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Abstract

Heating, ventilation, and air conditioning (HVAC) systems are among the most common methods
to improve indoor air quality. However, after long-term operation, the HVAC filter can result in a
proliferation of bacteria, which may release into the filtered air subsequently. This issue can be
addressed by designing antibacterial filters. In this study, we report an iron oxide nanowires-based
filter fabricated from commercially available iron mesh through a thermal treatment. At optimal
conditions, the filter demonstrated a log inactivation efficiency of > 7 within 10 seconds towards S.
epidermidis (Gram-positive), a common bacterial species of indoor bioaerosol. 52 % of bioaerosol
cells can be captured by a single filter, which can be further improved to 98.7 % by connecting
five filters in-tandem. The capture and inactivation capacity of the reported filter did not degrade
over long-term use. The inactivation of bacteria is attributed to the synergic effects of the hydroxyl
radicals, electroporation, and Joule heating, which disrupted the cell wall and nucleoid of S.
epidermidis, as verified by the model simulations, fluorescence microscopy, electron microscopy,
and infrared spectroscopy. The relative humidity plays an important role in the inactivation
process. The filter also exhibited a satisfactory inactivation efficiency towards £. coli (Gram-
negative). The robust synthesis, low cost, and satisfactory inactivation performance towards both
Gram-positive and Gram-negative bacteria make the filter demonstrated here suitable to be
assembled into HVAC filters as an antibacterial layer for efficient control of indoor bioaerosols.
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Iron oxide nanowires-based filter shows promise for the efficient control of indoor air bioaerosol.
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Introduction

The increased amount of time spent indoors by people (from 80% to 90% over the last years
in the U.S.) have resulted in a strong demand for improved indoor air quality.> However,
both the human activities and wide use of chemicals in built environment produce particulate
and gaseous pollutants in indoor air,2 which may cause serious health problems.3 One of the
most common methods to improve indoor air quality is to increase the ventilation rates
through heating, ventilation, and air conditioning (HVAC) systems. Increased ventilation
benefits not only the dilution of indoor air pollutants® but also the control of particulate
matters with the aid of HVAC filters.> However, HVAC system could also become a
microbial breeding ground. For example, under relatively wet (> 80% relative humidity
(R.H.)) and warm (> 12 °C) outdoor air conditions, a proliferation of bacteria on the filter
occurred with a subsequent release into the filtered air.6 In consequence, increasing attention
has been paid to prohibit the growth of bacteria in HVAC systems and the subsequent release
of bacteria into indoor environment.*

Ultraviolet (UV) irradiation is one of the promising methods due to its high efficiency in
bioaerosol control. The high energy of UV light results in the damage of the RNA/DNA of
bacteria.”- 8 However, the installation of UV lights should be very careful to avoid any
potential risks to occupants, thus limiting its applications.* Several other emerging
technologies have also been proposed, such as photocatalytic oxidation,®11 plasma,12-14
and microwave.15: 16 Specifically, photocatalytic oxidation produces reactive oxygen species
(ROS), such as hydroxyl radicals (¢OH), to disinfect bioaerosols. However, this technology
may need a complete renovation of the current HVAC system to make light available. The
plasma and microwave methods generally require high voltage/power and are thus energy
inefficient. We also found that all the above efforts require either new functional unit (UV,
photocatalysis, and microwave), or the transformation of current HVAC systems (plasma). A
more feasible approach would be the modification of the existing air filters. It is expected
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that incorporating an antimicrobial layer will achieve efficient control of indoor air
bioaerosol.1’

Only limited studies have reported the modification of air filters for antimicrobial properties,
such as the addition of chemicals or Ag-based nanomaterials onto the filter.18-21 However,
these chemicals/materials are relatively expensive and may cause potential risks to human
health. A more safe and cost-efficient approach is thus urgently desirable. To address this
issue, we fabricated a filter by growing iron oxide nanowires (10 NWs) on commercially
available iron mesh through a robust and cost-efficient way, which potentially can be
assembled into the HVAC filters to capture and kill bacteria in a rapid manner. With the aid
of low direct voltage, the IO NWs can react with oxygen and water in the air to produce
*OH. Meanwhile, the electrical field also increased significantly near the tips of the 10 NWs
and led to electroporation and Joule heating effects. All these mechanisms contributed to the
rapid inactivation of bacteria on the filter. To demonstrate the promising features, we also
investigated the performance of the filter by varying the parameters including applying
voltage, time, and humidity, with Staphylococcus epidermidis (S. epidermidis) and
Escherichia coli (E. coli) as model bacteria. By analyzing the characteristics of bacteria
before and after the treatment, possible inactivation mechanisms were proposed. We also
demonstrated that connecting several IO NWs filters in-tandem could be promising for
practical applications. We expect that this filter can be assembled into conventional HVAC
filters and achieve the inactivation of the released bacteria from conventional filters.

