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ABSTRACT: Among bioaerosols, viral aerosols, characterized by
their small size (<300 nm), prolonged atmospheric suspension,
and high infectivity, pose significant environmental and public
health risks, particularly in densely populated or poorly ventilated
areas. Herein, we developed an efficient method for viral aerosol
capture and subsequent quantification based on an electrostatic
adhesive nanofibrous membrane, which was fabricated by synergis-
tically combining piezoelectric BaTiO5-doped polystyrene with a
polydopamine (PDA) surface coating. Conventional biosamplers
are typically limited to flow rates below 6 L min™" for efficient virus
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capture. In contrast, the designed self-powered electrostatic fiber membrane maintains >90% capture efficiency at flow rates up to 15 L
min ", exhibiting a maximum static voltage of about 2 V under airflow disturbance. The PDA coating provides humidity-resistant cap-
ture, maintaining an efficient capture efficiency under different atmospheric conditions (relative humidity ranging from 40%-90%),
further confirming the environmental adaptability of these home-made fibrous membranes. Moreover, under actual atmospheric con-
ditions, the capture performance of these membranes surpasses commercial ones. Molecular dynamics simulation further proved that
PDA coating could significantly enhance virus-binding affinity, and the captured virus can be efficiently eluted under mild acidic con-
ditions. This breakthrough enables effective viral aerosol capture and subsequent quantification for environmental monitoring.
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1. INTRODUCTION

Bioaerosols, comprising airborne microorganisms and their
metabolite, pose significant public health risks."”* Viral particles
are especially notorious as infectious and highly pathogenic
microorganisms in bioaerosols.” Recently, the global impact of
viral aerosol transmission exemplified by SARS, influenza, and
SARS-CoV-2 pandemics has underscored the urgent need for
reliable monitoring methods to quantify viral aerosol during
outbreaks of the epidemic.”” In the actual atmospheric environ-
ment, the capture of viral aerosols poses a dual challenge.®”
Their small size (20-300 nm) renders individual suspended
viral particles, while those attached to larger airborne particles®”
are susceptible to detachment and transfer during capturing.
These intrinsic properties of small size, low mass, and transfer-
ability promote motion trajectories dominated by sampling
pumps, thus significantly challenging conventional filtration,
impaction, and cyclone-based capture methods. Therefore, the
development of a new method to achieve eflicient capture of
viral aerosols is of great significance for revealing its actual air-
borne presence.
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Sampling and measurement have been the most critical
issues of viral aerosol monitoring.'® However, limited by the
inefficiency of conventional sampling techniques (quartz filter,
cyclone, impactor, etc.) to capture airborne viruses (<10%), lit-
tle is known about their actual presence in the atmosphere.'' >
Currently, capture methods based on laminar-flow water-based
condensation and electrostatic technologies are the most effec-
tive methods reported for viral aerosol.!™” However, all the
above-mentioned methods have the drawback of limited sam-
pling flow (typically <6 L min™")."”*° As a result, the low col-
lection flow velocity achieved by current methods leads to
insufficient viral uptake, making it difficult to meet the require-
ments of rapid and accurate quantification for viral aerosol.
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These challenges highlight the necessity of developing new
methodologies capable of efficiently capturing submicron viral
particles while operating at larger flow velocities, while also
enabling complete release of the captured viral particles with
high efficiency to accurately assess viral aerosol presence.

Electrostatic nanofiber offers promising solutions to bioaero-
sol capture due to its advantages, including small fiber diameter,
high specific surface area, inherent electrostatic properties, and
exceptional filtration  efficiency.  Recently,  pioneering
researchers have performed the application of electrospun
nanofibers in an attempt to counter the threat of atmospheric
particles.”’** The mechanism of nanofibers capturing viruses
mainly relies on electrostatic and physical interception based
on small pores and electrostatic charge.”* Yet, its application
to bioaerosol capture for offline quantification analysis remains
limited by key issues as follows: (i) environmental factor-
induced rapid electrostatic charge dissipation after electrospin-
ning,** (ii) the captured particle may fall off and transfer under
airflow interference due to low adhesion strength,* and (iii) the
inefficient elution for downstream analysis similar to that of
ordinary bioaerosol sampling membranes has not been well
solved either."*

Recent studies have explored long-lasting electrostatic mate-
rials, attempting to solve the problem of electrostatic attenuation.
For example, high removal efficiency of PM,, ; is accomplished by
self-sustained electrostatic PVDF air filters with an exceptionally
long-range electrostatic property of aeolian vibration.”® A self-
sustained polyimide/silver fiber with long-lasting electrostatic
force can remove 99.1% of PM,) ;.*” However, their electrostatic
capture still operates during non-sampling periods, thereby caus-
ing interference to the actual monitoring of bioaerosols. The pie-
zoelectric effect has the unique ability to generate static electricity
in response to mechanical stress. It can well solve the above prob-
lems by realizing the generation of self-powered static electricity
for bioaerosol adsorption under capturing airflow disturbance
only. BaTiO; (BTO), as a well-known remarkable charge storage
and piezoelectric material, is frequently selected to provide a
promising avenue for attracting and immobilizing charged air-
borne particles.**~°

