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ABSTRACT: Airborne microbes such as bacteria, viruses, or fungi
are a major cause of respiratory ailments, including allergies and
pathogenic infections. Despite advances in modern healthcare and
public health measures, preventing the transmission of airborne
microbes is still very challenging. The microbes may stay alive for a
while after landing on a face mask, giving them the chance to infect
another individual. In face masks, the laminated materials are
primarily made of nonrenewable polystyrene, polyethylene,
polycarbonate, or polyester fibers and are even coated with
polytetrafluoroethylene for high-efficiency ones. A holistic
approach is to disinfect the microbes on face mask before inhaling
into the upper respiratory tract with functionalized green materials.
In this work, fast-growing balsa wood (BW) sheets were first converted into flexible membrane, followed by in situ growth of Cu-
based metal−organic framework (Cu-MOF) into pores. The membrane maintains great flexibility, as demonstrated through
mechanical folding and twisting. The agar diffusion test was used to qualitatively assess the efficacy of a flexible membrane coupled
with MOF particles in antimicrobial application against Gram-positive and Gram-negative bacteria causing respiratory illness. The
inhibition zones with a radius of ∼2 mm were observed against Klebsiella pneumoniae and Pseudomonas aeruginosa, while a larger
inhibition zone with a radius of ∼4 mm was recorded against Staphylococcus aureus, indicating great potential in inhibiting the
production of all strains of microbes. Such green functional materials would find a broad bio application to benefit human health.
KEYWORDS: MOF-199, balsa, flexible wood, microbes, filter

1. INTRODUCTION
Airborne microbes, such as bacteria, viruses, or fungi, represent
a major class of biological contaminants, spreading from one
individual to another through the air. Airborne microbes are a
leading cause of respiratory ailments, including allergies and
pathogenic infections.1,2 Despite significant progress in health-
care and public health interventions, preventing the trans-
mission of airborne pathogens is still very challenging. One of
the major reasons is that aerosols with a typical size of 2−3 μm
and originating from exhaled respiratory droplets can remain
airborne for a period due to their low settling velocity.3−5

Consequently, another individual could inhale and get
infected. Viruses may remain viable on vinyl wall coverings
for up to 48 h. Surprisingly, the viruses are active on paper
cardboard and stainless steel even after 72 h.6−8 In addition to
direct transmission, indirect transmission through a contami-
nated inanimate surface is also a key route. To date,
widespread infections have still been reported across the
globe. The total seasonal influenza deaths and infections are
estimated to be around ∼290−650 thousands and ∼3−5
million, respectively.9−11 Without a doubt, communicable

respiratory diseases impose huge strains on global health
systems and economies every year.

Preventive measures including hand hygiene and face mask
use remain essential strategies to limit the spread of respiratory
infections such as influenza, respiratory syncytial virus (RSV),
and other viral pathogens. Face mask wear can block or filter
airborne virus-carrying particles through the working of colloid
and interface science. For example, the “Not Oil Resistant 95”
(N95) face mask is effective at filtering 95% of airborne
particles with size larger than 0.3 μm.12,13 Most disposal face
masks, by comparison, are designed to filter particulate matter
down to PM 2.5 or smaller.13,14 However, respiratory microbes
are primarily transmitted through droplets and aerosols, which
are colloidal particles expelled during breathing, talking, or
coughing. These particles typically range from 0.1 to several
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micrometers and can be readily inhaled.5,15 Consequently,
complete prevention of their transmission remains difficult,
even with the use of N95 masks. To address this limitation,
efforts have been focused on integrating functionalization
agents into face masks to enhance their protective and
antimicrobial performance.7,16−19 The incorporation of anti-
microbial and self-disinfecting agents, such as metal and metal
oxide nanoparticles (e.g., CuO, ZnO, and Ag) as well as
photosensitizers capable of generating reactive oxygen species
(ROS), has been explored to functionalize face masks and
inactivate microorganisms within a short time.17,19−22 Other
strategies involve self-cleaning capability through the use of
superhydrophobic materials, such as graphene, or incorporat-
ing triboelectric nanogenerators within mask layers to stabilize
electrostatic charges and prolong filtration perform-
ance.19,23−27 Among metal/metal oxides, copper has been
recognized for its antimicrobial efficacy for centuries.28,29

