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The widespread transmission of coronavirus disease (COVID-19) poses an urgent need for air filter
development to prevent pathogens from spreading in indoor spaces. This paper aims to introduce an in
situ growth dip coating approach to demonstrate a simple and eco-friendly synthesis of copper
nanoparticle (Cu NP) decorated melamine sponge (Cu/MS) air filters. The results showed that the Cu NPs
tightly adhered to the melamine sponge (MS), and that their amount was controllable. Introducing
increasing quantities of Cu NPs into the MS proportionally improved pathogen capture and inactivation
efficiencies. The bare MS showed 94.54% capture efficiency, which was greatly improved up to 96.36%
for Cu/MS (1.17 Cu wt%) and 100% for Cu/MS (5.69 Cu wt%) after 30 min. The capture performance of
the Cu/MS air filter was stably maintained above 99% after multiple washing cycles due to the strong
chemically grown Cu NPs on the MS carrier, indicating its reusability. Additionally, Cu/MS exhibited
almost complete inactivation of E. coli (>99.99%) in saline, indicating that Cu NPs play a major role in the
bacteria-killing function of Cu/MS. Taking advantage of the eco-friendliness, reusability and dual-
functionality, the synthesized Cu/MS sponge filter would be an ideal candidate for the current and future
pandemic situations.

In the COVID-19 pandemic, the development of air filtration systems to capture and kill pathogens has become increasingly important to maintain the indoor

air environment and reduce infection and mortal risk. This work presents a facile and eco-friendly synthesis of copper nanoparticles (Cu NPs) on melamine
sponge (Cu/MS) as a reusable and dual-functional filter for pathogen capture and destruction in air. Quantitatively controllable and stable deposition of Cu NPs

on MS leads to substantially enhanced pathogen capture and inactivation efficiencies. This study also provides insights into the design of a meaningful capture-
and-disinfection air filter system to kill pathogens in a single-pass air flow.

1 Introduction

The coronavirus disease 2019 (COVID-19) pandemic has raised
global concern regarding indoor air quality since people spend
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about 80% of their time in confined spaces." Pathogen-
containing aerosols are at the forefront of the COVID-19
pandemic's concern on the transmission of infectious
diseases.>® A recent study has clearly demonstrated that
multiple individuals spending time in common indoor settings
might pose a risk and facilitate virus transmission, indicating
that this is a likely situation for efficient pathogen trans-
mission.* To counter this escalating threat, the usage of air
purifiers to mitigate the spread of infectious pathogens and
regulate indoor air quality is highly desirable.®

Generally, air purification devices employed fibrous filters
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for capturing fine particulates due to a dense reticular mesh-
work. However, significant disadvantages of these fibrous filters
are (1) high air resistance related to pressure drop, causing high
energy consumption,® and (2) significant efficiency of pathogen
removal.” In addition, it is reported that accumulation and
proliferation of microbes leads to secondary airborne
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contamination.® Eventually, the reduction of ventilation volume
and the loss of filter life required additional maintenance and
replacement costs. As a result, development of air filters with
high capture and inactivation efficiency is required to improve
indoor air quality and pathogen removal efficiency, and reduce
the financial strain on air filters.’

To endow filter substrates with self-sterilizing anti-pathogen
properties, incorporation of antimicrobial agents is needed.'**
Over the years, considerable research has been conducted to
investigate antiviral activities of copper nanoparticles (Cu
NPs).">** Copper-based materials have been vigorously investi-
gated for their rapid and high inactivation efficacy against
pathogens such as the influenza virus (H1N1)" and coronavi-
ruses such as severe acute respiratory syndrome coronavirus
(SARS-CoV)** and human coronaviruses.'” Consequently, copper
was selected as the model antibacterial agent in this study due
to its cost-effective and significant antiviral behavior. The crit-
ical issues are to find an appropriate substrate that is compat-
ible with Cu NPs to achieve stable adhesion for extended reuse.

A key factor that should be taken into account is that Cu NPs
in the form of powder can be a secondary particulate matter if
the NPs are not tightly anchored on the filter substrate. Ulti-
mately, melamine sponge (MS) was chosen for various reasons:
(1) the spongy structure offers ideal filtration of polluted air
flowing through sponge channels, thus minimizing pressure
drop and energy consumption, (2) the highly porous structure
can increase exposure of the antibacterial agents to the patho-
gens, and (3) the high density of amine functional groups is
advantageous for nucleation and chemical adhesion of anti-
microbial agents, and hence the filter would be reusable to
some extent. Although some of the antibacterial capabilities of
MS have been previously reported via antimicrobial agent
coating,’®" there has been considerably less research on air
treatment application, which is urgent in this pandemic.

