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ABSTRACT: Epidemics such as pulmonary tuberculosis and
pertussis can spread quickly through the air in enclosed or small
spaces. Most of these diseases are caused by various bacteria. In
hospitals, nursing homes, and biology laboratories, the requirement
for air quality is often high. Particulate air filters can remove
infectious bacteria from the air, making them a good choice for
local ventilation systems to capture and remove bacteria or other
pathogenic microbes. With high surface area, electrospun poly(L-
lactic acid) (PLLA) fibrous membranes have the ability to capture
small particles like bacteria. Moreover, copper has significant
antimicrobial properties. In this Letter, we present a hierarchically
porous PLLA membrane created through electrospinning and
acetone treatment. Additionally, we describe two methods for
loading copper particles onto the hierarchically porous PLLA membrane, thereby providing capabilities for capturing and killing
bacteria. The experiments demonstrated that the final PLLA/Cu composite fibrous membranes exhibit not only excellent air
permeability but also remarkable antimicrobial performance while maintaining bendability and superhydrophobic ability. This study
provides a simple process, low energy cost, and environmentally friendly method to produce the copper-coated PLLA membrane,
which is especially suitable for potential applications in high-flux filtration equipment in hospitals, nursing homes, and biology
laboratories.
KEYWORDS: poly(L-lactic acid), electrospinning, nonwoven textiles, antimicrobial copper, air filter

1. INTRODUCTION
Recently, air pollution caused by fine particulate matter has
become one of the most serious environmental concerns in the
world.1−5 The fine particle pollutants in the air, especially
particles with an aerodynamic diameter smaller than 2.5 μm
(PM2.5), have been shown to be the main causes of cancer,
fibrosis, and chronic lung disease.6 In addition, fine particulate
pollutants in the atmosphere also contain various micro-
organisms, such as Streptococcus pyogenes, Mycobacterium
tuberculosis, and Bordetella pertussis, increasing the risk level
of air-borne infections.7,8 In the past, research on the individual
protection in outdoor spaces has attracted much attention,
such as the design of face mask.9 However, more studies must
also be undertaken to understand how to protect us in
enclosed small spaces, such as research laboratories and
hospitals.10,11 These areas require highly efficient filtration
tools to keep air clean during the circulation process. An
antibacterial filter could serve as a core module in air filter
devices12 and could be potentially used in residential housing,
hospital infection control, and biosafety level 3 and 4
laboratories.13−15 The importance of air filters was further

highlighted during the Covid-19 pandemic.16 Figure 1a,b
shows an example of the air purifier usage.
So far, there are two main types of filtration methods that

have been extensively studied: porous filters and fibrous
filters.17,18 Compared with porous filters, fibrous filters offer
several advantages, e.g., they are easy to mass produce, cost-
effective, and energy-efficient. During filtration, big particles
are directly blocked by the small gaps among the fibers. Tiny-
sized particles, such as viruses, move dramatically slow due to
the Brownian diffusion, making them easier to be captured by
the fibers.19 However, due to the large fiber diameter (ranging
from a few micrometers to tens of micrometers), traditional
fibrous filters�including spun-bonded fibers, glass fibers, and
melt-blown fibers�suffer from several shortcomings, such as a
low quality factor and a weak ability to capture fine particles.17
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Compared with traditional fibrous filters, a piece of electrospun
fibrous membrane is composed of micro/nanosized fibers,
making it an ideal choice for fibrous filtering.20,21 Various
polymers have been selected and successfully used to fabricate
nanofibrous membranes for air filtration such as polyimide,
polyacrylonitrile, and polystyrene.11,22−24 Although electro-
spun fibrous membranes are effective at capturing PM2.5 and
viruses while maintaining air permeability, they still have some
inevitable drawbacks, such as relatively low specific surface area
and rough surfaces.25,26

To endow further antimicrobial properties to filters, some
organic compounds were grafted/coated on polymeric fiber
membranes27,28: Liu et al. electrospun PLLA with tea
polyphenol, and the membrane had good tensile strength.
However, the membrane’s water contact angle was smaller
than 90°, and its antimicrobial abilities against both Escherichia
coli and Staphylococcus aureus were less than 99%. Compared
with organic compounds, inorganic materials and their
compounds, such as silver, copper, and other metallic oxides,
offer better stability, stronger attraction to bacterial cell walls,
and greater safety.29,30 The photocatalytic antibacterial ability
of TiO2 is also a hot topic.

