Ym

Journal of
MATERIALS RESEARCH

DOI:10.1557/543578-022-00805-w

®

Check for
updates

Silk fibroin fibers-based shape memory membrane
with Janus wettability for multitiered wearable

protection

! College of Textile and Clothing Engineering, Soochow University, Suzhou 215123, China

2 National Engineering Laboratory for Modern Silk, Soochow University, Suzhou 215123, China

3School of Biomedical Engineering, The University of Sydney, Sydney, NSW 2006, Australia

* Innovation Center for Textile Science and Technology, Donghua University, Shanghai 201620, China

% Address all correspondence to these authors. e-mails: chenyy@suda.edu.cn; ken.yong@sydney.edu.au; jgxiong@dhu.edu.cn

Y These authors have contributed equally to this work.

Received: 17 June 2022; accepted: 24 October 2022; published online: 31 January 2023

Realizing breathable shape memory fiber-based material with antibacterial and waterproof
performances is important for multitiered wearable protection to address the increasing concerns of

air pollution. Herein, using an alternating electrospinning-electrospraying technology, we develop a
fiber-based membrane with Janus wettability based on a silk fibroin nanofibers-substrate (SFNFs), a
polyurethane nanospheres-top layer (PUNSs), and a middle layer of PU nanofibers-mat with in-situ grown
silver nanoparticles (PUNFs-AgNPs), which serves separately for skin contact, a self-cleaning physical
barrier to resist external aerosol/bacteria (PM2.5 filtration efficiency ~98.1%), and a bio-barrier that can
sterilize harmful particles and inhibit bacteria proliferation (>95%). This breathable Janus film (SFNFs/
PUNFs-AgNPs/PUNSs, SPAP) with an antibacterial filter shows shape memory stretchability enabled

by the thermoplastic PU component, which is mechanically adaptive to human body for wearable
protection. This work presents a breathable wearable material for air-filtration and anti-bacteria,
promising for applications such as wound dressings, medical masks, protection suits, and multifunctional

filters.

The increasing air pollution in modern society has become a
huge threat for our daily life, the global outbreak of coronavi-
rus disease 2019 (COVID-19) is increasing this concern. The
polluted air brings various contaminants such as smoke dust,
PM2.5, bacteria, and viruses, which are commonly accompanied
by fog, moisture, and exhalation and behave as aerosol spread
everywhere to cause severe health threats on human beings [1,
2]. More seriously, the polluted aerosol would cause various
health problems such as skin allergy, respiratory diseases, as
well as pandemics, endangering people’s lives and disrupting the
normal functioning of society [3, 4]. As the aerosol surrounds
us all the time, a functional textile that is mostly in contact with
the human body would be one of the most promising materials

for wearable protection.

©The Author(s), under exclusive licence to The Materials Research Society 2023

Important progress of functional textile has been achieved
in the governance of air pollution, including daily textiles and
non-woven fabrics [5-8] that are either anti-bacterial [9], anti-
viral [2], or can filtrate the dust such as PM2.5 [10], which
usually behave as single function, either show insufficient skin
affinity as well as poor mechanical compliance to accommo-
date the human body [11]. Moreover, most of the threats in the
air move accompanied by the moisture (small liquid droplets),
which usually tend to be adsorbed and infiltrate the hydrophilic
fabrics, increasing the filtration difficulty [12]. The important
progress of this field inspires us that development of multifunc-
tional materials to address all the challenges for wearable pro-
tection is important. The material with Janus wettability would
be a good candidate to meet the application scenes required

for wearable protection, which pursues favorable skin affinity,
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waterproofness, and filtration capability. Stacking of different
materials in virtue of electrospinning and electrospraying tech-
nologies promises a versatile strategy capable of constructing
both architectures of nanofiber and microsphere [13], as well as
integrating various components to realize the multifunctional
material.