Copper metal surfaces and nanoparticles have demonstrated
inhibition against pathogenic bacteria such as Escherichia coli
and Staphylococcus aureus through mechanisms including ion
release, ROS generation, and membrane disruption.28,30−33

Similarly, cupric oxide (CuO) nanoparticles incorporated into
polyacrylonitrile (PAN) nanofibers via electrospinning have
shown pronounced antibacterial activity against E. coli and
Bacillus subtilis, highlighting the potential of copper-based
additives in functionalized filtration media.20 In addition,
hybrid materials such as copper-zeolitic imidazolate frame-
works (Cu-ZIFs) have exhibited potent antimicrobial effects
against E. coli and Streptococcus mutans.21

The filter material in face masks is primarily made of
nonrenewable materials, such as glass fibers, polyester fibers,
metallic wools, etc. To advance green technology, the
sustainable and low-cost renewable forest resources such as
wood and woody biomass can serve as valuable raw
materials.34,35 Cu-based metal organic framework (Cu-MOF,
also known as MOF-199, HKUST-1 or CuBTC), which has
been synthesized into bamboo and balsa wood (BW),
exhibited antimicrobial property with minimizing the S. aureus
colony level to 2.08 (colony-forming unit) from 8.98 CFU
cm−2.36 However, these materials are typically quite brittle and
are unable to be directly integrated into face masks. Recent
research demonstrated that wood, taking BW as an example,
can be chemically treated to create a super flexible,
biocompatible, and porous structure that could be used for
water purification, flexible electronics, and three-dimensional
bio scaffolds.34,37−39 The engineered flexible wood offers an
excellent scaffold for the in situ growth of MOF-199, enabling
the development of functionalized, sustainable filter media.
Therefore, growing MOF-199 into flexible wood could serve as
a sustainable alternative to conventional mask filter layers,
offering a combination of structural filtration and an intrinsic
antimicrobial functionality. In this work, a hybrid structure was
fabricated by coupling the flexible BW (FBW) with in situ
grown MOF-199, which not only has great flexibility, but also
holds a promising antibacterial potential. MOF-199 was
hydrothermally grown within the pores down to a few
micrometers from the surface of flexible wood sheets. The
agar diffusion test was used to qualitatively assess the efficacy
of a flexible membrane coupled with MOF-199 particles in
antimicrobial application against Gram-positive and Gram-
negative bacteria causing respiratory illness. The new materials
developed in this work would expand the use of wood
materials, provide effective and affordable air filtration

materials, and address the demands of future airborne disease
outbreaks.

2. EXPERIMENTAL SECTION
2.1. Chemicals. The chemicals in this work were used as received,

without further purification. The chemicals include sodium hydroxide
(NaOH, >97%, Sigma-Aldrich), sodium sulfite (Na2SO3, >98%,
Sigma-Aldrich), copper nitrate trihydrate (Cu(NO3)2·3H2O, 99% for
analysis, Fisher Chemical), 1,3,5-benzenetricarboxylic acid (H3BTC,
>98.0%(T), Tokyo Chemical Industry), N,N-dimethylformamide
(DMF, certified ACS, Fisher Chemical), and ethanol (Fisher
Chemical).

2.2. Fabrication of FBW. BW was used for the fabrication of the
flexible wood. NaOH, Na2SO3, and deionized (DI) water were used
for processing the wood. To convert BW into flexible wood, 50 mL of
DI water, 5.07 g of NaOH, and 5.144 g of Na2SO3 were mixed and
added into a Teflon-lined stainless-steel autoclave of 100 mL capacity
along with radially cut 2.5 × 2.5 × 0.2 cm BW sheets. The autoclave
was sealed and heated to 120 °C in a furnace for 5 h. The autoclave
was removed and cooled down under tap water for 15 min.
Subsequently, the slices of BW were taken out, placed in 20 mL DI
water, and washed in an ultrasonic cleanser for 15 min. Finally, the
sheets were kept in air for natural drying.