31 Choi et al. coated aluminum onto
polyester nonwoven air filter, which could capture 99.99% E.
coli and Staphylococcus epidermidis, but it required electrostatic
attraction to capture the bacteria.32 Karthick et al. incorporated
silver nanoparticles into an electrospun polyacrylonitrile
fibrous membrane-based air filter, resulting in enhanced
antimicrobial ability.33 Comparatively, copper is much more
cost-effective than silver and poses fewer biohazards.34,35 Cu2+
can inhibit bacterial growth through the production of
intracellular reactive oxygen species (ROS) and can denature
bacterial DNA.35,36 Other than the intracellular antimicrobial

mechanisms and physical membrane disruption, the release of
nanosized metal oxide in the form of soluble ions has been
postulated to be a significant mechanism of action.37,38

Furthermore, the generation of ROS has been observed to
correlate with the crystalline nature of nanometal oxides.39

These mechanisms may not operate in isolation; rather, it is
plausible that multiple factors concurrently contribute to
antimicrobial action, suggesting a cooperative mechanism. In
addition, copper has good antimicrobial ability and is widely
used for the provision of textile products with antimicrobial
ability.40,41 In view of this, copper could be used to prepare a
superhydrophobic fibrous membrane with excellent antimicro-
bial properties.
In this study, acetone treatment was used to create a

hierarchically porous PLLA membrane with ultrahigh surface
area. This approach nondestructively and effectively enhanced
the porosity of the PLLA fibers of the membrane.42,43 Copper
nano/microparticles were loaded on PLLA fiber using copper
acetate and L-ascorbic acid at room temperature.30 The
chemical reaction is shown in Figure 2.
Compared with the chemical reagents chosen in other

studies, such as the utilization of copper sulfate pentahydrate
and borane dimethylamine complex, the coproducts in this
study are dehydroascorbic acid and acetic acid, which are
environmentally friendly with low toxicity.44−46 After Cu
nano/microparticles were deposited on the PLLA fibrous
membrane surface, they were distributed evenly on both sides
of the PLLA membrane. The final PLLA/Cu fibrous
membrane presented a good antimicrobial ability, excellent
air permeability, and superhydrophobicity.

Figure 1. (a) Structure of the air purifier. (b) Usage of air purifier in the hospital. (c) Schematic diagrams of air filtration tests.

Figure 2. Chemical reaction to make copper nano/microparticles.
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2. EXPERIMENT
2.1. Materials. Dimethylformamide (DMF, 99.80%),

copper acetate monohydrate, and L-ascorbic acid (Vc) were
bought from Fisher Scientific UK Ltd. PLLA (Mw ≈ 1.43 ×
106) was obtained from PURAC Biomaterials, The Nether-
lands. Acetone (99.70%) and dichloromethane (DCM)
(99.80%) were purchased from Merck Life Science. Ethanol
was purchased from VWR international. Gram-negative E. coli
(ATCC 25922) and Gram-positive S. aureus (ATCC 6538)
were selected from the American Type Culture Collection
(ATCC).
2.2. Sample Preparation. 2.2.1. Fabrication of the

Hierarchically Porous PLLA Fibrous Membrane. Hierarchi-
cally porous PLLA fibrous membranes were prepared using a
protocol published previously.42,43 Generally, PLLA granules
were added into DCM and stirred until all of the granules were
completely dissolved. Then, DMF was added to the solution,
and the mixture was stirred for an additional 2 h. The ratio of
PLLA to solvents was 1.8:98.2, and the ratio between the two
solvents (DCM/DMF) was 95/5. The solution was then
transferred to an injection syringe. The syringe was connected
to an electrospinning machine (Tongli Tech TL-Pro, China) at
20 kV. The PLLA fibrous membrane was collected and dried in
a fume hood for 24 h. For post-treatment, the as-spun PLLA
fibrous membrane was immersed in acetone for 5 min at room
temperature and then dried in a fume hood. Finally, the
prepared hierarchically porous PLLA fibrous membrane was
stored appropriately for further use.

2.2.2. Coating the Copper Nanoparticles on the Fibrous
Membrane. The coating procedure is illustrated in Figure 3a−
d. Initially, the hierarchically porous PLLA fibrous membrane
was cut into 8 cm × 8 cm samples. These samples were first

wetted with ethanol and then washed with DI water for 3
times. A 25 g/mL L-ascorbic acid solution and 5 g/mL copper
acetate solution were prepared by dissolving the reagents in DI
water. All samples were divided into 2 groups and transferred
into 150 mL of L-ascorbic acid solution and 150 mL of copper
acetate solution, respectively, and soaked for approximately 30
min at room temperature in a closed condition. Meanwhile, an
additional 150 mL ascorbic acid solution and copper acetate
solution were prepared again and loaded into two different
syringes. Subsequently, the L-ascorbic acid solution and copper
acetate solution were added to the samples using syringe
pumps at an injection speed of 90 mL/h. The L-ascorbic acid
solution was added to the copper solution, and conversely, the
copper solution was added to the L-ascorbic acid solution, as
shown in Figure 3c. A magnetic stirrer was used to stir the
solution during the reaction.
Once all of the solutions had been added, the membranes

