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Self-decontaminating nanofibrous filters for
efficient particulate matter removal and airborne
bacteria inactivationt
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With the increased bacteria-induced hospital-acquired infections (HAIs) caused by bio-contaminated
surfaces, the requirement for a safer and more efficient antibacterial strategy in designing personal
protective equipment (PPE) such as N95 respirators is rising with urgency. Herein, a self-decontaminating
nanofibrous filter with a high particulate matter (PM) filtration efficiency was designed and fabricated via a
facile electrospinning method. The fillers implemented in the electrospun nanofibers were constructed by
grafting a layer of antibacterial polymeric quaternary ammonium compound (QAC), that is, poly[2-(dimethyl
decyl ammonium) ethyl methacrylate] (PQDMAEMA), onto the surface of metal-organic framework (MOF,
UiO-66-NH, as a model) to form the active composite UiO-PQDMAEMA. The UiO-PQDMAEMA filter
demonstrates an excellent PM filtration efficiency (>95%) at the most penetrating particle size (MPPS) of 80
nm, which is comparable to that of the commercial N95 respirators. Besides, the UiO-PQDMAEMA filter is
capable of efficiently kiling both Gram-positive (S. epidermidis) and Gram-negative (E. coli) airborne
bacteria. The strong electrostatic interactions between the anionic cell wall of the bacteria and positively
charged nitrogen of UiO-PQDMAEMA are the main reasons for severe cell membrane disruption, which
leads to the death of bacteria. The present work provides a new avenue for combating air contamination
by using the QAC-modified MOF-based active filters.

An antibacterial strategy is urgently desired for face mask design because the bio-contaminated surfaces would lead to the risk of secondary transmission

of bacterial infection. We herein report a self-decontaminating air filter, where the antibacterial quaternary ammonium compound (QAC) modified metal-
organic framework (MOF) nanocrystals were embedded as fillers into the electrospun nanofibers with the assistance of the electrospinning technique.

Effective inactivation of airborne bacteria (both Gram-positive and Gram-negative) is achieved by the strong electrostatic interactions between negatively

charged bacteria cell walls and positively charged QAC-modified MOF nanocrystals. This work demonstrates a promising strategy for efficient control of
indoor air contaminants (e.g., particulate matter and airborne bacteria), which can be extended to other surface decontamination applications.

1. Introduction

During the COVID-19 pandemic, numerous cross-infections
occurred in the hospitals among healthcare workers and

Hospital-acquired infections (HAIs), also known as health-
associated infections, have been recognized as a major threat
to the safety of patients and healthcare workers worldwide.'™
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patients, indicating that the adverse effects of HAIs such as
mortality, morbidity, and associated costs are enormous.® To
reduce the HAIs, face-piece respirators such as N95
respirators and surgical masks are recommended by the
United States Centers for Disease Control and Prevention
(CDC) as efficient respiratory personal protective equipment
(PPE).””® For convenience, the term ‘face mask’ is used to
represent N95 respirators and surgical masks throughout the
article. Even though the commercial face masks can provide
users with certain degree of protection, there are still
intensive researches and efforts to improve their performance
in terms of particulate matter (PM) (filtration,
friendliness, and airborne pathogens inactivation.'™*?

user-
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Electrospinning producing nanofibers from a polymer
solution is an efficient technique to fabricate filter media
with high PM filtration performance, attributing to the small
diameters of the nanofibers and fiber charges.”*™"” To further
increase the functionality, e.g., hydrophobicity, breathability,
toxic gas removal, etc., of the electrospun filters, metal-
organic frameworks (MOFs), a class of porous crystalline
polymers, have been embedded into the electrospun polymer
to form the MOF-based filters."®>* Endorsed by the
hierarchical structures and tunable surface chemistry, the
MOF-based nanofibrous filters not only possess different
functionalities but also achieve a high PM filtration efficiency
and a lower pressure drop'®?* which is beneficial to the
wearer's comfort in breathing. However, most of these MOF-
based filters cannot be used to actively kill microorganisms
such as bacteria. To impart the antibacterial properties to the
MOF-based filters, the key is to develop a fabrication method
for filters with high efficiency for the simultaneous removal
of PM and inactivation of bacteria.

Bacteria pathogens are one of the major infectious agents
that cause the persistence of HAIs.*® Indirect contact with
contaminated surfaces and airborne droplets are two of the
most common modes of bacteria transmission.>® Most
commercial face masks and electrospun MOF-based filters
can only passively block the transmission of airborne bacteria
but not be able to kill them in situ, i.e., on the mask surface.
The bacteria being captured by the face mask may
accumulate on the mask surface and can still survive for
hours or even days, which would significantly increase the
possibility of HAIs through surface contact transmission.>”*®
Therefore, there is an urgent demand to develop antibacterial
filters for face masks. This need can be achieved by
incorporating antibacterial materials into face mask filters.
Conventional strategies of using antibacterial agents such as
Ag ions,* Cu ions,*® metal oxides,®® and photosentisizers®*
are not very suitable because most of these materials are
toxic to humans and environmentally unfriendly. In
particular, when people breathe, talk, cough, or sneeze, the
water droplets may condense on the mask surface,® which
might cause the release of these chemicals.*® As a result, a
safer method is demanded to impart the face mask with
nonleaking and antibacterial properties.

Quaternary ammonium compounds (QACs) are potent
antimicrobials that are widely used as disinfectants because
of their low toxicity, the flexibility of molecule structures, the
readiness of fixation on the surface, the low probability of
antibiotic resistance, and so on.***® The bactericidal activity
of QACs stems from the electrostatic attraction between
permanent positively charged nitrogen (N) in QACs and
negatively charged bacterial membrane,*® which would
ultimately lead to cell lysis, namely the burst of cytoplasmic
material.*® In particular, the polymeric QACs with long alkyl
chains exhibited enhanced bactericidal activity because the
longer alky chains can interact with the lipid cell walls more
strongly and destabilize the bacterial membrane more
effectively.’’ Even though the recent emerging popular
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“grafting from” approach, also known as “surface-initiated
polymerization”, has enabled the controllable grafting QACs
on the material surfaces,”” the immobilization of polymeric
QACs onto the face mask filters is still challenging for the
following reasons. Firstly, the surface of the filter should be
pretreated by plasma or other chemical treatment to allow the
fixation of the suitable initiators, which is complicated and
time-consuming.*> Secondly, the harsh organic solvents
would impair the PM filtration efficiency of electret media,
which is one of the most important functionalities of the face
mask filter."”**>** Therefore, how to immobilize the polymeric
QACs on the face mask filters without compromising the PM
filtration efficiency is a prominent quest.

