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ABSTRACT: The demand for self-cleaning air purification is
urgently increasing due to concerns for human health and long-term
use. Herein, this study investigated the enhanced mechanism of a
self-cleaning artificial spider silk (PMAS) photocatalyst, which was
modified by bioaffinity polydopamine (PDA) for highly efficient
bioaerosol adhesive capture and photocatalytic inactivation. By
increasing the bioaffinity of the PMAS photocatalyst, bioaerosols
can adhere to the surface, increasing capture efficiency by 50−
700%. The captured bioaerosols were concentrated on the spindle
knots of the PMAS photocatalyst, forming droplet reactors for
subsequent photocatalytic inactivation. Through a combination of
experiments and calculations, the mechanism of enhanced capture
efficiency by the PMAS photocatalyst was revealed: PDA endows
doubled adsorption energy and tripled adhesion forces between the interfaces of bioaerosols and the photocatalyst due to the
abundant indole and amino groups. PDA also provides hydrophilic properties to the PMAS photocatalyst, leading to a sevenfold
increase in captured bacterial droplet volumes. Due to its bioaffinity, hydrophilic, and photocatalytic properties, the PMAS
photocatalyst possesses self-cleaning capability by in situ inactivation of microorganisms and purification of self-washed debris,
facilitating repeated use for long-term capture and regeneration of occupied active sites. This work may offer rational designs for a
new generation of self-cleaning photocatalysts for air purification.
KEYWORDS: bioaerosol purification, artificial spider silk photocatalyst, polydopamine surface modification,
bioaffinity capture mechanism, self-cleaning principle

1. INTRODUCTION
Airborne microorganisms are transmitted through small
aerosolized particles that are suspended in the air (bioaer-
osols), which are responsible for spreading many serious
infectious diseases in humans and animals.1−5 Bioaerosols
emitted from oceans, lakes, hospitals, landfills, and so on
contain or absorb a lot of moisture and water droplets,6−9

which may offer a breeding ground for the survival of
microorganisms. Thus, air purification and bioaerosol control
under humid conditions are urgent and crucial.10 One of the
most commonly used bioaerosol control strategies is air
filtration, which works by intercepting, diffusing, and electro-
statically attracting microorganisms onto porous and fibrous
materials.11−15 However, under high humidity conditions, the
charge on the surface of the filter escapes quickly, resulting in a
significant reduction in filtration efficiency. Therefore, the
reduced efficiency, blockage, microorganism accumulation, and
secondary contamination limit the long-term usage of these air

filters for bioaerosol purification under high humidity
conditions.16−18

Some technologies have been combined with filters to avoid
microorganism accumulation and secondary contamination,
including the linkage of metal ions, photocatalysts, and organic
antibacterial agent19−21 As an environmentally friendly and
energy-saving technology, the photocatalytic strategy can be
utilized in the control of bioaerosols, effectively inactivating
them to prevent microbial proliferation and secondary
contamination.22 Liu et al. developed an rGO-TiO2 composite
photocatalyst on surface-etched plastic optical fibers for
distributed UV transmission, achieving 100% S. aureus and E.
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coli aerosol filtration and more than 98.15% inactivation
efficiency.23 Wang et al. immobilized a monolayer Ti3C2Tx
photocatalyst on a photocatalytic flow bed reactor, resulting in
a 4 log inactivation efficiency of bioaerosols with only 14 s of
residence time.24 An et al. developed an artificial spider silk
photocatalyst with periodic spindle knots to capture and
concentrate bacterial microdroplets in the air and to inactivate
99.99% of bacteria in situ.25 Recently, Warsinger et al.
investigated photocatalytic technology to reduce the concen-
tration of bioaerosols in air conditioning systems, showing that
only captured microorganisms can be inactivated, and these
flow bed photocatalytic systems cannot effectively capture
bioaerosols with small sizes (1−5 μm).26 Therefore, even
though photocatalytic technology shows great potential for
bioaerosol inactivation, the bioaerosol capture efficiency of the
photocatalyst is a prerequisite for effective inactivation,
facilitating interaction between the photocatalyst and micro-
organisms.