2.3. Growth of MOF-199 into FBW Sheets. The FBW sheets
obtained prior were used for in situ growth of MOF-199 following the
procedure described in our previous work.40 22.5 mL ethanol and 1.5
g of H3BTC were mixed to form a uniform solution. Separately,
another solution was made with 22.5 mL of DI water and 3.114 g of
Cu(NO3)2·3H2O. The two solutions were then mixed and stirred for
10 min. The FBW sheets were soaked in the solution and together
sealed into a Teflon-lined autoclave. The autoclave was heated at 100
°C for 10 h for MOF-199 growth. The autoclave was taken out and
set aside to cool naturally to room temperature. The FBW with MOFs
was ultrasonicated in 20 mL of DI water for 25 min until the washing
liquid became clear, ensuring the removal of any loose particles, and
dried in air. The flexible wood obtained with MOF-199 was
abbreviated as FBW-MOF. For antimicrobial and breathability tests,
the thickness of FBW-MOF was maintained at 1.25 mm.

2.4. Three-Point Bending Tests. Three-point bending tests were
performed by Deben Micro Tensile Tester 200 with a 200 N load cell
on untreated BW, FBW, FBW with 10 min of streaming at room
temperature, and FBW with 5 min of breath at room temperature.
The force resolution of the load cell was 0.001 N. The displacement
rate was set as 0.2 mm min−1. After the bending tests, the elastic
modulus was calculated and compared.

2.5. Material Characterization. Morphology and composition of
FBW with MOFs were characterized by scanning electron microscopy
(SEM, Quanta 600 with EDS). The crystallinity was identified with a
Rigaku Ultima IV X-ray diffractometer (XRD) with Cu Kα as the X-
ray source.

2.6. Antimicrobial Test. BW, FBW, and MOF-199 pellets and
FBW-MOF were prepared for agar testing. Pseudomonas aeruginosa,
Klebsiella pneumoniae, and S. aureus were streaked onto Luria-Bertani
(LB) agar plates and incubated overnight to ensure viability and
purity. Single colonies from the agar plates were suspended in sterile
water, adjusted to a 0.5 McFarland standard, and then evenly spread
on LB agar plates using sterile cotton swabs. For BW, FBW, and
FBW-MOF, the materials were cut into 6 mm diameter disks to be
placed on the agar plates. Since MOF-199 was obtained in powder
form, it was compacted into pellets by placing a fixed volume of the
powder in a 6 mm diameter die and pressing it with a hydraulic press.
After drying, these disks were placed on the agar, and plates were
incubated at 35 °C for 16−24 h. Inhibition zones appeared as clear
circular areas around the disks, where bacterial growth was
suppressed. Zone radii were measured in millimeters from the edge
of the disk to the edge of the clear zone. Larger radii indicated
stronger antibacterial activity, while smaller or absent zones indicated
weaker or no antibacterial activity.
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3. RESULTS AND DISCUSSION
For any respiratory diseases, a couple of precautions are highly
recommended to prevent and slow down transmission of virus
and bacteria, including (1) avoid being around people who are
more likely to get sick; (2) wear a high-quality mask when
around others in public; and (3) use hand sanitizer to kill
microbes on hands. The first two strategies can be regarded as
passive defense, while the last approach is active defense. In the
passive defense strategy through a face mask, microbial
pathogens are not directly deactivated. When microbes contact
face masks, penetration through the material is physically
blocked to some extent, thereby providing protection against
microbial ingress. However, microbes can remain viable on the
surface of face masks for a period, posing a risk of indirect
transmission to other individuals upon contact schematically
shown in Figure 1 passive defense. If microbes landing on a

face mask could be killed directly, the face mask will function
as the first line in both passive and active defense, minimize the
transmission of microbes, and further prevent infection to
individuals around. Shown in Figure 1 active defense, the filter
layer in face masks is targeted to be replaced with FBW-MOF,
in which Cu-MOFs embed into pores of FBW are active
ingredients to disinfect microbes. The newly conceptualized
face masks would offer active defense and prevent secondary
infections.

3.1. Morphology of In Situ Grown MOF-199 in FBW.
Toward replacing the filter layer within face masks, the main
material should be porous and flexible. The lightweight (150
kg m−3) and fast growth (12 ft. after germination within 6
months) make BW stand out of all other wood in fabrication of
highly porous framework.41,42 The BW was sliced into sheets
with a thickness of approximately 2 mm along the radial
direction of growth. To preserve the native porous architecture
and prevent pore collapse during sample preparation, the wood
was carefully polished after cutting, which ensured efficient and
uniform flow of chemical precursors during subsequent
treatment and MOF-199 growth.