Herein, a facile and eco-friendly development of a Cu NP
encapsulated melamine sponge (Cu/MS) air filter is presented.
The Cu/MS hybrid air filter exhibited outstanding performance
for integrated capture and inactivation of pathogens present in
aerosols. The Cu/MS (5.69 Cu wt%) filter served as a filtration
medium with 100% filtration efficiency at a flow rate of 3
L min~", as well as >99.9% bactericidal activity toward Escher-
ichia coli (E. coli) bacteria. Interestingly, the capture perfor-
mance of airborne bacteria was maintained at above 99% after
five washing cycles with water. The incorporation of Cu NPs is
beneficial for the performance enhancement and the effect of
incorporating different quantities of Cu NPs into the MS was
evaluated in terms of capture and inactivation efficiencies. This
work demonstrated an ideal approach for the simultaneous
removal and inactivation of pathogens present in aerosols for
air treatment especially in response to the ongoing COVID-19
pandemic.

2 Materials and methods
2.1. Materials

Melamine sponge (melamine-formaldehyde resin sponge) was
bought from Dongsung Co., Ltd (South Korea). Copper(u)
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acetate monohydrate (C;HgCuOs, 95%) and r-ascorbic acid
(C¢HgOs, 99%) were purchased from TCI (America). Ethanol
(C,H50H, 95%) was provided by Daejung (South Korea).
Distilled water was employed as the sole solvent for the Cu/MS
synthesis. All the reagents were used as received without any
purification and the stock solutions were freshly prepared
before each reaction. Escherichia coli ATCC™ 25922™ (E. coli)
was purchased from Thermo Fisher Scientific (South Korea) to
investigate inactivation efficiencies for pathogens.

2.2. Fabrication of the Cu/MS hybrid air filter

Melamine sponge was used as a backbone substrate to fabricate
the Cu/MS filter. The bare MS was sonicated for 30 min in
ethanol for cleaning and dried under vacuum prior to the
preparation of the Cu/MS. Subsequently, MS was cut into rect-
angular pieces of 40 x 40 x 80 mm?® and immersed in 200 mL
copper(i) acetate solution (concentration 9.12 mg mL™"), fol-
lowed by adding 10.56 g r-ascorbic acid. The mixture was vor-
texed and heated at 50 °C for 2 h. Afterwards, the Cu/MS was
taken out and washed with distilled water to remove loosely
bound particles and dried under vacuum. For comparison, Cu/
MS with different Cu NP contents was also prepared under the
same experimental conditions except this time 0.91 mg mL ™"
copper(u) acetate solution and 1.056 g r-ascorbic acid were used.

2.3. Filtration test

The experiment design for evaluating the filtration ability of the
Cu/MS filter was based on a previous report by Ramya et al., with
significant changes to the protocol.*® Fig. 1a shows a schematic
representation of the experiment setup, which includes an
atomizer for generating bacterial aerosol. The E. coli suspension
was sprayed with an air flow rate of 3 L min~" into the plug flow
reactor with a cross-section of 35 x 35 mm” and a length of 80
mm. The Cu/MS filter, measuring 35 x 35 x 10 mm®, was
incorporated into the reactor. The membrane was placed
behind the Cu/MS filter to trap the bacteria in the outlet stream.
The outlet stream from the module was passed into the bleach
solution for safety purposes. At various time intervals of 30, 60,
90, 120, and 150 min, the membrane was removed and
replaced. The removed membrane was rinsed in a beaker con-
taining 10 mL phosphate-buffered saline (PBS). Afterwards, the
bacterial solution (100 puL) from the beaker was inoculated on
plate count agar (PCA) and incubated at 37 °C for 24 h. After
incubation, the colonies were counted to determine the E. coli
concentration. A blank test was carried out in the absence of Cu/
MS to determine the number of bacterial colonies flowing
through the empty module. Prior to the experiment, the optical
density (OD) of the bacterial solution was adjusted to 1 using an
ultraviolet-visible spectrometer at a wavelength of 600 nm in
order to ensure that the concentration of bacteria passing
through the different foam filters was consistent. The bare MS
was tested under the same experimental conditions in addition
to Cu/MS for comparison. Every test was repeated three times.
Pathogen capture efficiency in air for Cu/MS sponge filters was
calculated using eqn (1):
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Fig. 1 (a) Schematic diagram of the experimental setup used in the
pathogen capture tests; (b) digital camera images (top) and schematic
illustration (bottom) of the copper decorated melamine sponge (Cu/
MS) air filter fabrication process and (c) capture and inactivation air
filter system-based Cu/MS.