To solve low interaction between virus and nanofibers, poly-
dopamine (PDA), a bioinspired material derived from marine
mussel adhesives, exhibits remarkable properties including strong
adhesiveness, excellent underwater adhesion, and mild-condition
self-polymerization.*'* Most of all, PDA has superior biocom-
patibility and can bind with biological molecules through electro-
static action and hydrogen and chemical bonds caused by active
groups, including catechol group, phenolic hydroxyl group,
amino group, aldehyde group, and $,6-dihydroxyindole.**>°
Tian et al.*” find that a fiber membrane with PDA coating can
effectively improve the filtration performance through the adhe-
sion effect. Liu et al.*® further demonstrate that nanofiber mem-
branes coated based on the wet adhesion function of PDA have
high-performance filtration in high-humidity environments. In
addition, the adsorbed substances can be released under certain
solvent and pH conditions.**™*' Therefore, modified nanofibers
to address particle adhesion, humidity adaptability, and inefficient
elution challenges, the adhesive capture and controlled desorp-
tion performance of PDA modified nanofibers are promising can-
didates for application in the immobilization and elution of
bioaerosols for subsequent quantitative analysis.

Herein, considering the challenges encountered in the accurate
quantitative analysis of viral aerosols, we proposed a simple
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capture-analysis approach based on piezoelectric-electrostatic
and bio-adhesive synergistic strategy to construct the electrostatic
nanofibrous membrane to significantly enhance the capture and
elution efliciency of viral aerosol. Considering the actual captur-
ing requirements, polystyrene (PS) was chosen as the base poly-
mer for its excellent electrospinnability, mechanical stability, and
compatibility with BTO, besides its thermal/chemical stability.
Furthermore, by combining with BTO piezoelectrics as an elec-
tret masterbatch and assembling a PDA viscous molecular layer,
the BaTiO,/PS/PDA (BPP) nanofibrous membrane was con-
structed with self-powered electrostatic and adhesive force to effi-
ciently capture and elute airborne virus for quantitative analysis.
The viral aerosol capture performance of the nanofibrous mem-
brane at different flow velocities and atmospheric concentrations
was further investigated. The comparison results of multiple com-
mercial methods showed that the capture method based on a
nanofibrous membrane was superior to that of the commercial
ones. Our approach provides a promising pathway to developing
viral aerosol capture for downstream quantification that surpasses
traditional methods and can effectively address the challenges of
viral aerosol monitoring.

2. EXPERIMENTAL SECTION
2.1. Fabrication of BPP Nanofibrous Membranes

The tetragonal BaTiO, nanoparticles (BTO NPs) powder of the
defined fraction (1-10 wt %) was ultrasonically dispersed in a mixture
solvent of dimethylformamide and tetrahydrofuran (mass ratio of 1:1).
Afterward, the PS pellets were dissolved and magnetically stirred for
12 h at room temperature to prepare a homogeneous PS solution
(1S wt %). All nanofiber membranes were fabricated using an ET-
3556H spinning machine (Beijing Yongkang Leye Technology
Development Co., LTD). Details of the materials, electrospinning pro-
cess, and parameters are illustrated in Texts S1 and S2. The pristine PS
nanofibers were prepared under the same electrospinning conditions
for comparison. Further, by adjusting the distance and voltage of the
electrospinning process, fiber membranes with different porosity distri-
butions were also obtained. Specifically, increasing the needle-to-
collector distance from 10 to 20 cm and decreasing the applied voltage
from 20 to 12 kV resulted in progressively larger pore sizes and higher
porosity (see detailed parameters in Table S1). Subsequently, the
fibrous membrane was immersed in 60 mL of dopamine hydrochloride
tris solution (0.50 mg mL™"), and 5 mL of ammonia was added. After
12 h of reaction at room temperature, the product was washed twice
with ultrapure water and absolute ethanol. Finally, the obtained mem-
branes were dried at 35°C in a vacuum oven for 12 h to remove excess
solvent and sealed for subsequent experimentation. The detailed prep-
aration process of the BPP membrane is depicted in Figure la.

2.2. Materials Characterization

The detailed material characterization is illustrated in Text S3. Briefly,
the crystalline structure was characterized by a Rigaku Ultima IV X-ray
diffractometer (XRD, Japan Science and Technology Corporation).
The surface morphology was characterized by a field-emission scanning
electron microscope (Cryo-FESEM, SU8010). The surface element
compositions were analyzed by an energy-dispersive spectrometer
(EDS). Fourier transform infrared (FTIR) spectra were obtained by
a Nicolet iS10 spectrometer (Thermo Scientific, USA). The specific
surface areas and pore sizes were measured on an automatic volumetric
sorption analyser (BELSORP-max, Micromeritics, Japan). The disper-
sion and morphology of BTO NPs in PS were characterized by a field
transmission electron microscope (TEM, Talos F200S, FEI, Thermo
Scientific) equipped with an energy-dispersive X-ray spectrometer
(EDX). Surface potential and adhesion measurements were performed
in an atomic force microscope (AFM, Dimension FastScan, Bruker),
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with sample preparation detailed in Text S4. Hydrophilicity of the
membrane was characterized by a fully automatic contact angle mea-
suring and contour analysis system (OCA100, Dataphysics). Zeta
potential ({) was determined using a nanoparticle size and zeta poten-
tial analyzer (Zetasizer NANO ZS, Malvern).