To this end, polymer components of silk fibroin (SF) and
polyurethane (PU) with excellent processability were combined
with in-situ silver nanoparticles (AgNPs) to construct a mul-
tifunctional membrane for human protection. SF is a fibrous
protein with abundant non-polar amino acids [14], which
shows unique mechanical and biological properties, such as
high strength, flexibility biocompatibility, biodegradability and
hydrophilicity, presenting favorable potential for skin contact
application as well as for promoting wound healing [15]. How-
ever, SF is incompetent for the outer protection application
due to its water solubility [16]. PU is a typical thermoplastic
polymer that can impart the nano-/micro-fibers or spheres with
elasticity to realize thermo-responsive shape memory property
[17]. Meanwhile, PU shows intrinsic water resistance and good
mechanical strength to serve as a protective layer to resist exter-
nal threats. Accordingly, PU is a promising candidate to com-
bine with SF to construct a membrane with Janus wettability
[18]. In addition, as a traditional antibacterial agent, silver has
the advantages of broad-spectrum and long-lasting antibacte-
rial [19]. Especially silver nanomaterials have characteristics
of the unique quantum effect, small size effect and large spe-
cific surface area [20], exhibiting super antibacterial capability
and acceptable safety for human body [21]. Ag NPs have been
increasingly applied for medical and healthcare, such as surgical
instruments, wound antibacterial dressings [22] and artificial
limbs [23].

Utilizing SE, PU, and AgNPs, this work presents an alter-
nating electrospinning-electrospraying technique to develop
a shape memory membrane with Janus wettability for multi-
functional protection. The membrane appears as a sandwich
structure with a hydrophilic bottom layer for skin contact and
a hydrophobic top layer for screening the external moisture,
between was inserted with an antibacterial filter for secondary
filtration and antibacterial. Specifically, SF nanofibers (SFNFs)
bottom layer was firstly fabricated by electrospinning, then PU
with silver ion precursor was electrospun to deposit a layer of
PU nanofibers (PUNFs) with AgNPs generated in-situ, fol-
lowed by electrospraying a layer of PU nanospheres (PUNSs)
to assemble into a sandwiched SFNFs/PUNFs-AgNPs/PUNSs
(SPAP) membrane with Janus wettability. The hydrophilic SFNFs
layer provides favorable air-permeability and skin affinity to
act as a friendly biointerface. The PUNSs layer with intrinsic
waterproofness and high surface roughness, serves as a super-
hydrophobic self-cleaning physical barrier to screen the invasive
aerosol threats. The PUNFs/AgNPs filter with a high specific

©The Author(s), under exclusive licence to The Materials Research Society 2023

surface area ensures an additional bio-barrier for blocking and
annihilating the bacteria. The Janus SPAP membrane shows
shape memory stretchability and breathability for comfortable
and attachable protection on human skin, exhibiting potential

as versatile wearable protection materials for long-term usages.