In high-humidity environments, bioaerosols exist in the form
of airborne microorganisms and microbial droplets with low
concentrations.27−29 Therefore, the high bioaffinity and
microorganism enrichment of photocatalysts for bioaerosol
purification are urgently required. Inspired by the bioaffinity
adhesion of mussels to various materials, dopamine has been
identified as a candidate to provide strong adhesive forces to
wet surfaces. This versatile dopamine can be used in various
fields for forming polydopamine (PDA) thin films due to its
bioaffinity, multifunctional groups,30−35 self-assembly, and self-
polymerization properties.36−40 As PDA shows bioaffinity to
biomolecules like proteins, nucleotides, oligosaccharides, and
lipid assemblies,40 it has been frequently applied to modify the
surface of nanoparticles to improve the nondestructive capture
of tumor cells41 and to encapsulate drugs for targeting bacterial
infections.42 In addition, the functional groups in PDA are
hydrophilic, which are also beneficial for capturing micro-
droplets in bioaerosols.43 Therefore, PDA surface modification
is an ideal candidate to improve the microorganism and
bacterial droplet collection capability of photocatalysts,
realizing highly efficient bioaerosol capture ability.44−46

By combining mussel-inspired bioaffinity PDA surface
modification with the artificial spider silk photocatalyst
(namely PMAS photocatalyst), PDA can offer high bioaffinity
to airborne microorganisms under high humidity conditions to
coordinate with the artificial spider silk basement, which
provides the concentration and photocatalytic inactivation
functions for the modified photocatalyst. Thus, PDA
modification may also help realize the initial bioaffinity
bioaerosol capture and subsequent purification of the PMAS
photocatalyst in practical application systems. However, the
interfacial interaction mechanisms of airborne microorganisms
with the bioaffinity surface of the PMAS photocatalyst remain
unrevealed; thus clarifying the underlying mechanisms of the
bioaffinity capture process of the PMAS photocatalyst will also
facilitate the capture and purification efficiency of bioaerosols.
Thus, in this study, the PMAS photocatalyst was first
developed, and the enhanced bioaffinity capture mechanisms,
including the bonding modes of microorganisms/bacterial
droplets to PDA on the photocatalyst, were elucidated through
experimental validation with various surface analyses as well as
density functional theory (DFT) simulations. In addition, the
self-cleaning mechanism of this PMAS photocatalyst, based on
photocatalytic inactivation and self-washing under high
humidity conditions, was also investigated in detail. This

PMAS photocatalyst may offer excellent bioaffinity capture and
self-cleaning capabilities for long-term bioaerosol purification.

2. EXPERIMENTAL SECTION

2.1. Materials
Nylon fibers with a 60 μm diameter were obtained from Dongguan
Deyongjia Textile Co., Ltd. Poly(methyl methacrylate) (PMMA) and
titanium dioxide (P25) were obtained from Macklin Co., Ltd.
Dopamine hydrochloride (98.5%), Tris-HCl (99.9%), N,N-dimethyl-
formamide (DMF, 99.8%), ethanol, acetone, glutaraldehyde (50%),
nutrient broth, and nutrient agar were purchased from Aladdin Co.,
Ltd.
2.2. Preparation of the PMAS Photocatalyst
The PMAS photocatalyst was prepared by a two-step dip-coating
method, as demonstrated in our recent study, with some improve-
ments.25 Details are illustrated in Figure S1. Briefly, the nylon fiber
was first immersed in a PMMA/(DMF+ethanol) suspension
(10:100:1 by weight) and withdrawn quickly. After drying at room
temperature, the pure artificial spider silk was subsequently immersed
in TiO2/PMMA/(DMF + ethanol) suspension (3:3:100:1 by weight)
and quickly withdrawn. Then, the PMAS photocatalyst was placed
into a dopamine hydrochloride solution for 24 h (0.2−1.0 g/L and
pH = 8.5). The optical images of the PMAS photocatalyst at different
steps are shown in Figure S2.
2.3. Material Characterization
The characterization details, including Raman spectroscopy, Electron
Paramagnetic Resonance (EPR), Scanning Electron Microscopy
(SEM), Atomic Force Microscopy (AFM), the aerodynamic diameter
of the bioaerosols, X-ray Photoelectron Spectroscopy, and water
contact angle, are described in Text S1.
2.4. Measurement of Bioaffinity Capture Performance of
the PMAS Photocatalyst
Gram-negative E. coli (RK2) was used as a model bacterium in the
bioaerosols for better observation. The plasmid of the E. coli bacteria
contains a green fluorescent protein (GFP) marker gene, and the
nucleoid contains a tomato-red marker gene, allowing alive/dead
bacteria to be observed directly via fluorescent microscopy. All disks
and materials were sterilized in an autoclave before the experiments.
The bacterial cells were cultivated in nutrient broth for 12 h at 37 °C
to yield a cell count of about 109 colony-forming units (CFU)/mL.
Then, the bacterial cells were collected by centrifugation (8000 rpm
for 2 min) and resuspended in sterile saline solution (0.9% w/v).
Typically, 50 mL of bacterial suspension (103−109 CFU/mL) was
poured into a glass bottle of the Collison bioaerosol generator. Clean
air at 12.5 L/min was injected into the generator, and sprayed
bioaerosols with an aerodynamic diameter of ∼1.2 μm (Figure S3)
passed through the diffusion drying tube to control their relative
humidity. The bulk PMAS photocatalysts (four 5 cm arrays) were
placed in the flow of bioaerosols for 2 min to capture airborne
bacteria and bacterial microdroplets. A detailed experimental setup is
illustrated in Figure S4.
2.5. Evaluation of Self-Cleaning Performance of the PMAS
Photocatalyst for Repeated Uses
The self-cleaning performance was also assessed by in situ microbial
inactivation efficiency and self-washing properties. First, the E. coli
bioaerosols were captured by the PMAS photocatalyst and then
placed under visible light (xenon lamp, 100 mW/cm2) for 0−4 h. To
control the relative humidity, a humidifier and a diffusion dryer were
applied to the system. After irradiation, the droplets concentrated
onto the PMAS photocatalyst were collected, and the PMAS
photocatalyst was washed with 20 mL saline solution in an ultrasonic
bath for 10 min. The suspension was vortexed for 1 min and then
diluted for plating. The number of colonies was enumerated through
visual inspection after 18 h of cultivation. The bacterial inactivation
efficiency was calculated. The self-washing property was characterized
by SEM inspection after collecting microdroplets on the PMAS
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photocatalyst. The capture and self-washing experiments were
repeated several times.

