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Abstract: In this study, silver nanoparticles (AgNPs) were
synthesized via an eco-friendly approach using an extract
from sugarcane leaves (Saccharum officinarum). The optimal
synthesis conditions were determined to be a pH of 10,
yielding AgNPs with an average size of 11.7 + 2.8 nm. This
was substantiated by UV-vis spectral analysis, transmission
electron microscopy, and field emission transmission
electron microscope coupling with selected area electron
diffraction. The synthesized AgNPs exhibited notable anti-
bacterial efficacy against two prominent pathogens, namely
Staphylococcus aureus and Escherichia coli, with minimum
inhibitory concentration values of 20 and 2.5 ppm, respec-
tively. Further extending the applications of AgNPs, they
were successfully integrated into architectural paints at
varying concentrations to create antiviral coatings. The
addition of AgNPs influenced several properties of the
paints, including viscosity, hiding power, and color charac-
teristics. Notably, our findings revealed that the antiviral
paint containing 80 ppm of AgNPs effectively hindered virus
propagation, exhibiting a remarkable reduction of over 90%
when compared to the control, measured by 50% tissue
culture infectious dose.
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1 Introduction

The current COVID-19 pandemic has been a global wake-up
call in ways never before imagined. People have now
changed how they live and incorporate hygienic practices
into their daily lives to avoid catching the virus [1,2]. Reg-
ularly washing our hands, wearing masks, and avoiding
crowds do not provide sufficient protection. Because the
coronavirus (SARS-CoV-2) can remain viable on surfaces
for several hours to days, the chance of infection increases
after touching those surfaces [3]. Although viruses are
relatively easy to destroy using simple cleansers, such as
sanitizer or detergent, it is difficult to sanitize surfaces
continuously, and they are usually quickly contaminated
again. Thus, many people want to use antimicrobial paint
on many surfaces for safety and to create hygiene zones
while navigating this pandemic [4].

The paint is mostly desired for use in high-cleanliness
areas, including healthcare, hospitality, office, and educa-
tional environments, but it can also be used in residential
environments. Due to high demand, several paint manu-
facturers have tried to develop effective antiviral formulas.
Antiviral paint serves as an intelligent delivery mechanism
aimed at mitigating the potential hazards associated with
contact of contaminated high-touch surfaces [5-7]. Gener-
ally, the paint contains a readily available metal that has
been used since ancient times to reduce harmful germs,
such as copper. Silver has been known to have effective
bactericidal properties for centuries and was widely used
to reduce infections in burns, open wounds, and chronic
ulcers [8,9].

At present, nanotechnology is associated with various
medical and hygiene applications [10]. Silver nanoparticles
(AgNPs), with their potential as antibiotic alternatives, can
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interact with and permeate bacterial cell membranes. The
escalating bacterial resistance to antibiotics, largely attrib-
uted to their overuse or misuse, signals a concerning era for
commonly employed antibiotics [11]. AgNPs have recently
become a topic of interest because of their biological proper-
ties, including their antifungal, antiviral, anti-inflammatory,
antiangiogenetic, and antiplatelet activity [12]. Moreover,
AgNPs have various potential applications in non-medical
areas, such as food, cosmetics, electronics, engineering, and
pharmacology [13-17]. The increasingly high-paced research
has yielded improved properties based on specific charac-
teristics, such as size, distribution, and morphology [18].

Conventional AgNP syntheses are relatively expensive
and environmentally unfriendly. Because some of the che-
micals used for nanoparticle synthesis and stabilization are
toxic, the synthesis by-products are not eco-friendly. Thus, the
increasing demand for ecologically benign methods of synthe-
sizing nanoparticles or green chemical processes has sparked
a growing interest in utilizing biological materials for green
synthesis and environmentally friendly technologies
[19-27]. This aligns with the objectives of the United
Nations Sustainable Development Goals, which aim to
mitigate climate change through the zero-waste utiliza-
tion of agricultural by-products [28].