were left to soak for an additional 30 min in a closed condition,
as shown in Figure 3d. After the reaction was completed,
samples were collected and rinsed one time with the ethanol
and twice with DI water. The untreated hierarchically porous
PLLA fibrous membrane samples were named “PLLA”, the
membrane samples soaked in L-ascorbic acid solution were
named “PLLA/Cu (in Vc)”, and the membrane samples
soaked in copper acetate were named “PLLA/Cu (in Cu)”.
2.3. Characterizations. The surface morphologies of all

samples were observed using scanning electron microscopy
(SEM, Zeiss Ultra 55). Their elemental composition and
distribution were characterized by energy-dispersive spectros-
copy (EDS, FEI Quanta 650). X-ray diffraction (XRD)
patterns of all samples were detected using an X-ray
diffractometer (Philips X’pert XRD5). The mechanical proper-

Figure 3. (a−d) Cu particle coating procedure: (a) Membrane samples are immersed in absolute ethanol at first and then transferred to DI water
when membranes are still damped. (b) Membrane samples are immersed in an L-ascorbic acid solution/copper acetate solution. (c) The syringe
pump is used to add the L-ascorbic acid solution into the copper solution and add the copper solution into the L-ascorbic acid solution. (d)
Membranes are set in the solution for about 30 min under closed condition. (e−l) Antibacterial testing procedure: (e) Agar solution (left) and
bacterial solution.51 (f) Thirty-eight millimiter-diameter disc samples of different kinds of membranes. (g) Each membrane sample is placed onto
one agar plate, and a cylinder is used to weigh it down for 60 ± 5 s. (h) The disc sample is immersed into a 12 mL PBS solution for 30 min. (i) One
hundred microliters of liquid is taken from the solution of each sample and diluted. Then, 10 μL diluted liquid is spread onto one agar plate and
incubated. (j) After overnight incubation, another sample of each kind of membrane is immersed into a 12 mL PBS solution for 30 min. (k) A 10
μL solution of the original gradient and each dilution gradient (from 10 to 1 million times) is dipped onto the agar plates. (l) The dipped agar
plated is incubated. (m) Picture of disc samples of PLLA, PLLA/Cu (in Cu), and PLLA/Cu (in Vc).
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ties of the samples were measured by an Instron 3344L3927.
Samples were cut into a 5 mm × 25 mm rectangular shape and
tested at 5 mm/min extension rate. The water contact angle
was tested by a Drop Shape Analyzer (KRUSS, DSA 100). X-
ray photoelectron spectroscopy (XPS) was performed with a
Kratos Axis (Kratos Analytical Limited), utilizing monochrom-
atized Al Kα radiation. The spot size of the X-ray was around
700 × 300 μm. The thermal behavior was evaluated through
thermogravimetric analysis (TGA) using a TGA Q-500 (TA
Instruments). Weighed samples were placed into the TGA
machine and ramped from room temperature to 500 °C at 10
°C/min in a N2 atmosphere. The air permeability of the
samples was measured by using an air permeability tester (SDL
Atlas M021A). The size of the samples was 9 × 9 cm, and the
pressure settings used were 50, 100, 150, and 200 Pa.

2.3.1. Air Filtration Experiment. The air filtration ability of
the samples was measured using a self-designed combined
system, as shown in Figure 1c; an optical image of the system is
shown in Figure S1. This system included an air quality
detector, a 100 L storage box, an electric fan, and a round
holder. Moxa, a traditional Chinese medicine, was used to
generate smoke in this experiment, as it contains inhalable
particles, carbon monoxide, carbon dioxide, and volatile
organic compounds.47 During the experiment, a Moxa stick
was first ignited inside the sealed storage box to generate
PM2.5 and PM10 particles. Driven by the electric fan, air
flowed continuously through the filter membrane, enabling the
capture of the particles in the sealed box. The concentration of
PM2.5 and PM10 was recorded by a video camera. After each
experiment, the sealed storage box was cleaned with ethanol
and left in a fume hood for 12 h to ensure that the air quality
inside the box returned to a normal level.