The tensile tests were measured using an electronic universal testing
machine (Inspekt Table Blue SkN, Hegewald & Peschke, Germany).
The porosity distribution was measured by mercury intrusion porosi-
metry (MicroActive AutoPore V 9600, Micromeritics Instrument
Corporation, Norcross, GA, USA). The static voltage measurements
(see Text SS for details) were made using a Keithley 2400 digital
source multimeter (Tektronix, Shanghai, China). The air pressure
drops of the membranes were monitored by a digital differential pres-
sure gauge during sampling with a flow velocity of 12.5 L min~". The
piezoelectric coefficient (d;;) of BPP membranes was measured by a
high-precision piezoelectric analyzer (PEAI1000, BALAB).

2.3. Batch Evaluation of Viral Aerosol
Capture Performance

DNA phage T3 and RNA bacteriophage MS2 were used as model viral
strains to evaluate the capture efficiency of BPP (see Text S6 for
detailed preparation procedures). The capture performances for viral
aerosol of the BPP membrane were determined using a self-
customized bioaerosols generation and balancing system, which was
described in our previous work.>*** The capture efficiency of the
fibrous membrane was evaluated according to the GB/T 39990-2021
standard. Namely, the collection efficiency of the prepared filter mem-
brane was calculated by comparing the collection scheme of the nano-
aperture filter membrane with the filtration efficiency of the virus of
more than 99.9% under the same conditions. Detailed information is
provided in Text S7 and Figure S1.

The virus captured by the fibrous membrane was eluted by a mix-
ture of tris and ascorbic acid (ASA) solution (pH = 4.5), followed
by staining with the dye SYBR I. To quantify bacteriophage, after stain-
ing with SYBR I dye, visualization and counting were performed under
a confocal microscope (LSM 800, Carl Zeiss) using a 100X oil mirror.
The capture efficiency was calculated from the amount of virus in the
BPP membrane elution relative to that of the reference filler. The
determination of virus count was based on the reported methods.”>**
Detailed determination of virus numbers and capture efficiency is pro-
vided in Texts S8 and S9.

2.4. Viral Aerosol Elution Assays for Quantification

To determine the optimal extraction conditions for subsequent virus
quantification from the BPP membrane, the pH of the ASA and tris
buffer elution solutions was optimized by measuring the elution yields
from the BPP membrane. First, a known concentration of bacterio-
phage suspension was spiked onto BPP filters. Then, the membrane
was freeze-dried and entered the elution process. The elution efficiency
was calculated based on the eluted virus amount over the amount of
virus originally spiked into the elution solution. Three independent
elution experiments were performed for each of the porous mem-
branes. Experimental details and calculation methods of elution effi-
ciency are shown in Text S10.

2.5. Molecular Dynamics Simulation of Virus Adhesion
and Elution

To validate the adhesive and elution results, molecular dynamics (MD)
simulations were performed using the Gromacs 2021 software package
with AMBER 99SB force fields to carry out 100 ns simulations. Due to
the large molecular structure of protein and polymers, 1 repeat unit of
the coated protein structure from the Escherichia coli bacteriophage
MS2 (PDB ID: 2VTU, Figure S2), 3 PS, and 3 PDA structural units
were used for subsequent simulation. The calculation details for pro-
tein-PS, protein-PDA, and protein-PDA-ASA complexes are described
in Text S11.
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2.6. Actual Application Performance Evaluation

To comprehensively evaluate the application of the filter membranes
constructed for actual atmospheric environment monitoring, three
commercial sampling methods were selected for comparison. These
methods are the SKC biosampler (12.5 L min™', SKC Inc, Eighty
Four, PA, USA), the Anderson six-stage cascade impactor (FA-1,
283 L min ', Applied Technical Institute of Liaoyang, China), and
the large-flow cyclone biosampler (WL-4H, 350 L min~', BioCtech,
China). To benchmark the field performance, the BPP was compared
against conventional methods by measuring atmospheric virus concen-
trations simultaneously at the same location and sampling duration,
with further evaluation across varying weather conditions. The BPP
membrane was operated at its optimized flow rate of 15 L min~" with
a sampling time of 0.5 h. The sampling duration for each commercial
sampler was kept consistent with that of the BPP membrane to ensure
comparability. The capture efficiency followed the same procedure as
detailed in Section 2.3 and Text S9. The on-site photo and meteorolog-
ical parameters during actual sampling are listed in Figure S3 and
Tables S2 and S3, respectively.