Fabrication and structure features of the SPAP
membrane

Figure 1(a) presents the alternating process of electrospinning
and electrospraying for fabrication of the SPAP membrane,
allowing formation of nano/micro architectures of fibers or
spheres. The morphology highly relies on the concentration
and viscosity of the polymer solution [17, 24]. Figure 1(b) sche-
matically shows the structure of SENFs (bottom layer), PUNFs-
AgNPs (middle layer), and PUNSs (top layer), respectively. SF
is a kind of insoluble natural protein extracted from silkworm
cocoon, which contains abundant amino acids necessary for
human body, possessing a certain bacteriostasis and excellent
biocompatibility, and has been widely applied for cosmetics,
artificial skin, healthcare [25]. SFNFs layer enabled by electro-
spinning shows a mesh structure of nanofibers with high specific
surface area, and it could exhibit high adsorption capacity and
hydrophilicity (indicated by the inserted water contact angle
(WCA) of 47.9°£2.1°) that are important for friendly contact
with human skin. PU is a typical elastomer with good shape
memory ability, competent for improving mechanical compli-
ance of the SF layer for well accommodation with human body.
The middle and top layer in [Fig. 1(b)] refers to a PUNFs-AgNPs
layer and a PUNSs layer, which serve as a bio-barrier filter and
a physical barrier, respectively. PUNSs layer with nanopar-
ticles surface structure could deliver high surface roughness
and superhydrophobicity (indicated by the inserted WCA of
152.9°+1.3°) to achieve self-cleaning performance. It is prom-
ising to be an outer barrier to resist the water, moisture, and
vapour, blocking most of the pollutants from the air. Moreover,
the PUNFs-AgNPs middle layer consisted of PU nanofibers with
in-situ AgNPs reduced by N, N-dimethylformamide (DMF)
solvent (see more details in Fig. S1, Supporting Information),
could act as a bio-filter for both secondary aerosol filtration and
bacteria inhabitation. Accordingly, the whole PSAP membrane
shows a sandwiched structure with Janus wettability [Fig. 1(c)].
Owing to the shape memory PU component, the SPAP mem-
brane could be configurated into various temporary shapes to

adapt different substrates [Fig. 1(d)] and wearable applications.

Morphology and geometrics of the SPAP membrane

Figure 2(a) shows macroscopic images of each layer of the

SPAP membrane, wherein the three layers presented opaque
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a b Bottom layer (SFNFs) Middle layer (PUNFs-AgNPs) Top layer (PUNSs)

Figure 1: A Janus SPAP membrane with shape memory ability. (a, b) Schematic diagram of fabrication process of the SPAP membrane by
electrospinning and electrospraying technologies. (c) Cross-section morphology of the SPAP membrane for demonstration of the sandwich structure.
(d) Demonstration of the thermal shape memory ability of the SPAP membrane.
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Figure2: Morphology and diameter distribution of each layer of the SPAP membrane. (a) Representative macroscopic images of the bottom (SFNFs),
middle (PUNFs-AgNPs) and top (PUNSs) layer of the SPAP membrane. (b) SEM images showing the morphology of the bottom (SFNFs), middle (PUNFs-
AgNPs) and top (PUNSs) layer of the SPAP membrane. (c) Diameter distribution of the SFNFs layer, PUNFs-AgNPs layer, and PUNSs layer.
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appearance and uniform structure. Additionally, SFNFs layer
showed a white color due to the high scattering of nanofib-
ers, while the PUNFs-AgNPs layer presented a light brown
color, indicating the AgNPs were generated in-situ. Moreo-
ver, the top view of the whole SPAP film also appeared as
a light brown color, suggesting that a very thin PUNSs layer
is sufficient to meet the roughness and superhydrophobicity
requirements. The microscopic morphology and dimension
of each layer were presented in [Fig. 2(b, c)]. Both SFNFs and
PUNFs-AgNPs layers presented a highly porous 3D nanofiber
network composed of randomly oriented fibers. AgNPs could
be found on the surface of PUNFs [Fig. 2(b)], the exist Ag
element was further proved on the cross section of the SPAP
membrane by EDX test (Fig. S2, Supporting Information).
It confirms the feasibility of this facile incorporation strat-
egy of AgNPs free of post-reduction, avoiding damage of
the nanofibers mesh. PUNSs showed an even morphology
of nanospheres (diameter of ~700 nm), which are tightly
attached to the fibers of the PUNFs-AgNPs layer [Fig. 2(b,
¢)]. The good mechanical adhesion could be attributed to the
electrospraying process of PUNSs with high boiling point sol-
vent (DMF), partially cured PUNSs would be generated and
attached on the PUNFs-AgNPs substrate to realize a good
interface stability, as well as improved surface roughness to
attain good hydrophobicity.