2.3.2. Antibacterial Experiment. The antibacterial test
conducted in this study refers to the International Standard
BS EN ISO 20743 (2021). The corresponding procedure is
shown in Figure 3e−l. Bacteria were inoculated in Mueller−
Hinton broth (MHB) overnight and then diluted in MHB to a
concentration of approximately 1 × 108 CFU/mL for
subsequent experiments. Various PLLA membrane discs,
each with a diameter of 38 mm, were sterilized under UV
light for 30 min and then placed in sterilized Petri dishes.
Figure 3m displays the disc samples of PLLA, PLLA/Cu (in
Cu), and PLLA/Cu (in Vc).
For the short-time contact antibacterial experiment, a 10 μL

bacterial solution was evenly spread across each agar plate. A
single disc from each sample type was then placed onto its

respective agar plate and weighed down for 60 ± 5 s using a
200 g stainless-steel weight. After that, the discs were removed
and immersed in 12 mL of phosphate-buffered saline (PBS)
solution for 30 min. Afterward, 10 μL of liquid was extracted
from each disc’s PBS solution and again evenly spread across a
new agar plate. This was followed by an incubation period of
18−24 h at a temperature of 37 ± 1 °C. Finally, the solution
was subsequently diluted in PBS buffer, and 10 μL of these
sample solutions was transferred onto Muller−Hinton agar
(MHA) plates. The bacterial colonies on the MHA plates were
counted after overnight incubation at 37 °C.
To conduct the long-time contact antibacterial experiment,

another set of discs was incubated on bacteria-spread agar
plates for 24 h at 37 °C. Then, the discs were removed
carefully and immersed in a 12 mL PBS solution for 30 min to
form a uniform bacterial suspension. A 100 μL sample
suspension was serially diluted across six gradients, ranging
from 10 times to 1 million times. Ten microliter liquid of the
original gradient and each dilution gradient was dropped onto
the agar plates and incubated for 18−24 h at 37 °C. Finally, the
number of bacterial colonies resulting from each droplet was
counted for analysis.48−50

The formula of calculating antibacterial ability is

= × ×
×

×X n Y n
X n

antibacterial percentage
1 2

1
100%n n

n

1 2

1

where Xn1 is the number of bacterial colonies incubated from
the bacterial suspension that immerses the PLLA membrane
and is diluted n1 times, n1 is the dilution time of the bacteria
suspension that immerses PLLA membranes, Yn2 is the number
of bacterial colonies incubated from the bacterial suspension
that immerses the PLLA/Cu membrane and is diluted n2
times, and n2 is the dilution time of the bacterial suspension
that immerses PLLA/Cu membranes.

3. RESULTS AND DISCUSSION
3.1. Surface Morphology. Electrospun PLLA fibers were

treated with acetone to obtain the hierarchically porous fibers
that have very high surface area. SEM pictures of the PLLA
surfaces are shown in Figure 4a−f. Common electrospun
PLLA fibers in previous research have solid fiber surfaces
bearing only a few small pores. These pores mostly result from
the phase separation that occurs between the nonsolvent and
PLLA,43 as shown in Figure S2. Note that these pores hardly
span throughout the entire fibers. Hence, the surface area of
common PLLA membranes is relatively small and must be

Figure 4. SEM images of (a) PLLA (low magnification), (b) PLLA/Cu (in Cu) (low magnification), (c) PLLA/Cu (in Vc) (low magnification),
(d) PLLA (high magnification), (e) PLLA/Cu (in Cu) (high magnification), and (f) PLLA/Cu (in Vc) (high magnification).
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further increased. In contrast, hierarchically porous PLLA
fibers developed in this research contain a uniform, inter-
penetrating nanoporous network throughout, as well as an
ultrarough surface (Figure 4a−d). The formation of these
pores can be attributed to the acetone-induced recrystallization
of PLLA.42

This kind of hierarchically porous structure significantly
improves the fibrous specific surface area and pore density.
With high specific surface area and high pore volume, more
small particles, such as bacteria, can be captured. Moreover, the
diffusion mechanism became more effective. Additionally, the
fibers feature numerous nanopores, ranging in size from 10 to
100 nm, which can serve as traps to capture fine aerosol
particles, such as PM2.5 and PM10.52 Furthermore, due to the
ultrahigh surface roughness of the hierarchically porous PLLA
fibrous membrane, there is a higher friction coefficient between
the fibers and the bacteria during air filtration. This could
provide the membrane with more opportunities for inter-
ception. After acetone treatment, the PLLA membrane has a
more stable general structure, as there is physical cross-linking
between different fibers. Compared to the PLLA membrane
before acetone treatment, the PLLA membrane after acetone
treatment maintains a stable overall structure rather than
collapsing during and after copper particle coating (Figure S3).
The SEM images of PLLA/Cu (in Cu) and PLLA/Cu (in