Figure 2a−c displays SEM images of the porous structure of
BW along radial and longitudinal directions. In Figure 2a, the
surface of the BW is clean and devoid of any debris or
obstructions that might block the channels. This pristine
surface condition is essential as it maximizes the contact area
between the wood substrate and chemical precursors,

facilitating thorough infiltration and reaction throughout the
material. Figure 2b highlights the presence of numerous small
pores lining the interior channels of the wood. These
micropores serve as conduits for the transport of chemical
precursors into the wood’s structure, enhancing precursor
diffusion and penetration. The interconnected pore network
ensures that chemicals can reach internal surfaces effectively,
promoting uniform delignification and post MOF-199 growth.
The channels themselves vary in size, ranging approximately
from 12 to 44 μm in diameter, providing a hierarchical porous
structure for MOF-199 growth (shown in Figure 2c). Through
a simple one-step delignification process, the BW was
converted into FBW. Figure 2d displays a SEM image of the
FBW surface, which exhibits a markedly delaminated
morphology compared to the pristine BW. This structural
change can be attributed to the removal of lignin, a natural
polymer that functions as an adhesive binding cellulose and
hemicellulose within the wood cell walls, and partial removal of
hemicellulose. Sodium sulfite reacts with lignin to form water-
soluble compound whereas partial hemicellulose removal is
achieved by hydrolysis in the presence of sodium hydroxide.43

Once lignin and hemicellulose (partially) are removed, the
bonding between these structural components is weakened,
resulting in more delaminated walls. Figure 2e,f shows these
structural changes along the longitudinal direction. The
channels are well preserved and remain intact despite the
delignification process. The retention of the channel
architecture is particularly advantageous, as it provides an
ideal framework for uniform and efficient growth of MOF-199
growth. Additionally, Figure 2f shows a porous cross-channel, a
structural feature characteristic of BW. Such cross-linking
pathways can significantly facilitate multidirectional fluid flow,
thereby improving precursor infiltration and proper delignifi-
cation. In addition, these porous cross-channels can serve as
extra filtration layers, intercepting pollutants or microorgan-
isms that might bypass the longitudinal channels. Figure 2g−i
illustrates the in situ growth of MOF-199 within FBW. As
shown in Figure 2g, MOF-199 is grown uniformly across the
wood surface, creating a continuous layer and establishing an
effective antimicrobial barrier, ensuring that microbes encoun-
ter active MOF-199 surfaces throughout. The inset in Figure
2g shows the octahedral crystal structure of the MOF-199. The
hierarchical channel of BW (shown in Figure 2f) dictates the
growth pattern of the MOF-199. Larger channels are almost
entirely filled with MOF-199, providing a robust physical and
chemical defense while maintaining open pathways in adjacent
smaller channels to ensure adequate airflow. Such config-
uration would help prevent excessive blockage of the porous
structure, thereby balancing protective capability with breath-
ability. Smaller channels, on the other hand, are partially filled
with MOFs to a depth of approximately 60−100 μm from the
surface, as seen in Figure 2i. The partial filling is beneficial, as it
creates an antimicrobial zone near the surface while leaving the
rest of the channels unobstructed. The obtained multifunc-
tional porous architecture would effectively hinder microbial
penetration while preserving the necessary air permeability.
Figure 2j shows the elemental analysis of individual MOF-199
particles, revealing the presence of copper and oxygen. As
MOF-199 particles were loaded onto an aluminum SEM stub,
small aluminum peak was also detected. Moreover, XRD
analyses in Figure 2k,l further confirm the growth of MOF-199
in FBW as the MOF-199 peaks were prominent in FBW-MOF.