G -C

Efficiency = G (1)

where C (CFU mL ") is the E. coli concentration in the presence
of sponge filters and C, (CFU mL™") is the initial estimated
bacterial concentration for each time point based on a blank
test.

To check whether the filter can be reused, the pathogen
capture test was performed after five washing cycles. Typically,
the Cu/MS air filters were exposed to aerosol containing E. coli
at a flow rate of 3 L min~" for 150 min. Afterwards, the Cu/MS
filters were fully washed with 20 mL distilled water under
shaking at 300 rpm before being dried at 60 °C for 2 h. There
were a series of experiments conducted for the pathogen
capture tests during five cycles of the washing test.

2.4. Inactivation test

2.4.1. Inactivation kinetics. The plate count method was
applied to determine the antibacterial performance of the Cu/
MS filter. Cu/MS sponge air filters with size of 25 x 25 x 10
mm?® were added to a batch reactor containing a mixture of
20 mL PBS and 0.2 mL E. coli solution (2.5 x 10’ CFU mL™%).
The mixture was shaken at 230 rpm at 5, 10, 15, 30, 37 and
45 min, respectively. As the reaction proceeded, 100 uL of the
bacterial solution was carefully pipetted out and plated in the
PCA culture medium. These plates were incubated at 37 °C for
24 h, then the viable cell count was determined by the standard
plate count method. The blank test was conducted under
identical conditions in the absence of a Cu/MS filter. For
comparison, the antibacterial performance of a bare MS was
also assessed under the same conditions in addition to Cu/MS.
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The inactivation kinetics of Cu/MS and bare MS filters were
evaluated using the Chick-Watson equation, which is the
empirical model for bacteria inactivation with a constant
concentration of disinfectant, according to eqn (2):

Ig(CICy) = —K[xI"t (2)

where C, (CFU mL ™) is the initial E. coli bacterial concentration
and C (CFU mL™") is the bacterial concentration after varying
time periods in the range of 5, 10, 15, 30, 37 and 45 min.

2.4.2. Optical density (ODgoo) measurements. The optical
densities of Cu/MS hybrid filters were measured at 600 nm. The
Cu/MS filters were placed in a well grown bacteria E. coli
suspension (ODggo ~ 1.0). The mixed suspension was kept in an
incubator with continuous shaking at 230 rpm at different time
periods of 0, 1, 2, 4, 6 and 9 h. At different time intervals, the
optical density of the samples was measured at 600 nm to
examine the bacterial growth after interaction with the sponges
at different time periods. A graph of OD at 600 nm versus time
was plotted to predict the growth of bacteria after interacting
with increasing Cu NP content of Cu/MS samples.

2.4.3. Korea Conformity Laboratories standard method
(KCL-FIR-1002:2021). The antibacterial activity of the Cu/MS
filter was examined according to the Korea Conformity Labo-
ratories standard method (KCL-FIR-1002:2021) procedure. This
standard issued by Korea Conformity Laboratories (KCL) spec-
ifies the antibacterial performance of air cleaners installed in
indoor places. Briefly, a Cu/MS filter with size of 50 x 50 x 10
mm?® was added to a 100 mL Erlenmeyer flask containing 10 mL
of Gram-negative E. coli suspensions (3.5 x 10° CFU mL™"). The
bacteria and antibacterial agents were mixed with a magnetic
stirrer at room temperature for 3 minutes. Afterwards, the
suspension inside the glass was carefully pipetted out and
transferred to another sterilized tube. The suspension under-
went a 10-fold serial dilution using saline solution and 100 pL of
it was subsequently plated on agar. Finally, the plates were
incubated at 37.1 £ 0.2 °C for 24 h and the viable cell count was
then performed. The experiments were repeated three times
and the assessed CFUs were normalized by the dilution factor
and volume according to eqn (3):

no. of CFUs

CFU mL™ = ——
m (dilution factor) x (vol plated)

(3)

The sterilization reduction rate (%) was calculated using the
following equation (eqn (4)):

[Co — (]

Sterilization reduction rate (%) = C (4)

where C, (CFU mL™") is the initial E. coli bacterial concentration
and C (CFU mL ") is the bacterial concentration in the presence
of the Cu/MS filter after 24 h.

