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ABSTRACT: In this study, we dissolved Bombyx mori degummed silk [i.e., silk fibroin (SF)] and salmon sperm deoxyribonucleic
acid (DNA) in water and used a bioinspired spinning process to obtain an electrospun nanofibrous SF-based patch (ESF). We
investigated the bidirectional macroscale actuation behavior of ESF in response to water vapor and its UV-blocking properties as well
as those of ESF/DNA films. Fourier transform infrared (FTIR) results suggest that the formation of β-sheet-rich structures promotes
the actuation effect. ESF/DNA film with high-ordered and β-sheet-rich structures exhibits higher electrical conductivity and is water-
insoluble. Given the intrinsic ability of both SF and DNA to absorb UV radiation, we performed biological experiments on the
viability of keratinocyte HaCaT cells after exposure to solar spectrum components. Our findings indicate that the ESF/DNA patch is
photoprotective and can increase the cellular viability of keratinocytes after UV exposure. Furthermore, we demonstrated that ESF/
DNA patches treated with water vapor can serve as suitable scaffolds for tissue engineering and can improve tissue regeneration
when cellularized with HaCaT cells. The 3D shape morphing capability of these patches, along with their potential as UV filters,
could offer significant practical advantages in tissue engineering.

■ INTRODUCTION
Once spiders and silkworms release their silk proteins from the
spinneret, they undergo an instantaneous solidification process
in nature.1−4 Replicating the physiological and environmental
conditions necessary for the solidification of silk proteins, as
observed in spiders and silkworms, is challenging under
laboratory conditions. Several studies have reported various
spinning processes,5−13 where the silk protein solidification
takes place either in a coagulation bath or through the
evaporation of a volatile solvent.

Beyond the natural solidification mechanism of animal-
derived silks, it is also known that silk, when wetted, shrinks with
radial swelling;14−17 the involvement of water molecules in this
process is critical as they play a crucial role in disrupting the
hydrogen bonds within the noncrystalline regions. Thus, water
molecules facilitate the transition of these regions into lower
energy configurations.18−20 This contraction mechanism can be

mimicked by multilayer polymeric films that actuate upon
exposure to heat, moisture, and solvent vapors.21−28 A major
limitation of this approach is the use of multiple polymer films,
which not only complicates the actuator system but also
compromises its durability. Moreover, the challenge of
effectively integrating these materials into biological tissues is
often overlooked. In light of this, there is a growing demand for
soft actuators that are based on biopolymers, as they offer a
valuable solution for biomedical devices and smart biocompat-
ible substrates.29,30
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Therefore, spinning biopolymers consisting of natural
proteins could attract attention as a method to fabricate films
with multifunctional properties. In nature, there are several
proteins displaying water vapor responsiveness that undergo
different swelling/shrinkage profiles31 as well as UV-blocking
properties.32 An intriguing possibility could be to exploit the
synergistic effect of different biomaterials for bending, helixing,
and twisting transformations of planar architecture with intrinsic
UV-shielding properties for 3D biomedical scaffolds.

In this framework, deoxyribonucleic acid (DNA) and silk
fibroin (SF) are inexhaustible natural polymers that can be
extracted from living organisms.33,34 DNA is water-soluble and
has UV-absorption ability, while SF can form crystalline
domains with a β-sheet conformation. Taking advantage of
these intrinsic properties of SF and DNA, in a recent study,35 we
reported the fabrication of adhesive films with UV-blocking
properties, starting from the dissolution of silk fibers and salmon
sperm DNA in calcium chloride (CaCl2)/formic acid solution.
However, it is known that the mechanical properties of silk are
due to its hierarchical fibrillar structure.1,36 A more sustainable
approach to preserve the fibrillar structure can be achieved using
a conventional dissolving system. This involves the gradually
increase of the SF solution concentration and allows ample time
for the self-assembly of the nanofilaments in water. By
employing this method, the desired fibrillar structure can be
effectively maintained while promoting sustainability. More-
over, the toxicity of formic acid limits the electrospinning of silk
fibers in a laboratory.37 Here, based on the observation of the
natural dry-spinning described above, we set up a bioinspired
spinning strategy at ambient conditions to collect regenerated
silk modified with salmon sperm DNA in a water environment
by electrospinning lyophilized SF/DNA in hexafluorophos-
phoric (HIFP) acid solution and pulling the electrospun silk
fiber (ESF).38