Materials and Methods

Iron Oxide Nanowires on Iron Mesh

10 nanowires were synthesized on the basis of a recent protocol with modification.22 Iron
mesh (from McMaster-Carr, 60 x 60 mesh, wire diameter = 190 pm) was casted into a
circular shape with a diameter of 5 cm. The casted iron mesh was then washed with 1 M
hydrochloric acid to remove the oxide layer and then rinsed with ultrapure water thoroughly
(18.2 MQ:cm). After drying in a vacuum desiccator, the iron mesh was heated in air at

700 °C for 6 h to grow 10 nanowires on the mesh. The temperature rising rate was set to be
5 °C/min.

Inactivation of Bacteria

S. epidermidis (ATTC # 14990) was selected because it is found in various built
environment and is recommended by ISO 14698-1 for testing the biological efficiency of air
samplers.23 The suspension of S. epidermidis for bioaerosol generation was prepared
according to a previous protocol.23 The nutrient medium was prepared by mixing 5 g of
peptone (from Sigma Aldrich), 3 g of meat extract (from Sigma Aldrich), and 1000 mL of
ultrapure water. £. coli (ATCC # 15597) was grown in Luria-Bertani broth (LB broth;
Fisher). £. coli suspension was prepared according to a previous study.24

The set-up of the bacterial inactivation experiment consists of several components, including
a bioaerosol generator, a humidity control system, and an inactivation chamber, as
schematically shown in Fig. S1. All the equipment was rinsed by ethanol (70%) and
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sterilized by UV light irradiation for 10 min before each experiment. In a typical experiment,
bioaerosols containing bacteria were generated by an atomizer. Then, bioaerosols were fed
into a cylindrical chamber (length = 30 cm, diameter = 5 cm) with air as the carrier gas. The
relative humidity in the chamber was controlled by tuning the flow rate ratio between dry air
and wet air. Meanwhile, the total air flow rate was maintained constant (0.5 L/min), ensuring
consistent resident time of bacteria in the chamber. The air flow velocity in the chamber was
calculated to be ~ 0.005 m/s. The R.H. was monitored by a humidity sensor (McMaster,
32705K11). The voltage (0 — 4.5 V) applied on a single piece of filter was tuned by a home-
made DC power supply. In a typical experiment, after running the system for specific times
(0-30 s, unless mentioned elsewhere), both the atomizer and power supply were turned off
immediately. The 10 NWs filter was transferred into 20 mL of phosphate-buffered solution
(PBS, 0.1 M) to measure the bacterial concentrations of S. epidermidis on the 10 filter
(captured). More experimental details are shown in Fig. S1. The number of bacteria in the
exhaust (escaped) was also obtained by measuring its concentration in the exhaust PBS
buffer (20 mL, behind the chamber). After being vortexed for 1 min (5000 rpm), each
sample was serially diluted, plated in three duplicates, and incubated at 37 °C for 24 h for
measurements. Resuspending the filter into the buffer solution to measure the bacteria
concentration was verified to be applicable (Fig. S1).