Figure 1. Schematic of passive and active strategies to prevent
microbe transmission.
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3.2. Mechanical Properties. To evaluate the mechanical
behavior of FBW and FBW-MOF, their degree of deformation
was compared with that of pristine BW as shown in Figure 3a−
i. Pristine BW, owing to its lignin-rich structure, exhibits only
limited flexibility. As shown in Figure 3a, it can be bent slightly
before fracture, reaching a maximum curvature (κ) of

approximately 1/0.69 m−1, highlighting the inherent brittleness
of untreated wood. In contrast, the FBW demonstrates a
markedly enhanced bending capability. As demonstrated in
Figure 3b, FBW achieves a curvature of 1/0.12 m−1, over five
times greater than that of pristine BW, without sustaining
damage. This improvement can be attributed to the

Figure 2. Morphology and characterization of BW, FBW, and FBW-MOF. SEM images of (a−c) BW: (a) surface and (b, c) channels. (d−f) FBW:
(d) surface and (e, f) channels. (g−i) FBW-MOF: (g) surface (inset: MOF-199 particle) and (h) and (i) channels. (j) EDS of MOF-199. (k) XRD
of MOF-199. (l) XRD of BW, FBW, and FBW-MOF.
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delignification process, which reduces interfiber bonding and
increases interfacial slippage between cellulose microfibrils,
thereby imparting greater flexibility. Furthermore, FBW can be
easily twisted, as shown in Figure 3c, while the pristine BW is
almost unable to be twisted. Figure 3d,e reveals excellent shape
recovery of FBW. After substantial bending and twisting, the
deformed FBW returns to its original shape without visible
cracks or permanent deformation. Such elastic recovery is
indicative of great mechanical stability and robustness, even
with significant mechanical strain. Similar behavior is observed
in the FBW-MOF shown in Figure 3f−i. Despite MOF-199
particles, FBW-MOF retains high flexibility, allowing it to bend
and twist easily without compromising the structure. More-
over, FBW-MOF also demonstrates complete shape recovery
after deformation, suggesting its robustness toward practical
applications. The combination of flexibility and mechanical
stability makes FBW-MOF meet the prerequisites toward
replacing traditional filter materials in masks.

To quantify the flexibility of the BW and FBW, three-point
bending tests were performed. In the case of any size effect on
flexibility, all specimens were largely trimmed into similar
width and thickness. The displacement rate was set as 0.2 mm
min−1. Figure 3j shows the stress−strain curves of BW and

FBW. The flexural elastic modulus can be calculated using
classical mechanics of materials (eqs 1 and 2) as follows:

=E
L F

I48flex.

3

(1)

=I
wh
12

3

(2)

where L, w, and h are the span length, width, and height,
respectively, of the tested wood specimen, Eflex is flexural
modulus, F is the applied load, I is the moment of inertial, and
δ is the deflection of the tested specimen.44 The flexural
modulus of pristine BW averaged from five specimens is 19.14
± 8.52 MPa as presented in Table 1. Such measurement is in
good agreement with the reported modulus of rupture via
static bending. After hydrothermal treatment, the FBW was
dried in a drying oven. The average flexural modulus of the dry
FBW is 4.39 ± 0.59 MPa, which is less than one-fifth of that of
pristine BW. The improved flexibility originates from (1)
multichanneled 3D porous structure is well preserved after
chemical treatment; (2) the amount of lignin and hemi-
cellulose decreases; (3) open latticed hexagonal cell lumina are
delaminated.

Figure 3. Mechanical behaviors of BW and FBW with a thickness of 2 mm. (a) Buckling of pristine BW. (b) Folded BW. (c) Twisted FBW. (d)
and (e) Restored FBW after folding and twisting. (f) Folded FBW-MOF. (g) Twisted FBW-MOF. (h) and (i) Restored FBW-MOF. (j) Stress−
strain curves of pristine BW and FBW. (k) Stress−strain curves of dry, wet, steamed, and breathed FBW.