3. RESULTS AND DISCUSSIONS

3.1. Material Characterization of the BPP
Nanofibrous Membrane

Figure la schematically illustrates the fabrication procedure
of BPP nanofibrous membranes. A two-step process was
employed to fabricate the self-powered fiber membranes, that
is, BTO electrified PS fiber membranes were prepared through
electrospinning technology, and self-assembled PDA molecu-
lar layers on their surfaces. The SEM image of the as-
prepared BPP membrane exhibited a three-dimensional
porous network structure composed of randomly oriented
nanofibers (500 nm diameter) with uniformly distributed
40 nm BTO NPs embedded in the PS matrix (Figure 1b,c and
Figures S4-S6). Further, combined EDS mapping of the BPP
fibers confirms the homogeneous distribution of N and O ele-
ments across the fiber surfaces (Figure 1d), providing direct ele-
mental evidence for the successful coating of a PDA active
molecular layer. The TEM and EDX images of BPP showed a
random distribution of BTO NPs in the PS fibers (Figure lc
and Figure S6). The homogeneous distribution of N across the
fiber surface (Figure 1d and Figure S6) further confirmed the
uniformity of the PDA layer. Since nitrogen is present exclusively
in PDA, its EDX mass fraction of approximately 0.01% confirms
an extremely low PDA loading (Table S4), corresponding to an
ultrathin coating on the fiber surface. AFM characterization fur-
ther showed that the fiber height increased by only about 2 nm
after PDA deposition (Figures S4 and S7), providing direct evi-
dence for the successful formation of a conformal yet extremely
thin PDA layer. The molecular structures of chemically modified
BPP nanofibers were further confirmed through FTIR spectra
(Figure le). FTIR analysis revealed key vibrational modes in
the samples. BTO showed characteristic stretching vibrations at
~610 (TiO4 octahedron), ~1420/1643 (Ba-Ti—O bonds), and
3447 cm™ (hydroxyl stretching). In PS/BTO composites, the
weakened 3453 cm™! peak further confirmed hydroxyl presence,
while other peaks correspond to PS vibrations (e.g, aromatic
C—H stretches at 3062/3028 cm ™}, ring modes at 1602/1496/
1449 cm™'). After PDA coating, new stretches emerged at
3351 (O-H) and 3285 cm™ (C-N), along with phenolic
C-O-H/C-N-H vibrations (1395/1345/1212 cm*),* further
confirming successful PDA coating.
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Figure 1. Fabrication and characterization of the nanofibrous BPP. (a) Schematic illustration for fabrication of BPP nanofiber membranes; (b) SEM
and (c) TEM images of BPP nanofiber; (d) EDS mapping of C, N, and O elements on the surface of BPP; (e) FTIR patterns of BTO NPs and PS,

BTO/PS, and BPP nanofibrous membranes.

The crystal structure and surface characteristics of the as-
prepared membranes were verified using XRD and BET surface
area analysis. All the XRD patterns appeared to be a broadly-
shaped peak visible at approximately 20 = 20° due to the PS
(Figure S8). On this basis, the diffraction peaks of prepared
BTO/PS were attributed to the tetragonal phase of BTO
(JCPDS, No. 05-0626). XRD revealed the preserved tetragonal
BTO crystal structure within the amorphous PS matrix.
Meanwhile, BET results revealed that the specific surface area
of BPP nanofibers is 287.64 m? _1, indicating that the obtained
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BPP membrane possesses a high specific surface area (Figure S9).
These results collectively demonstrated successful fabrication of a
structurally intact, functionally integrated composite membrane.

3.2. Viral Aerosol Capture Performance of the BPP
Nanofibrous Membrane

A filtration-based capture method was established to effectively
collect the full spectrum of viral aerosols, including small free
virus suspended individually in the atmosphere and viral parti-
cles attached to larger atmospheric particulate matter that are
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prone to transfer loss. Using this method, the viral aerosol cap-
ture performance of the BPP nanofibrous membrane was evalu-
ated by using MS2 of single-stranded RNA and T3 of
double-stranded DNA bacteriophages as model viruses. The
diameters of MS2 and T3 are about 27 and 47 nm, respec-
tively.#! 1 After aerosolization, the aerodynamic diameter is
mainly distributed in the range of 0.3-0.5 pm (Figure S10).
The following experiments were evaluated with a BPP nanofi-
brous membrane with a porosity of 965 nm (Figure S11).

As Figure 2a shows, the BPP nanofibrous membrane exhib-
ited significantly enhanced capture efficiencies to 95.3% and
97.2% for MS2 and T3, respectively, representing an approxi-
mately three-fold increase over the pure PS membrane with
PDA modification (30% and 35%). SEM images confirmed that
viral aerosol was captured onto the surface of the BPP nanofiber
(Figure S12). At a mass concentration of 7% BTO addition, the
static voltage of the nanofiber membrane reaches a maximum of
~2 V among all samples (Figure 2b), corresponding to the
superior capture efficiency. Therefore, 7 wt % BTO loading
was chosen as an optimal value for further experiments. SEM
imaging across BTO loadings (0-9 wt %) confirmed uniform
fiber morphology without detectable aggregation or bead for-
mation (Figure S13). This rules out morphological degradation
as a cause for the performance decline above 7 wt % BTO.