Characterization and Measurements

The morphology and size of the samples were analyzed with a Hitachi Su-70 field emission
scanning electron microscope (FE-SEM). The structure of the samples was analyzed by a
JEOL JEM-1230 transmission electron microscope (TEM). The accelerating voltage was set
to be 100 kV. To prepare the samples for TEM characterization, IO NWs were scratched
from the mesh and then dispersed in ethanol. The ethanol solution was drop casted on a Cu
grid for TEM characterization. To prepare the bacterial samples for SEM and TEM analysis,
a protocol from a previous study was followed.24 25 Optical images were obtained with an
optical microscope (Scope.Al, Zeiss). The crystallinity was characterized by a PANalytical
X’Pert Pro MPD X-ray diffractometer (XRD) equipped with a Cu-Ka radiation source (A =
1.5401 A). X-ray photoelectron spectroscopy (XPS, Thermo Fisher ESCAlab 250) was used
to determine the valance state of Fe on the filter. The characterization of surface chemistry
of S. epidermidis before and after inactivation was carried out by using a Fourier transform
infrared (FTIR) spectrometer (Nicolet iS50, Thermo Fisher Scientific). S. epidermidis was
collected from its suspension by centrifugation, dried at 37 °C for 2 h in an oven prior to the
FTIR analysis. The strength of fluorescence signal was quantified by a Guava® EasyCyte
Flow Cytometer. For fluorescent microscope assay, 1 mL of cells suspensions were
centrifuged and resuspended in 10 pl of PBS. Cell suspensions were stained with a live/dead
staining kit (Molecular Probes, Invitrogen) in darkness for 1 h. Fluorescence images were
obtained with a Zeiss Axiovert 200M fluorescent microscope (Zeiss, German). To detect
*OH using fluorescence technique, the IO NWs filter was collected and transferred into 20
mL of DI water after being operated at 4.5 V for certain time. Hydroxyl radicals were
detected using a fluorescent method as we previously reported.2® Specifically, after the
bacterial cells were separated from the filter by centrifugation, the water sample was mixed
with coumarin solution (10~3 M) for fluorescence analysis (QuantaMaster 400, PTI). To
investigate the effect of «OH on the inactivation performance, dimethyl sulfoxide (DMSO)
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was used as a quenching agent of *OH. Specifically, the PBS solution of DMSO (1 mM, 10
mM, and 100 mM) was mixed with the suspension of S. epidermidis, respectively, which
was then subject to the atomizing step. The concentration of live S. epidermidis on the 10
NWs filter was then measured as described in the section of Inactivation of Bacteria. A
hemocytometer was used to prove the possible lysis of S. epidermidis after treatment
(condition: 4.5 V and 30 min). After treatment, the filter was resuspended in PBS buffer,
which was centrifuged and concentrated into 1 mL of PBS. The produced cells pellets were
stained with 0.4 % crystal violet for 5 min at room temperature. After being washed with
PBS buffer for three times, the pellets were resuspended into 1 mL of PBS and counted by
the hemocytometer. Same protocol was employed for a controlled experiment in which no
external voltage was applied (denoted as before treatment samples).

Results and Discussion

Characterization of IO NWs

Iron mesh was chosen as the substrate for the 10 NWs growth because of its strong
mechanical strength and potential use as the frame and/or pre-filter of conventional air
filters. The pristine iron mesh (size = 15 x 20 cm?) is of metallic color (Fig. 1a). After
thermal treatment in air at 700 °C for 6 h, the color turns to be burgundy (Fig. 1b). The
optical microscopy images show that the surface of the pristine iron mesh is shiny and clean
(Fig. S2). After thermal treatment, the surface of iron mesh is fully covered by nanowires
(Fig. 1c). Closer observation reveals that the average length of the nanowires is 13 pm (Fig.
1d) and the average diameter is 120 nm (Fig. 1e). As shown in the optical microscopy image
and SEM images, the coverage of the nanowires on the iron mesh is uniform and complete.
To verify the composition of the nanowires, we carried out the XRD analysis. As shown in
Fig. 1f, the XRD patterns of the pristine iron mesh possess two peaks (26 = 45 and 65 °),
which are indexed to be metallic Fe (PDF no. 87-722). The peaks of the sample after thermal
treatment are indexed to Fe,O3 (PDF no. 84-310), suggesting that the nanowires are
Fe,03.22 The formation of NWs at elevated temperature is attributed to the relaxation of the
compressive stresses resulted from the transformation at the interface among the iron with
different valence.?2 27 |t is expected that this synthesis can be further scaled up for potential
applications.

Inactivation Efficiency

The concentration of S. epidermidis stock suspension was ~ 10° CFU/mL, as determined by
the standard spread plating technique. The R.H. in the chamber was maintained at 50 + 3%.
We considered the pristine iron mesh of being little inactivation ability when the external
voltage was 0 V (Fig. S1). Meanwhile, under this condition, the amount of live S.
epidermidis on pristine iron mesh increased slightly with a longer operation time. Similar
phenomenon was also observed for the 10 NWs filter (Fig. S3). We also found a higher
concentration of live S. epidermidis on the 10 NWs than on the pristine iron mesh, which is
probably due to the brush-like structure of IO NWs on the mesh opening and the increased
surface area of IO NWs compared with the pristine iron wires. Due to the large opening size
of the iron mesh in this study, some bacteria could escape from the 10 NWs filter. We
calculated the ratio of captured bacteria by 10 NWs under different conditions as follows,
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N
= aptured
rCﬂPlW‘Ed caprre /(Ncaptured + Nescaped) (1)