We demonstrated that the as-prepared nanofibrous patches
can be used to shield skin cells from UV exposure. The resultant
nanofibrous electrospun patch also demonstrated bidirectional
actuation upon exposure to water vapor and, crucially, remained
insoluble even after being exposed to water molecules, making it
suitable for being cellularized with HaCaT cells. The sustainable
and biocompatible properties of regenerated SF and DNAmake
them appealing platforms for future biomedical devices.

■ MATERIALS AND METHODS
Materials. Silk cocoons were supplied by a local farm (Fimo

srl, Milano, Italy), while sodium hydrogen carbonate
(NaHCO3), lithium bromide, and hexafluorophosphoric acid
(HIFP) were provided by Merck (Darmstadt, Germany).
Salmon sperm DNA (double-stranded DNA, molecular weight
= 5 × 103 g/mol, 23 base pairs) was purchased from Merck
(Darmstadt, Germany). Human keratinocytes (HaCaT cell
lines) were purchased from IZSLER from the Istituto
Zooprofilattico Sperimentale della Lombardia e dell’Emilia
Romagna “Bruno Ubertini” (Brescia, Italy). Cells were grown in
75 cm2 tissue flasks with Dulbecco’s modified Eagle medium
(DMEM) medium supplemented with 100 U/mL penicillin,
100 μg/mL streptomycin, 2 mM L-glutamine, and 10% fetal
bovine serum (FBS) under a humidified atmosphere of 5% CO2
at 37 °C.
Preparation of SF/DNA Solutions. The water solution of

SF was obtained according to a standard protocol.37 Briefly, the
process involved in preparing the SF/DNA samples can be
outlined as follows: Bombyx mori silk cocoons (10 g) were boiled

in 200 mL of water containing 5 g of NaHCO3 for 30 min, and
then the extracted silk fibers were washed twice with water and
dried at room temperature in a chemical hood with laminar flow.
The degummed silk fibers were then dissolved in a 9.3M lithium
bromide solution at 60 °C for 4 h. The silk solution was dialyzed
to remove the lithium bromide, resulting in a silk solution with a
concentration of approximately 7.5 wt %. Finally, the silk
solution was stored at 4 °C before use. Five DNA mixtures were
prepared by mixing in water different DNA concentrations (1.3
mg/mL, 2 mg/mL, 2.6 mg/mL, 3.3 mg/mL, and 4 mg/mL,
respectively). Then, 0.4 mL of the DNA water solution was
added into 5 mL of silk solution; SF/A, SF/B, SF/C, SF/D, and
SF/E refer to SF/DNA samples prepared by adding the five
concentrations of DNA to the SF water solution.
Fabrication Protocol. SF, SF/B, and SF/E (i.e., the sample

with the highest UV absorption as shown below) solutions were
lyophilized (BenchTop Pro-SP Scientific) at −60 °C for 24 h
and subsequently resuspended in HIFP on a stirring plate for 24
h at room temperature with a final concentration of 5% w/v.

The electrospinning process was performed using a Linari
Engineering apparatus (Linari Eng, Italy) featuring a custom-
made cylindrical rotating spindle (rpm = 800) covered with an
aluminum foil as a grounded collector, and a commercial 10 mL
syringe with 21 G (outer diameter = 0.81 mm, inner diameter =
0.51 mm) needle as spinneret.37 The applied voltage was set to
30 kV; the distance between the spinneret and the grounded
collector was set to 10 cm; and the flow was set to 1 mL/h. The
electrospinning process was conducted for 4 h at room
temperature. Subsequently, the aluminum foil with the electro-
spun materials was stored for 24 h at room temperature for
completing the drying process. Then, the electrospun patches
were removed from the aluminum foil and kept at room
temperature for further use.