Additionally, the capture efficiency of viral aerosol by the
nanofibrous membrane at different sampling flow rates was
investigated. As Figure 2c shows, at flow velocity up to 15 L
min~’, the capture efficiency of the membrane for MS2 and

T3 reached about 95%. In fact, due to the fine size of the fiber
filaments, the static voltage generated by deformation under dif-
ferent flow rates is almost the same (Figure S14). However, the
capture performance of nanofibrous membranes was gradually
decreased as the flow velocity exceeded 15 L min~". This may
be due to the reduced contact time between viral particles and
the nanofibrous membranes at higher flow velocity, and the
adhesion force on the nanofiber surface to the virus particles
cannot resist the high flow rate, resulting in the virus particles
being blown away by the airflow.

Apart from mass concentration of BTO addition and sam-
pling velocity, the influence of atmospheric concentration and
relative humidity (RH) on viral aerosol capture efficiency of
the BPP nanofibrous membranes was also investigated.
When RHs of the balance chamber ranged (40%-90%) +
5%, which encompasses most common atmospheric condi-
tions, the capturing efficiency of BPP nanofibrous membranes
reached 92.3%-98.3% (Figure 2d). The result showed that
the nanofibrous membrane maintained a stable capture effi-
ciency across a wide RH range, demonstrating the method’s
practical applicability in diverse environments. As Figure S15
shows, the membranes exhibit a hydrophobic surface with
contact angles of 115°, indicating that it has strong moisture
resistance. A hydrophobic surface hinders the formation of
hydrogen bonds with water molecules, thereby impeding the
adherence of water molecules to the nanofibrous surface.*®*”
In addition, no distinct degradation in capture efliciency is
also found under different atmospheric concentrations and
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sampling duration up to 6 h (Figure 2e,f). Even at an atmo-
spheric concentration of 10% virus m™> and a sampling time
of 360 min, the capture efficiency remained above 90%.
These results indicate that the BPP nanofibrous membranes
really have an excellent capture stability for viral aerosol under
high RH and a continuous sampling system for long periods.
All these findings support the considerable potential of the
nanofibrous membrane for efficient collection of viral aerosol
due to its good environmental adaptability.

3.3. Elution Performance and Practical Application of BPP
Nanofibrous Membrane

To achieve accurate downstream quantitative analysis, efficient
elution of captured viral aerosols is also very crucial from adhe-
sive nanofibers. PDA, well known for its bioaffinity, requires
optimized elution conditions to release adsorbed biomolecules
for quantification. It was pointed out that the elution of sub-
stances adsorbed by PDA is affected by the solvent type,

oxidation-reduction substance, and pH.48_50 To minimize nucleic
acid damage, a mild elution method was established with ASA
added into the Tris buffer (10 mM) as eluent. ASA acts as an
antioxidant and has excellent free radical scavenging ability to
reduce the damage of genetic acids against oxidative stress.”"*
Meanwhile, it also acts as a pH adjustment, weakening the elec-
trostatic attraction between PDA and microorganisms.

The elution effects of specific pH gradient elution conditions
are performed (Figure 3a). Systematic evaluation of pH
between 4.5 and 9.5 revealed that elution efficiency increased
at lower pH, optimal (>98%) at pH < 6.5. The elution effect
with different pH values was further verified using SEM and
fluorescence microscopy. The fiber and phage mixture was
stained with fluorescent dye, and the image of fluorescence
microscopy in Figure 3b shows that there was no attachment
of virus particles onto the surface of the nanofiber after elution
under a pH value lower than 6.5. The SEM images also revealed
that almost no virus particles were attached onto the nanofibers
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in the desorbed samples under these conditions of pH < 6.5
(Figure S12). To investigate the reasons for this pH-induced
elution effect, the nanofibers under elution of different pH
values were characterized using zeta potential. As Figure 3c
shows, when the pH value of the elution system exceeds 6.5,
the surfaces of the BPP nanofibrous membranes become nega-
tively charged, leading to an increase in electrostatic repulsion
between PDA and virus. Thereby making it easier to elute virus
particles from the surface of BPP nanofibrous membranes.
Furthermore, this study characterized the adhesive force of
nanofibers under eluents of different pH values using AFM.
After being treated by the eluent, the surface adhesion force
of BPP nanofiber exhibits a remarkably decreased trend with
the eluent pH value, thus exhibiting good elution performance
against the captured virus (Figure S16). Therefore, the elution
ability of the low-pH eluent may be due to its combined effect
on the electrostatic interactions and adhesion forces of the BPP
nanofibers. To further evaluate the operational durability of the
BPP membrane for practical environmental monitoring, we per-
formed repeated capture-elution-drying cycles using the same
BPP membrane. As Figure S17 shows, the capture efficiency
remained above 90% during the first two cycles but dropped
significantly in subsequent cycles. The static voltage of the
membrane also showed a gradual decrease with increasing cycle
number, indicating that the piezoelectric output of the BTO/PS
fibers deteriorates with repeated use. Therefore, for field applica-
tions requiring continuous monitoring, we recommend using
fresh membranes for each sampling event to ensure optimal and
reliable capture efficiency. This limitation also points to future
directions for improving membrane durability, such as reinforcing
the mechanical stability of the piezoelectric network or developing
more robust coating strategies. Therefore, the method based on
BPP fibrous membranes provides a better solution for accurately
simulating the presence of viruses in the atmosphere.