Properties of the SPAP membrane

The Fourier Transform Infrared Spectra (FTIR) of each layer
of the SPAP membrane (SFNFs, PUNFs-AgNPs and PUNSs)
is presented in [Fig. 3(a)]. The characteristic absorption bands
at 1650-1660 cm™' (amide 1), 1535-1545 cm™! (amide II),
1235 cm™! (amide III) are attributed to the SF with random coil
or a-helix conformation (silk I), and the characteristic absorp-
tion bands at 1625-1640 cm™', 1515-1525 cm™", 1265 cm™" are
attributed to the SF with p-sheet structure conformation (silk
II) [26, 27]. Because of the treatment with 75% (v/v) ethanol
vapor, the SFNFs layer spectrum displayed the characteristic
peaks at 1625 cm ™}, 1514 cm™, 1232 cm ™, indicating a strong
B-sheet structure conformation [28]. The characteristic absorp-
tion peak of the PUNSs layer at 3330 cm ™ belongs to the N-H
stretching vibration, the broad peak at 2957 cm™ corresponds
to the stretching vibration of C-H groups, the sharp peak at
1727 cm™" represents the C=0 stretching vibration of urethane
groups, while the peak at 1528 cm™ and 1079 cm™ belong to
the N-H bending vibration and the C-O-C stretching vibra-
tions [29]. The PUNFs-AgNPs layer showed a similar spectrum,
indicating AgNPs are physically covered on the PU nanofibers
network.

Figure 3(b) shows the thermal property of SFNFs, PUNSs,
PUNFs-AgNPs and the SPAP membrane, the weight loss ratio
of the SPAP membrane complied well with the initial ratio of
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Figure 3: Properties of the SPAP membrane. (a) FTIR analysis of the SFNFs, PUNFs-AgNPs and PUNSs layer. (b) TGA thermal stability of SFNFs, PUNFs-
AgNPs, PUNSs and the SPAP membrane. (c) Water vapor transmission rate (WVTR) of the SPAP membrane under different temperatures with constant
humidity (60 +3%). (d-f) Comparison of the stress—strain properties of (d) SFNFs, (€) PUNFs-AgNPs, SPAP, and (f) the control sample of a core layer of

the commercial medical mask (a melt-blown fabric).
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each component, the char yields after the pyrolysis of SFNFs,
PUNSs, PUNFs-AgNPs and the SPAP membrane as a result of
the residual nonvolatile carbonaceous material in the heating
process are about 29.3%, 13.3%, 15.7% and 19.6% [30]. The ther-
mal decomposition temperature was all above 200°C, indicating
that all the components are adoptable for most of the applica-
tion scenarios. SENFs layer showed a little bit lower thermal
stability, but the PU component could effectively improve the
thermal stability of the SPAP membrane. Therefore, the coupling
of SFNFs and PU is an effective way to achieve a thermostable
wearable material.

WVTR is important to wearable protective materi-
als, and especially are required for mask and would healing.
Because the low WVTR can induce bacterial growth and cause
an uncomfortable feeling of wearing, while the high WVTR
can maintain drying of the wound and skin as well as improve
the protection effect. Evaporation of water through the SPAP
membrane was examined by monitoring the weight loss of the
cup for 3 days. The final WVTR was calculated according to the
equation (1).

t ight ch
WVTR of the SPAP = water weight change (mg)

the SPAP exposure area (cm?) x exposure time(h)”

(1)
where numerator is the change in the amount of the water
weight (mg), and denominator is the product of exposure area
(cm?) of the sample and exposure time (h).

As shown in [Fig. 3(c)], the WVTR of SPAP membrane
increased gradually as the temperature increased. The WVTR
approximately ranged from 6.2 to 34.6 mg cm™* h™!, which
fully covered the suggested WVTR number ranging from 8.3 to
10.4 mg cm ™2 h™! around the body temperature [31]. The WVTR
at 37 °C of the SPAP membrane was 13.3+0.06 mg cm2h7,
better than the commonly used cambrayon (12.5 mg cm™2h™")
[32]. It suggests that the SPAP membrane could well satisfy the
application requirements of wearable protective materials.