2.6. Density Functional Theory Calculations of Interaction
Energy between Microorganisms and Water onto PDA
The density functional theory (DFT) calculations were performed
using the DMol3 module in Materials Studio. The core electrons were
treated using the all-electron method, and a double numerical plus
polarization (DNP) basis set was applied with an orbital cutoff energy
of approximately 400 eV. The convergence criteria were set as follows:
an energy tolerance of 1 × 10−5 Hartree (1 Hartree = 27.21 eV), a
maximum force of 0.004 Hartree/Å, and a maximum displacement of
0.005 Å. A smearing parameter of 0.005 Ha was used to facilitate
structural convergence. A slab model of titanium dioxide with a
vacuum layer of ∼15 Å was constructed to minimize periodic
interactions. Details are illustrated in Text S2.

3. RESULTS AND DISCUSSIONS

3.1. Bioaerosol Capture Performance of the PMAS
Photocatalyst

To clarify the capture performance of the PMAS photocatalyst,
it was first prepared by combining the structure of spider silk
with the surface modification strategy of mussels’ mucus
(Figure 1a) and characterized by SEM. As demonstrated in
Figure 1b, the structure of PDA is complex, with various
components, including type I, which consists of indole rings
and amine groups, type II, which consists of indole rings, and
type III, which consists of amine groups, and so on.34,44,45

SEM images clearly showed the appearance of PMAS
photocatalysts, possessing relatively uniform periodic spindle
knots (Figure 1c), and the surface of the spindle knots is TiO2
nanoparticles settled onto the PMMA, yielding TiO2 nano-
particles that are highly exposed to the outside and anchored
onto PMMA rather than embedded in PMMA (Figures S5−
S8). From the SEM images, not much difference can be seen
between the photocatalysts with and without PDA modifica-

tion (AS photocatalysts). However, the color of the PMAS
photocatalyst changed from white to brown after PDA surface
modifications (Figure 1d). XPS analysis and UV−vis spectrum
were also conducted to reveal the chemical components of the
PMAS photocatalyst (Figure S9), confirming PDA formation
on the surface of the PMAS photocatalyst and indicating that
the PDA modification significantly enhances visible light
absorption while retaining UV light absorption. In summary,
the PMAS photocatalyst was successfully prepared for
subsequent characterization.

To quantify the bioaerosol capture performance of the
PMAS photocatalyst, the bioaerosol capture efficiency at
different relative humidities (RHs), concentrations, and flow
rates of bioaerosols was measured by counting the cultured
colonies washed from it. As shown in Figure 2a, the number of
bacteria captured onto the PMAS photocatalyst increased with
the rise in RH. The number of captured bacteria at RH 99% is
around 3 times that at RH 45%, indicating that high RH is
conducive to enhancing the bioaerosol capture performance of
this system. Specifically, the number of bacteria captured by
the PMAS photocatalyst is also much higher (1.5 times at RH
99%) than that of the AS photocatalyst under identical
conditions. For different concentrations of bioaerosols, the
number of bacteria captured onto the PMAS photocatalyst
increased from 104 to 106 CFU per 5 cm when the
concentration of bacteria was increased, due to more bacteria
interacting with the PMAS photocatalyst (Figure 2b). The
PMAS photocatalyst can capture 7 times (103 CFU/mL) to
1.5 times (109 CFU/mL) more bacteria compared to the AS
photocatalyst, increasing capture efficiency by 50−700%, and
demonstrating the superiority of the PMAS photocatalyst in
capturing bioaerosols at different concentrations, especially at
low concentrations. This feature provides the PMAS photo-
catalyst with the opportunity to capture bioaerosols in actual
atmospheric environments with high humidity, even when the