ESF and ESF/DNA nanofibrous patches were treated with
water vapor in order to achieve solvent-induced crystallization of
fibroin. Briefly, water vapor-treated samples were prepared by
fixing ESF and ESF/DNA patches into a plexiglass mold with
three pairs of elliptical holes, 0.6 cm deep, with dimensions of 1.1
cm × 0.5 cm and exposed to saturated water vapor at 50 °C for
30 min and then dried at room temperature.
Materials and Patches Characterization. To assess the

spectral absorption and the structure of SF, DNA, and SF/DNA
solutions, UV−vis absorption experiments and circular dichro-
ism (CD) measurements were performed. Solutions of SF,
DNA, and SF/DNA were measured in a quartz cuvette of a 1-
mm optical path. A Jasco V-570 spectrophotometer, in the
spectral range from 200 to 350 nm, was used for the UV−vis
absorption while CD experiments were carried out with a Jasco
J-810 spectropolarimeter in the 200−350 nm spectral range,
with a 50 nm/min scan speed.

Infrared spectra of the electrospun patches were collected
using a Fourier transform Alpha spectrometer from Bruker
Optics and its ATR (attenuated total reflection) module
equipped with a diamond crystal. The spectra were gathered
in the 5000−300 cm−1 spectral range with 30 scans and an
average resolution of 2 cm−1.

Comparative experiments of the electrical conductivity of ESF
and ESF/DNA rectangular patches were performed by inserting
them into the plexiglass mold and fixing between two stripes of
adhesive copper. The current−voltage characteristics during the
exposure to water vapor were recorded by a Keithley 4200 SCS.
The voltage sweep was performed between −1 and 1 V.
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The surface morphology of the electrospun films was
investigated by a field-emission scanning electron microscopy
(FESEM) (UHR FE-SEM FIB TESCAN AMBER X) with an
energy of 2 keV at a working distance of 4.89 mm. Moreover,
from the obtained images, the distribution of the nanofiber
dimensions was investigated via image analysis using the
DiameterJ plugin of Fiji.

The actuation characteristics of ESF and ESF/DNA patches
upon exposure to the water vapors were investigated by setting
the distance between the top surface of the water bath and the
bottom surface of the patch to about 10 mm. Images of the
sample actuation were acquired with a camera and analyzed with
ImageJ to obtain the radius of curvature of the structure. Briefly,
after setting the correct scale and cropping the image, nine
points on the structure curvature were selected and the fit circle
function was used to obtain the circle that better fits the selected
points (Figure S1). Then, the measure function was used to get
the perimeter of the circle, from which the radius could be
obtained. Finally, the radius of the fitting circle was set to be
equivalent to the radius of curvature of the patch.

The solubility in water of the vapor-treated patches was
studied by measuring the weight variation between the initial
(W0) and soaked (Ws) weights in phosphate buffered saline
(PBS, pH 7.5 at room temperature) after 1 week.
Irradiation, MTT Assay, and Scanning Electron

Microscopy. HaCat cells were seeded in 35 mm dishes, at
different concentrations: 1 × 104 cells/cm2, 5 × 103 cells/dish,
2.5 × 103 cells/dish and after 4, 24, and 48 h, respectively, of
incubation after 220 s of irradiation. Cell viability was calculated
as previously described in ref 35.

First of all, human keratinocyte cell lines were harvested and
seeded in DMEM supplemented with 10% of FBS (0.1% of
antibiotics) (Pen/Strep); after 24 h, the medium was removed
and two washes for each dish with prewarmed PBS (1X) 0.1 mM
(137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, and 1.8 mM
KH2PO4) pH 7.4 were carried out. 1 mL of PBS 1Xwas added to
each dish to perform the irradiation. Cells were irradiated in
prewarmed PBS 1X in air at room temperature with a 300 W
xenon light (ThermoOriel solar simulator model 69907). The
average power in a 33 mm diameter output beam in the
wavelength range of UVC (230−280 nm), UVB (280−320 nm),
UVA (320−400 nm), and Vis-nIR (400−780 nm) were 11.5
mW, 27 mW, 85 mW, and 430 mW, respectively. The doses of
radiation during 220 s exposure were 2.96 kJ/m2 (UVC), 6.95
kJ/m2 (UVB), 21.9 kJ/m2 (UVA), and 110 kJ/m2 (Vis-nIR),
respectively. PBS maintains the cells in suitable conditions for
their life during radiation exposure; in addition, it is a
transparent substance that does not absorb in the UV−vis
spectrum. Negative control (CTR−) was kept in PBS 1X for the