To achieve this goal, this work reports a rational design
approach to incorporate a QAC-modified MOF into the
electrospun fibers to form an active composite filter. As an
important type of MOFs, the amino-derived MOFs provide great
platforms to covalently attach functional groups by post-
synthetic modification. Herein, a robust UiO-66-NH, is used as
the base material,**® which is subsequently decorated with a
layer of polymeric QAC, i.e., poly[2-(dimethyl decyl ammonium)
ethyl methacrylate] (PQDMAEMA) through a classical atomic
transfer radical polymerization (ATRP) approach. With the
assistance of the electrospinning technique, the as-synthesized
active composite UiO-PQDMAEMA was embedded with the
polyacrylonitrile (PAN) solution to produce an antibacterial
nanofibrous filter, which also exhibits a high PM filtration
performance comparable to a commercial N95 respirator
(Scheme 1). The UiO-PQDMAEMA@PAN filter is capable of
efficiently killing both Gram-positive (S. epidermidis) and Gram-
negative (E. coli) bacteria by destroying their cell membranes,
highlighting that the UiO-PQDMAEMA@PAN can be potentially
used as an antibacterial core filter for N95 respirators. We
expect that this design of antibacterial filters can also be used
for the fabrication of the heating, ventilation, and air
conditioning (HAVC) air filter as well as the membrane for
waterborne bacteria disinfection.

2. Experimental section

2.1 Preparation of UiO-66-NH,, UiO-BIBB, and UiO-
PQDMAEMA

The synthetic procedures for UiO-PQDMAEMA preparation
are schematically depicted in Scheme 2. In general, the raw
UiO-66-NH, was  firstly decorated with initiator
2-bromoisobutyryl bromide (BIBB) via covalent bonding to
form UiO-66-BIBB. Then, the monomer 2-(dimethyl decyl
ammonium) ethyl methacrylate (QDMAEMA) was
polymerized and grafted on the surface of UiO-66-BIBB
through the ATRP process to obtain the final product, which
is denoted as UiO-PQDMAEMA. The details of material
synthesis processes can be seen in S1.}

2.2 Fabrication of face mask filter

The face mask filter was fabricated via the facile
electrospinning method, where the electric force is generated

This journal is © The Royal Society of Chemistry 2021
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Scheme 1 The schematic illustration of UiO-PQDMAEMA@PAN filter towards PM capture and airborne bacteria inactivation.
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Scheme 2 Schematic preparation route for UiO-PQDMAEMA.

by a high voltage to draw threads of polymer solutions to
fibers with diameters in the order of hundred nanometers.*’
The experimental details are summarized here. Four different
DMF (N,N-dimethylformamide) solutions of PAN (6 wt% PAN
loading), UiO-66-NH,@PAN (60 wt% MOF loading), UiO-
PQDMAEMA®@PAN (60 wt% UiO-PQDMAEMA loading), and
Cu@PAN (60 wt% Cu(NO);-3H,0 loading) were used as the
precursors for the nanofibers. The electrospinning process
was operated at a precursor flow rate of 0.5 ml per hour. A
high voltage of 17 kv was applied and the distance between
the collector and spinneret was set at 17 cm. The obtained
fibers were collected on the substrate of stainless-steel mesh
(from McMaster-Carr). The temperature and relative humidity
(RH) were kept at 50 °C and 10%, respectively.

2.3 Materials characterization

The surface functional groups of the samples were analyzed
by a Fourier transform infrared (FT-IR) spectrometer (Nicolet

This journal is © The Royal Society of Chemistry 2021

iS50). X-ray diffraction (XRD) patterns were collected by the
PANalytical X'Pert Pro MPD. Morphologies of the samples
were observed by SEM (scanning electron microscopy, Su-70,
Hitachi) and TEM (transmission electron microscopy, JEOL
JEM-F200). Thermogravimetric analysis (TGA) was conducted
with a TA Q500 under nitrogen gas flow with a heating rate
of 10 °C min~". The gas adsorption experiments were carried
out using Autosorb iQ (Quantachrome Instrument). The
fluorescence images were obtained by the Zeiss Axiovert
200M fluorescence microscope. The surface compositions
were determined by the X-ray photoelectron spectrometer
(XPS, Thermo Scientific ESCALAB 250).

2.4 Particulate filtration tests

The particle filtration tests were conducted based on the ISO
standard (ISO 21083-1:2018) for the flat sheet media and the
experimental system is shown in Fig. 1a.*® The particle
filtration efficiency of as-synthesized filters was tested under

Environ. Sci.. Nano, 2021, 8,1081-1095 | 1083
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Fig. 1 Schematic diagram of the experimental setup for particle filtration measurements (a) and bacteria filtration tests (b).

9.3 cm s™' face velocity which is within the media face
velocity ranges in the N95 test (~5-10 cm s™').*>*° In brief,
monodisperse sodium chloride (NaCl) particles were
generated by an atomizer (TSI model 9302, TSI Inc.) and
classified by a differential mobility analyzer (DMA, Model
3082, TSI Inc.) with sizes of 20, 30, 50, 80, 100, 150, 200, 300,
400, and 500 nm. Before challenging the filter media, the
classified monodisperse particles were neutralized by a Po**’
neutralizer to minimize the particle charge for mimicking the
charging condition of ambient particles, which are normally
in Boltzmann equilibrium.** An ultrafine condensation
particle counter (UCPC, Model 3776, TSI Inc.) operated at 1.5
L min” and a three-way valve were used to measure the
upstream and downstream particle number concentrations of
the filter media. For comparison, the filtration performance
of a commercial N95 respirator from VWR (Makrite®) was
also tested, in which a relatively flat portion of the respirator
was cut out to form a flat sheet and the aforementioned same
filtration procedure was applied.