Table 1. Mechanical Properties of Pristine and FBW

sample
span length

(mm)
width
(mm)

thickness
(mm)

initial linear slope
(N/m)

flexural modulus
(MPa)

averaged flexural modulus
(MPa)

pristine BW 23 5.25 2.79 0.56 14.88 19.14 ± 8.52
dry FBW 23 6.09 2.47 0.13 4.22 4.39 ± 0.59
wet FBW 23 6.79 2.85 0.02 0.45 0.40 ± 0.14
5 min steamed FBW 23 5.28 2.47 0.11 4.22 2.56 ± 1.21
5 min breathed FBW 23 5.72 2.54 0.12 3.77 3.81 ± 0.34
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When the FBW is laminated into a face mask, the breath
containing water molecules will inevitably increase the
humidity, which could affect the flexibility of the FBW. To
have a clear understanding of humidity effect, the specimens
were treated in three different conditions followed by three-
point bending, including FBW after taking out water and held
until no water dripping, dry FBW was steamed for 5 min using
a humidifier at room temperature, and dry FBW was breathed
for 5 min by a volunteer student to mimic the real application
environment. Averaged from five specimens, the flexural
modulus of wet FBW is only 0.40 ± 0.14, suggesting superior
flexibility compared with pristine and dried FBW. The
improved flexibility originates from the hydrogen bonding
between the hydroxyl groups on nanocellulose and water
molecules. Generally, hydrophilic nanocellulose in wood has
many hydroxyl groups. Under mechanical deformation, the
breaking and rebonding of hydrogen bonds will enable the
interface sliding among nanocellulose as well as between
nanocellulose and the added water molecules. In contrast to
getting wet directly, the dry FBW was steamed. The calculated
flexural modulus is 2.56 ± 1.21 MPa, which is not surprising to
fall between the flexural moduli of dry and wet FBW, as the
water content in the steamed FBW is higher than that in dry
FBW, but lower than that in wet FBW. To continue decreasing
the water content and mimic the humidity in a face mask in
use, the dried FBW was breathed for 5 min. The average
flexural modulus is 3.81 ± 0.34 MPa. Such measurement
indicates that if the FBW is laminated into a face, the flexibility
can be well maintained.

3.3. Antimicrobial Performance. The antimicrobial
activity of FBW-MOF was evaluated against three representa-
tive bacterial species: P. aeruginosa, K. pneumoniae, and S.
aureus. These bacteria are commonly associated with
respiratory infections. Among them, P. aeruginosa and K.
pneumoniae are Gram-negative, whereas S. aureus is a Gram-
positive bacterium. The inclusion of both Gram-negative and
Gram-positive species ensures a comprehensive assessment of
antibacterial activity across different bacterial classes with
distinct cell wall structures. Antimicrobial activity was assessed
using the agar diffusion method, where the formation of a clear
halo, or inhibition zone, surrounding the test material indicates
the suppression of bacterial growth. The radius of this
inhibition zone serves as a quantitative measure of antibacterial
effectiveness with larger zones corresponding to stronger
bactericidal activity.

As shown in Figure 4, no inhibition zones were observed
around BW and FBW against any of the tested bacterial strains,
indicating negligible inherent antimicrobial activity. By
contrast, FBW-MOF shows distinct inhabitation zones for all
bacteria demonstrating its effective antimicrobial properties.
Specifically, inhibition zones with a radius of ∼2 mm were
observed against K. pneumoniae and P. aeruginosa, while a
larger inhibition zone of with a radius of ∼4 mm was recorded
against S. aureus, demonstrating enhanced efficacy against the
Gram-positive strain. The observed inhibition zones were
comparable to those obtained using MOF-199 alone in the
form of a pellet, confirming that the incorporation of flexible
wood did not diminish the antibacterial activity of the MOF-
199. Instead, the flexible wood acted as an excellent scaffold,
supporting uniform MOF-199 growth and enabling an efficient
antibacterial action. This demonstrates that the flexible wood
substrate is highly compatible with MOF-199 and further
enhances its applicability by providing a mechanically robust

and porous framework to support the antimicrobial function-
ality. These results highlight the pivotal role of MOF-199 in
imparting strong antibacterial properties to the flexible wood
substrate and prove the potential of FBW-MOF as a self-
disinfecting filter material. The excellent antimicrobial property
can be attributed to the release of Cu2+ ions from MOF leading
to cell membrane disruption, protein denaturation, and
oxidative stress through ROS generation.28,30−33 The test
was repeated three times, consistently yielding similar
inhibition zones (Table S1, Supporting Information), thereby
demonstrating the reproducibility of the results.