Besides, the usage of wearable materials strongly relies on
their mechanical properties because of the motorial behavior of
skin [33]. The mechanical properties were evaluated by tensile
tests at room temperature, a core layer of the commonly used
medical mask was employed as a control sample for comparison
[Fig. 3(d-f)]. As shown in [Fig. 3(d)], the SFNFs layer reached
a maximum tensile stress of 2.8 MPa at 4% strain, which can
sustain the tensile stress until to a breaking elongation of 31%.
In comparison, the PUNFs-AgNPs film showed a much higher
tensile performance that achieves 10 MPa at 350% tensile strain
[Fig. 3(e)]. Because of the superior mechanical properties of
the PU component, the SPAP membrane can sustain tensile
stress of 10 MPa and breaking elongation of 270%. It suggests
that the PU component could effectively restrain the SENFs dur-

ing stretching, allowing displacement between the fibers free of

©The Author(s), under exclusive licence to The Materials Research Society 2023

damage. It demonstrates that the combination of SF and PU is an
effective way to achieve a Janus membrane with good mechani-
cal performances. As a control sample shown in [Fig. 3(f)], a
melt-blown fabric of the middle layer of medical masks can
only sustain tensile stress of ~ 1.6 MPa as well as 40% breaking
elongation, further confirming the mechanical superiorities and

application potential of the SPAP membrane.

Self-cleaning and shape memory properties

Usually, higher surface roughness and WCAs could be achieved
on micro-nano hierarchical surfaces. Materials with low sur-
face energy and high surface roughness could provide higher
WCAs [34, 35]. Materials with a WCA between 150° and
180° are regarded as superhydrophobic surfaces, which usu-
ally show water repellency, antifogging, antifouling, and self-
cleaning properties [36]. As proved in [Fig. 4(a)], the bottom
layer (SFNFs) is an insoluble material but presented a WCA of
47.9°+2.1°, indicating it is a hydrophilic interface which has
good skin affinity and biological characteristics, favorable for
skin contact. The middle layer of the SPAP membrane (PUNFs-
AgNPs) showed a WCA of 136.7°+1.1°, and the hydrophobic-
ity was attributed to the intrinsic waterproofness of PU as well
as the rough surface constructed by nanofibers. However, this
hydrophobicity was insufficient to ensure favorable functions
in antifouling and self-cleaning. To improve the protection
capability, another top layer of PU nanospheres (PUNSs) was
deposited on the PUNFs-AgNPs nanofibers, creating a hierar-
chical structure with higher surface roughness. It showed an
improved WCA of 152.9° +1.3° to realize superhydrophobicity
that is competent in resisting the external threat such as water
and moisture [37]. Self-cleaning properties of the SPAP mem-
brane were evaluated using carbon powders as the simulated
contaminants. Figure 4(b) presents the SPAP surface covered
with carbon powders can be facilely cleaned by the water drop-
lets within 3 s, rendering the granular contaminants in a dry
state or accompanied by moisture could not long stay on the
surface, thus promoting the protection [38].

Stretchability of materials is important in wearable appli-
cations to adapt mechanical deformation of human skin. For
a multilayered membrane, its stretchability highly relies on the
interface stability between different layers. Herein, the alter-
nating electrospinning-electrospraying technology stacks the
functional materials layer by layer, capable of providing good
interface anchoring and intermolecular force that are important
for improving the interface adhesion between different layers of
the SPAP membrane. As shown in [Fig. 4(c)], the SPAP mem-
brane showed great recovery upon tensile loading-unloading
cyclic tests at a strain of ~30%, suggesting the good interface
stability of SPAP and high capability for energy dissipation ena-
bled by the stretchable PU component [39]. The reduced Young
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Figure4: Self-cleaning, stretchability and mechanical stability of the SPAP membrane. (a) WCA of SFNFs, PUNFs-AgNPs and PUNSs layer. Error

bars represent twice of the standard deviations (SD). (b) Photograph demonstration of self-cleaning performance. (c) Cyclic elasticity of the SPAP
membrane. (d) Variations in WCA of the SPAP membrane after each cycle of stretching (30% strain), inset is a photograph of water droplets resting on
the surface of the stretched SPAP membrane at 30% strain. (e) Photograph demonstration of the SPAP membrane conformally attached on forearm

and elbow joint.