WHhere 7zapureq 1S the ratio of captured bacteria, Npgprreqis the number of captured bacteria
by the filter and Ngscapeq is the that of escaped bacteria from the filter. We found that the
capture efficiency of 10 NWs filter was ~ 52 % at 0 V and only varied slightly with the
treatment time (10-30 s), as shown in Table S1. We also noted that the number of escaped
bacteria from the filter is only dependent on treatment time, and independent on the external
voltage (Table S2). Since the total amount of bacteria in the feeding air should be constant
for certain treatment time, the captured bacteria was also considered to be only dependent on
treatment time. As a result, the log inactivation efficiency can be calculated as follows,

E= —log(C, /C ) (2)

where Eis the log inactivation efficiency, G is the concentration of live S. epidermidis on
the 10 NWs filters after the treatment at V/volt and £seconds, C;() is the live concentration
of S. epidermidis on the 10 NWs filters after the treatment at O volt and #seconds.

The 10 NWs filters achieved ~ 3 log inactivation efficiency under the condition of 1.5 V and
10 s. Notably, either increase of treatment time or applied voltage boosted the log
inactivation efficiency (Fig. 2a). For example, by prolonging the treatment time from 10 s to
30 s, the log inactivation efficiency increased to ~ 4. Meanwhile, by increasing the voltage
from 1.5 V to 4.5V, the log inactivation efficiency increased to > 7. Considering the
potential application as air filters, where a rapid inactivation performance is more desirable,
we set the operation parameters to 4.5 V and 10 s for our further studies. On the contrary, the
pristine iron mesh filter only exhibited relatively poor capacity of inactivation compared to
the 10 NWs filter. Specifically, even when 4.5 V was applied, the log inactivation efficiency
of the pristine iron mesh filter was ~ 3.1 (Fig. 2b). The different performances between the
two types of filters are discussed in the mechanism section.

To further confirm the inactivation performance of the IO NWs filter, the Baclight™ kit
fluorescent microscopic method was employed.10 The live bacterial cells only accumulate
SYTO 9 to emit green fluorescence, on the other hand, the dead bacterial cells accumulate
both SYTO 9 and propidium iodide and emit red fluorescence. Before treatment, most of the
bacterial cells exhibit green fluorescence (Fig. 2c). On the contrary, after treatment at 4.5 V
for 10 s, most of the bacterial cells showed red fluorescence, indicating that the cell
membrane of most S. epidermidis was damaged after treatment (Fig. 2d).14 28 We also
analyzed the dead/live bacterial cells using a flow cytometry. Flow cytometry records
measurements from individual cells and can process thousands of cells (5,000 cells in our
experiment).2% The area plotted in Figs. 2e and 2f represent bacterial populations that emit
green and red fluorescence, respectively. As shown in Fig. 2e, flow cytometry data illustrate
a left-shift of peak position, indicating that the population of live cells decreased after
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treatment. Similarly, the right-shift of peak position in Fig. 2f suggests the population of
dead cells increased after treatment.

Characterization of S. epidermidis During Inactivation

The staining experiments in Figs. 2c, 2d, 2e, and 2f indicate that the membrane integrity of
treated S. epidermidis is damaged after the inactivation process.1# 30 To further confirm the
changes of bacterial cells before and after treatment, we conducted SEM and TEM analyses.
The SEM image of S. epidermidis cells before inactivation shows that the cells are of
spherical shape and uniform size (Fig. 3a). Meanwhile, the surface of the bacterial cells is
smooth and the membrane is complete. However, after treatment, the cellular structure of S.
epidermidis experienced serious damage. Some of the cells were deformed, with shrinking
of cell and leakage of cell inclusions. Some pores were also observed. Meanwhile, some
other cells were broken down into debris (Fig. 3b). These changes were further confirmed by
TEM analysis. As shown in Fig. 3c, S. epidermidis cells before treatment had uniform and
complete cell wall structures. Meanwhile, the cytoplasm inside the cell wall was dense and
homogeneous (inset in Fig. 3c). On the contrary, after treatment, many of S. epidermidis
cells were seriously damaged into irregular contours (Fig. 3d). Specifically, the cell wall of
some bacteria was much thinner or even seriously distorted. Some pores on the cell wall
were again observed. The distorted cell wall also resulted in the less dense cytoplasm inside
(inset in Fig. 3d). These electron microscope results are consistent with the results shown in
Fig. 2, since only dead cells can accumulate propidium iodide and emit red fluorescence due
to their disrupted cell wall.

