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Abstract: Antibacterial nonwoven fabrics, incorporated with Ag, have been applied as masks and air
conditioner filters to prevent the spread of disease from airborne respiratory pathogens. In this work,
we present a comparison study of Ag ions: Ag and AgCu nanoparticles (NPs) coated onto nonwoven
fabrics intended for use as air conditioner antibacterial filters. We illustrate their color changes and
durability running in air conditioners using antibacterial activity testing and X-ray Photoelectron
Spectroscopic (XPS) analysis. We found that AgCu NPs showed the best antibacterial efficacy and
durability. XPS analysis indicated that the Ag concentration, on both the AgCu and Ag- NP-coated
fibers, changed little. On the contrary, the Ag concentration on Ag ion-coated fibers decreased by
~30%, and the coated NPs aggregated over time. The color change in AgCu NP-coated fabric, from
yellow to white, is caused by oxide shell formation over the NPs, with nearly 46% oxidized silver.
Our results, both from antibacterial evaluation and wind blowing tests, indicate that AgCu NP-coated
fibers have higher durability, while Ag ion-coated fibers have little durability in such applications.
The enhanced durability of the AgCu NP-coated antibacterial fabrics can be attributed to stronger
NP–fiber interactions and greater ion release.

Keywords: Ag and AgCu nanoparticles; air conditioner; antibacterial filter; durability; nonwoven

1. Introduction

Over the last two decades, the incorporation of Ag-based nanoparticles (NPs) and
ions has been widely employed in the textile and health care industries [1–5]. These in-
clude cloths, masks [6,7], water disinfection, air conditioner filters [8–13], and wound
dressing [14,15], used due to their higher antibacterial efficacy and broader spectrum of at-
tack [16,17]. Recently, Ag NP-coated nonwoven fibers have been receiving attention for their
protection against COVID-19 when used either as masks [18–21] or air filters [11,22–24].

Apart from the monometallic nanoparticles applied as textile finishing agents, bimetal-
lic NPs have received much interest because of their optical, electrical, magnetic, and
catalytic capabilities, and especially their excellent antibacterial properties, which differ
dramatically from their monometallic counterparts in most circumstances [25,26]. Bimetallic
NPs are made by mixing two distinct metal elements to produce a variety of morphologies
and architectures basically synthesized by chemical reduction and biosynthesis in recent
studies [27,28]. AgCu NP, as a typical alloy, has been thoroughly studied by us [29–31] and
others [32–38] and has been found to possess enhanced antibacterial efficacy, greater than
either Ag or Cu NPs, used alone or mixed together [32,39]. This has resulted in reduced
cytotoxicity [40] as well.

The durability of an antibacterial fiber is associated with its application requirements
(e.g., anti-washing is important for the textiles and filters used in water treatment [41,42],
but anti-wind blowing is more important for air conditioner filters). Changing the shape
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and size of Ag NPs has been used to change the colors of textiles [43,44], although they
mostly appear yellow for spherical Ag NP-coated fibers, similarly to Ag NP aqueous
dispersions. It is a challenge to determine the color change for textiles treated with Ag ions
or NPs [41], although changing the color of the textiles when varying the Ag NP shape is
one of the choices [43]. However, the fabrics finished with nano-Ag in different shapes still
have the problem of discoloration and degradation, caused over time and by exposure to
sunshine [43].

High-Efficacy Particulate (HEPA) filters are extremely efficacious at screening most
bacteria and viruses due to their tiny pores (which may be up to 100 nm) [45], but they have
high wind resistance (high energy consumption). The most important issue is the risk of the
HEPA filters acting as a reservoir for contamination of the indoor air environment [24,46],
which means that the filter itself can behave as a source for contamination of the air envi-
ronment with airborne pathogenic microorganisms if it is not coated with an antibacterial
agent [47]. The fabrication of nanofiber nonwovens by electrospinning with the need
to fight COVID-19 has recently made significant progress in industrialization. Chinese
manufacturers have made nanofiber-filtering nonwovens that can filter viruses, achieve
laundering, and be reused for masks [48]. The electrospinning nonwoven filter research
progress can be found in a recently reviewed paper [49].