Vc) are shown in Figure 4b,e and Figure 4c,f, respectively.
After the coating procedure, copper particles were deposited
on the surface of the PLLA fibers. The coating mechanism is
shown in Figure 5a,b. It was observed that the nanofibers
retained their original structure after Cu coating, confirming
that the chemical reaction occurred without compromising the
fiber structure. In general, the average diameter of copper
particles on PLLA/Cu (in Cu) is smaller than that of PLLA/
Cu (in Vc). The copper particles on PLLA/Cu (in Cu) have
mainly submicrometer size (100 nm to 1 μm), while the
majority of copper microparticles on PLLA/Cu (in Vc) fall
within microsize (0.5 to 2 μm).
The size difference of copper particles can be attributed to

the different ratios between the copper and ascorbic acid

during the reaction, contributing to the different generation
speeds of copper particles. As shown in Figure 3c, when the
ascorbic acid solution is added into the copper solution, a
larger amount of copper reacts with a smaller amount of
ascorbic acid. Meanwhile, because the molar concentration of
ascorbic acid is higher than that of copper, the copper ions are
gradually reduced as the ascorbic acid solution disperses within
the copper solution, resulting in smaller generated copper
particles. Conversely, when the copper solution is added to the
ascorbic acid solution, the opposite happens: the introduced
copper ions are quickly reduced to elemental copper, leading
to the formation of larger copper particles.
EDX results further confirm the copper deposition on the

surface of samples. Figure S5 displays the copper EDX map
images for PLLA/Cu (in Cu) and PLLA/Cu (in Vc). Figure
S6 shows the ratio of the copper element detected by EDX.
Notably, the copper wt % of PLLA/Cu (in Cu) is significantly
less than that of PLLA/Cu (in Vc).
XRD patterns are shown in Figure 5c below. Untreated

electrospun PLLA fibrous membranes exhibit lower crystal-
linity, manifested as a broad diffraction peak at around 16.5°.
This is mainly due to the rapid evaporation of the solvent
during the electrospinning process.53 However, after acetone
treatment, PLLA samples display four distinct peaks located at
14.7°, 16.5°, 19.0°, and 22.3°. These peaks primarily
correspond to (010), (110)/(200), (203), and (015) planes,
respectively.43 This result indicates that the crystallinity of the
electrospun PLLA fibers increased dramatically after acetone
post-treatment.
In comparison to PLLA, both PLLA/Cu (in Cu) and PLLA/

Cu (in Vc) show three additional distinct peaks located at
43.4°, 49.5°, and 73.3°. These peaks are attributed to the
cooper particles and correspond to (111), (200), and (220)
planes, respectively.54 In addition, the XRD result also reveals
that a greater amount of copper is present in PLLA/Cu (in Vc)
than in PLLA/Cu (in Cu), consistent with the TGA data.
XPS examination was utilized to identify changes in the

surface chemical composition after coating with Cu particles.
As shown in the XPS surveys in Figure 5d, for pure PLLA

Figure 5. (a, b) Mechanisms of Cu particle coating. (c) XRD results. (d) XPS results.
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samples, only O 1s (around 532 eV) and C 1s (around 284
eV) peaks could be detected. That is because PLLA only
contain C�O, C−O, and O−C−O bonds.55 Moreover, after
coating Cu particles onto the PLLA samples, two new peaks
associated with Cu emerged, which were located at around 933
and 952 eV. These two peaks correspond to the Cu 2p3/2 and
Cu 2p1/2 transitions, respectively.56 Additionally, much
stronger Cu 2p3/2 and Cu 2p1/2a peaks were observed in
the PLLA/Cu (in Vc) samples, indicating that a greater
quantity of Cu particles was present on the surface of the
PLLA/Cu (in Vc) samples.
3.2. Material Properties. TGA results of PLLA, PLLA/Cu

(in Cu), and PLLA/Cu (in Vc) are shown in Figure 6a. For
PLLA, decomposition begins at about 290 °C, reaching a
maximum weight loss rate at around 350 °C. These thermal
decomposition characteristics of PLLA align well with values
reported in previous research.57 In case of the PLLA/Cu (in
Cu) and PLLA/Cu (in Vc) samples, the contents of Cu nano/
microparticles can be estimated based on the residual amounts,
as shown by the TGA measurements.58 The results indicate
that the copper particles comprise around 10% of the weight in
PLLA/Cu (in Cu) and around 50% in PLLA/Cu (in Vc).
It is observed that the weight begins to decrease at lower

temperature as the content of Cu particles increases. This
behavior is likely due to copper’s catalytic effect, which
converts ester groups to hydroxyl groups in PLLA. As a result
of this catalytic reaction, the average molecular mass decreases,
making the substance more prone to vaporization.59