One of the most popular plants used to synthesize
AgNPs is sugarcane (Saccharum officinarum) [16]. In parti-
cular, sugarcane leaves are available for the synthesis pro-
cedure throughout the year. To use more industrial waste,
the sugarcane bagasse has also been used [17]. An extract
from fresh sugarcane leaves provides a simple, cost-effec-
tive, eco-friendly, stable, and efficient route for synthesizing
AgNPs [16,29]. Furthermore, the AgNPs from this green
synthesis procedure using fresh sugarcane leaves showed
effective antibacterial and antifungal activity against mul-
tiple drug-resistant hospital isolates [16]. In another report,
the AgNPs were prepared using a Soxhlet extract of the
sugarcane bagasse as a reducing and capping agent. In addi-
tion, good antimicrobial activity was observed when these
AgNPs were used against Gram-negative and Gram-positive
bacteria [29]. This new green synthesis method supports the
valuable utilization of biomass for the synthesis of metal
nanoparticles.

To leverage waste material for value creation, sugar-
cane leaves represent a promising option for the green
synthesis of AgNPs. This choice is substantiated by the
eco-friendly and substantial post-harvest waste generated,
which contributes significantly to the production of PM 2.5
through combustion processes [30]. This approach not only
addresses air pollution concerns in agricultural contexts
but also offers environmentally friendly means of utilizing
green AgNPs to mitigate the risk of infection transmission
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among people. Although the green-synthesized AgNPs exhib-
ited strong antibacterial activity, another desirable property
of AgNPs is antiviral activity. Numerous objects incorpor-
ating silver in daily life have been found to provide antiviral
activity [31,32]. However, a few studies have focused on the
viral inhibitory effect of surface-coating AgNPs in paints.
Therefore, our research goal was to develop green AgNPs
synthesized using sugarcane leaves combined with paint
products to control viruses. This research yields a smart
delivery system to reduce the risk of exposure to contami-
nated high-touch surfaces.

2 Materials and methods

2.1 Chemicals and materials

Silver nitrate (AgNO3) and sodium hydroxide (NaOH) were
purchased from Merck. The glassware was soaked in 0.5 M
HNOj3 before it was cleaned with detergent and rinsed with
deionized (DI) water. All chemicals were of analytical
grade and were used as received. DI water was used as a
solvent throughout this study.

2.2 Sugarcane leaf extraction

Fresh sugarcane leaves (Saccharum officinarum) were har-
vested from local farms in Kanchanaburi Province, Thailand,
during November and December. These freshly harvested
leaves were then subjected to a 1-week drying process under
direct sunlight. The leaves were cut into short strips and
rinsed with DI water three times to remove impurities. A
500 g portion of sugarcane leaf was prepared by placing the
cut leaves within a semi-permeable cloth bag and submer-
ging it in 22 L of hot DI water. The reaction was conducted at
80°C for 2h with continuous stirring. The brown solution
was then cooled to room temperature and filtered using
Whatman No. 1 filter paper.

2.3 Synthesis of AgNPs

Silver ions (500 ppm) from AgNO; were prepared in DI
water. AgNO; was completely dissolved and mixed with
the sugarcane leaf extract in a 1:1 ratio. Next, 1M NaOH
was added to adjust the pH of the solution to 6, 8, 10, and 12;
the reaction was conducted at room temperature with
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10 min of constant stirring. During the reaction, the brown
sugarcane leaf extract solution changed to a clear brownish-
yellow color. AgNPs reached a final concentration of 250
ppm, and the solution was used as the stock solution for
subsequent procedures.

2.4 Characterization of AgNPs

AgNPs were analyzed using UV-vis spectrophotometry in
the wavelength range of 300-700 nm (Genesys 30 UV-Vis
Spectrophotometer; Thermo Scientific). Furthermore, the
dimensions, morphology, and characteristic crystalline
structure of the resulting AgNPs were assessed using trans-
mission electron microscopy (JEM-2100 TEM; JEOL) and field
emission transmission electron microscope (Talos F200i FE-
TEM; Thermo Fisher Scientific) coupling with selected area
electron diffraction (SAED) detector. To obtain molecular
bonding information, attenuated total reflection-Fourier
transform infrared (ATR-FTIR) spectra of the AgNPs were
collected with a diamond probe from 500 to 4,000 em™
(Nicolet iS5 FT-IR Spectrometer; Thermo Scientific).