The size-fractionated penetration, P(d,), representing the
fraction of particles with diameter d, can go through the
filter medium, is defined as:

Cldx)

downstream (1)

P(dx) = C(dx)

upstream

where C(dy)downstream and C(dy)upstream are the downstream
and upstream number concentrations of d, particles,
respectively. The size-fractionated filtration efficiency,
PFE(d,), of the filter is thus calculated as:
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PFE(dx) =1- P(dx) [2)

The correction of PFE(d,) due to particle diffusion loss
was also carried out and the method is described in the S2.f
The upstream and downstream particle concentrations were
measured for at least three times to obtain the representative
filtration results. The standard deviation (o(d,))
calculated using the following equation:

was

C( dx) downstream
C(dx)

2 2
Odownstream Oupstream
o(dy) = ( ) +
) ( C(dx)downstream C(dx)upstream

(3)

upstream

where G4ownstream ANA Gdownstream are the standard deviations at
the downstream and upstream of the filter holder, respectively.>*

2.5 Bacteria filtration tests

A system for bacteria filtration tests was also developed in
this study (Fig. 1b). Specifically, two representative bacteria S.
epidermidis (Gram-positive) and E. coli (Gram-negative)
suspensions with a density at 10’ CFU mL™" in phosphate-
buffered saline (PBS) solution were used as precursors. Then,
the suspensions were atomized by an ultrasonic nebulizer
operated at 2.4 MHz to generate bioaerosols to challenge the
filters at a flow rate of 12.5 L min ' for 1 minute. A
BioSampler (SKC Inc.) containing 20 ml sterile PBS solution
was used to collect the escaped bioaerosol. After collection,
the escaped bacteria concentrations were determined by the
standard plate counting method. The plates were incubated
at 37 °C for 20 hours, and the number of colonies was

This journal is © The Royal Society of Chemistry 2021
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enumerated through visual inspection. The bacterial
filtration efficiency (BFE) of the filter is defined as follows:

Ce

total

BFE =1 -

)

where C; (CFU ml™) is the bacteria concentration in the
Biosampler with a face mask filter operation; Ciy (CFU
ml™") is the bacteria concentration in the Biosampler without
a mask filter operation.

2.6 Bacteria inactivation assessments

The bacteria inactivation assessments were carried out as
follows. After being challenged by the bioaerosol for 1

Paper

minute, the filter was sealed in a petri dish and placed in
the dark for 2 hours to allow the interaction between the
filter surface and captured bacteria. Subsequently, the
filter was vortexed at 5000 rpm for 5 minutes to
resuspend the captured bacteria in the 20 ml PBS
solution. Then, the suspension was diluted with PBS, and
3 puL of each decimal dilution was dropped in the sterile
nutrient agar culture plates. The agar plates with the
bacteria suspensions were incubated at 37 °C for 20 hours
to give the visible colonies, which were enumerated to
calculate the number of living bacteria. The bacteria
inactivation efficiency (BIE) was calculated by the following
equation:

—
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Fig. 2 FT-IR spectra (a) and XRD patterns (b), high-resolution N 1s XPS spectra (c), SEM images (d-f), and TEM images (g-i) of UiO-66-NH,, UiO-
66-BIBB, and UiO-PQDMAEMA, respectively (top to bottom). Scale bars in (d-f): 500 nm; scale bars in (g-i): 50 nm.
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BIE = 1 — v (5)

where Cj,. is the concentration of live bacteria remaining
on the filter. Additionally, after being placed in the dark
for 2 hours, the filter was cultured in the nutrient agar at
37 °C for 20 hours for residual analysis of remained
viable cells.

Fluorescence microscopy is a useful technique to examine
the viability of bacterial cells before and after contacting the
filter. To perform this analysis, 1 ml bacteria cell suspension
was centrifuged and resuspended in 10 uL of PBS solution,
which was subsequently stained by a live/dead staining kit
(Molecular Probes, Invitrogen) in the dark for 1 hour.
Bacterial cells with intact cell membranes (live) were stained
by SYTO 9 and fluorescent green, whereas propidium iodide
(PI) penetrates only damaged membranes and stains the
dead bacteria, which presented red fluorescence.

3. Results and discussion

3.1 Characterization of UiO-66-NH,, UiO-BIBB, and UiO-
PQDMAEMA

The surface chemistry of UiO-66-NH,, UiO-66-BIBB, UiO-
PQDMAEMA, and monomer QDMAEMA were analyzed by FT-
IR as shown in Fig. 2a. It is found that the peak at 768 cm™"
in the raw UiO-66-NH,, attributed to the N-H wagging
vibrations,”* disappears in UiO-66-BIBB after modifications.
This indicates that the initiator BIBB is successfully anchored
on the -NH, group of UiO-66-NH, via covalent bonding. After
ATRP reaction, an emerging peak at 1721 em™" is found in
UiO-PQDMAEMA, which originates from the C=O stretching
vibration of ester groups from QDMAEMA;>* besides, two
additional peaks at 2822 ecm™ and 2770 cm™ are also
observed in UiO-PQDMAEMA, which are assigned to the -N
(CH3), symmetric and asymmetric vibrations from
QDMAEMA, respectively.”* Therefore, it can be concluded
that PQDMAEMA is successfully grafted onto UiO-66-NH, via
ATRP.

In addition to the surface chemistry, the crystalline
structures of UiO-66-NH,, UiO-66-BIBB, and UiO-PQDMAEMA
were examined by XRD. As shown in Fig. 2b, the XRD pattern
of the as-synthesized UiO-66-NH, is well consistent with the
simulated one, where the characteristic peaks at 7.4° and
8.8° are attributed to the (111) and (200) crystal planes,
respectively.>® It is noted both UiO-66-BIBB and UiO-
PQDMAEMA share almost the same XRD patterns as UiO-66-
NH,, indicating that the crystalline structure of UiO-66-NH,
is maintained after BIBB treatment and polymerization. The
unchanged crystalline structure of UiO-66-NH, throughout
the entire synthesis procedures also implies that the UiO-66
modified materials are very stable, which is favorable for the
post-processing and applications.

To further elucidate the evolution of nitrogen from the
-NH, group in UiO-66-NH,, the near-surface elemental
information was determined by the XPS measurements.

1086 | Environ. Sci.. Nano, 2021, 8, 1081-1095
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Fig. 2¢ shows the deconvoluted N 1s core-level peaks of UiO-
66-NH,, UiO-66-BIBB, and UiO-PQDMAEMA. The XPS spectra
of UiO-66-NH, and UiO-66-BIBB exhibit two nitrogen peaks at
398.9 eV and 399.8 eV, which are assigned to N-H and C-N,
respectively.’® A new peak at 402.0 eV is found in UiO-
PQDMAEMA, which is attributed to the C-N' component
from the monomer QDMAEMA, confirming that an outer
quaternized surface layer is formed.>> Based on the XPS
spectra in Fig. 2c, the quaternization degree (QD) of UiO-
PQDMAEMA was estimated to be 48% (see ESIT for details).””