Although Montazer et al. [50] developed a chemical treatment to prevent this, it en-
tails additional costs. While some researchers proposed using a colorless Ag NP-chitosan
complex coating [51] for the treatment of fabrics, we found that its color can be changed to
yellow at higher temperatures, e.g., 110 ◦C, or by light exposure in air for one month. Re-
cently, Richardson et al. [52] developed Ag–phenolic (plant polyphenols and antimicrobial
Ag ions) coatings on textiles, which can inhibit lipid-enveloped viruses over one thousand
times more efficiently than coatings composed of other metal ions, while maintaining their
efficacy, even after five washes. Despite this appearing interesting for actual application, its
cost may be too high. La et al. [53] recently reported an Ag/graphene-integrated nonwoven
polypropylene filter, which is prepared by reducing Ag ions on the surface of graphene
nanoplatelets (GNPs) using plant extract. Shiu et al. [54] developed a new filter prepared
by Ag@ZIF-8@PP melt-blown nonwoven fabrics with higher air filtration and antibacterial
efficacy. Cu is another antimicrobial agent, especially for COVID-19; it has been found that
Cu (including CuO) exhibits better performance [55–57] than Ag. For example, Perelshtein
et al. [58] evaluated a CuO NP-coated nonwoven fabric air filter; their results showed that
the CuO NP-coated filter was not only antimicrobial but also detrimental to H1N1 influenza
and two SARS-CoV-2 variants. It also demonstrated good stability and mechanical proper-
ties. Watson et al. [24] developed a novel antimicrobial treatment for air filters, the approach
being to modify an existing filter with a broad-range biocide, chlorhexidine digluconate
(CHDG), which is applied to porous filters across the HVAC sector. The advantage is that
the filter can quickly kill bacteria and viruses, compared with a metal-based antibacterial
coating. Druvari et al. [59] extended this technology and developed a facile and eco-friendly
process for the biocidal treatment of commercial high-efficiency particulate air filters for
air-cleaning filters. Ag nanowires have also been coated on fabrics as air filters by Park
et al. [60]; they found that the overall filtration and antibacterial efficiency of the fibers were
significantly improved without affecting the pressure drop.

There are many methods to prepare antibacterial fibers by Ag deposition, which have
been extensively summarized in recent review articles [61–63], including roll-to-roll coat-
ing (economical and extensively used by manufacturers) using Ag NPs or aqueous Ag
salts, vacuum sputtering deposition, in situ chemical reduction, etc. They all involve the
adhesion of Ag NPs or ions to the fibers, which plays a significant role in their durabil-
ity. To increase their adhesion, surface modifications of the nonwoven fabric were used,
including radiation-induced graft polymerization [64], functionalized amino-terminated
hyperbranched polymer ripening [65], chitosan finishing, electron static interaction on
protein-coated fibers [66], plasma treatment [67–69], etc. For practical applications, water-
based NPs dispersion using an appropriate binder is the primary technique, and when
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using sputtering deposition and plasma, especially air-pressure plasma treatment, com-
bined with roll-to-roll treatment, the NPs coating can be competitive processes for some
specific applications.

Although Ag NP coatings have been used for air conditioner filters, there are limited
data on their durability. At the same time, our recent studies of AgCu NPs indicated that
they showed excellent antibacterial efficacy, which can reduce Ag consumption if they meet
the same antibacterial efficacy. Our intention here is focused on evaluating the durability
of AgCu NP coatings for nonwoven fabrics as air filters. We also explored their advantages,
comparing Ag NPs and Ag ions with PVP-PVA stabilizers, coated onto nonwoven fabric,
without using any surface modification processes or special binders. We found that AgCu
NP-coated fabrics showed the highest durability, while Ag ion-coated fabrics, with and
without PVP-PVA stabilizers, showed the poorest.

2. Results

Firstly, we checked the appearance of the coated nonwoven fabrics as deposited and
after running for various periods (0–30 days). After running as depicted in Figure 1a,
Figure 1b shows the color change in the various Ag-coated fabrics at different times. After
a month, the color of the Ag NPs changed from beige to light brown (Table 1), while that of
the AgCu NPs changed from yellow to white. In the case of the fabric coated with Ag ions
and PVP-PVA stabilizer, after one month, the color changed from light beige to light gray;
without PVA-PVP stabilizer, its color changed from white to light gray.
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Figure 1. (a) Schematic of simulation of Ag-coated nonwoven fiber filters for air conditioning
applications; (b) Photographs of nonwoven fibers with different Ag coatings and running times.

Table 1. Comparison of appearances of Ag-coated fibers after different running times.