2.5 Antibacterial properties of AgNPs

The antibacterial properties of AgNPs were evaluated using
the minimum inhibitory concentration (MIC) protocol pro-
vided by the Department of Microbiology, Chulalongkorn
University, Thailand. AgNP concentrations (0-40 ppm)
were tested against Staphylococcus aureus (S. aureus)
and Escherichia coli (E. coli) in Luria-Bertani (LB) broth.
A UV-Vis spectrophotometer was used to measure growth
inhibition via optical density at 600 nm. The negative and
positive controls used AgNP-free and AgNP-containing LB
broth, respectively.

2.6 Blending AgNPs in paint

AgNPs at a concentration of 250 ppm were incorporated
into 3,000 mL of architectural paint through agitation
with 4-blade mixing impellers at 500-800 rpm for 10 min
(LaboratoryKreis-Basket-Mill®, Wilhelm Niemann). The AgNP
concentrations in the paint, ranging from 60 to 120 ppm, were
manipulated by adjusting the volume of the initial AgNP stock
solution before mixing. Subsequently, viscometers (CAP 2000
viscometer; BYK and Digital Krebs viscometer (480); Sheen)
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and a spectrophotometer (Color i7 spectrophotometer; X-Rite)
were employed to assess the viscosity and color characteristics
of the resulting antiviral paint.

2.7 Antiviral activity of AgNP-containing
paint

The antiviral assessment of AgNPs included 50% tissue
culture infectious dose (TCID50) provided by Virology
Research Services, UK. Specimens were positioned on
disks, and a virus solution containing 2 x 10° IU-mL™" of
human coronavirus NL63 was applied with Rhesus Monkey
Kidney Epithelial (LLC-MK2) cells serving as the host. Then,
the disks were covered by the film. The virus was added to
the control as a baseline. After incubation, the film was
removed, and the samples were washed to recover the
virus. The TCID50 determined the recovered infectious virus
quantity.

3 Results and discussion
3.1 Effect of pH on AgNP morphology

In agreement with previous investigations, pH is key to the
optimal green synthesis of AgNPs. This influence extends
beyond the reliance of the reduction potential solely upon
the abundance of reducing functional groups inherent
in natural sources [33]. The concentrations of the acidic
or basic environment impact the initiation of nucleation
events needed for the synthesis of AgNPs. This, in turn,
increases or decreases the population of AgNPs [34]. Con-
sequently, to exploit this behavior, the pH was changed to
6, 8, 10, and 12 during the incorporation of the sugarcane
leaf extract, giving it the capacity to act as a reducing agent.
At pH 12, a notable quantity of gray particulates precipi-
tated during the AgNP synthesis, likely due to the elevated
ionic strength from the alkaline environment. This subse-
quently reduced the stability of the system, resulting in a
simultaneous coalescence of AgNPs [35]. After this prepara-
tory phase, an in-depth exploration was undertaken using
the UV-Vis spectra of colloidal AgNPs (Figure 1).

The absorption behavior of AgNPs surpassed that exhib-
ited by either the AgNO; precursor or the sugarcane leaf that
acted as the reducing agent. The UV-Vis spectra acquired
from the green synthesis at various pH values revealed dis-
tinct attributes indicative of AgNPs, marked by a maximal
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Figure 1: UV-Vis spectra of AgNPs via green synthesis at pH 6, 8, and 10
compared with AgNOs and sugarcane leaf at 20x dilution.

absorption peak within the spectral range of 400-450 nm.
The discernible yellow hue of the resulting solution, coupled
with a single absorption band within the visible region,
corroborates the occurrence of localized surface plasmon
resonance (LSPR) characteristics of spherical AgNPs, while
the absorption intensity directly shows the population density
of AgNPs [36]. Furthermore, notable, blue-shifted spectra
were observed, specifically in the context of increasing the
pH from 6 to 8 to 10, each yielding maximum absorption peaks
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at 430, 420, and 410 nm, respectively. To further investigate this
phenomenon, the morphology of AgNPs synthesized at var-
ious pH values was studied using TEM (Figure 2).