The morphologies of UiO-66-NH,, UiO-66-BIBB, and UiO-
PQDMAEMA were also observed by SEM. As shown in
Fig. 2(d, e, g and h), UiO-66-BIBB has similar crystal shapes
to that of UiO-66-NH, with an average particle size of ~265
nm. After the ATRP reaction, the surface of UiO-PQMAEMA
becomes smooth (Fig. 2f), and an obvious polymer shell can
be observed in its TEM image (Fig. 2i). Understandably, the
core contour and size are similar to those of unmodified
UiO-66-NH,, which is well consistent with the XRD results in
Fig. 2b. According to the TGA results, the percentage of
polymer in UiO-PQDMAEMA was estimated at 9.93% (Fig.
S1t). All the above results once again confirm the successful
grafting of PQDMAEMA onto UiO-66-NH,.

3.2 Fabrication of UiO-PQDMAEMA@PAN filter via
electrospinning

To fabricate composite nanofibers by wusing the
electrospinning approach, a precursor solution of polymer
and filler particles is generally used, resulting in the
production of composite nanofibers where the filler
particles are uniformly distributed inside the polymer
backbone.' This homogeneous structures are often
undesirable as the functionality of the embedded fillers
cannot be fully exploited. This is especially true in this
work. To take full advantages of the surface properties of
UiO-PQDMAEMA for efficient contact-killing bactericidal
assays, the UiO-PQDMAEMA particles should be exposed on
the surface of the polymer fibers. However, selective coating
of the UiO-PQDMAEMA particles on the PAN fiber surface
by wusing a single-step electrospinning method is
challenging. In this work, we developed an engineering
approach to rationally tune the diameter of the backbone
support PAN fibers smaller than that of the filler UiO-
PQDMAEMA particles (d = 213 nm, Fig. 2f) to expose them
on the surface of the PAN fiber. Because the terminal fiber
diameter (df) in electrospinning is determined by an
equilibrium between the repulsive electrostatic force and
liquid's surface tension, it can be predicted by the following
equation:*®

2\:
ac~ (+%) w ©

where y is the surface tension of the polymer solution, Q is
the feeding flowrate, I is the electric current in the system,
and wy, is the polymer volume fraction. Besides, the surface
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tension is also a function of temperature, which can be
expressed as:*®
T n
(0]
=9(1-—
=r(1-7.)

where y° is the constant for each liquid, n is a positive
empirical factor, T. is the critical temperature and 7 is the
actual temperature. To obtain thinner fibers, we rationally
decrease the y of PAN/DMF solution by increasing the
working temperature to 50 °C, given that Q, I, and wy, are
all fixed in our system. Furthermore, the working RH was
kept at a low level of 10% to generate the thinner
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nanofibers because a lower RH would favor the solvent
evaporation and thus the solidification rate of the jet.°® Not
surprisingly, the defect-free and uniform nanofibers are
observed in the pure PAN filter (Fig. 3a). The average
diameter of pure PAN fibers is measured to be ~139 nm
(Fig. 3c), which is thinner than those fabricated at room
temperature (25 °C) and higher RH of 35% with an average
diameter size of 242 nm (Fig. S2f). Fig. 3b shows the
morphology of the UiO-PQDMAEMA®@PAN filter, where the
UiO-PQDAMEMA particles are well decorated on the PAN
fiber surface with an overall average diameter of 368 nm
(Fig. 3d). The exposure of the UiO-PQDMAEMA particles to

(b)

g &
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Fig. 3 SEM images, fiber diameter distribution, and BET analysis of pure PAN filter (a, ¢, e and f) and UiO-PQDMAEMA@PAN filter (b and d-f).

This journal is © The Royal Society of Chemistry 2021

Environ. Sci.. Nano, 2021, 8,1081-1095 | 1087



Paper

the environment (Fig. 3b) gives them more contacting
opportunities with captured bacteria. The nitrogen sorption
isotherms of the pure PAN and UiO-PQDMAEMA@PAN
filters are shown in Fig. 3e. With the successful integration
of porous UiO-PQDMAEMA into the PAN fibers, the BET
surface area is increased to 790.1 m”> g™', which is much
higher than the pure PAN filter of 50.8 m* g '. For UiO-
PQDMAEMA®@PAN, the rapid increase in N, uptake at a low
relative pressure (P/P, < 0.01) indicates the abundance of
micropores (pore size < 20 A), which is due to the existence
of UiO-PQDMAEMA, while the slight increase at high
relative pressure and the existence of hysteresis suggest the
presence of mesopores (200 A > pore size > 20 A).°
Compared to the pure PAN with only mesopores, the UiO-
PQDMAEMA®@PAN filter exhibits a hierarchical structure
containing the characteristics of both micropores and
mesopores (Fig. 3f). Moreover, XRD and FT-IR analyses
indicate that the crystalline structure and surface chemistry

of the UiO-PQDMAEMA are retained after the
electrospinning process (Fig. S3(a and b)f).

3.3 Evaluation of particle filtration performance

The particle filtration performances of the UiO-

PQDMAEMA®@PAN filter (shown in Fig. 4a) and the N95
(shown in Fig. 4b) were tested by the experimental setup
shown in Fig. 1a. It should be noted that the particle
filtration efficiency measured throughout the study is the

Environmental Science: Nano

initial particle filtration efficiency as the challenging particles
were low concentration monodisperse particles due to the
classification of DMA. Thus, the loading effects can be
neglected.®>®® According to the classic filtration theory,®*
when the particles pass through the fibrous filter, they are
captured by the fiber through a combination of mechanisms
including direct interception, inertial impaction, Brownian
diffusion, gravitational settling, and electrostatic attraction.
For the particles captured at a specific size, the predominant
mechanisms vary based on the properties of the tested
filters.®> Therefore, each filter often has a specific size-
fractionated efficiency curve. Fig. 4c compares the efficiency
curves amongst the pure PAN, UiO-PQDMAEMA@PAN, and
N95 filters. It is seen that the particle filtration efficiency
decreases with particle size until it reaches the most
penetrating particle size (MPPS) at around 80 nm, and
subsequently increases for particles greater than 80 nm. By
controlling the volume of the precursors, the thickness of the
UiO-PQDMAEMA®@PAN filter is adjusted to 16 um (Fig. S3ct),
and the minimum filtration efficiency of as-synthesized UiO-
PQDMAEMA®@PAN filter at 80 nm is measured to be ~95.1%.
The filtration performance is comparable to that of a
commercial N95 respirator, which makes the UiO-
PQDMAEMA@PAN a potential candidate for an N95
respirator filter medium. It is noted that as compared to the
pure PAN filter tested under the same pressure drop (52.3
Pa), a higher filtration efficiency is obtained for the UiO-
PQDMAEMA@PAN filter. This is probably due to the higher