We further conducted FTIR analysis of the bacteria before and after treatment, because FTIR
spectra comprise the vibrational characteristics of all cell constituents, including DNA/RNA,
protein, membrane and cell-wall components.3! As shown in Fig. 4, the spectra of fresh and
treated bacteria showed similar patterns. For example, the wide peaks which distribute
across 3000 to 3500 cm™1 correspond to the vibration of -OH due to enhanced hydration of
bacteria.32 However, we observed a slight change in W4 region in Fig. 4 for the bacteria after
treatment. This change indicates a possible damage of bacteria membrane, since W1 is
dominated by the stretching vibrations of some carbon-hydrogen bonds, which usually
present in the fatty acid components of the various membrane amphiphiles.31: 33 In W,
region, even though the two major peaks remain consistent, two peak shoulders at longer
wavenumber disappeared after inactivation process, implying the damage of proteins and
peptides.31: 33 We also notice that the peak at 1335 cm™1 in region W5 weakens for bacteria
after treatment. This phenomenon indicates the possible change of proteins, fatty acids and
phosphate-carrying compounds.3 33 Notably, the peak at 1057 cm™ in region W,
completely disappeared after treatment, indicating the serious damage of the carbohydrates
present within the cell wall.31: 33 The FTIR results were consistent with the SEM and TEM
analyses.

Inactivation Mechanism

Notably, we found that «OH was generated in the system. As shown in Fig. 5a, a major
fluorescence peak was identified at 455 nm, which verifies the generation of «OH.34 The
evolution of the spectra obtained at different times clearly verified the accumulation of «OH
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on the 10 NWs filter. The production of *OH was possibly due to Fenton-like reactions since
iron oxide nanomaterials can serve as strong catalysts for these reactions.3>=37 As the
primary agent for Fenton-like reaction, H,O, could be produced through a two-electron
oxygen activation, where the electrons transfer from iron core to the iron oxide shell surface.
37 Meanwhile, it has also been reported that some electrochemical reactions among
electrons, oxygen, and water are able to produce H,0,.38 The produced H,0, then
decomposes to generate *OH, with iron oxide as catalysts.3¢: 39 This hypothesized
mechanism for *OH generation was further strengthened when no fluorescence peak was
observed for the system without applying external voltage (data not shown). «OH has been
proven to be highly efficient to damage cells.? On the other hand, H,05 is a strong oxidant
itself which can kill bacteria.*! Since iron species are critically important for the Fenton-like
reactions, the different performance between pristine iron mesh and 10 NWs mesh can be
partially attributed to the increased surface area of IO NWs compared to pristine iron mesh.
The increased surface area of 10 NWs is accompanied with more exposed iron atoms, which
thus facilitate the Fenton-like reactions.

Humidity is an important parameter for indoor air quality control. As a result, we
investigated the effect of R.H. ranged from 20% to 80%, slightly wider than the comfortable
range for human (25 — 60%), on the inactivation performance of the filter. The results of S.
epidermidis inactivation indicated that a log inactivation efficiency of ~ 6.5 was achieved at
20% R.H. (Fig. 5b). Higher inactivation efficiency was recorded when R.H. was increased to
50%. However, further increase of R.H. has a negative effect on the inactivation
performance. The reduced inactivation performance of IO NWs filter at low R.H. is
attributed to the low amount of water molecules available under this condition. Since water
is the primary reactive agent in this system, its inadequacy could limit the production of both
H,0, and *OH, thus resulting into a lower inactivation performance of the system. On the
contrary, when R.H. is high, multiple layers of adsorbed water could be formed on the
surface of 10 NWs, which reduces the number of available sites for oxygen molecules on the
surface of 10 NWs,*2 thus limiting the generation of H,0, and *OH.