2.5. Characterization

The morphological structure of Cu/MS, MS and E. coli was
imaged using scanning electron microscopy (SEM, Hitachi S-
4800). An energy-dispersive X-ray analysis was carried out on

© 2022 The Author(s). Published by the Royal Society of Chemistry
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a JEOL JEM-2100F microscope. The functional groups and
structure of Cu/MS as well as MS were analyzed using a Fourier
transform infrared spectroscopy spectrometer (FT-IR, Thermo
Scientific IN10) with a continuous scan in the range from 4000
to 400 cm ™', X-ray diffraction (XRD) analysis was performed on
a Rigaku Ultima IV diffractometer with focused-beam Cu K,
radiation (K, = 1.541 A). The UV-vis spectra were obtained from
a Shimadzu™ UVmini-1240 model spectrophotometer.

3 Results and discussion

3.1. In situ synthesis of Cu/MS

The fabrication procedures of the Cu/MS hybrid air filter are
demonstrated in Fig. 1b and its usage in the pathogen capture
and inactivation application is described in Fig. 1c. The Cu/MS
was synthesized by the impregnation of MS with copper(u)
acetate and subsequent treatment with r-ascorbic acid solution.
The MS turned from light gray to light red, indicating the
presence of Cu NPs. It was noticed that nontoxicity was
considered as a significant aspect for the intended application.
While there have been preliminary reports on the synthesis of
Cu/MS,*"** the studies used hydrazine as a toxic reagent, which
means that additional treatment for waste water emitted from
the synthesis process will be required. Noteworthily, the
synthesis of Cu/MS in this work was promising toward utilizing
eco-friendly reducing agent -ascorbic acid, which has not been
previously described in the literature to the best of our
knowledge.

To investigate the morphology of Cu NP growth on the bare
MS, SEM images were used. As presented in Fig. 2a and S1,} the
bare MS has a smooth surface and an interconnected 3D hole-
like structure with a mean pore size of 135 + 40 um. After
deposition of the Cu NPs, the spongy structure of Cu/MS was
maintained, whereas the presence of the Cu NPs was observed
on the backbone of the MS (Fig. 2b). The individual Cu NPs have
pseudo-spherical topology with sizes of 430 + 150 nm as seen in
Fig. S2.f The composition of the Cu/MS hybrid sponge was
mapped by SEM energy-dispersive spectroscopy (EDS) analysis
(Fig. 2¢). The presence of the Cu element confirmed that Cu NPs
were incorporated and homogeneously distributed in the Cu/
MS hybrid sponge. Additionally, the identified N, O and C
elements were attributed to MS components, since MS consists
of a formaldehyde-melamine copolymer.*

To better understand the mechanism of Cu/MS fabrication,
FT-IR was carried out to determine the chemical bonds in the
Cu/MS. Fig. 3a—c illustrate significant spectroscopic differences
between bare MS and the treated Cu/MS sponges. The FT-IR
spectrum of the MS shows the characteristic stretching vibra-
tion modes of N-H at 3337.7 cm™*, while the vibration modes
shift to a lower wavenumber of 3328.2 cm ™!, demonstrating
that N-H formed the coordination bonds.'* Moreover, the sharp
absorption peak at 809.17 cm ' observed for bare MS was
shifted to 808.99 cm ™" for the Cu/MS. This peak was assigned to
triazine ring bending,” and the shift could be related to
changes in the aromaticity of the ring induced by the formation
of the oximes.>® A probable synthesis mechanism of the Cu/MS
sponge filter is described in Fig. 3d. It was expected that the N-

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Scanning electron microscopy (SEM) images of (a) melamine
sponge (MS) and (b) Cu/MS (5.69 Cu wt%); (c) SEM and the corre-
sponding elemental mapping of Cu/MS by energy-dispersive spec-
troscopy (EDS) analysis: Cu (red), N (blue), O (yellow), and C (gray).