Figure 1. Illustration and characterization of PMAS photocatalyst. (a) Illustration of combining mussel surface adhesion with the shape of spider
silk to form the PMAS photocatalyst; (b) Procedure for polydopamine modification of the PMAS photocatalyst; (c) SEM images and (d) optical
images of PMAS and AS photocatalysts.
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concentration of atmospheric bioaerosols is relatively low
(102−104 CFU/m3). We also investigated the capture
performance of the PMAS photocatalyst at different flow
rates of bioaerosols (Figure 2c). Significantly, the number of
captured bacteria increased with the rise in flow rate, as more
bacteria passed through the PMAS photocatalyst at the same
time. At a low flow rate (3 L/min), the number of bacteria
captured by the PMAS photocatalyst is ∼5 × 105 CFU per 5
cm. While at a high flow rate (18 L/min), the number of
bacteria captured by the PMAS photocatalyst reached 1.8 ×
106 CFU per 5 cm. It can be seen that the PMAS photocatalyst
enhanced the capture performance by approximately two times
at high bioaerosol flow rates compared to the AS photocatalyst,
overcoming the problem of efficiency decrease observed in the

AS photocatalyst at high flow rates These results indicate that
the PDA modification of the PMAS photocatalyst can
significantly improve bioaerosol capture performance under
different environmental conditions, enabling better application
in future practical environments.

Influences of different concentrations of dopamine hydro-
chloride (precursor of PDA) and treatment time of PDA on
bioaerosol capture performance were also investigated to reveal
how PDA modification procedures enhance the performance
of the PMAS photocatalyst. From Figure 2d, the bioaerosol
capture performance of the PMAS photocatalyst initially
increased and then decreased with increasing concentrations
of dopamine hydrochloride, reaching its peak at 0.5 g/L.
According to SEM images of the PMAS photocatalyst with

Figure 2. Bioaffinity capture performance of PMAS photocatalyst. Bioaerosol capture performance of PMAS and AS photocatalysts at different (a)
humidity levels, (b) concentrations of bacteria, and (c) bioaerosol flow rates The influences of (d) concentration of dopamine hydrochloride and
(e) PDA treatment time on the bioaerosol capture performance of the PMAS photocatalyst. Optical images of bacterial colonies grown along with
(f) AS and PMAS photocatalysts after capturing. SEM images of captured bacteria on the spindle knots and joints of (g) AS and (h) PMAS
photocatalysts.
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different concentrations of dopamine hydrochloride (Figure
S10), PDA formed a uniform and complete thin film on the
photocatalyst at a concentration of 0.5 g/L. The dopamine
molecules adsorbed onto the surface of the artificial spider silk
photocatalyst, and then the molecules were oxidatively coupled
and post-cyclized, forming an adhesive PDA thin film.41 At a
low concentration of dopamine hydrochloride, the film was not
complete, while at a high concentration of 1.0 g/L, PDA
formed a thick layer, leading to film cracking, particle
aggregation, and active site shielding, which reduced bioaerosol
capture performance. It can be seen from Figure 2e that the
capture performance of the PMAS photocatalyst increased as
the treatment time was prolonged from 3 to 24 h, due to the
PDA thin film fully forming on the PMAS photocatalyst after
24 h. Although introducing more air into the system and
accelerating PDA formation within a short time by stirring, it
may also cause structural damage to the PMAS photocatalyst.
Therefore, proper PDA modification parameters were also
found to significantly enhance the bioaerosol capture efficiency
of the PMAS photocatalyst, underscoring the critical role of
this modification in improving performance.