same time (220 s) as irradiated samples. Positive control (CTR
+) was kept under the solar spectrum without any protection.
After vapor treatment, ESF and ESF/DNA patches were used to
cover the upper part of the dish (likewise a lid), so that the cell
monolayer was protected against the rays. Each dish was
irradiated for 220 s with a Thermo Oriel 66907 lamp,
corresponding approximately to 1.5 h of sun exposure to UV-
B rays. Immediately after irradiation, PBS 1X was removed, and
1mL of complete DMEMwas added to each dish. The cells were
incubated at 37 °C and 5% of CO2, and after 4, 24, 48 h of
incubation, MTT assay was carried out to evaluate cell viability.
MTT reagent was freshly prepared, and the final concentration
was 5mg/mL in PBS 1X. 100 μL ofMTTwas added to each dish
in the final concentration of 0.5 mg/mL. After 3 h at 37° and 5%
of CO2, the supernatant and even the residual drops were
eliminated. 1 mL of dimethyl sulfoxide was added for each dish
to lyse the cells (30 min at 37 °C). The suspension was
transferred into a 96-well plates and, at the end, the absorbance
was measured at 540 nm by a spectrophotometer (ELIZA MAT
2000, DRG Instruments, GmbH). The experiments were
performed twice in triplicate. The degree of viability can be
expressed with the following formula

Viable cells (%) (OD sample/OD CTR ) 100= _ _ ×

where OD is the optical density.
The same irradiation conditions were used to visualize the

morphology of the HaCat cells with methylene blue staining.
After 24 h of UV irradiation (220 s), HaCat cells were washed
twice with PBS 1X and fixed by adding 300 μL of fixing solution
for 10 min. After that two washes with PBS 1X were done, and
cells were stained with 500 μL of methylene blue solution
(Hank’s balanced salt solution −HBSS +1.25% glutaraldehyde
+0.6% methylene blue). After 10 min of incubation, dishes were
washed twice with PBS 1X and finally rinsed with distilled water
to remove salt residues.

To investigate the scaffolding properties of the ESF/E sample,
SEM was performed. Prior to cell seeding, nanofibrous patches
were sterilized for 30 min under UV light. Subsequently,
nanofibrous patches were placed for 24 h in 24-well plates
containing 0.5 mL of DMEM and HaCat cells were seeded on
the top face of each patch at a final concentration of 1 × 105/cm2

(total volume 50 μL) and incubated at 37 °C with 5% of CO2.
After 3 h, 1 mL of complete culture medium was added to each
well and the patches were incubated for 24 h. Unseeded ESF/E
was used as a control. Unseeded and HaCat seeded ESF/E were
washed twice in PBS 1X for 10 min each and then fixed with
2.5% glutaraldehyde (Agar Scientific, UK) in phosphate buffer
(PB) 1X for 1 h at RT. After fixation, patches were washed in PB

Figure 1. (a) UV−vis and (b) CD spectra of DNA solution at different concentrations. The dash dotted line represents the CD profile of B-DNA,39

reported here for comparison. (c) UV−vis spectra of SF solution (blue) compared to that already present in literature40 (dash dotted line) and to that
obtained from SF film (orange). Selected spectra of SF/DNA films (SF/A wine and SF/E green) are also reported for comparison. Spectra are
vertically shifted for the sake of clarity.
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1X and dehydrated in the graded series of ethanol up to absolute
and air-dried.