The TEM analysis revealed the formation of AgNPs
during the green synthesis, which was distinct from the
sugarcane leaf extract (Figure 2a). Furthermore, a reduc-
tion in the average particle size with increasing pH was
observed, measuring 18.2 + 5.4 (Figure 2b), 13.8 + 3.8 (Figure 2c),
and 11.7 + 2.8 nm (Figure 2d). These results agree with the
trend in particle dimensions determined from the LSPR
characteristics in the preceding section (Figure 1). These
distinctive optical phenomena show that the particle dimen-
sions of AgNPs are influenced by changing the pH of the
sugarcane leaf extract, ultimately leading to a reduction in
the particle size [37].

To conduct a comprehensive investigation, AgNPs
synthesized through the green synthesis process at pH 10
was deliberately chosen. This analysis was carried out
employing FE-TEM (Figure 3a). At higher magnification,
the atomic structure exhibited characteristics consistent
with closely packed arrangements, revealing a d-spacing
of 0.235A. This observation conclusively establishes that
the crystal plane (111) corresponds to a face-centered cubic
crystal structure of silver [38]. Furthermore, the SAED pat-
tern demonstrates the presence of multiple crystal planes,
including (111), (200), (220), (311), and (222) (Figure 3b). These
crystal planes were ascertained by comparison with XRD
and SAED patterns reported in previous studies of AgNP

Figure 2: TEM images of (a) the sugarcane leaf extract and AgNPs via green synthesis at pH (b) 6, (c) 8, and (d) 10.
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Figure 3: FE-TEM images illustrating (a) AQNPs synthesized via a green synthesis process at pH 10, accompanied by (b) the corresponding SAED

pattern.

synthesis [39]. Therefore, the collective evidence derived
from spectroscopic, morphological, and crystallographic ana-
lyses serves to affirm that the green synthesis process employed
herein is indeed capable of yielding AgNPs.

It is generally acknowledged that the growth kinetics
of metal nanoparticles are regulated by the reducing power,
which is contingent upon the concentration of the reducing
agent [40]. Within the environment of sugarcane leaves, the
heightened reduction potential inherent in the -NH, -OH,
and phenolic groups makes them effective reducing agents,
particularly under alkaline conditions [41,42]. Therefore,
increasing the alkaline conditions should promote the
reduction potential of the sugarcane leaf extract. To better
understand this system, the green-synthesized AgNPs at pH
10 were analyzed using ATR-FTIR spectroscopy (Figure S1
and Table S1). This analysis showed a pronounced transmis-
sion peak at 941cm’, assigned to amine and hydroxyl
groups, which can act as relatively mild reducing agents
[43]. Furthermore, the distinctive functional group of -COO~
was observed at 1,510 cm™>. Numerous studies have shown
that carboxylic derivatives can stabilize AgNPs [44,45]. Thus,
the sugarcane leaf extract has a dual role as a reducing agent
and stabilizer. Subsequently, the AgNPs in this study were
synthesized using the sugarcane leaf extract at pH 10, a choice
informed by observing the smallest particle size and the
highest population density in the ensuing investigations
(Figures 1 and 2).

3.2 Antibacterial properties of AgNPs

Generally, metal nanomaterials physically interact with
prokaryotic cells, disrupting cellular functions, destabi-
lizing the phospholipid bilayer of cells, and inducing cell