Samples Blank Ag NPs AgCu NPs Ag Ions Ag Ions-
PVA-PVP

As prepared white beige yellow white light beige
15 days white light brown white light gray light gray
30 days white light brown white light gray light gray

Figures 2 and 3 are antibacterial efficacies determined by the Zone of Inhibition (ZOI)
on Ag-coated fabrics under different running conditions. Before this test, we performed
a comparison experiment of the ZOI of various pretreatments of fabric samples, shown
in Figure S1 in the Supplementary Information. We found that, with a certain amount
of deionized water (e.g., fifty µL) to wet the fabric, the antibacterial performance was
more obvious and easier to compare; therefore, we used this modification to present the
antibacterial activities of the fabric samples. Figure 3a shows that the initial antibacterial
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efficacies for S. aureus are better for both AgCu NPs and Ag NPs compared to Ag ion-
coated fibers. Figure 3b shows that there are similar antibacterial efficacies for all samples,
except for PVP/PVA and Ag ion-coated fibers, which have better efficacy against E. coli
bacteria at the initial stage. However, after running for half a month, little antibacterial
efficacy remained for the Ag ion-coated fabric, regardless of whether it was coated with
PVP-PVA or not for both bacterial strains. For Ag NP-coated fabrics, there was an increase
in antibacterial efficacy after two weeks, followed by a decrease after one month of running.
In contrast, for the AgCu NP-coated fabric, the antibacterial efficacy increased after running
for both a half and a full month. AgCu NP-coated fabric had the best antibacterial efficacy
and durability, followed by Ag NPs, while the worst cases were Ag ion-coated fabrics, with
or without stabilizers.
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Figure 2. Zone of Inhibition of S. aureus and E. coli on Ag-nonwoven fibers with different running
conditions and treatments. The labeled red letter in the photos indicate the following: A—as
prepared; B—running for two weeks; C—running for four weeks. (a,e) Ag NPs, (b,f) AgCu NPs,
(c,g) Ag ions; and (d,h) PVA/PVP-Ag ion-coated samples. The black circles indicate the edges of the
inhibition zones.
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Inhibition against (a) S. aureus and (b) E. coli. Compared to the control sample, **** denotes a
statistical significance of p < 0.0001; ** denotes a statistical significance of p < 0.01; and * denotes a
statistical significance of p < 0.05, while ‘ns’ represents p > 0.05. n = 3. Error bars show standard errors
of the mean. The red × indicates that there is no inhibition zone for this sample.
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Figure 4 shows a survey and high-resolution C1s, O1s, Ag3d, and Cu2p XPS spectra
for the AgCu NP-coated fabric. They show the presence of -COOH/C=O (~290/289 eV)
and -COH (286.7 eV) peaks in both C1s and O1s, besides the C1s C-C/C-H peak used for
energy calibration, consistent with the fabric composition of PE/PP. The Ag3d5/2 peak
is located at 367.5 eV for the as-prepared sample, while the Ag-O (or -OH) peak appears
at 369 eV after running for one month. Cu2+ is seen to exist initially, as seen from the
presence of the shakeup satellite peak [70], with little change after running for a month. A
comparison of Ag3d for the Ag-coated fibers, as shown in Figure 5, indicates that there
was some oxidation, except for the pure Ag NP-coated samples, even after running for one
month. A higher concentration of the Ag ion-coated fabrics appeared at the initial stage
(as deposited, from Table 2) than that of Ag and AgCu NPs, although the same amount of
Ag was deposited; this can be caused by the higher surface–volume ratio of Ag ion-coated
samples than that of both Ag and AgCu NPs due to larger NPs. This means the smaller the
nanoparticles, the stronger the electron emission from NPs [71,72].

Table 2. Relative concentration changes in Ag-coated nonwoven fibers by XPS.

Sample
at. %

C1s O1s N1s Ag3d Cu2p

Background (fabric) 74.55 25.45 -- -- --
Ag (0) 75.18 21.77 2.87 0.18 --

Ag (30 days) 71.8 24.19 3.74 0.28 --
AgCu (0) 74.88 21.14 3.38 0.17 0.43

AgCu (30 days) 73.1 22.68 3.53 0.21 0.48
Ag+ (0) 75.26 24.38 -- 0.37 --

Ag+ (30 days) 72.88 26.88 -- 0.24 ↓ --
Ag+ + PVP/PVA (0) 73.47 25.97 -- 0.55 --

Ag+ + PVP/PVA (30 days) 75.39 24.22 -- 0.39 ↓ --
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Detailed XPS spectra are shown in Figures S2–S4. Chemical compositional changes,
estimated using XPS sensitivity factors, are found in Table 2. It is seen that the Ag concen-
tration is ~0.2–0.3% for Ag and AgCu NP-coated fibers and that there was minimal change
after running for one month, while that for Ag ion-coated fibers decreased.