pyridine and N-H groups of MS would form coordination bonds
with the Cu>* metal ion to cause chelation,***” and subsequently
be reduced by r-ascorbic acid. It should be noted that an alter-
native approach was to synthetically grow anti-pathogenic
agents chemically bound to the surface of the carrier. In this
work, a melamine sponge provided nucleation sites, which were
beneficial for the growth of Cu NPs chemically bonded to the
MS carrier.
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(a); (d) probable synthesis mechanism of the Cu/MS sponge filter.
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It is noted that the treatment procedure allowed control of
the Cu NP content on MS. For instance, the regulation of copper
acetate concentration in the range of 0.91 to 9.12 mg mL ™"
caused a rise in the amount of Cu NPs in the MS carrier. EDS
analysis was used to determine the amount of copper that could
be incorporated when it was transferred to the MS sponge
(Fig. S371). The Cu content of the Cu/MS sponge was measured to
be 1.17% in the MS sponge treated in a 0.91 mg mL ™" Cu(OAc),
solution, while a higher Cu content (5.69%) on the sponge was
obtained by increasing the Cu(OAc), concentration (9.12 mg
mL ). The pathogen-removal potential of the MS was indicated
by the regulated copper nanoparticle coating formed on the MS
surfaces.

3.2. Pathogen capture performance of the Cu/MS sponge
filter

The spongy morphology with sinuous channels of MS allows air
purifier and pathogen capture applications. The filtration
performance of the Cu/MS sponge hybrid filters was evaluated
using E. coli bioaerosol. The reason to choose E. coli bacterial
aerosols was to target the respiratory droplet, since E. coli
pathogens are commonly found in the indoor environment and
are used widely in bioaerosol research. The pathogen aerosol
passed through the column equipped with a Cu/MS sponge
filter. It is worth noting that the membrane placed behind the
Cu/MS sponge filter was used to trap the pathogen present in
the outlet stream (Fig. 1a). As shown in Fig. S4,f the optical
density (OD) of the E. coli solution was adjusted to ODgoonm ~
1.0 using growth media in order to guarantee that the concen-
tration of pathogen passing through the various sponge filters
was consistent.

For the effectual capture of a pathogen, it was imperative to
evaluate the capture performance of bare MS and Cu/MS with
varying Cu NP contents. The Cu/MS was prepared with different
loadings of Cu NPs (1.17 wt% and 5.69 wt%) in order to further
elucidate the role of Cu NPs on MS. The number of viable
bacterial colonies trapped by the membrane is shown in Fig. 4a.
In principle, the large number of viable cells observed on the
membrane is indicative of the lower capture performance
toward pathogens, which results in a lower capture ability of the
sponges. In the case of the blank, MS, and Cu/MS (1.17 Cu wt%),
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the number of E. coli colonies on the membrane increased
proportionally with the exposure time, while in the case of Cu/
MS (5.69 Cu wt%), no colonies were detected. The capture effi-
ciencies were calculated and are displayed in Fig. 4b. After
30 min, the bare MS showed 94.54% capture efficiency, whereas
Cu/MS (1.17 Cu wt%) was able to achieve a higher capture
performance of 96.36%. Remarkably, Cu/MS (5.69 Cu wt%)
exhibited the highest capture efficiency up to 100% during the
same filtration time. Despite the fact that pathogen capture
performance in the MS case decreased over time, Cu/MS (1.17
Cu wt%) still demonstrated significantly higher filtration
performance than bare MS. It is worth noting that by increasing
the amount of Cu NPs on MS (5.69 Cu wt%), a capture ability of
up to 100% was achieved and maintained for 150 min. The
results indicated that introducing increasing quantities of Cu
NPs into the MS proportionally improved pathogen capture
efficiency.

To explain the mechanism of filtration efficiency enhance-
ment by introducing Cu NPs into the MS, SEM images of Cu/MS
were recorded after the pathogen capture test was performed
(Fig. 5). The SEM images of E. coli trapped in Cu/MS provided
more details regarding the surface interaction between E. coli

Fig. 5 (a) Scanning electron microscopy (SEM) image showing the
surface interaction between E. coli and Cu NPs in Cu/MS, (b) SEM
image showing a ruptured E. coli cell and (c) SEM and the corre-
sponding elemental mapping showing the surface interaction
between E. coli and Cu NPs in Cu/MS by EDS analysis: Cu (red), N
(blue), O (yellow), and C (gray).
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Fig. 6 Reusability of the Cu/MS (5.69 Cu wt%) air filter by monitoring
the capture efficiency over five cleaning cycles.