3.4. Breathability Testing. In addition to antimicrobial
activity, breathability is a critical requirement for materials
intended for use in filtration and protective mask applications.
While strong antibacterial performance ensures protection
against microbial contamination, adequate air permeability is
essential to maintain comfort and usability. Therefore,
alongside the inhibition zone studies, the air permeability of
the FBW-MOF was systematically evaluated and compared
with that of a commercial N95 mask. The experimental setup
for such testing is shown in Figure 5. The sample was mounted
at the center of the sample holder and positioned between
Control A and Control B valves. The measurement procedure
was conducted following the sequence: (1) Close Control A
and Control B, and then, a vacuum pressure of 6 in.Hg is
created by the hand pump. Closing both valves will isolate the

Figure 4. Incubation of P. aeruginosa, K. pneumoniae, and S. aureus
with agar dilution around BW, FBW, MOF-199, and FBW-MOF. The
red circles indicate the clear zones of bacterial growth inhibition.

Figure 5. Setup for measuring the breathability along with vacuum
relief time comparison between the FBW-MOF and 3 M N95 mask.
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sample holder assembly, ensuring that the sample neither
influences nor is influenced during vacuum buildup. (2) Open
Control A: for this setup, the pressure stabilizes at 5 in.Hg;
such stable pressure confirms no leakage occurrence from the
sample holder assembly. (3) Open Control B: the time to
restore ambient pressure from the vacuum will be recorded.
The experiment was repeated three times on one sample with
three different samples in total. Individual periods for vacuum
relief to ambient pressure are listed in Table S2, Supporting
Information.

The FBW-MOF exhibits vacuum relief time (0.446 ± 0.02
s) closely comparable to that of a standard N95 mask (0.453 ±
0.037 s) as listed in Table 2, indicating similar permeability

performance. BW shows a vacuum relief time comparable to
FBW-MOF whereas FBW exhibited a slightly elevated release
time (0.601 ± 0.019 s). The difference between BW and FBW
may be attributed to minor collapse of delaminated walls
during air extraction to reach the vacuum condition. The
subsequent growth of MOF-199 within channels provides
additional structural support, thereby mitigating wall collapse
and stabilizing the FBW under vacuum condition. These
observations suggest that MOF-199 not only imparts
antimicrobial properties but also enhances the mechanical
integrity of the FBW. Similar testing was performed on the BW
cut along the longitudinal direction. The pressure restoration
takes a much longer time (1.24 ± 0.032) compared to BW,
FBW, and FBW-MOF, which should be due to longitudinally
aligned cell walls and the limited presence of cross-channels to
facilitate air flow. Therefore, the BW sheets cut from the radial
direction to the growth will be ideal for the fabrication of FBW
and FBW-MOF with the required permeability. Additionally,
to simulate the inhalation process, the hand pump handle was
slowly compressed. In the case of the FBW-MOF, no
measurable vacuum was generated during this simulation,
demonstrating unobstructed airflow through the material.

In addition to the breathability test, whether MOF particles
detach from the FBW-MOF was assessed under extreme
condition. Details about the assessment can be found in the
Figure S1, Supporting Information. Only a minimal number of
particles detached and were captured by a double-sided
carbon, inferring a quite low likelihood of particle release. The
risk of toxicity associated with the use of this material in face
masks and biofiltration applications is expected to be
negligible.

4. CONCLUSIONS
The chemical treatment of BW helps achieve a flexible, porous,
and ecofriendly framework. Mechanical behaviors of the FBW
were evaluated under dry, wet, steaming, and breathing
conditions to understand if the material has potential to be
incorporated into a face mask. The breathed FBW has an
average flexural modulus of 3.81 ± 0.34 MPa, indicating that
the flexibility is well maintained compared to that of dried
FBW. After in situ growth of MOF-199 using a hydrothermal

method, the material stays flexible. With the agar diffusion test,
inhibition zones with a radius of ∼2 mm were observed against
K. pneumoniae and P. aeruginosa, while a larger inhibition zone
with a radius of ∼4 mm was recorded against S. aureus,
indicating great potential in inhibiting bacterial growth. Given
the fact that airborne microbes may stay alive for a while after
landing on face mask and further infect another individual,
coupling MOFs and flexible wood as effective antimicrobial
membrane could become a great structure in preventing the
transmission of microbes, aiding in controlling respiratory
illness.
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