(a) (€) 1024 _._ commercial N95
100 —— UiO-PQDMAEMA@PAN
§' 1 —+—Pure PAN
2 0.98-
£
< 0.96-
2
£ 0.944
[
0.92
0.90- [ 1
10 100 1000
Particle diameter (nm)
—&— Commercial N95
—a— UiO-PQDMAEMA@PAN
| —w— Pure PAN
10 100 1000

Particle diameter (nm)

Fig. 4 Digital images of as-synthesized UiO-PQDMAEMA@PAN filter (a) and commercial N95 respirator (b); inset image in (b) is a relatively flat
sheet cut out from the commercial N95 respirator for particle filtration test; particle filtration efficiency (c) and quality factor (d) tested by NaCl
particles of 20-500 nm at a face velocity at 9.3 cm s™ towards pure PAN filter, UiO-PQDMAEMA@PAN filter, and commercial N95 respirator.
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fiber charge, chaotic airflow and larger local fiber diameter
favorable for interception and diffusion depositions by the
hierarchical MOF particles within the electrospun fibers.*®%®
As shown in Fig. 3f, the UiO-PQDMAEMA@PAN filter is
endowed with hierarchical structures, which contain both
micropores and mesopores by embedding the porous UiO-
PQDMAEMA particles in the electrospun fibers.

The pressure drop is another very important parameter, as
breathing air behind the face mask requires significant
pressure or energy provided by the users, which is highly
related to wearer's comfort and health during breath.
Therefore, a low-pressure drop is always a desirable filter
property. The quality factor (QF), a comprehensive parameter,
is used to evaluate the filtration performance of the filter
media, which takes both efficiency and pressure into
account. The QF is defined as:*°

QF = - ————— ®)

where PFE and AP are the particle filtration efficiency and
pressure drop across the filter, respectively. The higher the
QF, the better the filter is. Given that the higher QF values
are obtained as compared to the pure PAN, the UiO-
PQDMAEMA@PAN filter has a much better filtration
performance because of the incorporation of UiO-
PQDMAEMA in the electrospun nanofibers. Additionally, the
minimum QF value of the UiO-PQDMAEMA®@PAN filter is
calculated to be 0.058 at MPPS of 80 nm, which is
comparable to that of 0.056 for the commercial N95
respirator at 50 nm, indicating that the UiO-
PQDMAEMA®@PAN filter demonstrates a satisfactory filtration
performance.

3.4 Evaluation of bacteria filtration performance

The bacteria filtration performance of the UiO-
PQDMAEMA®@PAN filter is evaluated by challenging with the
bioaerosols containing S. epidermidis (Gram-positive bacteria)
and E. coli (Gram-negative bacteria). The schematic diagram
of the experimental setup for the bioaerosol filtration is
shown in Fig. 1b. The BioSampler (SKC Inc) which combines
impingement with centrifugal motion is used for the escaped
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bacteria collection. Specifically, there are three collection
nozzles positioned at a specific angle above the collection
sterile PBS solution during the sampling, and the air stream
with bacteria is directed to the wall of the sampling where a
liquid film is formed due to the centrifugal motion of the
liquid.”® This design lowers the microorganism stress as
compared to the conventional impinger and ensures the
viability of the collected bacteria, which makes SKC
BioSampler a reliable and de facto reference sampler in
bioaerosol studies.”* The recommended air flowrate for the
N95 respirator test is 28.3 L min™* by the U.S. Food and Drug
Administration (FDA),”> where the face velocity is calculated
to be 3.1 em s> In our system, the face velocity of the
tested filter is calculated to be 10.5 cm s ', given that the
working flowrate of the BioSampler should be fixed at 12.5 L
min™" to ensure the accuracy of the bacteria collection.”® As
shown in Fig. 5(a and b), no bacteria of S. epidermidis and E.
coli are found after passing through the UiO-
PQDMAEMA@PAN filter as well as the commercial N95
respirator, which indicates that all the airborne bacteria are
completely captured by the filter even at a high face velocity
of 10.5 cm s '. The reason for the airborne bacteria that
cannot pass through the UiO-PQDMAEMA®@PAN filter is
mainly due to their sizes. Both S. epidermidis and E. coli have
sizes in the range from 0.5 to 2 um, which is much larger
than the MPPS (<100 nm) as discussed above. Therefore, the
bacteria filtration of these filters is much more efficient. In
summary, the as-synthesized UiO-PQDMAEMA@PAN filter
demonstrates an excellent performance towards bacteria
capture, which could be potentially used to protect user's
safety by blocking out the routes of airborne bacteria
transmission.

3.5 Bactericidal evaluation of UiO-PQDMAEMA@PAN filter

The Dbacteria inactivation performance of the UiO-
PQDAMEMA@PAN filter was also evaluated towards both S.
epidermidis and E. coli. Control experiments of pure PAN filter
and UiO-66-NH,@PAN filter were also conducted for
comparison. As shown in Fig. 6(a and b), both pure PAN and
UiO-66-NH,@PAN filters show limited capabilities of killing
bacteria while the UiO-PQDMAEMA®@PAN filter has a
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Fig. 5 Collected S. epidermidis (a) and E. coli (b) concentration in the SKC BioSampler after the airborne bacteria passing through the UiO-

PQDMAEMA@PAN filter and commercial N95 respirator.
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significant inactivation efficiency of ~97.4% of S. epidermidis
and ~95.1% of E. coli, indicating that the grafted UiO-
PQDMAEMA on the surface of PAN fibers enables the filter to
have efficient bactericidal behaviors. Further live/dead
bacteria fluorescence assays using LIVE/DEAD kit were also
conducted to investigate the bactericidal effects of the UiO-
PQDMAEMA®@PAN filter. Before conducting the experiments,
most bacteria were alive and stained by SYTO 9, therefore,
numerous green dots are observed in Fig. 6(c and d).
However, the number of dead bacteria, which emit the red
fluorescence was increased significantly after contacting the