modulus after the first cycle is attributed to the destruction of
weak net-points between fibers in the initial cycle, thereafter,
it transformed into an elastic network with a relative stability.
The slight residual strain for each cycle was observed, which is
due to the inherent thermoplasticity of PU, in which energy was
dissipated for the polymer chains disentanglement [40]. Even
so, the SPAP membrane shows excellent recovery that imparts
its good application potential for wearables. Meanwhile, stable
superhydrophobicity of the SPAP membrane was verified after
five cycles of a tensile test at the strain of 30% [Fig. 4(d)], inset
was a photograph of water droplets resting on the surface of
the SPAP membrane after five cycles of stretching, the stable
hydrophobicity suggests durable wearable applications can be
achieved. Figure 4(e) demonstrates the reconfigurability of the
SPAP membrane by its shape memory ability, it can be conform-
ably attached on forearm and elbow joints, adapting applications
for different curvatures of human body.

PM2.5 filtration performance

PM2.5 is one of the biggest threats for human beings, achiev-
ing PM2.5 filtration is of great importance for wearable pro-
tection materials. Typically, the pollutant particles produced
by burning sandalwood were used as the model particulate

© The Author(s), under exclusive licence to The Materials Research Society 2023

matter (PM) pollutant [41]. Specifically, sandalwood combus-
tion acted as a model system of a PM2.5 source which con-
tained various sizes of PM particles and other components
similar to those of exhaust gas, such as CO, NO,, SO,, and
volatile organic compounds (VOCs), e.g., benzene, aldehydes,
polycyclic aromatic hydrocarbons, etc. [42]. A PM2.5 filtration
experiment was carried out as shown in [Fig. 5(a)], the model
PM pollutant was placed on the inlet side of a PM counter
sensor, which was connected to the computer to record the
real-time PM2.5 density at the outlet [43]. The SPAP mem-
brane and commercial medical mask were applied to block the
inlet, the detected PM2.5 densities with and without filter were
employed to calculate the filtration efficiency, the test was per-
formed continuously for 45 s and calculated the filtration effi-
ciency every five minutes. The smoke have a wide particle size
distribution ranging from 300 nm to 10 mm, with the majority
of particles being ~ 1 mm [44]. The filtration ability was con-
firmed by SEM as shown in [Fig. 5(b, )], which revealed that
the PSAP membrane can uniformly adsorb much more pol-
lutant particles in comparison with the commercial medical
mask. Accordingly, superior filtration efficiency (~98.1%) was
delivered by the SPAP membrane rather than the commercial
medical mask (~83.5%) [Fig. 5(d)], indicating the favorable
potential for PM2.5 filtration [41, 45].
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Antibacterial activity

As the superhydrophobicity and PM2.5 filtration ability only
represent the physical shielding properties. The moisture or
granular particles are commonly accompanied with the aero-
sol, which usually carry with abundant bacteria, bringing seri-
ous health threats to people [46]. Thus the bio-blocking abil-
ity of a wearable protection material is also quite significant.