The reason for the higher weight percentage of copper in
PLLA/Cu (in Vc) than in PLLA/Cu (in Cu) is the generating
speed of copper particles. The concentration of the Vc solution
is five times higher than that of the copper acetate solution.
The molar mass of L-ascorbic acid is 176 g/mol, and the molar
mass of copper acetate monohydrate is 199 g/mol. Therefore,
the ratio of the Vc quantity and copper acetate quantity in the

same solution volume is around 5.5:1. The high concentration
of Vc allows a smaller volume of Vc to reduce a larger volume
of copper acetate solution. Therefore, as shown in Figure 3c,
when adding the Vc solution to the copper acetate solution,
copper acetate is rapidly reduced to copper before all Vc
solution is added. Conversely, when the copper acetate
solution is added into the Vc solution, the reduction time
equals the total time required for adding the copper acetate
solution, allowing the PLLA membrane more time to capture
the copper particles before they sink to the bottom. This
results in higher copper weight percentage in PLLA/Cu (in
Vc).
The mechanical strengths of PLLA, PLLA/Cu (in Cu), and

PLLA/Cu (in Vc) are shown in Figure 6b. Compared to the
untreated electrospun PLLA fibrous membrane, the hierarchi-
cally porous PLLA fibrous membrane exhibits a lower
elongation at the break value (33.2%) but higher Young’s
modulus (0.12 GPa) and tensile strength (5.2 MPa). This is
attributed to the ductile fracture behavior of the untreated
electrospun PLLA fibrous membrane, which is predominantly
amorphous. After undergoing acetone post-treatment, the
membrane recrystallizes, enhancing its mechanical proper-
ties.42,43

PLLA/Cu (in Cu) and PLLA/Cu (in Vc) exhibit a similar
elongation at the break value to those of PLLA (32.2 and
40.35%, respectively). However, both the tensile strength and
Young’s modulus of these samples are inferior to those of
PLLA. Specifically, the tensile strength values are 4.3 MPa for
PLLA/Cu (in Cu) and 2.1 MPa for PLLA/Cu (in Vc), while
the Young’s moduli are 0.014 and 0.0036 GPa, respectively.
The reduction in tensile strength and Young’s modulus is likely
due to the presence of L-ascorbic acid. Ascorbic acid
accelerates the degradation of the polymer, particularly for
the polymer with higher molecular weight.60 Given that PLLA/
Cu (in Vc) was immersed in a Vc solution for an extended

Figure 6. (a) TGA results of PLLA, PLLA/Cu (in Cu), and PLLA/Cu (in Vc). (b) Tensile strength results of PLLA, PLLA/Cu (in Cu), and
PLLA/Cu (in Vc). (c) Air permeability results of PLLA, PLLA/Cu (in Cu), and PLLA/Cu (in Vc). (d) Water contact angle results of PLLA,
PLLA/Cu (in Cu), and PLLA/Cu (in Vc).
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period, it suffered from a more significant loss of mechanical
strength.
Breathability is an important requirement for the air

filtration membrane. The air permeabilities of PLLA/Cu (in
Vc) and PLLA/Cu (in Cu) are illustrated in Figure 6c. Both
sides of each type of sample were tested under various pressure
settings, with each side tested once. The mean values from
both sides were used to plot the fitted line. Compared to the
PLLA samples, the air permeability of the coated samples
slightly decreased as the air flow rate decreased under the same
pressure drop. This suggests that coating the Cu particles on
the PLLA fibrous membrane resulted in a higher pressure drop.
This can be attributed to the added layers of Cu particles on
the fibrous membrane. After the Cu particle coating, the basis
weight of the fibrous membrane increased. Some void spaces
were obstructed by the Cu particles, leading to a higher
pressure drop due to less pores in the material.61 Furthermore,
the air permeability of the PLLA/Cu (in Cu) is significantly
lower than that of PLLA/Cu (in Vc), indicating that PLLA/
CU (in Cu) has smaller but more continuous small copper
particles on its surface, which block more pores than on the
PLLA/CU (in Vc) sample.
The wettability of the samples is shown in Figure 6d. Each

type of sample was tested three times. It is widely recognized
that PLLA is a hydrophobic material. Therefore, the water
contact angle of PLLA samples in this research was 144.9 ±
2.3° as expected.62 The deposition of copper particles onto the
fibrous membrane made the surface rougher with higher
contact angle.63 Furthermore, copper particles could act as a
nonwetting material, thereby increasing the hydrophobicity of
the surface.46 For these reasons, the contact angles of both
kinds of PLLA/Cu exceeded 150°, completely transforming

hydrophobic PLLA membranes into superhydrophobic PLLA/
Cu fibrous membranes.
The flexibility of PLLA, PLLA/Cu (in Cu), and PLLA/Cu