These color changes and analytic data (XPS and antibacterial activity) clearly show
that the initial color of all coated nonwoven fabrics was changed, especially for the AgCu
NP-coated fabrics, which look like uncoated fabrics. Both Ag and AgCu NP-coated fabrics
showed no loss of Ag after running for one month, while Ag ion-coated samples, with or
without PVP/PVA, showed some loss of Ag.

3. Discussion

The color changes in both uncoated and Ag-coated fabrics, induced by air currents in
the air conditioner, as shown in Table 1, can be summarized as follows: the color change
in the uncoated nonwoven fabric changes from original white to a quite slight gray. This
variation is probably due to the deposition of particulate matter during air flow. While
the color of Ag NP-coated fabrics, which changes from beige to light brown after running
for one month, is principally caused by Ag NP aggregation, which is assisted by air flow.
Ag ion-coated fibers, without and with PVP-PVA stabilizers, change from white (or light
yellow) to light brown after running for one month, caused by Ag NP aggregation, which
we have found previously [73]. This means that no aggregation occurred for the AgCu NP-
coated fabrics by air flow, suggesting that the adhesion of AgCu NPs to the fabric is stronger
than that of Ag NPs and Ag ions. The initial (as deposited) yellow color of the Ag ion coated
with the PVP-PVA sample is due to the reduction in PVP to form nanoparticles [29,30].
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Surface chemical analysis by XPS, as shown in Figure 4 and Table 2, indicates that
both AgCu- and Ag NP-coated fabrics suffer little loss of NPs, but there is some loss of Ag
for the Ag ion-coated fabrics after running for one month. This is further confirmed by
the antibacterial data in Figures 2 and 3. The loss of color of AgCu NPs is caused by the
formation of an oxidation shell, as confirmed by Ag 3d XPS in Figures 4 and 5, while the
antibacterial activity enhances, consistent with Table 1, due to oxidation shell formation [74].
This is because oxidized Ag in AgCu NPs is favorable for Ag ion release in contact with
bacteria [75]. However, it is well known that the aggregation of Ag NPs can also result, in
some circumstances, in a decrease in antibacterial efficacy [76,77], which may be the main
reason for the degradation of Ag NP-coated fabrics.

The XPS results presented in Figure 5 and Table 2 suggest that the adhesion of the Ag
ion-coated fabric samples is very weak, leading to the loss of Ag and also NP aggregation
on wind blowing. It is well known that fibers, when immersed in solutions of AgNO3,
in the absence of added reducing agents, undergo a reduction reaction from Ag ions to
metallic Ag (Ag+ to Ag0) [78] due to the presence of functional groups (C=O and C-O)
on the fiber surface, as shown by our XPS analysis (Figure 4). The loss of Ag from the
Ag ion-coated fabric samples is due to zerovalent Ag having a weak interaction with
fibers [79,80], which is a major reason for the loss of Ag from the air current exposure. The
antibacterial test data presented in Figures 2 and 3 also confirm Ag loss by air currents for
the Ag ion-coated samples.

However, the loss of Ag concentration is minimal for Ag and AgCu NPs, implying
that they have a stronger interaction with the fabrics when the wind blows. This enhanced
interaction is attributed to the presence of PVP-PVA that can form hydrogen bonds with
the fibers [81]. Therefore, the fading of the yellow color of AgCu NP-coated fibers does not
affect their application as antibacterial filters, but this partial oxidization process makes a
difference in improving the antimicrobial effect, which appears to result from preventing
the aggregation of the AgCu NPs.

For the antibacterial efficacy change shown in Figures 2 and 3, it is clearly indicated
that both Ag- and AgCu NP-coated fabrics exhibited better antibacterial efficacy for S.
aureus than for E. coli. This is different than the case of Ag and AgCu NPs and Ag ions
in aqueous solutions. Secondly, the antibacterial efficacy of Ag NPs is increased in the
first 15-day running period, which then decreases after running for one month. The
increased antibacterial efficacy of Ag NP-coated fabrics for the first 15 days of airflow
may be caused by NP surface oxidation layer formation during that time. The decreased
antibacterial efficacy of Ag NP-coated fabrics can be attributed to the Ag NPs aggregation;
this is consistent with the Ag NP color change. As one can see in Figures 2 and 3, the
antibacterial efficacy of AgCu NP-coated fabric increases for one month, which can be
attributed to both surface oxidation and a lack of aggregation. The major reason for the
decrease in antibacterial efficacy for the Ag ion-coated fabrics, both with and without
PVP-PVA stabilizers during airflow, appears to be a loss of Ag due to a weak interaction of
Ag with fibers.