To comprehensively evaluate the application of the con-
structed BPP nanofibrous membranes for actual atmospheric
environment monitoring, three commercial sampling methods
were selected for comparison. To ensure the accuracy of the
comparative experiment, different times and locations were also
tested. As classical bioaerosol samplers, the SKC biosampler,
the six-stage Anderson biosampler, and the high-flow cyclone
biosampler (Type: WL-4H) are widely used in the collection
and research of bioaerosols. It should be noted that each com-
mercial sampler was operated at its manufacturer-
recommended optimal flow rate (SKC: 12.5, Anderson: 28.3,
Cyclone: 350 L min™"), while the BPP membrane was operated
at its optimized flow rate of 15 L min~". To account for differ-
ences in sampling volume, the comparison in Figure 3d is based
on relative capture efficiency calculated using a nanoscale filtra-
tion membrane (near 100% capture efficiency) as the reference
standard. The BPP membrane clearly exhibits superior capture
efficiency compared to the commercial samplers.

As displayed in Figure 3d, our actual observational data indi-
cate that the above three sampling methods have extremely
lower concentration assessments than the BPP nanofiber
method. The result indicates that the BPP nanofiber membrane
exhibits superior capture efficiency. In addition, under different
weather conditions, the atmospheric concentrations of viral
aerosol evaluated by the BPP nanofiber method were 1.7-
2.2 times that of the Anderson sampler, 2.0-3.5 times that of
SKC, and 14.1-33.8 times that of the large-flow cyclone sam-
pler (Figure 3d). The above results further indicate that the
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fibrous membrane constructed in this study is more reliable
for collecting viral aerosols compared to the conventional bio-
logical aerosol sampling methods. Conversely, the results also
showed that these classical samplers have relatively low capture
efficiency for viral aerosols. It is consistent with what the rele-
vant studies have pointed out that SKC and cyclone samplers
are inadequate in collecting submicrometric and ultrafine virus
particles, since the physical collection efficiency for viral aerosol
is less than 20%.''S For instance, Li et al.'® find that SKC
BioSampler recovers only up to 5% of influenza virus particles,
while the gelatin filter achieves at most 1.5%, and the glass fiber
filter shows negligible virus recovery. Similarly, the Anderson
six-stage sampler has also been proven to have an overall biolog-
ical collection efficiency of only 0.25%."* Furthermore, relevant
studies have reported that long-term sampling (e.g,, 60 min)
can substantially reduce the efficiency of liquid-based biosam-
plers (e.g., cyclone and impinger types) due to liquid splashing
and re-aerosolization.>® In contrast, our BPP membrane main-
tains >90% capture efficiency even under prolonged sampling
conditions and high-humidity environments, demonstrating a
substantial improvement over existing commercial samplers.
Therefore, the method based on BPP fibrous membranes pro-
vides a better solution for accurately simulating the presence
of viruses in the atmosphere.

3.4. Capturing Mechanisms of Viral Bioaerosol

Depending on the above-mentioned discussions of Section 2.2,
by roughly comparing the capture performance differences
between nanofibrous membranes containing different BTO
additions and pure PS fiber, as well as the electrostatic voltage
variations under different BTO ratios, the role of electrostatic
force can be roughly inferred. As Figure 4a shows, Kelvin
probe force microscopy (KPFM) measurements confirmed
that bending deformation significantly increased the surface
potential of the BPP nanofiber from an average of 5.7S to
6.5 V. To further confirm that the observed static voltage orig-
inates from the piezoelectric effect of BTO rather than a rem-
nant charge from electrospinning process, we compared the
voltage output of the BPP membrane vs a pure PS control
under static conditions (without airflow) and under active air-
flow stimulation. As Figure S18 shows, the results demon-
strated that the BPP membrane generated a stable and
reproducible voltage upon airflow stimulation, whereas the
PS control and BPP without airflow showed a negligible
response. This confirms that the voltage is dynamically
generated by the piezoelectric BTO NPs under mechanical
deformation, rather than being a residual charge from the elec-
trospinning process. It was noted that, by increasing the doping
ratio of BTO from 1% to 9%, the capturing efficiency of viral
particles increases first and then decreases (Figure 2a), which
is consistent with the variation of electrostatic voltage caused
by the elastic modulus change of nanofibers (Figure 2b,
Figure S19, and Table S5). Notably, the piezoelectric coeflicient
(d;5) of the composite membranes increased monotonically with
higher BTO content (Figure S20), suggesting that the intrinsic
piezoelectric activity of the material alone does not explain the
observed optimum at 7 wt %. Instead, we attribute the decline
in performance beyond 7 wt % to the reduced elastic modulus
of the composite fibers at higher BTO loadings. A lower elastic
modulus diminishes the mechanical stress transferred to the
embedded BTO NPs under airflow, thereby weakening the pie-
zoelectric response and the resulting electrostatic capture
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efficiency. This interpretation was further supported by the
stress-strain curves (Figure S19) and corresponding elastic mod-
ulus data (Table SS), collectively indicating that the mechanical
deformability of the fibers plays a critical role in modulating pie-
zoelectric output. Therefore, the optimal capture performance at
7 wt % BTO represented a balance between sufficient piezoelec-
tric charge generation and adequate mechanical stiffness, rather
than a simple function of BTO content alone.