lysis. They can also bind to cytosolic proteins like DNA,
leading to cell death, and generate reactive oxygen species
by elevating oxidative stress and cell instability [46,47]. As
previously documented, green AgNPs have exhibited notably
potent antibacterial properties [48-51]. To preliminarily assess
their potential antiviral efficacy, the antibacterial effectiveness
of the synthesized AgNPs was evaluated against S. aureus and
E. coli in the LB broth. The MIC test was employed as the
defining criterion, indicating the lowest concentration of an
antimicrobial agent that effectively suppresses visible micro-
bial growth following an incubation period [52]. The MIC tests
of AgNPs against the specified bacterial strains (Figure 4)
revealed distinct concentrations corresponding to MIC values
of 20 ppm for S. aureus and 2.5 ppm for E. coli (Tables S2 and S3).
Additionally, MIC values reported in this research empha-
size the effectiveness of AgNPs, approximately 10 nm in
size, synthesized using both green and conventional
methods that involve aggressive chemicals. These nanopar-
ticles exhibited similar efficiency in inhibiting the growth of
both S. aureus and E. coli [53]. As previously reported, SARS-
CoV-2 has exhibited less susceptibility to AgNPs than E. coli,
and S. aureus outside the host environment, as evidenced by
comparative assessments of their survival at analogous
AgNP concentration levels [53-55]. Therefore, this observa-
tion underscores the potential of green AgNPs as a basis for
developing antiviral coatings with promising efficacy.

3.3 Properties of paint blended with AgNPs

To synergistically integrate the antiviral attributes of AgNPs
within architectural coatings, the physical and optical char-
acteristics of the resultant paints were investigated thor-
oughly, including parameters such as viscosity, hiding
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Figure 4: MIC tests for (a) E. coli and (b) S. aureus at AgNP concentrations

power, and tonal characteristics, with reference to an unmo-
dified control paint sample. The viscosities of the control
paint and the 60, 80, 100, and 120 ppm AgNP-incorporated
formulations were determined with Krebs and cone-plate
viscometers (Figure 5). Due to the inherent thixotropic
characteristics of the paint, this viscosity assessment
examined the variation in viscosity under shear stress,
along with a comprehensive analysis of the distribution
of shear rates. This multifaceted viscosity evaluation is
particularly relevant to practical applications within
painting techniques [56].

This analysis indicates a substantial reduction in visc-
osity. The linear reduction is correlated with increasing
AgNP concentration. The colloidal AgNPs were seamlessly
incorporated into the architectural coatings; that is, AgNPs
were directly integrated into water-based paints. However,
the paint base was diluted by adding colloidal AgNPs sus-
pended in water, which served as the solvent. Adhering to
established guidelines for architectural coatings, the visc-
osity of paints must be within 70-80 KU or 75-100 cP to
function correctly in conventional paint application meth-
odologies involving rollers [57]. Additionally, decreasing
the paint base concentration impacts coverage efficacy
and opacity, aspects that were rigorously assessed [58].

To investigate the impact of dilution on AgNP-infused
paint, the hiding power was evaluated utilizing a checker-
board-patterned black and white wallpaper (Figure 6).
The efficacy of surface coverage decreased when the AgNP

Negative
control
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ranging from 1.25 to 40 ppm over 24 h.

concentrations were 100 and 120 ppm. The diminished con-
cealment capacity observed at elevated AgNP concentration
coincides with the lower viscosity values measured pre-
viously. Consequently, the effect of dilution is crucial to
both the viscosity and hiding power of AgNP-loaded paint
formulations.

The effects of adding AgNPs extended beyond surface
attributes and included changes in the appearance with
varied concentrations of AgNPs. Color changes resulting
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Figure 5: The viscosity of architectural paints with varying AgNP con-
centrations ranging between 0 and 120 ppm, measured by Krebs and
cone-plate viscometers.
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Figure 6: The hiding power of architectural paints with AGNP concentrations of (a) 0, (b) 60, (c) 80, (d) 100, and (e) 120 ppm.

from different AgNP paint concentrations were systemati-
cally quantified using the CIE color scale (Table S4). The CIE
color scale measurements were subsequently translated
into RGB values (Figure 7). Notably, the most elevated
RGB values were measured in the control, which contained
no AgNPs. When AgNPs were added, the influence of dif-
ferent concentrations on the coloration of the paint was
clear, especially when compared to the control conditions.
This contrast was particularly discernible in the Hex color
variations observed for AgNP concentrations of 100 and
120 ppm.