It Is well known that antibacterial efficacy is dependent on the Ag NPs’ size [82–85],
shape, and surface chemistry [86–89]. The smaller the size, the higher the antibacterial
efficacy [90,91] under aqueous environmental conditions. In this work, Ag NPs (12 nm) [29]
and AgCu NPs (15 nm; a TEM photomicrograph can be found in Figure S5 in the Supple-
mentary Material) were used. There is no available TEM data for Ag ion-coated fabrics;
however, based on the color of the Ag ion-coated fabrics, the average size of Ag may be
smaller than 5 nm (without PVA-PVP) and 6–10 nm (with PVA-PVP stabilizers). For the
coated fabrics, the antibacterial efficacies, determined from the ZOI diameter against two
bacteria, are mainly affected by two factors: Ag and Cu ion release [92,93] and the contact
killing mechanism [94,95]. Since the ZOI diameter depends on diffusion, this means that
both Ag- and AgCu-coated fabrics have more NPs and ions diffusing than the Ag-coated
fabrics, both initially and after running for a month (Figure 3). It appears that Ag ion release
plays a more important role in the antibacterial efficacy of the coated fabrics because there
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is stronger adhesion of the AgCu and Ag NPs to the fabrics, as confirmed by XPS and
ZOI testing.

Based on this analysis, a schematic diagram for the coated fiber color and property
changes is found in Figure 6. The most notable one is for the AgCu NP-coated samples
among these Ag-coated antibacterial fabrics, which not only kept their mechanical durabil-
ity but also improved their antibacterial efficiency with the moderate oxidation of Ag. It
is confirmed by the change to the Ag3d peak, the little change to the Cu2p peak, and the
stronger adhesion between antibacterial material and fabric, as determined by ZOI.
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Figure 6 highlights the change in the NPs coated on the fabrics. (1) AgCu remains on
the fiber, without movement, under air flow, although the surface forms an oxide layer,
revealing the stronger interaction between PVP-PVA-capped AgCu NPs and the fibers.
(2) The adhesion of Ag NPs on a fiber is likely weaker than that of AgCu since the NPs can
move, leading to aggregation. (3) The adhesion of the Ag ions, with and without PVA-PVP
stabilizer, is probably very weak, resulting in the loss and aggregation of the Ag NPs on
the fibers. The enhanced antibacterial efficacy of the AgCu NPs on the fibers can be due
not only to oxidation layer formation to speed up Ag ion release under running conditions
but also to Cu enhancing Ag release, which has been found recently [29].

This study provides us with a facile and cost-effective method to maintain stable AgCu
NP-based coated antibacterial nonwoven fabric, which can be considered an excellent sub-
stitute for colorless antibacterial filters applied in air conditioning to achieve air purification
for human health.

4. Materials and Methods
4.1. Materials

Commercially nonwoven K5310 fabric, composed of polypropylene/polyethylene
(PP/PE), was purchased from Jiangsu Beihu New Material Co., Ltd. (Jiangyin, China);
Ag and AgCu NP aqueous dispersions were provided by Solmont Technology Wuxi Co.,
Ltd. (Wuxi, China) at 1000 ppm Ag concentration and PVP-PVA as stabilizers. Ag nitrate
(AgNO3, 99.8%) was obtained from Tongboxin Hongyin Products Co., Ltd. (Henan, China).
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4.2. Sample Preparation

Antibacterial agents: aqueous dispersions of Ag and AgCu NPs were diluted to 200 ppm
Ag concentration, with the Cu concentration at 100 ppm, w/v, using deionized water. The
composite solution of PVP/PVA and Ag ions with 200 ppm Ag ions was prepared by
dissolving AgNO3 in deionized water with the same amount of PVP and PVA added as in
the Ag NP dispersions.

Nonwoven fabric: the fabrics were cut to the same size (30 × 33 cm2) and soaked in
the different antibacterial agents for 1 min before the excess liquid was rolled out and the
fabrics were dried by atmospheric exposure. The Ag-coated nonwoven fabrics were dried
for 24 h in air at room temperature.

