate. The pipette was
positioned at around 15 cm above the glass substrate. Then,
the four corners and the center of the glass substrate were
dropped with the ChAgNPs. The substrate was left to dry at
room temperature. To ensure the adhesion of the ChAgNP
coating onto the glass surface, a physical curing method was
adapted from Vieira et al.43 The coated tempered glass was
oven-dried at 50 °C for 12 h or overnight.

The coated samples were measured for their thickness,
following the same procedures done for the uncoated glass
protectors. The difference between the coated and uncoated
samples is the thickness of the nanocomposite on the glass
substrate.

2.9. Antibacterial Assay. The antibacterial assay is meant
to assess the antibacterial activity of the ChAgNP coating by
finding the log reduction of the number of bacteria on the
coated surface after a specific contact time (i.e., duration of
time the glass is in contact with the bacteria). A modified
version of the ISO 22196 with changes from Campos et al.,44

who investigated film screen protectors instead of glass, was
adapted. This method is designed to quantitatively evaluate the
ability of a plastic or nonporous surface to inhibit growth or to
kill bacteria. It is usually done over a 24 h contact time but
could be modified to other periods according to study
objectives. Currently, this is the most popular test protocol
for testing the antibacterial activity of a surface.44

The optimal ChAgNP coating (with the smallest mean
particle diameter) was evaluated for antibacterial activity at
different contact times (24 and 48 h). The bacteria evaluated
were Gram-positive S. aureus and Gram-negative E. coli. The
positive infection control was represented by uncoated glass
surfaces. Samples and control were evaluated in triplicates.

To prepare the culture broth, 13 g of nutrient broth powder
was dissolved per 1 L of distilled water. To prepare the agar, 28
g of nutrient agar powder was dissolved per 1 L of distilled
water. The solution was mixed well and then sterilized by
autoclaving at 121 °C for 15 min. The resulting liquid agar was
poured into a Petri dish and solidified. Bacterial cultures of E.
coli and S. aureus were streaked onto plated nutrient agar and
incubated for 24 h at 37 °C for colonies to grow. The resulting
cultures were then collected using inoculation loops to make
10 mL bacterial suspensions with a cell density of 1.5 × 108

CFU/mL according to the 0.5 McFarland standard. This was
the target cell density for sample contact.

The 10 mL bacterial suspensions were poured each into a
Petri dish. The glass protectors were each placed and soaked in
the Petri dish for bacterial contact. This is a modification from
ISO 22196, which proposed that bacterial contact be done
with inoculation of the culture onto the surface and with the
use of a plastic film for covering. The samples were then
incubated at 37 °C to encourage growth.

After a certain contact time (24 and 48 h) at 37 °C, the glass
surfaces were each submerged in 0.9% w/v sodium chloride
solution in a Petri dish. The glass protectors were agitated in
solution for 30 s. One mL of each resulting solution was
serially diluted 10-fold until 10−6. Twenty μL of the culture
solutions in the dilutions of 104, 105, and 106 were plated and
then incubated for 24 h at 37 °C.

After incubation, a total plate count was performed on all
plated samples. From here, the CFU per plate (Ut and At) was
calculated. The antibacterial activity was measured in terms of
the log reduction of the number of bacteria (in colony-forming
units or CFU) on the test sample compared to that of the
positive infection control (uncoated surface). This calculation
for the antibacterial activity Rt is represented by eq 1 as
adapted from ISO 22196. The CFU values to be used in the
computations were the mean average of plate counts. There
were two different contact times at which the antibacterial
activity was measured.

R U A( ) 100%t t t= × (1)

such that Ut = mean common logarithm of CFU of positive
infection control after a time. At = mean common logarithm of
CFU of sample after a time

3. RESULTS AND DISCUSSION
3.1. Synthesis of ChAgNPs. Figure 1 shows the

appearance of each ChAgNP composite setup. The difference

Figure 1. Visual appearance of ChAgNP samples after reduction and
stabilization of silver nitrate solution to metal nanoparticles with
chitosan solution at varied concentrations of (a) 0.1% w/v, (b) 0.2%
w/v, (c) 0.4% w/v, (d) 0.6% w/v, and (e) 0.8% w/v, with the addition
of NaOH and agitation at 70 °C, 150 rpm for 6 h.
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in color is attributed to the variations in the concentration of
the chitosan solution added. The amounts of AgNO3 and of
NaOH solutions were kept constant among samples. Different
concentrations of chitosan solution (i.e., 0.1, 0.2, 0.4, 0.6, 0.8%
w/v) were used in the synthesis of silver nanoparticles. Upon
preparation, the chitosan solution used was very little, and the
resulting solution was soluble, and no solid clumps were
observed after incubation shaking. During synthesis, a color
change to yellow to yellow-brown signifies the presence of
ChAgNPs. Such an observation is an indication of the
formation of silver nanoparticles.32,38,45,46