According to several previous studies employing *OH to inactivate bacteria, it usually takes
tens of minutes or even hours to achieve log inactivation efficiency of > 7.9. 4344
Nevertheless, it only took tens of seconds to achieve such a high inactivation efficiency in
our study. This huge difference suggests that other mechanisms may also be responsible for
the rapid inactivation rate in our system, such as electric voltage and the associated Joule
heating. The effects of electric voltage and Joule heating were elucidated by a control
experiment, in which DMSO was used as the quenching agent for «<OH because DMSO is
non-lethal to S. epidermidis (Fig. S4).*> As shown in Fig. S5, when the voltage was
maintained at 4.5 V, the log inactivation efficiency decreased from 7.2 to 6.2 when the
concentration of DMSO increased from 0 to 100 mM. Compared to the results shown in Fig.
2b, the presence of DMSO had limited effect on the inactivation performance. These results
confirmed that *OH produced by Fenton-like reactions only contributed in part to the rapid
inactivation performance of the 10 NWs filter.

The temperature of the IO NWs filter was increased when certain voltage was applied due to
the Joule heating effect. As shown in Fig. S6, the temperature of the IO NWs filter (without
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air flow) increased with increasing voltage. At 0 V, the temperature of the filter is close to
room temperature (23.2 °C). However, the temperature increased to 71.5 °C at 4.5 V. We
also calculated the temperature gradient around the 10 NWs filter, and found that not only
10 NWs filter, the air in both the inflow and outflow directions was also heated (Fig. 5¢).
According to the simulation results (simulation details see Supporting Information and Fig.
S7), the temperature of the mesh was increased significantly even at high air flow rate

(59 °C for air velocity =5 m/s, 71 °C for air velocity = 0.5 m/s, Fig. S8). Thermal treatment
is one of the most widely used methods for inactivation of bacteria.48 To elucidate the effect
of Joule heating on the performance of the filter, we conducted a control experiments to
exclude the effects of electricity and Fenton-like reactions. 50 uL of bacterial suspension
was injected into a PCR tube (three duplicates) and then subject to thermal treatment in a
thermal cycler. The samples in the tubes was heated at 71 °C for 10 s, quickly cooled down
to 4 °C, and then treated by standard plate culture technique. A log inactivation efficiency of
> 7 was measured, indicating that the effect of Joule heating on the inactivation could be
significant in this system.

The electrical field near the 10 NWs was also enhanced significantly to a magnitude of 100
kV/cm (Fig. 5d), which builds intense dipole-dipole interactions with the lipid bilayer of the
cell membrane, resulting in thinning of the membrane and finally electroporation pores
immediately.24 47-49 These phenomenon were consistent with the SEM and TEM results
(Fig. 3).2% The electroporation effect due to the NW structure was further verified by
comparing the performance of 10 NWs filter and 10 nanoparticles (NPs) filter (Fig. S9).
Under the same condition, the log inactivation efficiency was ~ 6.4 for 10 NPs filter, lower
than 7.2 for IO NWs filter, suggesting that the electroporation effect resulted from NW also
contributed in part to the performance of the system. The electroporation effect also
accounted for the poor performance of pristine iron mesh since it is reasonable to believe the
bulk iron cannot improve the electrical field significantly.

Based on above discussion, we proposed the possible bacteria inactivation mechanisms as
follows. Some S. epidermidis cells can be captured by the 10 NWs filter when the
bioaerosols pass through the filter. In the presence of electricity, *OH was generated possibly
due to Fenton-like reactions. Meanwhile, the electrical field near the tips of IO NWs is
enhanced significantly and leads to the electroporation damage of cells. The increased
temperature due to Joule effect also contributed significantly to the system. All these effects
worked collaboratively to damage the cell wall and nucleoid of S. epidermidis (Fig. 6)
rapidly, leading to immediate death of the bacterial cells. The relative importance of these
three effects follows this order: Joule heating > hydroxyl radicals > electroporation.

To further demonstrate the inactivation performance of the 10 NWs filter on Gram-negative
bacteria, £. coliwas used as the target bacterium. A log inactivation efficiency of ~ 7.6 was
achieved under the operational conditions (4.5 V and 10 s), suggesting a promising
feasibility of the filter for practical applications in inactivation of both Gram-positive and
Gram-negative bacteria.