1090 | Environ. Sci.. Nano, 2021, 8, 1081-1095

surface of the UiO-PQDMAEMA®@PAN filter, implying that the
membrane integrity of bacterial cells is disrupted.
Meanwhile, the ratio of live and dead bacteria in fluorescence
images shows almost no change in the control group of pure
PAN and UiO-66-NH,@PAN filters once again confirming the
bactericidal behaviors of the UiO-PQDMAEMAM@PAN filter.
(Fig. S41) The commercial N95 respirator was also tested
towards  bactericidal  performance. As
Fig. 6(a and b) and S4,f negligible bacterial inactivation
efficiencies can be obtained for S. epidermidis and E. coli,
indicating that most of the adhered bacteria are still alive,

shown in
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which is the main reason that the contaminated respirator
could be the source of HAIs transmission. As compared to
the commercial N95 respirator, the as-synthesized UiO-
PQDMAEMA@®@PAN filter demonstrates an efficient and rapid
bacteria inactivation performance, which makes it a
promising candidate for the antibacterial filter in the N95
level respirator.

Since typical Dbactericidal activities of QAC-based
polymers are based on the contact killing mechanism,
where the electrostatic interactions between negatively
charged bacteria cell wall and positively charged QAC-based
molecules are mainly responsible for the disruption of
bacteria membrane, two prerequisites should be satisfied to
endow the materials to have efficient antibacterial
performance.”>’* One is the enough -contacting time
between bacteria and QAC-modified surfaces, and the other
is that a threshold of charge density should be reached.”
In this study, when the airborne bacteria are captured by
the filter, they are trapped by multiple nanofibers
containing numerous contacting sites of positively charged
UiO-PQDMAEMA (N). (Scheme 1 and Fig. 2¢) From the
time course of bacteria inactivation in Fig. S5,f the UiO-
PQDMAEMA®@PAN filters exhibit limited bactericidal
performance within the first 30 minutes, which is probably
due to the insufficient interactions between bacterial cell
wall and UiO-PQDMAEMA particles. When the contacting
time extended to 2 hours, 97.4% of S. epidermidis and
95.1% E. coli were finally killed. Compared to the Gram-
positive bacteria S. epidermidis, the Gram-negative bacteria
E. coli exhibited a relatively greater resistance to contact
disinfection, as shown in Fig. 6, indicating a difference in
physicochemical interaction with the UiO-
PQDMAEMA®@PAN. The discrepancy in the antibacterial
efficiency could be caused by various cell structures between
the Gram-positive bacteria and the Gram-negative bacteria.
The Gram-positive bacterial cell wall is composed of a
simple layer of peptidoglycan. This layer has numerous
pores, which allow the QAC molecules to readily penetrate
the thick cell wall and reach the cytoplasmatic membrane.”®
However, the cell wall of the Gram-negative bacteria E. coli
is comprised of two membranes reinforced by the
expression of lipopolysaccharide on the cellular surface,
which provides an additional protective property.””
Therefore, a more efficient antibacterial performance was
obtained towards S. epidermidis than E. coli.

The positive charge density of outer layer is another key
parameter to define antibacterial efficacy.”” For S. epidermidis
and E. coli inactivation, the prerequisite charge density
should be above the critical threshold of 1 x 10"*~10"* N* per
em?.”%7% To calculate the charge density of UiO-PQDMAEMA,
we used the crystal in Fig. 2i (also Fig. S6t) for further
estimation. The crystal in red contour is the initial UiO-66-
NH,, which is decorated by a layer of QAC polymer. Assuming
that charges were uniformly distributed within the polymer
layer, the charge density (CD) can be determined by the
following equation:

This journal is © The Royal Society of Chemistry 2021
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CD = N 9)
where Q is the surface charge and A is the surface area. The
CD of UiO-PQDMAEMA was calculated to be 3 x 10'* N* per
cm” (see S8t for details). Therefore, UiO-PQDMAEMA in this
work is expected to exhibit effective antibacterial actions.
Besides, the monomer DMAEMA is quaternized by
1-bromodecane to impart the QDMAEMA with 10 carbon
atoms in the alkyl chains. (Scheme 2) The relatively long alkyl
chains in UiO-PQDMAEMA could interact strongly with the
peptidoglycan cell wall and, finally, bacteria are killed by the
lysis of their cytoplasm.**

To further wunravel the interactions between UiO-
PQDMAEMA®@PAN filter and bacteria, the morphologies of S.
epidermidis and E. coli were observed by SEM. As shown in
Fig. 7(a and c), the cells of S. epidermidis and E. coli
maintained intact upon initial contact with the UiO-
PQDMAEMA filter. After contacting treatment for 2 hours,
the shapes of both S. epidermidis and E. coli are deformed,
and the cell membranes are severely damaged
(Fig. 7(b and d)), which indicates that the QAC modified
MOF enables the electrospun filter with efficient antibacterial
capability against both Gram-negative and Gram-positive
bacteria.

3.6 Leakage evaluation

The leakage of the antibacterial agent during the filtration
and antimicrobial activity is a serious issue because improper
intake of these chemicals would result in severe health
issues.®” Among the commercial antimicrobial face masks
and respirators, Ag' and Cu®*' are the two most frequently
used metal ions in the filter media to inactivate
microorganisms.*" Herein, we fabricated a Cu**-loaded PAN

Fig. 7 SEM images of UiO-PQDMAEMA@PAN filter with S. epidermidis
(a and b) and E. coli. (c and d) After contacting treatment for 0 and 2
hours.
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filter (Cu@PAN) for comparison. To examine the leakage
behaviors, both UiO-PQDMAEMA®@PAN and Cu@PAN filters
were immersed in the 100 ml DI water for 2 hours. Then, 1
ml AgNO; (1 mM) and Na,S (1 mM) were added into UiO-
PQDMAEMA®@PAN and Cu@PAN solutions, respectively. The
rationale for designing the leakage test is as follows. For the
UiO-PQDMAEMA@PAN filter, there might be some Br-
released from the 1-bromodecane (C;oH,;Br) in the UiO-
PQDMAEMA particles (see Scheme 2 for details). If Br is
leaked from the filter, it would react quickly with Ag" to form
a yellow precipitate, AgBr. Similarly, the Cu®" released from
Cu@PAN filter would combine with S*>~ in the Na,S solution
to produce CuS precipitates. As shown in Fig. S8, no color
change is observed in the UiO-PQDMAEMA@PAN beaker
after AgNO; titration, indicating there is negligible Br~
leakage. While the solution turned to be brown in the
Cu@PAN beaker, which is caused by the formation of a low
concentration of CuS precipitates. As compared to the
Cu@PAN filter, negligible leakage was found in the UiO-
PQDMAEMA®@PAN immersed in the water, indicating that
the UiO-PQDMAEMA@PAN filter is safe for humans and
environmentally friendly.