3.2. Particle Size Analysis and Determination of
Optimal ChAgNP Formulation. The synthesized samples
were observed under a transmission electron microscope
(TEM), which shows a two-dimensional magnified image of
the nanocomposite. The TEM images revealed AgNPs in black
quasi-spherical nanostructures. From the generated images, it
could be seen that the sizes of the nanoparticles decrease as the
concentration of the chitosan increases. The TEM images were
viewed using the bright-field configuration.

Different concentrations of chitosan solution (i.e., 0.1, 0.2,
0.4, 0.6, 0.8% w/v) were used in the synthesis of silver
nanoparticles. The TEM images revealed AgNPs in black
quasi-spherical nanostructures. From the generated images, it
could be seen that the sizes of the nanoparticles decrease as the
concentration of the chitosan increases. The TEM images were
viewed using the bright-field configuration. As seen in Figure 2,
some areas of the sample tend to appear darker than the other
areas. In the bright-field imaging, the transmitted electron
beam is selected with the aperture, and the scattered electrons
are blocked. Consequently, areas with crystalline or high mass
materials will tend to appear dark in the image. This is due to

the fact that heavier materials scatter electrons more intensely
than do the lighter ones.47

Figure 3 presents the particle size distribution determined
from each sample. The graph shows the particle range as well

as the outliers. The presence of outliers could be a possible
indication of the presence of agglomeration occurring in the
solution. In 0.1% w/v chitosan, the particle diameters were in
the range of 8.09−29.42 nm with a mean diameter of 19.05 ±
4.15 nm. For 0.2% w/v chitosan, the particle diameters fell in
the range of 7.73−28.91 nm with a mean diameter of 16.15 ±

Figure 2. TEM images of chitosan-silver nanoparticles at varied chitosan solution concentrations: (a) 0.1% w/v, (b) 0.2% w/v, (c) 0.4% w/v, (d)
0.6% w/v, and (e) 0.8% w/v.

Figure 3. Box and whisker plot for the particle size distribution of
chitosan-silver nanoparticles at varied chitosan solution concen-
trations.
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6.02 nm. The particle diameters of ChAgNPs using 0.4% w/v
chitosan were in the range of 5−45 nm with a mean diameter
of 15.91 ± 7.67 nm. The sample with 0.6% w/v chitosan has
particle diameters ranging from 4.59 to 39.92 nm with a mean
diameter of 15.30 ± 6.99 nm. Last, the sample using 0.8% w/v
chitosan has a measured particle diameter range of 4.09−34.91
nm with a mean diameter of 13.98 ± 5.54 nm.

The decreasing size of the silver nanoparticles with
increasing chitosan concentration was consistent with the
hypothesis of Phan et al. such that the size of the metal
nanoparticles is greatly influenced by the concentration of
chitosan.16 The correlation of the chitosan concentration and
the metal nanoparticle size can be attributed to the strong
interaction between the positively charged chitosan and the
metal nuclei. This interaction results in the inhibition of the
binding precursors to the metal nuclei, which then results in
the inhibition of the metal nuclei growth. TEM images show
few to no aggregation between synthesized ChAgNPs, which
implies repulsion of the nanocomposite particles to prevent
aggregation. These repulsions were attributed to the electro-
static interaction between the polymeric chitosan-silver
composites, creating a steric barrier with a positive charge
density covering the metal core.16