With increasing AgNP concentration, the RGB values
decreased, most likely due to the dilution of the paint.
Concomitantly, a positive correlation was observed between
the ratio of the red component (R) to the overall RGB value
and the increasing AgNP concentration. This phenomenon is

260

250 #f£7f£8£5 #£4£4£2 #f2flef #edece? #edece?

240

RGB values

230

220

0 60 80 100 120
AgNPs (ppm)

Figure 7: RBG values with inset images of Hex color codes of architec-
tural paints with AgNP concentrations ranging between 0 and 120 ppm.

explained by the vibrant color attributed to the LSPR of
AgNPs, particularly the yellow color, which corresponded
to an increased R to RGB ratio [59].

Despite the chromatic alterations from the LSPR of
AgNPs, the fundamental composition and morphology of
AgNPs remained unchanged within the paint. Paints con-
taining increased concentrations of AgNPs should increase
efficacy in suppressing a wide spectrum of bacterial agents
[60]. Within the paints containing AgNPs, careful selection of
AgNP concentration is necessary to attain enhanced anti-
viral effects. However, AgNP-bearing paints must have phy-
sical and optical properties close to those of the control
paint. Considering these criteria, an AgNP concentration of
80 ppm was chosen for subsequent antiviral assessments.

3.4 Antiviral efficacy of paint containing
AgNPs

AgNPs exhibit antiviral potential by interacting with viral
envelope/surface proteins, blocking viral entry into cells,
and disrupting cellular pathways of infection. They can
also interact with viral genetic material, target viral repli-
cation processes, and interfere with cellular components
essential for viral replication [61]. Therefore, AgNPs have a
high potential to be included in consuming health care for
antiviral properties. In this work, the treated substrate
with AgNP paint showed measurable virucidal propensity
against human coronavirus NL63, with a contact duration
of 24 h. The dilution at which 50% of cells were infected or
eradicated (TCID50) was determined using the Reed and
Muench method [62]. The quantification of the antiviral
activity (R) is given by the following equation:

R =TUt - At @
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Figure 8: The mean TDIC50-cm ™2 values for human coronavirus NL63
following a contact time of 24 h for test and reference control materials.

where Ut represents the average of the logarithm of the
number of infectious units recovered from the untreated
test specimens after the incubation period, while At repre-
sents the average of the logarithm of the number of infec-
tious units recovered from the treated test specimens at the
termination of the incubation period [63]. The results of
this antiviral test for the AgNP-bearing paint are summar-
ized in Table S5. An R-value greater than or equal to 1
indicates the presence of antiviral activity. In summary,
the average recovered titer for the treated material was
2.96 x 10 TDIC50-cm ™% compared to an average recovered
titer of 1.04 x 10° TDIC50-cm™ for the untreated reference
control (see Figure 8). In this study, the antiviral activity is
assessed by the R-value. For these data, the calculated R-
value of 1.55 surpasses the threshold of 1, substantiating the
presence of antiviral activity. This observation signifies a
reduction of virus propagation exceeding 90% compared to
the reference control. This suggests their promising role in
antiviral applications and our result validates the robust
antiviral efficacy of AgNPs contained within the paint.

4 Conclusions

This study presents an environmentally friendly approach
to synthesizing AgNPs using the sugarcane (Saccharum offi-
cinarum) leaf extract. Optimal synthesis conditions were
determined under alkaline pH and enhancing reducing
potential. UV-vis spectroscopy, TEM, FE-TEM coupling with
SAED, and Fourier transform infrared spectroscopy were
used to measure optical, morphological, crystallographic,
and molecular properties influenced by pH. AgNPs exhibited
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notable antibacterial activity against S. aureus and E. coli,
confirmed by the MIC. The integration of AgNPs into archi-
tectural paints for antiviral coatings was explored while
adhering to architectural paint standards. Significantly, the
formulation containing 80 ppm AgNPs showcased remark-
able antiviral potential, achieving over 90% reduction in virus
propagation compared to the reference control, as deter-
mined by the TCID50. This discovery shows that sugarcane
leaf extract-derived AgNPs are potent antibacterial agents
and essential components for advanced antiviral architectural
paints. The research contributes to advancing nanomaterial
synthesis and holds promising implications for prospective
applications.
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