4. Conclusion

In summary, we designed an antibacterial filter where the
QAC modified MOF (UiO-PQDMAEMA) was incorporated into
the electrospun PAN fibers. The antibacterial agent polymeric
QACs (PQDMAEMA) was grafted onto the surface of UiO-66-
NH, via ATRP. To partially expose the surface of the UiO-
PQDMAEMA particles, the backbone electrospun PAN
nanofibers were produced at an enhanced working
temperature of 50 °C and low RH of 10%. The as-synthesized
UiO-PQDMAEMA@PAN filter exhibited a satisfactory
performance towards PM filtration and bacterial blockage,
which is comparable to those of the commercial N95
respirator. In particular, the UiO-PQDMAEMA®@PAN filter
demonstrated excellent bactericidal activities towards both
Gram-positive S. epidermidis and Gram-negative E. coli via a
contact-killing  mechanism. The incorporated UiO-
PQDMAEMA particles with positively charged nitrogen (N') in
the long alky chain resulted in the deformation and damage
of cells after electrostatic interactions between UiO-
PQDMAEMA and bacteria. The current work indicates that
the UiO-PQDMAEMA@PAN could be a comprehensive
protection core filter for the N95 respirator against PM and
airborne bacteria. This study also sheds light on the design
of QAC modified antibacterial materials and paves a way for
the application of these materials in air cleaning.
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S1. Material Synthesis of UiO-66-NH,, UiO-BIBB, and UiO-PQDMAEMA

S1.1 Reagents

N, N, N, N", N'-pentamethyl diethylenetriamine (PMDETA, 99%), 2-
(dimethylamino)ethyl methacrylate (DMAEMA, 98%), copper (I) bromide (CuBr, 98%), copper
(I') bromide (CuBr,, 99%), 2-bromoisobutyryl bromide (BIBB, 98%), 1-bromodecane (98%),
isopropyl ether (99%), acetonitrile (99.5%), triethylamine (TEA, 99%), 2-amino-1,4-dicarboxylic
acid (BDC-NH,, 99%), zirconium chloride (ZrCly, 99.5%), acetic acid (99%), silver nitrate
(AgNO3;, 99.9%), copper nitrate trihydrate (Cu(NO3),-:3H,0, 99%), sodium sulfide nonahydrate
(Na,S-9H,0) and polyacrylonitrile (PAN, MW = 150,000) were purchased from Sigma Aldrich.
Anhydrous tetrahydrofuran (THF, 99.8%) was obtained from Alfa Aesar. Methanol (99.8%) and
N, N-dimethylformamide (DMF, 99%) were purchased from VWR Corporation. All chemicals

were used as received without further purification.

S1.2 Preparation of UiO-66-NH,

UiO-66-NH, was prepared based on a previous work with some modifications.! Typically,
a mixture of 0.2332g ZrCl,, 0.1812g BDC-NH,, and 6 ml acetic acid were dissolved in 50 ml DMF
by ultrasonication for 5 minutes. Subsequently, the above mixture was transferred into a 100 ml
Teflon-lined stainless-steel autoclave, which was kept at 120 °C for 24 hours. The obtained
precipitates were washed thoroughly by DMF and methanol several times. The activation was
conducted by immersing the above particles in 50 ml methanol for 72 hours. Finally, the pale-

yellow particles were dried at 100 °C under vacuum for 12 hours.

S1.3 Preparation of UiO-66-BIBB
The UiO-66-BIBB was obtained by functionalizing UiO-66-NH, under the protection of

nitrogen in a 50 ml flask.? In a typical procedure, 0.3 g UiO-66-NH, was suspended in 20 ml
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anhydrous THF by sonication. 418 pL. TEA and 124 pL BiBB were dissolved in 10 ml THF
separately. The TEA solution was injected into the UiO-66-NH, suspension under stirring. Then
the BIBB solution was dropwise added into the mixture in 30 minutes with ice water cooling and
strong stirring. The reactants were subsequently sealed and stirred at 50 °C for 24 hours. Finally,

the particles were washed with THF and methanol and dried under vacuum at 40 °C. The obtained

products were named UiO-66-BIBB.

S1.4 Preparation of UiIO-PQDMAEMA

The typical ATRP process was conducted based on a previous work but with some
modifications.? Poly [2(dimethyl decyl ammonium) ethyl methacrylate] (PQDMAEMA) brushes
were prepared by ATRP of QDMAEMA from UiO-66-BIBB. To prepare QDMAEMA, 2.68 ml
DMAEMA and 3.9 ml of 1-bromodecane were added into 10 ml acetonitrile in a 50 ml flask and
reacted for 24 hours at 40 °C. After cooling to room temperature, the solution was slowly dripped
into 200 ml isopropyl ether, and the white precipitates were collected by centrifugation. The
precipitate was dissolved in acetonitrile and then carried on the precipitation centrifugation process
for another two times. For ATRP, 0.8g QDMAEMA and 200 uL PMDETA were added into a 10
ml mixture of deionized water and methanol (volume ratio = 1:1) in a 50 ml flask. Under the
protection of nitrogen, 20 mg CuBr, and 0.2 g UiO-66-BiBB were added to the mixture. After
nitrogen bubbling for 20 minutes, 64.8 mg CuBr was added into the flask, which was then tightly
sealed. After stirring for 36 hours at 30 °C, the PQDMAEMA-modified UiO-66-BIBB was
prepared (denoted as UiO-PQDMAEMA). The samples were separated by centrifugation and
washed by deionized water and methanol for 3 times. Finally, the obtained particles were naturally

dried in the air.
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S2. Correction of Size-fractionated Particle Filtration Efficiency
: . : . . PFE(d.) .
To correct the size-fractionated particle filtration efficiency ( x’) due to the particle
diffusion loss, the correlation ratio test was performed.* The same particle generator as used for
generating challenge aerosols for the test was turned on, but without a test filter medium in the

holder. The upstream and downstream samples were measured for the same sampling time

internals as used in the tests. The general formula for the correlation ratio, R(dx), can be calculated

as:

o

R(dx) -

x)downstream,o

c(d

#(S1)

x) upstream,0

where C(d,) downstream,o is the particle concentration with particle size d, measured at the