Scheme 1 shows the possible mechanism of the synthesis of
the nanocomposite, which includes reduction and stabilization
through the chitosan solution. Ag+ ions were reduced to Ag0

with chitosan. Such a mechanism is attributed to the presence
of free electrons provided by the oxidation of alcohols or
glucoside groups in the chitosan molecule. The synthesis of
ChAgNPs was also achieved within 6 h due to the increased
temperature of 70 °C, which allowed the reduction reaction to
occur faster. Another possible explanation for the reduction
reaction was the presence of amine groups. Chitosan contains
amine groups, which also helped in the reduction of silver ions
to silver nanoparticles. Amines are a popular class of organic
compounds due to their universal presence in several biological
and environmental systems and processes.39,48 Amine-contain-
ing polysaccharides such as chitosan have been reported to act

as dual reductants and capping agents. During the formation of
ChAgNPs, the primary amine and its nearby hydroxyl group in
the chitosan structure enable the reduction of the positively
charged silver ions to form silver metal.49 In addition,
polymeric amines were also reported to have growth-limiting
capabilities and prevent agglomeration of the metallic nano-
particles by creating a matrix around the metal nanoparticle,
forming the nanocomposite.17 The capping of the resulting
agglomeration through bonding with chitosan allows the
AgNPs to have a controlled size.

3.3. Characterization of Optimal ChAgNP Nano-
coating. Further characterization procedures were conducted
to assess the chemical composition and stability of the
nanocomposite at the optimal conditions. These subsections
show the results of the UV−vis spectroscopy, Fourier transfer
infrared (FTIR) spectroscopy, particle size, and ζ-potential of
the nanocomposite and their implications toward the attributes
of the produced mixture.

3.3.1. UV−Vis Spectroscopy. Figure 4 shows the UV−vis
spectroscopy of the optimal formulation of ChAgNPs (i.e.,
using 0.8% w/v chitosan solution). Along with this spectrum
plot are two other spectrum plots of the used chitosan solution
and of a chemically synthesized AgNP solution using 0.1 M
silver nitrate and trisodium citrate dihydrate (TSC) adapted
from the procedures done by Yerragopu et al.45

As observed in the spectra, the ChAgNP plot has absorption
peaks at 236 and 261 nm. It also displays an increase in
absorption from 700 nm until it reaches around 261 nm. The
values in the wavelength range of 200−219 nm were omitted
in this plot as they yielded unwanted fluctuations or noise,
making them insignificant to the plot. When compared to the
literature, there is an observed shift of wavelength from the
expected peak points to the actual results despite similarities in
trend.32,37,38 Usually, the expected peak of produced ChAgNPs
falls at around 350−410 nm. However, as seen in Figure 4, the
peaks are seen at 236 and 261 nm, while a slight rise with the
peak at about 422 nm can be observed. The peak at 236 nm is
consistent with the peak of the chitosan solution plot (in

Scheme 1. Mechanism of the Synthesis of ChAgNPs Using Chitosan Solution as Reducing and Capping Agents at the
Conditions Used in the Experimental Method
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dotted lines), while the slight rise at 422 nm is similar to the
rise observed in the AgNP plot at the same wavelength.

The observed peaks in the ChAgNP plot, in comparison to
the AgNP and chitosan plots, imply that the nanocomposite is
present. Also, possible nanoclusters of Ag ions (Ag+ and
[Ag2]2+) may be present in the nanocomposite based on the
absorbance peak at 261 nm.50,51 Also, the absorbance reading
measured in the plot is significant to the turbidity of the
nanocomposite solution upon application onto glass protectors
such that a high absorbance value implies a more intense color
of the coating.

3.3.2. Fourier Transform Infrared Spectroscopy (FTIR).
Through Fourier transform infrared spectroscopy, the organic
and inorganic species in a sample can be identified based on its
absorbance of infrared light. Chemical bonds interact with light
by stretching, contracting, and bending. A chemical bond
absorbs infrared light at a specific range of wavenumber,
allowing for the determination of the functional groups
present.52

Figure 5 presents the transmittance (%) versus wavenumber
(cm−1) plot of the synthesized ChAgNPs. The numerical labels
shown within the plot give the spectrum peaks, bends, and
stretches detected by the spectrometer. Along with the figure
are two other FTIR plots of synthesized AgNPs using TSC and
of 0.8% w/v chitosan solution.