ESF/E scaffolds with or without HaCat cells were placed on
metal stubs and coated with chromium to a thickness of 15 nm.
Images were acquired using the LEO 1525 Zeiss scanning

electron microscope (L.U.N.A Laboratory, University of
Perugia).
Statistical Analysis. GraphPad Prism 9.2.0.332 (GraphPad

Software, San Diego, CA, USA) was used to assess the statistical
significance of all the comparison studies in this work. In the

Figure 2. (a) Illustration of the electrospinning experimental setup and digital image of ESF patch. (b) FESEM images of ESF and ESF/E electrospun
nanofibrous patches. (c) Statistical analysis of the fiber diameter distribution of ESF and ESF/patches. (d) ATR-FTIR spectra of ESF and ESF/E
electrospun nanofibrous patches. ATR-FTIR spectrum of DNA was added for a comparison purpose.
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Figure 3. (a) Snapshots showing the ESF/E patch in an actuated state (bidirectional bending). (b) FESEM image of ESF and ESF/E electrospun
nanofibrous patch after exposure to water vapor. (c) ATR-FTIR spectra of ESF and ESF/E electrospun nanofibrous patches after exposure to water
vapor. (d) Photograph of the setup used to monitor the electrical conductivity vs crystallization time and evolution of current−voltage curves of ESF
and ESF/E electrospun nanofibrous patches upon exposure to water vapor.
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statistical analysis for comparison between multiple groups, a
two-way ANOVA with Tukey’s post hoc analysis (multiple
comparisons) was conducted with the significance threshold of
*p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.

■ RESULTS AND DISCUSSION
The UV absorption spectra of the DNA-former solutions are
presented in Figure 1a, wherein it is evident that the maximum
absorption at around 260 nm intensifies with an increasing
concentration of the solution. The CD spectra of the same
samples are shown in Figure 1b, with a minimum at around 245
nm and an intense maximum at around 280 nm, which are the
typical features of the B-form DNA.39 This indeed suggests that
the main structure of the employed DNA solutions is the B-
form.We observed that the DNA retains this structure also when
inserted in the SF matrix, as reported in a previous work.35

Moreover, UV−vis spectra of the initial SF/DNA solutions and
films were measured and compared, as shown in Figure 1c. The
absorption spectrum of SF film appears to be very similar to that
of the native solution.40 Additionally, the spectra of SF/DNA
films exhibit very similar features among themselves (for the
sake of clarity, we have included the results for the SF/A and SF/
E samples). We also observe that the absorption spectrum is
mainly dominated by the contribution of fibroin, which is, for
example, at a concentration ≈1000 times higher than DNA for
the SF/E sample.

Then, electrospinning equipped with a custom rotating
spindle (Figure 2a) was used to fabricate nanofibrous patches
with SF and SF/E solutions. The field emission scanning
electron microscopy (FESEM) analysis of the electrospun patch
was used to investigate the morphological changes of ESF
nanofibers following the DNA addition. The addition of DNA
does not significantly affect the morphology and dimension of
the nanofibrous patch (Figure 2b,c). Indeed, the analysis of the
fiber dimensions revealed that the fiber radius is around 50 nm
for both solutions with a slightly more spread distribution for the
SF/E patch (Figure 2c). Previous studies indicate that silk
nanofibril is a semicrystalline polymer consisting of orientated
nanocrystalline β-sheets embedded in an “amorphous”
matrix.41,42 We therefore investigated the FTIR absorption
bands of ESF after the addition of DNA (Figure 2d). According
to a recent study reported by Asakura,43 the absorption bands at
1652 cm−1 (amide I) and 1540 cm−1 (amide II) of the ESF film
can be attributed to the disordered conformation of silk fibroin.
He suggested that, although the maximum of IR amide I band is
observed at 1655 cm−1 (a frequency usually characteristic of α-
helix conformation), the structure of the protein is of β-turn
type.43 In this regard, the second derivative profile of our ATR
spectrum (see Figure S2) evidences two main contributions to
the amide I band at 1647 and 1662 cm−1, and also to the amide II
bands with corresponding peaks at 1552 and 1534 cm−1; this
better clarifies the assignment of fibroin conformation to
disordered/β-turn structures.44