To further prove that airborne bacteria were indeed
captured by the PMAS photocatalyst, the PMAS photocatalyst,
after capturing bioaerosols, was placed on nutrient agar for 18
h of cultivation. The optical image of the PMAS photocatalyst
(Figure 2f) shows bacterial colonies observed along the surface
of the photocatalyst, indicating the successful capture of
airborne bacteria onto it. SEM images (Figure 2g and h) reveal
that the surface of the spindle knot of the PMAS photocatalyst
was fully covered by bacteria after capturing. In the high
magnification image, bacteria were found aggregated together
on the spindle knot, while only very few bacteria settled on the
joint of the PMAS photocatalyst, indicating that PDA
modification may also increase the concentration capability
of the PMAS photocatalyst. More bacteria on the spindle knot

of the PMAS photocatalyst can be seen compared to the AS
photocatalyst, which is consistent with the results of Figure
2a−c. All the above results provide evidence that bioaerosols
were captured and concentrated on the spindle knots by the
PMAS photocatalyst, and PDA indeed enhances the capture
performance of the PMAS photocatalyst.
3.2. Enhanced Capture Mechanism of the PMAS
Photocatalyst for Bioaerosols

In a humid environment, bioaerosols contain airborne bacteria
and their droplets. Therefore, two representative interfaces,
including microorganism photocatalyst and water-photocata-
lyst, were investigated to reveal the underlying mechanism of
the bioaerosol capture performance of the PMAS photo-
catalyst. For the first interface of microorganism photocatalyst,
as PDA modification endowed the PMAS photocatalyst with
higher performance for bioaerosol capture, we hypothesized
that the origin of these results may come from additional
interaction forces provided by PDA modification onto the
photocatalyst. As illustrated in Figure 3a, microorganisms in
bioaerosols can be captured by the PMAS photocatalyst with
various functional groups. The initial interactions between
airborne bacteria and photocatalysts were microorganism (cell
membrane)−PDA interfaces for PMAS photocatalysts. To
confirm if enhanced adsorption forces come from the amino
group or indole ring in PDA, experimental and theoretical
calculations were both conducted. First, a microscopic confocal
Raman spectrometer was applied to investigate the surface
chemical composition of E. coli (Figure 3b). Phospholipids are
the main components of the cell membrane (consistent with
literature at 1196.1 cm−1),47 which were used as representative
compositions for the cell membrane. In the meantime, the
surface chemical composition of PMAS photocatalysts was also
characterized by Raman spectra (Figure 3c). The characteristic
peak at 139.0 cm−1 is attributed to TiO2, which can be found
in both PMAS and AS photocatalysts (black and blue lines).

Figure 3. Enhanced airborne bacteria capture mechanisms of PMAS photocatalyst. (a) Illustrations of airborne bacteria absorbed onto functional
groups of AS and PMAS photocatalysts; Raman spectra of (b) E. coli. and (c) photocatalysts; (d) Statistical adhesive forces of the photocatalysts;
(e) Theoretical calculations of interaction energy between microorganisms and functional groups on AS and PMAS photocatalysts.
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The characteristic peak at 1579.1 cm−1 of the PMAS
photocatalyst becomes broadened compared to pure PDA
(two strong characteristic peaks at 1353.6 and 1579.1 cm−1),
which is ascribed to plane vibration of sp2 carbon atoms.34 A
peak at 1094.0 cm−1 in the PMAS photocatalyst may be
attributable to indole ring vibrations of PDA.34 The PDA with
type I or II structure with indole rings was hypothesized to
modify the surface of the PMAS photocatalyst (Figure 1b).48,49

The results indicate the successful modification of PDA with
abundant indole ring structures onto the PMAS photocatalyst
was observed (although difficult to distinguish in FTIR spectra
in Figure S11).

To investigate the actual interaction forces between
bioaerosols and the photocatalyst, AFM was applied to detect
the adhesive forces between bacteria and the PMAS photo-
catalyst (Figure 3d). For the PMAS photocatalyst, the adhesive
force of the joint (27 nN) is ∼2 times higher than that of the
spindle knot (12 nN), which provides evidence that the
bacteria show stronger affinity to the joints than to the spindle
knots. Meanwhile, the adhesive forces for the joint of the AS
photocatalyst and the spindle knot are only 10 and 5 nN,
respectively, indicating that the interaction between micro-
organisms and the photocatalyst was enhanced twofold after

PDA modification (representative adhesive force curves are
shown in Figure S12). These experimental results provide
strong evidence that PDA modification enhances the
bioaffinity of the PMAS photocatalyst to airborne bacteria.