In the ChAgNP plot, a stretched peak at 3344.41 cm−1

implies the presence of an aliphatic primary amine. Another
implication is that a normal hydroxyl (−OH) bond exists in
the nanocomposite since the stretch at that point is estimated
at about 3400−3200 cm−1.53 This peak is consistent with both
chitosan and AgNP plots, yet the variation of this peak with the
other plots can be attributed to the reduction and stabilization
of the nanocomposite.32 Another significant point observed is a
bended point at 1642.09 cm−1, which implies the presence of
the secondary amine, similar to the studies conducted by Nate
et al.23 and Govindan et al.54 Unique to the ChAgNP plot in
comparison to the AgNP and the chitosan plots are its
fingerprint peaks found in wavenumbers 1341.91 and 1247.20
cm−1. In the inset of Figure 5 is a zoomed FTIR plot in the

wavenumber range of 1500−1100 cm−1 where these finger-
print peaks were observed. Notice in the inset plot that these
peaks occur after the oxidation of chitosan with silver ions,
compared to the chitosan FTIR plot. These peaks represent
the presence of a tertiary amine, similar to the observations of
Govindan54 in his method of producing ChAgNPs. It may also
be suspected that these peaks can be attributed to the presence
of alkyl groups, in the case of the 1247.20 cm−1 peak, and
carboxylic groups from the acetic acid for the 1341.91 cm−1

peak. It can be implied that an oxidation of chitosan occurred
through the interaction of its amine bonds with the reduced
silver. This reaction results in a tertiary amine in the chitosan
structure.

3.3.3. ζ-Potential of the Optimal Nanocomposite
Formulation. ζ-Potential is a quantification of the effective
electric charge that surrounds the surface of the nano-
composite. It measures the difference between the oppositely
charged ions on the nanocomposite surface and the bulk fluid
where the dispersion of the nanocomposite takes place. This
electric charge plays a huge role in the stability behavior and
toxicity of the nanomaterial.55

The optimal formulation is further assessed by its ζ-potential
and particle size distribution. In this analysis, a dynamic light
scattering (DLS) zetasizer was used to determine the particle
size distribution and ζ-potential of the optimal formulation.

Shown in Table 1 is the result of the particle size analysis
and ζ-potential of the optimal nanocomposite formulation
using the said equipment on a per-trial basis. Along with the

Figure 4. UV−vis absorbance plot of ChAgNPs using 0.8% w/v
chitosan solution (in bold), AgNPs using TSC (in dash) and 0.8% w/
v chitosan solution (in dash-dot) at the wavelength range of 220−900
nm.

Figure 5. FTIR analysis result of ChAgNPs (in bold), AgNPs using
trisodium citrate (in dash), and 0.8% w/v chitosan solution (in dash-
dot) from 4000 to 600 cm−1 with the inset plot (upper right corner)
in the wavenumber range from 1525 to 1025 cm−1.

Table 1. Particle Size (PS) and ζ-Potential (ZP) Analyses of
the Optimal ChAgNP Formulation

particle size (nm) ζ-potential (mV)

trial mean standard deviation mean

1 178.6 70.3 +52.7
2 180.8 83.8 +57.8
3 187.9 91.4 +53.2
average 182.4 81.8 +54.6
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same table is the average of the three trials. The average ζ-
potential of the ChAgNPs, derived from 30 runs per
concentration sample, was above +54.6 mV. Such a result is
a very high value showing a very stable nanoparticle in the
dispersive medium. Such a ζ-potential shows that a high
aggregative stability exists due to the strong repulsive forces in
the nanocomposite. The usual indication of a stable nano-
composite is a ζ-potential that exceeds at around +25 to +30
mV or −25 to −30 mV.50

A particle size analysis was done on the optimum sample to
determine the overall average size of the nanocomposite. As
shown in Table 1, the average nanocomposite size is 182.4 nm.
The mean value was significantly higher than the nano-
composite particle diameter value from the TEM imaging and
size distribution (Figure 3), which was 13.98 nm. The
difference of the measured sizes is the chitosan layer that
capped the silver nanoparticles. Dynamic light spectropho-
tometry has been noted to capture both the nanocomposite
particle and the capping layer, as seen also in a previous study
by Tan and Lee56 on metal/polymeric nanocomposite
particles. The particle size distribution of the optimum sample,
shown in Figure 6, exhibits a distribution curve skewed to the