Herein, a qualitative test using antimicrobial ring was applied

to evaluate antibacterial activity of the SPAP membrane. As
shown in [Fig. 6(a)], compared with a commercial wound dress-
ing without antibacterial properties, the inhibition zones can be
observed around the SPAP membrane after incubation against
negative (E. coli) and positive (S. aureus) bacteria. Figure 6(b)
shows the diameter of inhibition zones measured using Image],
the SPAP membrane presented a satisfactory antibacterial activ-
ity, superior to the commercial wound dressing. To further
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Figure 6: Antibacterial activity of the SPAP membrane. (a) Comparison of the antimicrobial rings of SPAP membrane and commercial wound dressing
for E. coliand S. aureus. (b) Comparison of diameter of the antimicrobial ring of SPAP membrane and commercial wound dressing. (c) Comparison

of bacteriostatic rate of SPAP membrane and commercial wound dressing. (d, e) Comparison of the growth curves of (d) E. coli and (e) S. aureus with
commercial wound dressing and the SPAP membrane. Error bars represent twice of the standard deviations (SD).
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improve the contact between the antibacterial material and the
bacteriostatic liquid, a quantitative test of bacteriostatic rate was
performed to accurately examine the antibacterial activity of
the SPAP membrane [47]. The results of bacteriostatic rate are
shown in the [Fig. 6(c)], indicating that the SPAP membrane has
superior antibacterial effect (>95%) compared with the com-
mercial would dressings. Figure 6(d, e) present the OD values
of bacteria within 20 h, much higher inhibitory effect for both
E. coli and S. aureus can be observed on the SPAP membrane
compared to that of the commercial would dressing. It indicates
that the middle layer of PUNFs-AgNPs can function for antibac-
terial filters, ensuring the bio-filtration capability of the SPAP
membrane for aerosol. The specific steps of the qualitative test
of bacteriostatic ring and the quantitative test of bacteriostatic

rate are referred to the supplementary notes.

In a word, a multifunctional SPAP membrane was demonstrated
by a facile alternating electrospinning and electrospraying tech-
nology. As a wearable protection material, the sandwiched SPAP
membrane with Janus wettability delivers multiple protection
abilities from outside to inside. The external two layers of PUNSs
and PUNFs-AgNPs serves as physical barrier and bio-barrier,
respectively, ensuring complete resistance to the water and mois-
ture, as well as sufficient filtration for both PM2.5 and bacteria.
It could well block most of the contaminants and hazardous
substances which usually move along with the moisture and
air. Moreover, the PUNFs-AgNPs filter enables additional anti-
bacterial capability, avoiding the residual aerosol from the first
screen further passing through the second layer, enhancing the
protection effect. With the internal layer of SFNFs, the SPAP
membrane is friendly for skin contact applications, promising

for multifunctional wearable protection.

Materials

Cocoons of B. Mori silkworm were supplied by Jiaxing Silk
Co., Ltd., China. Anhydrous sodium carbonate (NaCO;) and
lithium bromide (LiBr, 99%) were purchased from Jiangsu
Qiangsheng Functional Chemical Co., Ltd., China. Dialysis
tube (M, =8000-14,000) was purchased from Suzhou Ketong
Biomedical Technology Co., Ltd., China. Formic acid (98%) was
purchased from Sinopharm Chemical Reagent Suzhou Co. Ltd.,
DMF (99.9%) was obtained from Shanghai Balinway Chemical
Technology Co. Ltd., China. Thermoplastic PU (M, =70,000)
was purchased from Huntsman Chemical Trading (Shanghai)
Co., Ltd., China. Silver nitrate (AgNO,) was provided by Sinopac
Chemical Reagent Suzhou Co. Ltd. All reagents are of analytical
grade and were used without further treatment.

©The Author(s), under exclusive licence to The Materials Research Society 2023

Preparation of regenerated SF

The cocoons were degummed using the boiling sodium carbon-
ate aqueous solution (0.5 wt%) for three times to remove the
sericin proteins. After several times of rinses in deionized water
the remaining sericin were removed, and dry at 40 °C to obtain
the degummed silk fibroin. It was dissolved in lithium bromide
solution (9.3 mol L™!) at 60 °C for 2 h to reduce the degradation
of silk fibroin during the dissolution process, and samples were
dialyzed (molecular weight cut-off 14,000) against deionized
water with change every 2 h. The dialyzed fibroin solution was

lyophilized and stored at 4 °C until further use.