¢(d,)

downstream sampling location without a filter medium; upstream,0 i the particle

concentration with the particle size d, measured at the upstream sampling location without a filter

medium. The finally corrected PFE (d,) takes the following form:

' P(d,)
PFE (d)=1-——#(52)

R(d,)
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S3. Determination of Weight Percentage of Grafted Polymer PQDMAEMA
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Figure S1. TGA curves of (a) UiO-66-NH,; and (b) UiO-PQDMAEMA.

The weight percentage of the grafted PQDMAEMA was determined by the TGA. Fig. S1

shows the curves of UiO-66-NH, and UiO-PQDMAEMA. The first weight loss from 50-150 °C

in both Ui0O-66-NH, and UiO-PQDMAEMA can be ascribed to moisture release. The second step

of weight loss (28.8%) in UiO-66-NH,; at 150-600 °C is due to the dihydroxylation of OH- and

decomposition of organic ligands BDC-NH,.> ¢ However, a sharp weight percentage decrease

(41.6%) 1s observed in UiO-PQDMAEMA at 150-600 °C is mainly because of the extra

decomposition of grafted polymer PQDMAEMA. Therefore, the weight percentage of grafted

polymer (AW) can be calculated as follows:

Absolute percentage of dehydroxylated OH- and BDC-NH, ligands in UiO-66-NH, (W1):

28.8%

1=
1-17.8% (water loss)

x 100% = 35.04%

(S3)

Absolute percentage of dehydroxylated OH-, BDC-NH, ligands, and PQDMAEMA in

UiO-PQDMAEMA (w2):
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41.6%
w2 = X 100% = 44.97%
1-7.5% (water loss) (S4)
Aw =w2 -wl=9.93% (S5)
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S4. Morphologies and Fiber Diameter Distribution of Pure PAN Filters
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Figure S2. SEM images (a, b) and fiber diameter distribution of the PAN filter synthesized at
room temperature with 35% relative humidity (RH).
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SS5. Characterization of UiO-PQDMAEMA@PAN Filter

(a) (b)

Ui0O-PODMAEMA@FAN

UiO-PQDMAEMA@PAN

PAN
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Figure S3. (a) XRD patterns of pure PAN and UiO-PQDMAEMA@PAN filters; (b) FT-IR
spectra of UiO-PQDMAEMA, pure PAN filter, and UiO-PQDMAEMA@PAN filter; (c) Cross-
sectional optical image of UiO-PQDMAEMA@PAN filter.
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S6. Bacterial Fluorescent Staining Assays

PAN UiO-66-NH@PAN N95

S. epidermidis

Before " - © “Before

E. coli

Figure S4. Fluorescence images of pure PAN filter, UiO-66-NH,@PAN filter, and commercial
N95 face mask before and after contacting the S. epidermidis and E. coli.
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. The Time Course of Bacteria Inactivation
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Figure S5. The time course of S. epidermidis (a) and E. coli (b) inactivation by the UiO-
PQDMAEMA@PAN filter.
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S8. Estimation of Charge Density on UiO-PQDMAEMA

To estimate the charge density (CD) on the UiO-PQDMAEMA, several assumptions were

made as follow:

1. Each UiO-66-NH; crystal is the same as the one in Fig. S6.

N

The PQDMAEMA was evenly grafted and distributed on each UiO-66-NH, crystal.

3. Each monomer QDMAEMA has one N*.

o

The surface area of UiO-PQDMAEMA equals to that of unmodified UiO-66-NH,.

Figure S6. TEM image of a UiO-PQDMAEMA crystal. The red contour is the outline of UiO-66-

NH, crystal.

UiO-66-NHj, is an octahedron crystal.” As shown in Fig. S6, the side length (@) of UiO-66-

NH, (red contour) is ~200 nm (2x10-5 cm). The surface area 4 can be calculated by:

A=2./3a® =138 x 10~ ? cm?#(56)
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Ui0O-66-NH

%4
The volume of UiO-66-NH, ( 2) can be calculated based on the equation:

2a° -15 3

My
The mass of this UiO-66-NH, crystal ( vio - 66~ NHZ) can then be calculated by:

_ _ ~15
Myio ~66-NH, — pUi0—66—NH2 X VUi0—66—NH2 =4.8x10 g#(58)

Puio - 66 - NH

where 2 (1.26 g/cm?) is the crystal density of UiO-66-NH,.8

According to the TGA analysis (Fig. S1), the average weight percentage of the grafted

PQDMAEMA in UiO-PQDMAEMA is 9.93%. Therefore, the mass of grafted PQDMAEMA (

0—16

mPQDMAEMA) is calculated to be 23 X 1 9. The number of QDMAEMA or the number of N*

(™) can then be estimated by:

m AEMA
n = PMAEMA L N = 8.4 x 10°#(59)

MQDMAEMA

M

where = @DMAEMA is the molecular weight of monomer QDMAEMA (406 g/mol) and Ny is the

Avogadro number (6.02 x 1023).
The quaternization degree (QD) of UiO-PQDMAEMA can be estimated by:’

SN+
QD = — = 48 %#(510)

S
NO

s s
where N* and "N are the peak areas of N*and N in the XPS spectrum in Fig. S7, respectively.

The cationic CD of UiO-PQDMAEMA was calculated using the equation:
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CD=== =3 x 1014—2#(511)

A cm

Q nxQDx1N* Nt
A

where € is the surface charge and 4 the surface area.
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5 N*
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Figure S7. High-resolution N 1s XPS spectrum of UiO-PQDMAEMA.
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S9. Leakage Evaluation

(a) UiO-PQDMAEMA@PA

Cu@PAN

Figure S8. Leakage tests of UIO-PQDMAEMA@PAN (a) and Cu@PAN (b) filters in DI water.
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