left. The particle size analysis results show that the synthesized
nanocomposite has both a silver nanoparticle (core) and the
chitosan (shell), which functions as the capping agent or
stabilizer. The TEM image was not able to depict the chitosan
layer of the nanocomposite. The observed particles under the
TEM were only the AgNPs because the sample was previously
dried before the TEM imaging. Hence, the electron beam that
passes through the sample under TEM viewing may have
destroyed the chitosan layer, making it invisible on the TEM
image. Bita et al. investigated the effects of electron beams on
hydroxyapatite/chitosan composite (MgHApCs) coatings. The
study reported that an unirradiated layer of the sample can
produce clear and smooth images, and the pattern of polymeric
molecules is clearly visible. However, when electron beams
were passed through the sample upon SEM viewing,
differences in the morphology and topography of the surfaces
of MgHApCs coatings were observed. It was observed that
there was a shrinkage in the polymer content from the sample
layers. Several SEM images were taken to show the effects of
the electron beam on polymeric samples, and it was observed

that, when an electron beam is passed through the sample, the
polymeric layers of the sample gradually detach from the
substrate.57

3.4. Coating of ChAgNP Nanocomposite on Glass
Screen Protectors. The application of chitosan-silver nano-
composite as an antibacterial coating on mobile phone glass
protectors was carried out through the drop-casting method.
This method is a simple and low-cost deposition method for
film coating. Unlike spray-coating and dip-coating techniques,
the drop-casting method is a facile and a more controllable
coating technique. In addition, controlling the repeatability and
uniformity of the spray-on films is reported to be difficult.
According to Eslamian & Soltani-Kordshuli, if the coating
application is limited to a small-area thin solid film, the drop-
casting method is the most appropriate. Drop-casting depends
on the release of large droplets that spread and wet the surface
upon impact.42,58 Different studies have also reported the
effectiveness of the drop-casting technique in the polymer
coating application on glass substrates.59−61

AgNPs synthesized using TSC and 0.8% w/v chitosan
solutions were also used in the coating application of mobile
phone glass protectors. The coated glass protectors were air-
dried for 2 h at room temperature and then placed in an oven
at 50 °C for 12 h to facilitate the curing process.

After the coating and curing process, glasses of different
coating solutions were observed to have different colors, as
shown in Figure 7. The glasses that were coated with the

ChAgNP solution have a very thin light-brown layer on the
coated face (Figure 7c), and those that were coated by the
0.8% w/v chitosan solution have a faint yellow layer of coating
(Figure 7d). On the other hand, the samples that were coated
by the chemically synthesized silver nanoparticles have a layer
of cloudy white coating (Figure 7b). Finally, the uncoated glass
panel is clear and transparent (Figure 7a).

Only a few studies on the application of chitosan-silver
nanoparticles as coatings for mobile phone glass protectors are
currently available. The successful coating of ChAgNPs could
be attributed to the adhesion of the synthesized nanoparticles
on the glass surface. This phenomenon can be explained by the
adhesion theory by Joo & Baldwin.62 The adhesive adhesion

Figure 6. Particle size distribution of optimum ChAgNPs using 0.8%
w/v chitosan solution.

Figure 7. Tempered glass screen protectors coated with different
coating solutions: (A) no coating, (B) AgNPs, (C) ChAgNPs (using
0.8% w/v chitosan solution), and (D) 0.8% w/v chitosan solution.
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theory states that two surfaces, upon close contact with each
other, have mechanical interlocking and physical adsorption
where intermolecular forces such as the van der Waals
interaction between parallel surfaces and that chemical bond
would take place. Another possible explanation could be from
the particle adhesion theory. In this theory, the conceptual
mechanism of interaction is attributed to the van der Waals
and chemical bonds. In the particle adhesion theory, such an
interaction occurs between a flat surface (glass) and spherical
particles (ChAgNPs). Thus, the possibility of adhesion contact
area between the nanoparticle and the glass substrate could be
linked to the intermolecular and intramolecular bonds in which
the long-range and short-range forces are in action.

However, as a coating for mobile phone screens, ChAgNPs
may alter the screen color of phones due to the yellow-brown
pigmentation that exists in the nanocomposite solution. The
turbidity of the coating can also be observed from the UV−vis
plot, shown in Figure 4, in which high absorbance was
obtained at certain wavelengths, indicating the strong presence
of color in the material. Although its aim is to provide
antibacterial protection, the aesthetic aspect of using the
nanocomposite coating is currently at a disadvantage.