and Cu NPs in Cu/MS. The SEM energy-dispersive spectroscopy
(EDS) analysis confirmed the presence of E. coli bacteria with
three-dimensional rod-shaped morphology (Fig. 5a and b),
which were attached between Cu NPs within the Cu/MS hybrid
sponge (Fig. 5¢). The magnified SEM image shows that the Cu
NPs were adsorbed on the E. coli surface in the form of clusters.
When the bio-aerosol passed through the Cu/MS filter, the
pathogen tended to come into contact with Cu NPs embedded
in the MS skeleton. In particular, as a result of the high mois-
ture condition in the aerosol, positively charged copper ions
released from the copper particles tended to adhere to the
negatively charged cell surface due to the electrostatic attraction
between negatively charged bacterial cells and positively
charged Cu NPs, thus damaging the outer and inner
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Cu/MS
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membranes of the bacterial cell.***® Substantially, more bacteria
were accumulated on the fiber surfaces when driven by elec-
trostatic attraction, and dendrites of bacteria were formed.?® As
a result of the spongy morphology of MS incorporated with
a controlled amount of Cu NPs as an anti-pathogenic agent, the
pathogen capture ability may be controlled.

As an environmentally friendly and low-cost air filter, an
ideal filter should have good reusability.’** Therefore, the
reusability of the Cu/MS sponge filter was evaluated under the
cleaning method as follows: the Cu/MS filter was washed with
distilled water under shaking at 300 rpm, followed by drying at
60 °C for 2 h. The capture performance of Cu/MS was examined
over five cycles as illustrated in Fig. 6. During the reusability
test, the capture performances were stably maintained above
99% after five runs. The excellent reusability of Cu/MS was
attributed to the stable structure of the melamine sponge
skeleton and strongly coordinated Cu NPs on the melamine
sponge carrier.

3.3. Pathogen inactivation performance of the Cu/MS
sponge filter

Antibacterial activity has become a prerequisite for an optimal
air filter in order to lower the risk of pathogen infection and
prevent microbial growth in filters. The incorporation of Cu NP
antibacterial agents into the MS sponge has further enhanced
the efficacy of the sponge since the pathogen was not only
trapped but also inactivated. Herein, the inactivation experi-
ments were conducted with an initial E. coli cell concentration
of 2.5 x 10’ colony-forming units (CFU) per mL. The inactiva-
tion tests were carried out with bare MS (without Cu NPs) and
Cu/MS sponge filters with different Cu NP loading amounts
(1.17 and 5.69 Cu wt%) to evaluate the effect of Cu NPs on

10’ 30’

15’

0.0731

0.0255
0.00 .
Ms Cu/MS Cu/MS
(1.17 Cuwt.%) (5.69 Cu wt.%)

(a) Digital images of cultivated E. coli colonies on agar culture plates, (b) inactivation kinetics on MS and Cu/MS with various Cu NP

contents, and (c) the first-order disinfection rate on MS and Cu/MS with different Cu NP contents.
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inactivation ability. When Cu/MS sponges were examined, the
number of viable bacterial cells dropped significantly after
45 min; however, the number of living bacteria that survived on
a bare MS filter remained unchanged (Fig. 7a). After 45 min, the
inactivation efficiency against E. coli was negligible in the case
of bare MS, which was further improved up to 99.7% when Cu/
MS (1.17 Cu wt%) was used. Fig. 7b and c show the first-order
inactivation rate of bare MS, which was significantly enhanced
when Cu/MS (1.17 Cu wt%) was used, with a rate constant of
0.0255 min~". Cu/MS (5.69 Cu wt%) had a filter that reached
100% inactivation efficacy in 37 min, with an inactivation
kinetic constant of 0.0731 min .

The utilization of the Cu/MS hybrid sponge filter was also
examined for water sanitation applications by placing the
sponge samples in an E. coli bacterial suspension (ODggo ~ 1.0)
(Fig. 8). The bare MS displayed poor antibacterial behavior and
did not show bacterial growth inhibition, as presented by the
increasing ODgq( value for a time period of 9 h. In contrast, Cu/
MS with a low Cu content (1.17 Cu wt%) hindered bacterial
growth after 1 h, displaying constant ODgq, values for a time
period of 9 h. Interestingly, Cu/MS prepared with higher Cu
content (5.69 wt%) inhibited bacterial growth instantly,
showing the lowest ODg(( value in comparison with contrasting
materials MS and Cu/MS (1.17 Cu wt%).