Air blowing test: samples of fabric were glued to the air inlet of an air conditioner KFR-
35GW/K150+N3, Chigo Air Conditioning Co., Ltd., (Foshan, China) using double-sided
adhesive tape. The air conditioner was working continuously for 30 days, and samples
were evaluated on days 0, 15, and 30.

4.3. Characterization

XPS was conducted on an ESCALab 230i, whose X-ray source was monochromatic
Al Kα (1486.7 eV). Survey spectra were conducted with 1.0 eV steps at 100 eV pass energy,
while high-resolution spectra were conducted with 0.05 eV steps and a 25-eV pass energy.
All spectra were calibrated by placing the C1s peak for C-C/C-H at 284.8 eV.

4.4. Antibacterial Evaluations

The antibacterial efficacy of the fabrics was evaluated against Gram-negative Es-
cherichia coli (ATCC 8099) and Gram-positive Staphylococcus aureus (ATCC 6538). The
sub-culture of the bacterial colony was made from 3–5 generations of the primary culture.
Bacteria were grown overnight on a nutrient-agar media plate. Inoculums of 0.5 McFarland
standards (1.5 × 108 CFU/mL) were maintained in nutrient broth by picking up a single
colony from the sub-culture plate [32], and fifty microliters of bacterial solution were added
to 5 mL of sterile saline solution to obtain a bacterial suspension at a concentration of
1.5 × 106 CFU/mL for testing. Fabric samples were cut with a 14 mm punch.

Agar dilution is considered to be the gold standard of susceptibility testing or the
most accurate way to measure the resistance of bacteria to antibiotics [96]. In this well-
known procedure [97], the agar plate surface was inoculated by spreading a volume of the
microbial inoculum over the entire agar surface. Then, samples were placed aseptically,
using sterile tweezers, onto the surfaces of ager plates. The Petri dishes were then incubated
under suitable conditions [98] (37 ◦C). The antimicrobial agent diffuses into the agar and
inhibits germination and growth of the test microorganism, following which the diameters
of the inhibition growth zones are measured by a vernier caliper at three or more locations.

4.5. Statistical Studies

Statistical data (average ± SD) analyses were conducted, applying One-Way ANOVA
(SPSS software Version 8.0 program). This study considered p < 0.05 for significantly
various groups.

5. Conclusions

The durability of directly deposited Ag and AgCu NPs and Ag ions, by dip-roll
processes onto nonwoven fabric for air conditioner applications, has been evaluated by
antibacterial efficacy, color change, and XPS analysis. We found that the disappearance
of the yellow color of AgCu NP-coated fabrics on air current exposure is attributed to
the surface oxidation of AgCu NPs without the degeneration of antibacterial activity,
while the decreased antibacterial activity and color change for the Ag NP- and Ag ion-
coated fabrics can be attributed to surface Ag NP aggregation and Ag loss. PVP-PVA
stabilized AgCu NPs, deposited onto the fabric by dip-rolling, appear to be applicable as air
conditioning antibacterial filters, leading to higher durability and enhanced antibacterial
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efficacy. Overall, this study proposes a facile and inexpensive method to maintain stable
NP-coated fabrics without using any surface modification processes or special binders but
with the improvement of antimicrobial efficacy in use, which may be an effective solution
to the implementation of colorless anti-bacterial filters applied in air conditioners to achieve
better air purification, particularly for respiratory health.

Supplementary Materials: The supporting information can be downloaded at https://www.mdpi.
com/article/10.3390/molecules28145446/s1, Figure S1: A comparison of Zone of Inhibition of
S. aureus on Ag-nonwoven fabrics with 17 different pretreatments: A, B, and C were wet with
50 microliters of deionized water, while 1, 2, and 3 were not, before 18 antibacterial evaluations,
in the order of as prepared (A, 1), two weeks (B, 2) and four weeks (C, 3). Figure S2: XPS of Ag
NP-coated nonwoven fabrics. (a) Survey, (b) C1s, (c) O1s, and (d) N1s. Figure S3: XPS of Ag ion-
coated nonwoven fabrics. (a) Survey, (b) C1s, and (c) O1s. Figure S4: XPS of PVP/PVA and Ag
ion-coated nonwoven fabrics. (a) Survey, (b) C1s, and (c) O1s. (d) N1s. Figure S5: TEM photographs
of Ag NPs at (a) low magnification and (b) high magnification; (c) measured particle size; and
(d) high-magnification photo of AgCu NPs.