3.5. Antibacterial Assay of ChAgNPs on Glass
Protectors. ChAgNPs on glass protectors were evaluated for
antibacterial activity at different contact times (24 and 48 h). A
modified version of ISO 22196 (measurement of antibacterial
activity on plastics and other nonporous surfaces) was used.
Some procedures from Campos et al.44 who investigated film
screen protectors instead of glass were adapted. For
comparison, AgNPs using TSC as well as 0.8% w/v chitosan
solution (Ch) were investigated using the same antibacterial
assay procedures.

Table 2 presents the antibacterial activities of ChAgNPs,
AgNPs, and Ch on glass protectors against Gram-negative E.

coli and Gram-positive S. aureus after contact times of 24 and
48 h. These two bacterial species are popular representative
strains for each of the two types of bacteria.63

ChAgNPs performed near similarly with Ch against E. coli
after both 24 h (49.80 and 50.01%, respectively) and 48 h
(32.60 and 31.33%, respectively), while AgNPs exhibited the
greatest antibacterial activity against E. coli at both contact
times. At 48 h, it performed a maximum log reduction of
colony-forming units. Chitosan performed the best out of the
three treatments against S. aureus at 24 h (31.16%).
Antibacterial disparity between ChAgNPs and Ch is also
better seen against S. aureus. ChAgNPs failed to reduce S.
aureus at both contact times.

The antibacterial activity of ChAgNPs is reduced at a longer
contact time. This is also observable in most other cases. The
only exception is AgNPs against E. coli at 48 h whose
antibacterial activity increased after 24 h. It is also worth
noting that minimal to no studies have been done on the
antibacterial activity of ChAgNPs coated on glass surfaces or
on any of the present study’s specimens on glass surfaces
beyond 24 h. To the best of our knowledge, this is the first
time the chitosan-derived silver nanoparticle as nanocoating is
used as an antibacterial solution on mobile phone glass
protectors.

Despite being a nanocomposite of both Ch and silver, the
antibacterial activity of ChAgNP is mostly attributed to the
latter component. Chitosan in ChAgNP mostly serves as the
reducing and stabilizing agent and the biopolymer matrix in
which the AgNPs are contained.64−67 In a Kirby−Bauer test
where inhibition of bacterial growth around the test surface is
observed, only Ch (T3) exhibited very minimal antimicrobial
activity against both E. coli and S. aureus as evidenced by the
presence of bacterial colonies around the perimeter of the Ch
glass protectors. On the contrary, ChAgNP (T1) and AgNP
(T2) visibly have microbial inhibition as revealed by the clear
outline surrounding the perimeter of the T1 and T2 glasses.
The Kirby−Bauer test is pictured in Figure 8. Due to the
nature of the test, this may also be indicative of the inability of
Ch to diffuse around its surface area unlike the silver
nanoparticles in ChAgNP and AgNP.

All three treatments performed better against E. coli than
against S. aureus. In fact, after 48 h against S. aureus, all three
failed to reduce bacteria on the surface. Both ChAgNP and
AgNP particularly exhibited comparatively higher antibacterial
activity against E. coli. Silver nanoparticles are mostly active
against Gram-negative bacteria such as E. coli and P. aeruginosa
and are comparatively less active in reducing Gram-positive S.
aureus.68−70 This immunity by Gram-positive bacteria is due to
the thicker cell wall, about 10 times more than that of Gram-
negative bacteria, with multiple murein layers and teichoic
acid.68,69 This higher susceptibility of E. coli than of S. aureus
against silver has also been observed in another investigation
involving AgNP on glass surfaces.63

AgNPs have been known to show antibacterial activity in
many studies. The mechanism of their interaction with

Table 2. Antibacterial Activity of ChAgNP Synthesized with
0.8% w/v Chitosan Solution Coated on Glass, AgNP, and
0.8% Chitosan Solution against E. coli and S. aureus after 24
and 48 h

bacteria E. coli S. aureus

contact time (h) 24 h 48 h 24 h 48 h

treatment antibacterial activity (%)

ChAgNP 49.80 32.60 noneb noneb

AgNP 70.51 maximuma 27.98 noneb

Ch 50.01 31.33 31.16 noneb

aMaximum = %log reduction is equal to or exceeded 100%. bNone =
bacterial growth or no reduction of bacteria was observed.