Preparation of the spinning solution

First, the 12 wt% SF solution was prepared by dissolving the
SF sponge in formic acid at room temperature with magnetic
stirring for 12 h, the SF solution is used to produce the SENFs
(bottom layer of the SPAP). Then, 0.01 mol L7! silver nitrate
DMEF solution (1 wt%) was dropwise added into a 20 wt% PU
solution (DMF solvent), followed by stirring at room tempera-
ture for 30 min, then heating the mixed solution at 80 °C for
10 min to reduce the silver ions into silver nanoparticles, so as
to prepare the DMF solution of PU-AgNPs, and to produce the
interlayer of the SPAP. Finally, 5 wt% PU solution was applied
for electrospraying to fabricate the PUNSs layer.

Production of the SPAP membrane

An alternating electrospinning and electrospraying process
was applied to produce the SPAP. First, 12 wt% SF solution
with feeding rate of 0.4 mL h™! was employed for electro-
spinning to fabricate the SF nanofibers, which was performed
under an electrostatic filed of 25 kV and a working distance
of 15 cm. With the same working parameters, 10 mL PU-
AgNPs polymeric solution with a flow rate of 1 mL h™! was
electrospun on the SENFs membrane surface to produce a
middle layer of PUNFs-AgNPs filter. At last, 5 wt% PU solu-
tion (0.8 mL h™") was deposited on the PUNFs-AgNPs layer by
electrospraying, generating a layer of PUNSs. The produced
SPAP membrane was treated with 75% (v/v) ethanol/water
vapor to improve the B-sheet structure conformation (silk II)
of SFNFs, followed by vacuum drying at 50 °C for 24 h to

remove the residual solvent.

Characterizations

The morphology of the SPAP membrane was investigated by
scanning electron microscope (SEM, Hitachi S4800, Japan),
and the diameter of the nanofibers or nanoparticles was meas-
ured by the software of Image]. The chemical composition
of the SPAP membrane was tested using a Nicolet iS5 ATR
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spectrophotometer (USA). The wettability of each layer of the
SPAP membrane was inspected by the automatic video contact
angle tester (KRUSS OCA30, Data Physics Instrument GmbH,
Germany) using the sessile drop method under ambient con-
dition, deionized water droplet of 3.0 uL was applied on the
sample surface to record the static contact angle. Thermal
decomposition was investigated by thermogravimetric analysis
(SDT Q600, TA, USA) with a heating scan from room tempera-
ture to 700 °C, and the flow rate of nitrogen gas was fixed at
100 mL min~!. Both mechanical properties and cyclic stretch-
ability of SPAP membrane were evaluated using an INSTRON
5967 universal tensile tester based on the specimens with width
of 5 mm, with speed of 5 mm min~! and clamps distance of
50 mm. The thickness of sample was measured by a microm-
eter (Nscing Es, China). For WVTR tests, the samples were
covered on the permeability cup contained water at different
temperatures to monitor the weight change of the setup, nor-
malizing as WVTR, all the tests were performed by applying in
triplicate at constant humidity of 60+ 3%. A burning sandal-
wood was used to simulate the PM2.5 generator for filtration
performance evaluation of the PSAP membrane. OriginPro95
(Origin lab, USA) software was applied for statistical analysis.
Values were averaged and expressed as means + standard devia-
tion (SD). Statistical differences were determined by one-way
ANOVA method and significance for all statistical analyses
was set to p<0.05.

Antibacterial assessment

Referring to the standard GB/T 20944, the antibacterial ring was
qualitatively tested by the AGAR plate diffusion method, and
the antibacterial rate was quantitatively tested by the oscillatory
method. The antibacterial properties of the SPAP membrane
against common negative bacteria (E. coli) and positive bacteria

(S. aureus) were studied.
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