The sharp DNA band at 1055 cm−1 is related instead to the
C−O deoxyribose backbone motion of DNA.45 To better
identify this feature, we subtracted the ESF spectrum from that
of ESF/E (Figure S2). The result shows that the profile contains
much more highly resolved signals than the DNA spectrum; this
could be due to the presence of a higher amount of water in the
pure DNA sample, as evidenced by the presence of the broad
absorptions at 3000−3500 cm−1 (see Figure 2d) and at 1560−
1750 cm−1 (blue curve of Figure S2). Despite these differences
and the low signal/noise ratio, the difference spectrum shows

the main peaks in the 1000−1100 cm−1 and 1580−1750 cm−1

regions, which are compatible with those of DNA.45,46

The vapor-responsive behavior of ESF and ESF/E patches
upon exposure to water vapor is reported in Figure 3a. The
curvature is estimated by fitting a circle on the patch curvature
by image analysis through ImageJ software. This analysis
revealed that the inclusion of the DNA in the silk formulation
decreased the radius of curvature and the actuation time. Indeed,
a radius of curvature approximately equal to 9.8 cm reached in
about 10 min was achieved by the ESF patch. Differently, a
radius of curvature of approximately 3.5 cm reached in about 1.5
min was achieved by the ESF/E patch. While the upward
bending of the patch upon exposure to water vapor can be
rationalized by considering the differential swelling of the SF
across the thickness leading to a stress gradient,47−49 the
contraction behavior is due to the relaxation of the structure to
the coiled one when high relative humidity triggers the structural
glass transition.50,51 These patches, after being exposed to water
vapor, became transparent (see Figure 3d), and during this
process, the nanofibrils aggregate, leading to a less porous patch,
making this effect more evident in the ESF/E sample (Figure
3b). ESF and ESF/E patches, after the water vapor treatment,
were then immersed in PBS for 1 week. After being dried, the
patches did not show significant variation of the original weight
(Figure S3). The insolubility in PBS is compatible with that
observed for SF films prepared from aqueous LiBr solution.52

The vapor treatment initiates the structural transition to
crystalline β-sheet inhibiting nanofibril dissolution. The FTIR
spectra in Figure 3c show that the water vapor treatment has a
marked effect on the structure of the protein (e.g., ESF and ESF/
E samples) that is monitored not only by amide I, amide II, and
amide III bands (at about 1650, 1540, and 1240 cm−1,
respectively), but it is also correlated with the redshift of
amide A band at 3296 cm−1, which is mostly (95%) related to
the N−H stretching of the amide group and is very sensitive to
the H-bond interactions on NH functionality. The redshift to
3276 cm−1 indicates that H-bond interactions on NH groups
have been strengthened during the transition to the ordered β-
structure.

The changes in the secondary structure of ESF induced by
water-guided crystallization, as observed in the FTIR spectra, are
related to the activation energy of the Arrhenius equation
describing the time dependence of the DC electrical
conductivity.53 Hence, we monitored the intrinsic protein
reaggregation by recording the variation of electrical con-
ductivity (Figure 3d). In the case of the ESF patch, during the
crystallization, we did not observe any variation of the electrical
conductivity (Figure S4). From these results, we can see that the
electrical conductivity discriminates between the two species
due to the absence (oligomers) and presence (fibrils) of
Arrhenius-like resistivity (Figure 3d). These findings could open
up new perspectives for monitoring the aggregation of human
proteins because of their involvement in protein misfolding
diseases.

HaCaT cells were exposed to combinations of spectral bands
from 230 to 700 nm for 220 s irradiation time. Based on the
obtained results, both from viability (measured by MTT test)
and morphology, it could be assumed that the ESF/DNA patch
has a strong protective effect on HaCat cells during irradiation.
In fact, as previously reported,54 the combination of complete
solar light containing UV, vis, and nIR light induced an
important damage on human skin cells,55 which is responsible of
cytotoxicity and cell death.56
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As a proof of principle, after 220 s of irradiation with Thermo
Oriel 66907 lamp, the cells without protection start to produce
reactive oxygen species, such as H2O2, and pro-inflammatory
cytokines (e.g., IL-8 and IL-16) and continue with other
physiological mechanisms that trigger mitochondrial and
nuclear DNA damage57 and, in the end, lead to cellular death.
Using MTT assay, we verified HaCat viability after 220 s of
irradiation without any types of protection (CTR+) and we
observed (Figure 4a, in red) a gradual decrease just after 4 h (p <