Figure 8. Kirby−Bauer test on (+) positive infection control, (T1)
ChAgNP, (T2) AgNP, and (T3) Ch against (A) E. coli and (B) S.
aureus after 24 h of incubation at 37 °C.
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bacterial cells has also been a popular topic in the literature,
and discussions have rarely been consistent. One proposition
states that AgNPs are merely sources of silver ions and
therefore deposit these onto the cell wall where they adhere to
the cytoplasmic membrane.71,72 Silver ions are said to cause
the disruption of enzymatic activity and, occasionally, to cell
death through their reaction with the thiol groups of the
protein molecules.71 Some investigations have revealed that the
antibacterial activity has more to do with the AgNPs
themselves. AgNPs are larger in size than silver ions, allowing
them to react with more molecules and thus exhibit greater
antimicrobial activity.70 They are said to accumulate on the cell
wall and membrane and cause disruptive morphological
changes to the cell as shown both in scanning electron
microscopy (SEM) and in transmission electron microscopy
(TEM) studies.73,74 The antibacterial effect may also have
been due to the AgNPs and the silver ions.19 Regardless,
AgNPs and silver ions, being of silver, are possibly said to react
with the sulfur and phosphorus of the bacterial deoxyribonu-
cleic acid (DNA). This mechanism interferes with DNA
replication and cell reproduction and may even cause the death
of the microorganism itself.72,75

In comparison to TSC-synthesized AgNPs, ChAgNPs do
not exhibit an improved antibacterial performance. The
apparent underperformance in the antibacterial activity of
ChAgNP versus AgNP, especially in nonporous or glass
applications, cannot very well yet be explained by the existing
literature. Such an underperformance may be due to the
biopolymer nature of chitosan. Biopolymers are said to
encourage growth and persistence of bacteria even under
unfavorable conditions.70,76 This is, however, in contradiction
to the many studies that have proven the antibacterial activity
of chitosan.77−79 It may be then that a combination of the
application type and of the interaction between chitosan and
silver leads to a reduced antibacterial activity of ChAgNPs.

The current use of an alcohol sanitizer spray is arguably the
most popular disinfection method for mobile phone screens.
However, its antibacterial property is not embedded in the
glass itself. Rather, disinfection occurs only as often as the user
remembers to perform it. Otherwise, the bacteria remain and
cultivate on the glass surface, increasing the risk of fomite
transmission. On the other hand, the antibacterial activity of an
embedded coating is constant, and the antibacterial activity
begins as soon as bacteria land on the glass surface.

4. CONCLUSIONS AND RECOMMENDATIONS
The study shows affirmative results on the relationship
between an increase in chitosan concentration and the
decrease in nanocomposite diameter. All five samples at varied
chitosan concentrations (0.1, 0.2, 0.4, 0.6, and 0.8% w/v) are
within the specified nanometer range based on their average
diameters of AgNPs measured from TEM images.

Based on the data collected from size distribution, the
ChAgNPs produced with a formulation of 0.8% w/v chitosan
concentration were selected as the smallest of the group.
Further characterization using FTIR and UV−vis spectroscopy
plots on the selected optimal formulation shows a positive
indication of the presence of ChAgNPs. In terms of its ζ-
potential, the optimal formulation yielded an average of +54.6
mV, implying high aggregating stability in the nanocomposite.
Further studies can be developed in terms of how chitosan acts
as a reducing and capping agent in the synthesis of the
nanocomposite.

The glasses that were coated with the ChAgNP solution
with the smallest particle diameter have a very thin, light-
brown layer on the coated face. There was no significant
difference between the thickness of the glass before and after it
was coated. Moreover, ChAgNP as a glass coating exhibits
antibacterial activity against E. coli for up to 48 h of contact.
However, the antibacterial activity decreases from 24 h
(49.80%) to 48 h (32.60%). No antibacterial activity by
ChAgNP on glass was observed against S. aureus.

Further studies on the application of ChAgNP as an
antibacterial coating on glass are recommended. For one, there
should be investigations on other materials or component
materials that can synergistically interact with ChAgNPs to
develop an improved antibacterial coating material. Another
proposition is to explore a “smart” ChAgNP-based anti-
bacterial coating. Second, the mechanism of antibacterial
action of the material, the interactions between chitosan and
silver in the nanocomposite, and the effects of such
interactions on antibacterial activity must be investigated.
The results of this study can hopefully encourage the
development of a green-synthesized nanocomposite glass
coating that can exhibit significant antibacterial activity. In
terms of thickness, a higher resolution should be used to obtain
a more accurate and precise measurement of the thickness of
the coating layer.
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