To further provide insights into the mechanism by which
PDA enhances the airborne bacteria capture performance of
the PMAS photocatalyst, the interaction between bioaerosols
and the PMAS photocatalyst was simulated using DFT. As the
dopamine molecule is attached onto TiO2 surface almost in
parallel (Figures S13 and S14) via a π-π bond, no new
chemical bond is formed in the PMAS photocatalyst. To
calculate the adsorption energy at the interface between
airborne bacteria and PMAS photocatalysts (bacteria−PDA
interface), the functional groups of indole rings, amine groups,
and hydroxyl groups were all chosen as representative groups
(Figure 3a top for AS and bottom for the PMAS photo-
catalyst). For airborne bacteria, the hydrophilic phosphoric
acid faces outward from the cell, thus, phosphoric acid was
simply used to represent the surface of the bacteria. The
calculation results are presented in Figure 3e. For the
microorganism and PDA interface (PMAS photocatalyst),
the adsorption energy of C�O, C8H7N (indole ring), Ar−
OH, and −NH2 is obtained as −0.86, −0.99, −0.63, and −1.18

Figure 4. Bacterial droplet capture mechanisms of PMAS photocatalysts. (a) Illustrations of bacterial droplets absorbed onto functional groups of
AS and PMAS photocatalysts; (b) Optical images of bacterial droplets captured onto the AS and PMAS photocatalysts under different procedures;
(c) The average volume of droplets captured by photocatalysts per spindle knot; (d) Water contact angles of the spindle knot and the joint; (e)
Theoretical calculations of interaction energy between droplets and functional groups on AS and PMAS photocatalyst; (f) Surface topography of
the spindle knots and the joints; (g) Illustrations of bacterial droplets captured by the photocatalysts from the joint structure, forming
microdroplets on the spindle knots.
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eV, respectively, which is twice as high as at the micro-
organism−nylon (AS photocatalyst) interface, where the
adsorption energies of R�C�O and −NHR groups to
phosphoric acid are around −0.66 and −0.58 eV, respectively.
These results are highly consistent with the experimental
results of adhesive forces (Figure 3d). The indole ring and
amine groups in PDA indeed offer strong interaction between
the surface of the PMAS photocatalyst and the surface
phosphoric acid of captured airborne bacteria.

On the other hand, for the second water−photocatalyst
interface, as shown in Figure 4a, the surface of some airborne
bacteria was wrapped with water; thus, the actual interface was
the water−photocatalyst interface during bioaerosol capture in
a humid environment. The optical images of the PMAS
photocatalyst before and after capturing bioaerosols are shown
in Figure 4b. The bioaerosol capture process mainly originates
from the joints of the PMAS photocatalyst, and then the small
bacterial microdroplets were driven to spindle knots by
Laplace pressure and surface tension. The bacterial micro-
droplets were concentrated into large droplets hanging onto
the spindle knots after 2 min and grew even larger, hanging
across two spindle knots after 6 min, while for the AS
photocatalyst, bacterial microdroplets remained much smaller
at the same time. From Figure 4c, the average volume of the

microbial droplets per spindle knot of the PMAS photocatalyst
was 0.15 μL after 6 min of capture, showing better bacterial
droplet capture performance (around 7 times) than the AS
photocatalyst (0.02 μL). The hydrophilicity of the PMAS
photocatalyst was characterized by the water contact angle, as
shown in Figure 4d. The contact angle was measured as 68.2°
± 3.7° and 43.5° ± 4.1° for spindle knots and joints,
respectively, which decreased by approximately 20° for the
joint and approximately 4° for the spindle knot compared with
the AS photocatalyst. This result indicates that the PMAS
photocatalyst has the advantages of water collection capability,
facilitating bioaerosol (airborne bacteria wrapped with a water
film) capture due to its hydrophilic nature.

As presented in Figure 4e, DFT simulation was also
conducted to reveal the interaction between bacterial droplets
and PMAS photocatalysts (H2O−PDA interface). For the
PMAS photocatalyst, the adsorption energy of PDA to H2O is
−0.43, −0.50, −0.32, and −0.49 eV for C�O, C8H7N (indole
ring), Ar−OH, and −NH2, respectively, while for the AS
photocatalyst (H2O−nylon interface), nylon to H2O is only
−0.31 and −0.31 eV for R�C�O and −NHR groups (AS
photocatalyst), respectively. The indole and amino groups in
PDA can offer hydrophilic surfaces onto the PMAS photo-
catalyst,50,51 resulting in a strong interaction between its

Figure 5. Self-cleaning performance of PMAS photocatalyst. Bioaerosol inactivation performance of photocatalysts at different (a) concentrations
of bacteria and (b) irradiation time; (c) Fluorescent images of bacteria in the droplets captured by photocatalysts before and after visible light
irradiation; (d) Illustration of electron transfer and valence band of the PMAS photocatalyst; (e) Average self-washing time at different flow rates;
(f) Capture and (g) inactivation efficiency of bioaerosols by AS/PMAS photocatalysts after multiple cycles; (h) SEM images of bacteria on spindle
knots of AS/PMAS photocatalysts before and after self-washing; (i) Self-cleaning procedures of the PMAS photocatalyst.
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surface and bacterial droplets, forming hydrogen bonds to
capture more bacterial droplets (airborne bacteria wrapped
with a water film). As the adsorption energy of PDA−bacteria
is stronger than that of PDA−H2O and some of the bacteria
are wrapped with a water film at high RH conditions, it is
supposed that H2O adsorption does not significantly influence
the capture performance of the PMAS photocatalyst. In
addition, liquid droplets can be concentrated on the spindle
knots by Laplace pressure, thus exposing and regenerating
active sites on the joints.