(in Vc) is shown in Figure S4. It is evident that both types of
PLLA/Cu and PLLA possess excellent flexibility. Additionally,
the color differences among the samples are notable: PLLA is
white, PLLA/Cu (in Cu) is brown, and PLLA/Cu (in Vc) is
pink.
3.3. Air Filtration Ability. To explore the air filtration

capabilities, we established self-designed equipment based on
commercial instruments. Figure 7a,b illustrates the filtration
performance of PLLA, PLLA/Cu (in Cu), and PLLA/Cu (in
Vc). The results show that all samples maintained similar
filtration speeds, suggesting that the addition of the Cu
particles did not adversely affect the air filtration ability of the
hierarchically porous PLLA fibrous membrane.43 With the
filtration of all three kinds of membranes, the concentration of
PM2.5 fell to less than 50 μg/m3 from around 1700 μg/m3

within 45 min, and PM10 fell to less than 100 μg/m3 from
around 1300 μg/m3. All three kinds of membranes exhibit a
good air filtration ability. Initially, the concentration of the
particles was high, which resulted in a rapid decrease in the
PM2.5 and PM10 concentrations. As these concentrations
decreased, the rate of reduction also slowed down.
The ratios of the copper element detected by EDX are

shown in Figure 7c, with four original spectra images presented
in Figure S6. Each type of sample was tested four times. It is
important to note that PLLA is sensitive to high-strength
electron beams, so the beam intensity was reduced from 20 to
5 kV during high-magnification EDX mapping. Furthermore,
the sizes of the copper particles on PLLA/Cu (in Cu) and
PLLA/Cu (in Vc) were different. Their membrane surface was

Figure 7. (a) PM2.5 filtration performance; (b) PM10 filtration performance; (c) percentage of the copper element detected by EDX map
scanning. “Before” means the copper percentage detected on the sample before the air filtration testing, and “After” means the copper percentage
after the testing. The size scanning area is shown within the graph. (d) Calculation result of Minitab.
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porous and irregular, so the copper ratios were only useful for
comparing changes in copper ratios on the membranes before
and after filtration tests.
To validate whether the differences in copper ratios before

and after filtration testing were not simple results of the testing
process, Minitab was used to assess the correlation between
copper ratio, membrane type, and usage condition. The data
set included two factors: membrane type and usage condition.
The membrane type included PLLA, PLLA/Cu (in Cu) and
PLLA/Vc (in Vc). The usage condition was categorized as
either “before testing” or “after testing”. The four measure-
ments of copper ratio for each membrane type and usage
condition were input into software. The “Analyze Factorial
Design” function within the Design of Experiments (DOE)
was utilized. The results in Figure 7d and Figure S7 indicate
that the differences of copper ratio are significantly influenced
only by the membrane type rather than the usage condition.
The SEM images in Figure 8a−c reveal the general surface

morphology of the fibrous membrane after air filtration
experiments. The images demonstrate that oil stains from

burnt Moxa were captured and visible on the surface of the
membrane.26 The outer surface of each individual fiber was
covered with a layer of light, amorphous organic matter. As a
result, the hierarchically porous structure became less distinct
than that before filtration experiment, shown in Figure S8.
3.4. Antibacterial Performance. It is well known that

incorporating metal or metal oxide particles into fiber
composites enhances the antibacterial properties of the final
composite materials.64 Figure 9a and Figure S9 present the
results of long-term antibacterial effectiveness of the various
membrane samples. Roman numerals on Figure 9a target to
the colonies of Figure S9. When tested against S. aureus, the
antibacterial action of copper became evident from dilution
level 4, as evidenced by the reduced number of bacterial
colonies in the PLLA/Cu (in Cu) and PLLA/Cu (in Vc)
groups compared to that in the PLLA group (control).
Meanwhile, copper appeared to be more effective against E. coli
than against S. aureus. When the membranes were incubated
with E. coli, the bacterial colonies in the PLLA/Cu (in Cu)
sample were fewer than those in PLLA starting at dilution level

Figure 8. SEM image of (a) the PLLA fibrous membrane after filtration test, (b) PLLA/Cu (in Cu) fibrous membrane after filtration test, and (c)
PLLA/Cu (in Vc) fibrous membrane after filtration test.