To further reveal the role of electrostatics, the porosity of
the membranes was systematically adjusted to modulate
their electric field distribution. As Figure 4b shows, by
adjusting the porosity of BPP nanofibrous membranes to
regulate the distribution of the electrostatic field, it was
found that a smaller porosity leads to a higher capture effi-
ciency. Lower porosity, indicative of denser fiber packing,
resulted in a more concentrated electrostatic field.>* In fact,
the results show that the pressure drop gradually increases
as the porosity decreases (Figure S21). These findings sug-
gest that an optimal pore size of ~965 nm, together with
7 wt % BTO doping and PDA coating, represents a bal-
anced design that maximizes capture efficiency while mini-
mizing pressure drop. Given that the pore sizes of BPP
nanofibrous membranes were significantly larger than the
viral particles, physical interception was deemed negligible
in this study.”>*° Therefore, we speculate that the main
function of staticelectric is mainly to attract charged virus
particles, and higher staticelectric is conducive to drawing
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airborne virus away from the airflow and towards the surface
of the fiber filaments.

To illustrate the role of PDA in viral aerosol capture, a com-
parison of the capture efficiency between bare and PDA-coated
nanofibers was also conducted. As Figure 4c shows, pure PS and
bare BTO/PS of 965 nm porosity with nearly low efficiency
(~30%) for MS2 and T3. By coating PDA onto the surface of
the nanofiber, the capturing efficiency of BTO/PA/PDA
increased to 95.8% for MS2 and 97.2% for T3, respectively.
Therefore, without the adhesion provided by PDA, captured
viruses are easily blown away by the airflow. The humidity-
dependent capture efficiency of bare BTO/PS membranes fur-
ther supports this conclusion. As Figure S22 shows, higher
RH substantially reduces the capture efficiency of bare
BTO/PS membranes (~6%-35%), highlighting the critical role
of PDA adhesion in maintaining high performance and even
under moist conditions. Actually, the surface adhesive force of
the bare BTO/PS and the BPP nanofibrous membranes was
also measured with AFM (Figure 4d). Comparing fibrous mem-
branes with and without PDA coating. PDA coating can signif-
icantly increase the adhesion of the nanofibrous membrane.
The adhesive force of the nanofiber increased from 5.6 to
22.3 nN when PDA was anchored onto BTO/PS nanofibers.

It is worth clarifying that the thin molecular layer of PDA
coating does not alter the piezoelectric response of the
underlying BTO/PS fibers. As confirmed by the piezoelectric
output measurements, the BTO/PS fibers and the PDA-
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coated BPP membranes exhibited nearly identical voltage
outputs under identical mechanical stimulation (Figure S18),
indicating that the PDA layer does not interfere with the charge
generation capability of the embedded BTO NPs. Operating
independently yet synergistically, piezoelectricity provides phys-
ical attraction to draw viral particles toward the fiber surface,
while PDA exerts chemical anchoring to retain them.
Comparing the PDA-coated BPP membrane with the bare
BTO/PS membrane under varying humidity conditions
(Figure 2d and Figure S22), the BPP membrane consistently
exhibits substantially higher capture efficiency than the bare