Although the roughness difference of the PMAS photo-
catalyst decreased by 36.4%, implying a reduced driving force
for bacterial droplet transport (Figure 4f), this effect is
outweighed by the enhanced hydrophilicity and bioaffinity
from PDA. It is worth noting that droplets quickly move to the
leeward side, forming large bacterial droplets on the PMAS
photocatalyst, and the droplets fully cover the spindle knots
(both windward and leeward sides) and exhibit larger volume,
whereas droplets only half-wrap the knots for the AS
photocatalyst (windward side only), as shown in Figure 4b.
A possible explanation is that the bacterial droplets initially
interacted with the PMAS photocatalyst on the windward side
but then rapidly migrated to the leeward side due to the
hydrophilicity, bioaffinity, and spindle structure of it (Figure
4g). This process freed up the windward side for subsequent
capture, resulting in larger bacterial droplet volumes that were
captured and supported on the PMAS photocatalyst. Thus,
PDA modification enhances the bioaerosol capture perform-
ance of the PMAS photocatalyst by improving the interaction
between the interface of water and photocatalyst.
3.3. Enhanced Purification and Self-Cleaning Mechanism
of the PMAS Photocatalyst

The enhanced purification performance of the PMAS photo-
catalyst under visible light was evaluated by its bacterial
inactivation efficiency. First, the bacterial inactivation perform-
ance of the PMAS photocatalyst with different concentrations
of bioaerosols is shown in Figure 5a. Under visible light,
99.99% of the captured bioaerosols were inactivated by the
PMAS photocatalyst. With prolonged irradiation time, the
number of living bacteria captured by the PMAS photocatalyst
declined remarkably (Figure 5b and c) as compared with the
AS photocatalyst. The results show that the PDA modification
truly enhanced the photocatalytic properties of the PMAS
photocatalyst under visible light, as the AS photocatalyst could
not inactivate bioaerosols due to the inability of TiO2 to
harvest visible light. These results confirm that the PMAS
photocatalyst possesses superior photocatalytic inactivation
performance under visible light, which may be safer for
practical applications compared to using UV light.

As shown in Figure 5d inset, PDA acts as a photosensitizer,
absorbing visible light and injecting excited electrons into the
conduction band of TiO2 (This interfacial electron transfer
achieves effective charge separation, allowing TiO2 to utilize
visible light for photocatalytic reactions while the holes remain
in the PDA layer.) This process produces ROSs (Figure S15),
thereby endowing the PMAS photocatalyst with photocatalytic
properties under visible light. As the captured bioaerosol is
concentrated in liquid droplets by the PMAS photocatalyst, the
ROSs (•OH and H2O2) produced in this liquid photocatalytic
system can diffuse within the droplet for further inactivation
processes without direct contact,52 facilitating the damage to
cells, proteins, DNA, and other components, breaking them

down into debris.53 The leaked intracellular substances and cell
debris can be further degraded and ultimately mineralized
through prolonged photocatalytic treatment, provided the
process is sufficiently long,54 allowing them to be completely
dissolved in water.55 Therefore, PDA extends the photo-
response range of the PMAS photocatalyst, endowing it with
photocatalytic performance under visible light to inactivate and
further mineralize captured bioaerosols, resulting in enhanced
purification performance of the PMAS photocatalyst.

The enhanced self-washing performance of the PMAS
photocatalyst was also evaluated by measuring the time
required for the first bacterial droplet (cell debris) to be
removed by gravity at different flow rates (Figure 5e). At low
flow rates (6 and 9 L/min), the PMAS photocatalyst exhibited
a long self-washing time of around 46 min, but only around 5
min at high flow rates (≥12 L/min) due to the enhanced
bioaerosol and water collection capability of the PMAS
photocatalyst. This phenomenon can be explained by the
fact that the PMAS photocatalyst can support larger bacterial
droplet volumes before being removed by gravity at low flow
rates, resulting in a longer self-washing time, which is up to 7
times greater than that of the AS photocatalyst (Figure 4c).
The capability of the PMAS photocatalyst to capture large
volumes of bacterial liquid facilitates its application in practical
situations with relatively lower humidity levels than laboratory
conditions, as water is necessary in the photocatalytic process
to form •OH radicals, and a large volume of water is beneficial
to the self-washing process. At high flow rates, the PMAS
photocatalyst captures bacterial droplets efficiently (Figure 2c)
to reach its maximum bacterial capture, and then the bacterial
droplets are quickly removed by gravity to expose more
capture sites to bioaerosols. These results confirmed that the
PDA modification can also enhance the self-washing capability
of the PMAS photocatalyst for bioaerosol purification through
gravity removal at different flow rates.