0.05), but a strong worsening after 24 and 48 h postirradiation (p
< 0.0001). On the contrary, the cell viability with ESF and ESF/
DNA patches 4- and 24-h postirradiation remained similar to
negative CTR (CTR−, Figure 4a, in black), which means no
cytotoxic effect was registered. It is interesting to observe that
48-h postirradiation the ESF/E patch protection (Figure 4a, in
blue) is higher than that obtained by using ESF and ESF/B
patches. To confirm these results, we performed morphological
analysis of HaCat cells after irradiation with and without patch
protection (Figure 4b). Also, in this case, we confirmed that
ESF/DNA was able to suppress biochemical UV-induced cell
damage due to its UV-blocking activity. The shape of CTR− and
ESF/DNA cells looked very similar in comparison with CTR+,
which instead appeared smaller and crumpled with cytoplasmic
retraction (peculiar to necrotic cells). Moreover, in terms of
numbers, cells covered and protected with ESF/DNA were the
same as CTR-. Taken together, these data suggest that this
innovative patch could be used for skin protection.

The characteristic morphology of silk nanofibers produced by
electrospinning after UV sterilization (Figure 5a−c) appears
very similar to that observed in Figure 2b, for example, smooth,
randomly oriented, and continuous everywhere. The cellulariza-
tion properties of ESF/E were demonstrated by seeding HaCat
cells onto the ESF/E patch. The results clearly revealed that
HaCat cells were able not only to grow on the individual fibers
but also to populate the spaces between the fibers, indicating
their ability to thoroughly cellularize the scaffold. Figure 5d
depicts the dense network formed by the growth of
keratinocytes and the production of an extracellular matrix,
resulting in complete and extensive coverage. The high cell
density and interconnectivity make it challenging to distinguish
individual cells on the electrospun silk fibers. Figure 5e,f further
demonstrate the significant interaction between cells and the
substrate surface as well as the interconnectedness among the
cells themselves. These findings highlight the favorable cell−
scaffold interaction and the establishment of cell−cell
interconnections observed in the study.

■ CONCLUSIONS
In this study, we dissolved salmon sperm DNA in water-soluble
silk fibroin that was electrospun into nanofibrous patches
through a bioinspired spinning process. Our findings revealed

Figure 4. (a) MTT assay on HaCaT cells after 4, 24, and 48 h of 220 s
irradiation with the protection of water-vapor-treated ESF, ESF/B, and
ESF/E patches. Negative and positive controls were also reported. (b)
Optical microscopy images of HaCaT cells after 48 h of 220 s
irradiation with the protection of water-vapor-treated ESF, ESF/B, and
ESF/E patches. Negative and positive controls were also reported.

Figure 5. Representative SEM micrographs of electrospun silk fibroin seeded with HaCat cells. (a−c) Negative control of unseeded ESF/E patch
displaying typical filamentous texture of electrospun materials at different magnifications. (d−f) ESF/E was seeded with HaCat cells for 24 h. At low
magnification, (d) is shown the cell monolayer completely covering the scaffold. Images at high magnification (e and f) show cell membrane
protrusions interacting with silk fibroin fibers.
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that the incorporation of salmon sperm DNA into SF is effective
in producing a UV-blocking patch dressing while maintaining
the viability of human keratinocyte HaCaT cells. Additionally,
we demonstrated the bidirectional actuation behavior of vapor-
responsive patches. These results were interpreted in terms of a
synergistic effect of the conformational transition of silk fibroin
protein from the α-helix conformation to β-sheets upon vapor
exposure and the aggregation of nanofibers, resulting in tighter
packing and less porous patches. Finally, our study demonstrates
the possibility of exploiting the water insolubility of these films
for the growth of HaCaT cells. The ability of the patches to
respond bidirectionally together with their capacity to support
keratinocyte growth is supported by our results, and it can be
also leveraged to create complex shapes for biomedical
applications.
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