In addition, we also carried out an antibacterial test under
industrial standards. The antibacterial test was conducted
according to the Korea Conformity Laboratories standard
method (KCL-FIR-1002:2021). It was necessary to test the
cellular viability after 24 h to ensure that no regrowth of the
bacteria has occurred.**** The antibacterial activity of the filter
against E. coli was assessed through a comparison of the
bacteria over the entire 24 h challenge period in the presence
and absence of Cu/MS (Fig. 9 and Table 1). The Cu/MS filter
displayed excellent bacterial reduction compared with blank
samples after 24 h exposure. No growth of the viable cells was
detected over 24 h. This assessment after 24 h was critical as

2.5
2.0
8 1.5
(m)
[e)
1.0
054 —=—MS
—v— Cu/MS (1.17 Cu wt.%)
o —e— Cu/MS (5.69 Cu wt.%)

0 1 2 3 4 5 6 7 8 9
Time (hour)

Fig. 8 Bacterial growth for up to 9 h of disinfection tests carried out
with melamine sponge without (bare MS) and with varying Cu NP
contents.
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Fig. 9 (a) Digital images of cultivated E. coli colonies on agar culture
plates of (a) blank and (b) Cu/MS (5.69 Cu wt%) filter after 24 h
following the Korea Conformity Laboratories standard method (KCL-
FIR-1002:2021).

Table 1 Antibacterial activity of the Cu/MS filter against E. coli after
24 h following the Korea Conformity Laboratories standard method
(KCL-FIR-1002:2021)

Initial concentration Concentration after Reduction rate

Sample (CFU mL™") 24 h (CFU mL ™) (%)
Blank 3.5 x 10° 9.3 x 10° —
Cu/MS 3.5 x 10° <10 >99.9

reports have shown significant regrowth of bacteria after the
initial efficacy was determined.*®

The results suggest that the Cu/MS hybrid sponge filter was
much more effective than the bare one in pathogen prevention
and Cu NPs played a major role in the bacteria-killing function
of Cu/MS. The antibacterial activity of copper nanoparticles was
explained by two major mechanisms: (i) membrane depolar-
ization, which is considered as the main mechanism. As a result
of the high moisture content in the aerosol, positively charged
copper ions were released from the copper particles, thus Cu
ions were bound to negatively charged domains on the bacterial
cell membrane, thereby reducing this potential difference
causing membrane depolarization, which resulted in
membrane rupture;*”*® (ii) the genomic DNA undergoes degra-
dation and the NPs may directly bind to domains in the DNA
impairing its activity.*

Although there have been preliminary studies reporting
copper as an antibacterial agent, the approach addressed in this
work displayed the most promising method toward using Cu
NPs associated with MS as a pathogen capture and inactivation
system. Pinto et al. introduced Ag NPs grown on MS to test
antibacterial performance,*® but did not address the efficacy for
air treatment, which is urgent in this COVID-19 pandemic.
Chatzimitakos et al.”* and Zhou et al.?* successfully synthesized
copper loaded on melamine sponge, but a toxic chemical
(hydrazine) was used for the synthesis and they did not attempt
to quantify the antibacterial application. However, no study has
reported the pathogen capture and inactivation abilities using
MS-based filters in an air phase as far as our literature search
could ascertain. Although Ramya et al. developed air filter-based
polyimide (PI) foam loaded Cu antimicrobial active metals, the

© 2022 The Author(s). Published by the Royal Society of Chemistry
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capture method lacked the quantification of different loadings
of Cu NPs for validating the proposed capture mechanism to
further elucidate the role of Cu NPs.”® The fabrication of eco-
friendly air filter-based MS incorporating controlled amounts
of Cu NPs as an antimicrobial agent to prevent microbial growth
and minimize pathogen spread is indeed the most promising
avenue for novel biomaterials, making this work particularly
powerful in its ability to capture and inactivate pathogens.

4 Conclusions

We demonstrated a facile, effective and eco-friendly synthesis
for the growth of copper nanoparticles (Cu NPs) on melamine
sponge (Cu/MS) as a reusable and dual-functional filter. The Cu/
MS air filter showed excellent pathogen capture (100% capture
efficacy) and inactivation behavior (>99.99% inactivation effi-
cacy). Introducing increasing quantities of Cu NPs into the MS
proportionally improved capture and inactivation efficiencies.
Cu NPs play a major role as an antimicrobial agent to prevent
microbial growth. This study provides valuable insights for the
development of a capture and inactivation system to kill path-
ogens in a single-pass air flow.
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