As we discussed before, the capture efficiency of a single IO NWs filter was ~ 52 %, which
may be low for practical applications. A higher capture efficiency can be achieved by using
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denser iron meshes or connecting several 10 NWs filter in-tandem. In this study, we
improved the capture efficiency of the IO NWs filter through the latter method. Five tandem
10 NWs filters could capture 98.7 % of bacteria in the air (Fig.7a) under the experimental
conditions of 4.5 V and 10 s. The performance of long-term use was also evaluated by
continuously operating the system for 5 cycles (1 h for each cycle) with an external voltage
of 4.5 V. We replaced the stock solution for fresh ones after each cycle, so that bioaerosol
concentration was constant throughout the experiment. After each cycle, the bacterial
concentration in the exhaust buffer was counted to tell the changes of capture efficiency of
the 10 NWs filter. As shown in Fig. 7b, the bacterial concentration in the exhaust PBS buffer
only increased slightly after each cycle, indicating that the capture capability of IO NWs
filter only decreased slightly over time. This phenomenon was contrary to our expectation
that the filer may be stuffed by dead bacteria so that it cannot capture any fresh bacteria. The
reasonably stable capture efficiency could be ascribed to the lysis of the bacteria under the
experimental conditions. Without external voltage, 10 NWs filter captured a significant
amount of S. epidermidis which gave an obvious pellet after being stained by crystal violet
(Fig. 7c). In contrast, when 4.5 V was applied, no pellet was observed. This significant
difference was also verified by counting cells by using a hemocytometer (10° for 0 V and
not measurable (< 109) for 4.5 V, Fig. 7d). Since only cells with complete cellular structure
can be stained by crystal violet, these results implied that many cells may undergo lysis and
occupy no space. Meanwhile, we did not observe the proliferation of bacteria on the 10
NWs filter over 5 cycles (Fig. 7b), demonstrating its advantage over conventional air filters.

XRD, XPS, SEM, and TEM analyses of the used 10 NWs filter were also conducted for the
filter after five cycles of 1 h operation (Fig. S10). As shown in Fig. S10a, the peaks indexed
to FeoO3 were clearly identified. Meanwhile, XPS spectra of the filter before and after 1 h
operation were also found to be similar (Fig. S10b). The SEM (Fig. S10c) and TEM images
(Fig. S10d) also verified that the nanowire morphology was maintained after recycle use.
The above results demonstrated that the 10 NWs filter had a satisfactory structural stability
under the experimental conditions.

Conclusion

In summary, we have developed an 10 NWs-based filter for the control of indoor
bioaerosols. 10 NWs are grown on commercially available iron mesh. A log inactivation
efficiency of > 7 was achieved towards S. epidermidis within 10 s when the filter was
applied with a voltage of 4.5 V. The «OH, the electroporation effect, and the Joule heating
were accounted for the rapid inactivation of S. epidermidis. The filter also demonstrated
promise of improved capture capability and satisfactory long-term performance. The robust
synthesis and satisfactory inactivation performance of the filter make it promising for HVAC
filtration systems as an antibacterial layer (e.g. assembled into conventional air filters). We
also expect that the filter demonstrated here will benefit some clean water technologies for
the control of waterborne bacteria/contaminants.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Digital images of the pristine iron mesh (a) and iron mesh with IO NWs (b). Optical
microscopy image (c), SEM image (d), and TEM image of the IO NWs on the iron mesh. (f)
XRD patterns. Scale bars in (c), (d), and (e) represent 200 um, 5 um, and 200 nm,

respectively.
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Fig. 3.
SEM images of S. epidermidis cells before (a) and after (b) treatment. TEM images of S.

epidermidis cells before (c) and after (d) treatment. Scale bars in (a), (b), (c), and (d)
represent 1 pm. Scale bars in the insets represent 500 nm.
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Fig. 4.
FTIR spectra of bacteria before treatment (black curve) and after treatment (red curve).
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Fig. 5.
(a) Evolution of fluorescence spectra for the detection of «OH with time. (b) Effect of R.H.

on the log inactivation efficiency of S. epidermidis by 10 NWs filter, the voltage was 4.5 V
and the treatment time was 10 s. (c) Simulated temperature distribution around the filter, air
flow rate = 0.005 m/s, unit in the scale bar is °C. Simulation details are presented in the
Supporting Information. (d) Simulated electrical field near an IO NW, the voltage was set to
be 4.5 V. Scale bars in (c) and (d) represent 600 um and 5 pum, respectively.
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Fig. 6.
Schematic illustration of the inactivation mechanism of S. epidermidis.
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(a?The effect of filter number on the capture ratio. (b) Recycle performance of single 10
NWs filter. (c) Digital image of the samples before (left, condition: 0 V, 30 min) and after
treatment (right, condition: 4.5 V, 30 min) stained by crystal violet. (d) Corresponding
bacterial concentration of (c) measured by a hemocytometer.
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