Figure 9. (a) Number of bacterial colonies grown from each solution drop in Figure S9. “N/C” means that the colony number is uncountable. (b)
Areas where membrane samples were incubated with bacteria-spread agar plates after 24 h. (c) The agar plates were spread with bacterial
suspensions and incubated overnight, with the method shown in Figure 3g−i.
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3. For the PLLA/Cu (in Vc) sample, E. coli colonies were even
countable at dilution level 0. Based on the counting result of
Figure 9a, the antibacterial effectiveness of PLLA/Cu (in Cu)
against S. aureus, as calculated using the formula above, was
90%. The antibacterial effectiveness of PLLA/Cu (in Vc)
against S. aureus was 99.9%. When it came to E. coli, the
antibacterial effectiveness of PLLA/Cu (in Cu) was 99.9%,
while that of PLLA/Cu (in Vc) reached an impressive
99.999%.
For the antibacterial efficacy of membranes under short time

contact, shown in Figure 9c, both PLLA/Cu (in Cu) and
PLLA/Cu (in Vc) significantly reduced the number of colonies
for both E. coli and S. aureus within 1 min of contact. The
disinfecting effects of two types of PLLA/Cu membranes
appeared to be quite similar. The results strongly suggest that
PLLA/Cu (in Vc) exhibits excellent antibacterial performance
even within a brief contact time.
Figure 9b shows the areas where the samples were placed

and incubated. After the removal of the PLLA discs, it was
clearly observed that the bacteria grew only under the PLLA
samples and not under the PLLA/Cu (in Cu) or PLLA/Cu (in
Vc) samples. Additionally, the area under and near PLLA/Cu
(in Vc) turned blue. Blue is the typical color of Cu2+, indicating
that during the experiment, the copper crystals on the PLLA/
Cu (in Vc) sample became oxidated to copper ions65 and
spread onto the agar surface. In comparison, the blue color
under or near the PLLA/Cu (in Cu) sample was less visible.
Compared to Gram-negative bacteria, the membrane of

Gram-positive bacteria cannot be immediately depolarized by
copper, which favored the survival rate of S. aureus in
comparison to E. coli on PLLA/Cu membranes.66 Since the
antibacterial ability originates from copper, this explains why
PLLA/Cu (in Vc) has better antibacterial properties than
PLLA/Cu (in Cu). Moreover, Figure 9b demonstrates that
PLLA/Cu (in Vc) releases more Cu2+ in comparison to PLLA/
Cu (in Cu). A significant observation suggests that PLLA/Cu
(in Vc) can kill bacteria more effectively. In addition to the
impact of copper content, the difference in Cu2+ diffusivity
between PLLA/Cu (in Cu) and PLLA/Cu (in Vc) could be
influenced by the size of the copper particles.
In short, PLLA/Cu (in Vc) has better antibacterial ability

and better air permeability than PLLA/Cu (in Cu) while still
retaining reasonable tensile strength, similar bendability,
superhydrophobic ability, and filtering quality.

4. CONCLUSIONS
To sum up, we have reported the preparation and character-
izations of a group of hierarchically porous PLLA/Cu
composite fibrous membranes with two methods and tested
their air filtration and antibacterial abilities. The membrane
coated with copper particles was prepared by using a simple
immersing method. With a hierarchically porous structure, the
prepared samples exhibited superhydrophobic properties with
a water contact angle of over 150° after the deposition of
copper nanoparticles. Electrospun polymer substrates and Cu
particles were combined to empower the composite mem-
branes with both good air filtration and antibacterial abilities.
For the antibacterial ability, PLLA/Cu (in Vc) effectively kills
more than 99.9% of S. aureus and more than 99.999% of E. coli.
Furthermore, the results indicated that PLLA/Cu (in Vc) has
better overall performance than PLLA/Cu (in Cu). Although
the tensile strength of PLLA/Cu (in Vc) is inferior to that of
PLLA/Cu (in Cu), it remains within an acceptable range.

Therefore, the electrospun PLLA/Cu fibrous membrane
developed in this work can be applied for the effective
antibacterial filtration of various pollutants, including PM2.5
and PM10, as well as bacteria. This kind of membrane can be
made through a simple and environmentally friendly process,
and its antibacterial ability does not need extra environmental
conditions, such as light and electricity. In view of its good air
filtration capability in the closed environment and significant
antibacterial ability, it is suitable to be used in the enclosed
spaces that have biohazards, such as hospitals, nursing homes,
and biology laboratories.
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