The self-cleaning property of the PMAS photocatalyst was
achieved through a combination of photocatalytic inactivation
and the self-washing of cell debris by gravity. Figure 5f and g
shows the bioaerosol capture and inactivation performance of
the PMAS photocatalyst over multiple self-washing cycles.
After 10 cycles, the capture and inactivation efficiencies of the
PMAS photocatalyst decreased slightly from 100% to about
65% and from 99% to 60%, respectively, which were still much
higher than those of the AS photocatalyst, which sustained an
inherently low efficiency. SEM images (Figure 5h) and
element mapping (Figure S16) confirmed that very few
bacterial debris remained on the PMAS photocatalyst after
self-washing, demonstrating that the bioaerosol inactivated on
the PMAS photocatalyst was indeed self-washed by gravity.

Therefore, the self-cleaning property of the PMAS photo-
catalyst consists of in situ bacterial inactivation and continuous
self-washing, thus enabling photocatalyst regeneration. As
illustrated in Figure 5i, the self-cleaning process of the
PMAS photocatalyst is summarized in four key steps: I:
Microorganisms and microdroplets in bioaerosols are captured
and directionally concentrated onto the spindle knots, forming
microreactors; II: Over time, the droplets grow and merge into
larger droplets spanning multiple knots; III: Under visible light
irradiation, ROSs are generated and diffuse within the droplets,
inactivating and mineralizing the trapped microorganisms; IV:
Once inactivated and mineralized, the biodebris is washed
away by the falling droplet under gravity without residues
adhering to the surface, and then the PMAS photocatalyst
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achieves self-cleaning and regeneration of the reactive sites of
the PMAS photocatalyst.

The PDA modification enhances microorganism and
bacterial droplet capture and photocatalytic inactivation
performance of the PMAS photocatalyst, resulting in an
effective self-cleaning property. This allows the PMAS
photocatalyst to be reused for bioaerosol purification under
high humidity and high airflow conditions, which realizes a
highly efficient and long-term bioaerosol control strategy.
3.4. Environmental Implications

Bioaerosols represent a growing public health concern, capable
of spreading infectious diseases and posing risks to human
health. Conventional bioaerosol control technology often fails
under high-humidity conditions due to the loss of electrostatic
adsorption and lack of antimicrobial activity, leading to issues
such as low efficiency, pore blockage, limited service time, and
secondary contamination. To address these challenges, a
bioinspired PMAS photocatalyst capable of highly efficient
capture, inactivation, and self-cleaning in high-humidity
environments was developed. Unlike conventional air filters
that rely solely on physical interception, the PMAS photo-
catalyst utilizes bioadhesion and photocatalytic inactivation,
enabled by its PDA-modified artificial spider silk structure.
This PMAS photocatalyst enhances microorganism and
microbial droplet capture, in situ inactivation, and self-cleaning
through strong interfacial interactions between bioaerosols and
the photocatalyst offered by PDA modification. These results
indicate that tailoring the design of material structures and
bioinspired surface modifications to enhance a high affinity to
both microorganisms and their liquid droplets is a helpful
photocatalytic strategy for bioaerosol control. This strategy
offers a foundational solution to mitigate bioaerosol threats,
and it is of strategic significance to the prevention and control
of bioaerosol epidemics. In addition, our findings provide
fundamental insight into the mechanism of surface modifica-
tion-enhanced capture, photocatalytic inactivation, as well as
the regeneration of reactive sites, which establishes a new
design principle for enhancing interfacial interactions for more
efficient and adaptive bioaerosol control technologies. While
the properties of PDA modification suggest efficient capture
performance and promising durability, future work should
focus on long-term field trials to systematically evaluate the
coating’s lifespan, possible performance decrease, and any
secondary environmental impacts under realistic environ-
mental conditions. Such investigations would be crucial to
bridge the gap between laboratory research and practical
implementation. Future development of bioaerosol control
technologies should incorporate material functionalization to
achieve sustainable air purification for long-term use.
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