Author Contributions: Conceptualization, D.Y. and E.S.; methodology, D.Y.; software, F.Z.; valida-
tion, F.Z., J.P. and L.Y.; formal analysis, F.Z.; investigation, F.Z., J.P., Y.T. and L.Y.; data curation, F.Z.
and J.P.; writing—original draft preparation, D.Y.; writing—review and editing, E.S. and D.Y.; super-
vision, D.Y. and E.S. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: Y.T. appreciates the funding from Solmont Technology for this internship job.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Lee, H.J.; Yeo, S.Y.; Jeong, S.H. Antibacterial effect of nanosized silver colloidal solution on textile fabrics. J. Mater. Sci. 2003, 38,

2199–2204. [CrossRef]
2. Nowack, B.; Krug, H.F.; Height, M. 120 Years of Nanosilver History: Implications for Policy Makers. Environ. Sci. Technol. 2011,

45, 1177–1183. [CrossRef] [PubMed]
3. Shah, M.A.; Pirzada, B.M.; Price, G.; Shibiru, A.L.; Qurashi, A. Applications of nanotechnology in smart textile industry: A critical

review. J. Adv. Res. 2022, 38, 55–75. [PubMed]
4. Bhandari, V.; Jose, S.; Badanayak, P.; Sankaran, A.; Anandan, V. Antimicrobial finishing of metals, metal oxides, and metal

composites on textiles: A systematic review. Ind. Eng. Chem. Res. 2022, 61, 86–101. [CrossRef]
5. Begam, R.; Joshi, M.; Purwar, R. Antimicrobial Finishing of Cotton Textiles Using Silver Intercalated Clay. Fibers Polym. 2022, 23,

148–154. [CrossRef]
6. Blevens, M.S.; Pastrana, H.F.; Mazzotta, H.C.; Tsai, C.S.-J. Cloth face masks containing silver: Evaluating the status. ACS Chem.

Health Saf. 2021, 28, 171–182. [CrossRef]
7. Hamouda, T.; Kafafy, H.; Mashaly, H.; Aly, N.M. Breathability performance of antiviral cloth masks treated with silver nanoparti-

cles for protection against COVID-19. J. Ind. Text. 2022, 51, 1494–1523. [CrossRef]
8. Praveena, S.M.; Aris, A.Z. Application of low-cost materials coated with silver nanoparticle as water filter in Escherichia coli

removal. Water Qual. Expo. Health 2015, 7, 617–625. [CrossRef]
9. Joe, Y.H.; Ju, W.; Park, J.H.; Yoon, Y.H.; Hwang, J. Correlation between the antibacterial ability of silver nanoparticle coated air

filters and the dust loading. Aerosol Air Qual. Res. 2013, 13, 1009–1018. [CrossRef]
10. Ju, Y.; Han, T.; Yin, J.; Li, Q.; Chen, Z.; Wei, Z.; Zhang, Y.; Dong, L. Bumpy structured nanofibrous membrane as a highly efficient

air filter with antibacterial and antiviral property. Sci. Total Environ. 2021, 777, 145768. [CrossRef]
11. Balagna, C.; Perero, S.; Bosco, F.; Mollea, C.; Irfan, M.; Ferraris, M. Antipathogen nanostructured coating for air filters. Appl. Surf.

Sci. 2020, 508, 145283. [CrossRef]
12. Ko, Y.-S.; Joe, Y.H.; Seo, M.; Lim, K.; Hwang, J.; Woo, K. Prompt and synergistic antibacterial activity of silver nanoparticle-

decorated silica hybrid particles on air filtration. J. Mater. Chem. B 2014, 2, 6714–6722. [CrossRef] [PubMed]

https://www.mdpi.com/article/10.3390/molecules28145446/s1
https://www.mdpi.com/article/10.3390/molecules28145446/s1
https://doi.org/10.1023/A:1023736416361
https://doi.org/10.1021/es103316q
https://www.ncbi.nlm.nih.gov/pubmed/21218770
https://www.ncbi.nlm.nih.gov/pubmed/35572402
https://doi.org/10.1021/acs.iecr.1c04203
https://doi.org/10.1007/s12221-021-3178-9
https://doi.org/10.1021/acs.chas.1c00005
https://doi.org/10.1177/15280837211051100
https://doi.org/10.1007/s12403-015-0167-5
https://doi.org/10.4209/aaqr.2012.07.0191
https://doi.org/10.1016/j.scitotenv.2021.145768
https://doi.org/10.1016/j.apsusc.2020.145283
https://doi.org/10.1039/C4TB01068J
https://www.ncbi.nlm.nih.gov/pubmed/32261868