BTO/PS membrane across all humidity conditions. The pres-
ence of PDA consistently leads to substantially higher capture
efficiency, particularly at high humidity, where electrostatic
attraction alone is largely diminished. Thus, the electrostatic
field facilitates initial physical capture, but subsequent reten-
tion critically depends on PDA-mediated chemical adhesion.
To better understand the experimental results, MD simula-
tions were also performed to compare the interaction energies
of different surfaces and to examine the functional groups of
the interaction. Comparatively, the total interaction energies
of the outer capsids of MS2 with two different surfaces, PS
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and PDA, were calculated by MD simulation to be —311.70 and
—1062.69 kJ-mol ™!, respectively (Figure Sb—d and Table S6).
The simulation snapshots showed that viral aerosols adhere to
the PS surface mainly by forming amide—n stacks and m—alkyl
bonds with amino acid residues of the outer capsid protein of
virus particles (Figure $23). However, PDA can not only form
amide-w stacking interaction and m—alkyl bonds with the capsid
protein through the benzene ring in the molecular structure, but
also produce a series of forces (electrostatic attraction, hydro-
gen bonding, unfavorable donor—donor interaction, etc.) with
the hydroxyl group, carboxyl group, and amino group on the
capsid protein of virus (Figure Se). Specifically, conventional
hydrogen bonds are formed with the following amino acid res-
idues: alanine (ALA) 208, asparagine (ASN) 293, glutamic
acid (GLU) 333, glutamine (GLN) 297, threonine (THR)
276, and serine (SER) 291. Carbon-hydrogen bonds are
observed with alanine (ALA) 209, valine (VAL) 207, and ser-
ine (SER) 292. An unfavorable donor-donor interaction is
identified with glutamine (GLN) 263. Alkyl interactions are
formed with alanine (ALA) 53, alanine (ALA) 278, proline
(PRO) 335, and leucine (LEU) 334. In addition, m—alkyl inter-
actions are also observed with further residues, as illustrated
in Figure Se. A lower interaction energy indicates a higher
binding affinity. The theoretical calculation results further
proved that the PDA coating could significantly enhance its
binding force to virus particles, making it difficult to be blown
away by airflow and thus affecting its capture performance for
viral aerosol.

In situ FTIR results of Figure $24 showed that the characteris-
tic peaks of functional groups, such as the amino group and
hydroxyl group of BPP nanofibrous membranes, disappeared after
capturing the virus particles. It further confirmed that the surface
of PDA modification was bound to viral surface proteins.
Therefore, once a viral particle attaches to the surface of nanofi-
bers, the virus will be immobilized by PDA to prevent it from
being blown away by the airflow. Thus, these multiple interactions
enhance the immobilization ability of the nanofiber surface to the
virus, thereby benefiting the capture efficiency. The substantial
efficiency gap between PDA-coated and uncoated membranes
underscores the importance of adhesive forces in the capture pro-
cess. It further indicates that an efficient virus aerosol capture effi-
ciency can be achieved based on the underlying mechanism of
electrostatic adsorption and chemical adhesion.

For subsequent virus quantification, the results indicated
that the mild desorption method based on ascorbic acid
has a better desorption efficiency for BPP nanofibrous mem-
branes. The theoretical calculation results also demonstrated
that the addition of ascorbic acid can significantly affect its
interaction energy under weakly acidic conditions
(Figure S23 and Table S6), with only tyrosine (TYR) 386
and ASN 412 residues remaining as interaction sites.
Therefore, captured viruses are eluted by mechanical shaking
in ASA/Tris solution. This was also confirmed from the
FTIR spectra of the eluted BPP nanofibrous membranes,
which exhibit the two small peaks of the amino and
hydroxyl groups disappeared (Figure S25). Notably, the elu-
tion efficiency exhibited a strong pH dependence
(Figure 3a), with acidic and weakly acidic conditions yield-
ing substantially higher elution efficiency. This experimental
trend was fully consistent with the theoretical MD calcula-
tions (Table S7), showing that the binding energy between
PDA and viral capsid proteins decreases progressively with
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lowering pH. Lower binding energy under acidic conditions
facilitates virus detachment, in full agreement with the
observed pH-dependent elution behavior. Therefore, under
weakly acidic conditions, the virus particles captured onto
the PDA surface could easily fall off under the shaking of
the eluate. The excellent agreement between experiment
and theory confirms that ascorbic acid-assisted elution at
mildly acidic pH provides an efficient and gentle means
for the virus to be eluted from the BPP membrane, while
preserving viral integrity for downstream quantitative
analysis.

4. CONCLUSIONS

In this study, a static-chemo-synergistic bioaerosol capture
approach based on a nanofiber membrane has been success-
tully developed for electrostatic attraction and adhesive captur-
ing of viral aerosol. The results confirmed the important role of
electrostatic forces in conjunction with surface adhesion forces
for viral aerosol capturing. The viral aerosol capture efficiency
of the prepared nanofibrous membrane was achieved above
95% at a high flow rate. It provides excellent environmental
adaptability for viral aerosol capturing at long duration, high
flow rate, and relative humidity. The mechanism by which this
nanofiber membrane efficiently captures viral aerosols mainly
consists of two aspects: one is the self-powered electrostatic
force from stress-induced piezoelectric effect of BTO NPs
resulting from the deformation of PS, and the other is the adhe-
sion effect of polydopamine onto the surface of the nanofiber
membrane. The synergy of the above two has significantly
enhanced the capture efficiency of viral aerosols. Moreover,
by manipulating the pH of the eluate with ascorbic acid and
performing a comparative analysis of nanofibrous membranes
with different chemical structures, a mild mode of desorption
was also developed for further quantification. The present
result provides a theoretical insight into the design of viral
aerosol capturing technology with high efficiency and easy
desorption properties for subsequent quantification.
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