Molecules 2023, 28, 5446 11 of 14

13. Joe, Y.H.; Yoon, K.Y.; Hwang, J. Methodology for modeling the microbial contamination of air filters. PLoS ONE 2014, 9, e88514.
[CrossRef]

14. Maneerung, T.; Tokura, S.; Rujiravanit, R. Impregnation of silver nanoparticles into bacterial cellulose for antimicrobial wound
dressing. Carbohydr. Polym. 2008, 72, 43–51. [CrossRef]

15. Krishnan, P.D.; Banas, D.; Durai, R.D.; Kabanov, D.; Hosnedlova, B.; Kepinska, M.; Fernandez, C.; Ruttkay-Nedecky, B.; Nguyen,
H.V.; Farid, A. Silver nanomaterials for wound dressing applications. Pharmaceutics 2020, 12, 821. [CrossRef]

16. Joe, Y.H.; Park, D.H.; Hwang, J. Evaluation of Ag nanoparticle coated air filter against aerosolized virus: Anti-viral efficiency with
dust loading. J. Hazard. Mater. 2016, 301, 547–553. [CrossRef]

17. Joe, Y.H.; Woo, K.; Hwang, J. Fabrication of an anti-viral air filter with SiO2–Ag nanoparticles and performance evaluation in a
continuous airflow condition. J. Hazard. Mater. 2014, 280, 356–363. [CrossRef]

18. Hiragond, C.B.; Kshirsagar, A.S.; Dhapte, V.V.; Khanna, T.; Joshi, P.; More, P.V. Enhanced anti-microbial response of commercial
face mask using colloidal silver nanoparticles. Vacuum 2018, 156, 475–482. [CrossRef]

19. Balagna, C.; Perero, S.; Percivalle, E.; Nepita, E.V.; Ferraris, M. Virucidal effect against coronavirus SARS-CoV-2 of a silver
nanocluster/silica composite sputtered coating. Open Ceram. 2020, 1, 100006. [CrossRef]

20. Liao, M.; Liu, H.; Wang, X.; Hu, X.; Huang, Y.; Liu, X.; Brenan, K.; Mecha, J.; Nirmalan, M.; Lu, J.R. A technical review of face
mask wearing in preventing respiratory COVID-19 transmission. Curr. Opin. Colloid Interface Sci. 2021, 52, 101417. [CrossRef]

21. Pollard, Z.A.; Karod, M.; Goldfarb, J.L. Metal leaching from antimicrobial cloth face masks intended to slow the spread of
COVID-19. Sci. Rep. 2021, 11, 19216. [CrossRef] [PubMed]

22. Behbudi, G. Effect of silver nanoparticles disinfectant on COVID-19. Adv. Appl. NanoBio-Technol. 2021, 2, 63–67.
23. Mallakpour, S.; Azadi, E.; Hussain, C.M. Fabrication of air filters with advanced filtration performance for removal of viral

aerosols and control the spread of COVID-19. Adv. Colloid Interface Sci. 2022, 303, 102653. [CrossRef] [PubMed]
24. Watson, R.; Oldfield, M.; Bryant, J.A.; Riordan, L.; Hill, H.J.; Watts, J.A.; Alexander, M.R.; Cox, M.J.; Stamataki, Z.; Scurr, D.J.

Efficacy of antimicrobial and anti-viral coated air filters to prevent the spread of airborne pathogens. Sci. Rep. 2022, 12, 2803.
[CrossRef] [PubMed]

25. Arora, N.; Thangavelu, K.; Karanikolos, G.N. Bimetallic nanoparticles for antimicrobial applications. Front. Chem. 2020, 8, 412.
[CrossRef]

26. Sharma, G.; Kumar, A.; Sharma, S.; Naushad, M.; Dwivedi, R.P.; ALOthman, Z.A.; Mola, G.T. Novel development of nanoparticles
to bimetallic nanoparticles and their composites: A review. J. King Saud Univ. Sci. 2019, 31, 257–269. [CrossRef]

27. Zare, E.N.; Padil, V.V.; Mokhtari, B.; Venkateshaiah, A.; Wacławek, S.; Černík, M.; Tay, F.R.; Varma, R.S.; Makvandi, P. Advances
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