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Artificial skin involves multidisciplinary efforts, including materials science, biology, medicine, and tissue en-
gineering. Recent studies have aimed at creating skins that are multifunctional, intelligent, and capable of
regenerating tissue. In this work, we present a specialized 3D printing ink composed of polyurethane and
bioactive glass (PU-BG) and prepare dual-function skin patch by microfluidic-regulated 3D bioprinting (MRBP)
technique. The MRBP endows the skin patch with a highly controlled microstructure and superior strength.
Besides, an asymmetric tri-layer is further constructed, which promotes cell attachment and growth through a
dual transport mechanism based on hydrogen bonds and gradient structure from hydrophilic to super-
hydrophilic. More importantly, by combining the features of biomedical skin with electronic skin (e-skin), we
achieved a biomedical and electronic dual-function skin patch. In vivo experiments have shown that this skin
patch can enhance hemostasis, resist bacterial growth, stimulate the regeneration of blood vessels, and accelerate
the healing process. Meanwhile, it also mimics the sensory functions of natural skin to realize signal detection,
where the sensitivity reached up to 5.87 kPa"?, as well as cyclic stability (over 500 cycles), a wide detection
range of 0-150 kPa, high pressure resolution of 0.1 % under the pressure of 100 kPa. This work offers a versatile
and effective method for creating dual-function skin patches and provide new insights into wound healing and
tissue repair, which have significant implications for clinical applications.

1. Introduction

Tissue engineering towards rebuilding new organs or tissue by using
various biomedical technologies is highly desirable. Employing
biomedical technologies, this field has bifurcated into two pivotal
methodologies. The first leverages scaffolds and cells to provide a pro-
tective barrier and support skin regeneration in the wake of severe
damage, utilizing a suite of biomaterials that are both biocompatible and
can be integrated with patient-derived cells [1]. The second method
strives to imitate the function of skin through the advancement of
electronic skins, integrating artificial intelligence, soft robotics, and
wearable tech [2-5]. The development of smart bio-adhesives [6],
high-performance soft pressure sensors [7], deformable sensors or
functional circuits [8], and stand-alone stretchable sensing platforms
(driven by human movement) [9] will provide more comprehensive
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opportunities to blur the boundaries between the biological and tech-
nological domains [10]. However, how to integrate the above two
methods to achieve both rapid wound healing and to reproduce the
functional properties of the skin is an urgent problem. The emergence of
3D bioprinting offers a versatile, reliable replication of organic functions
and structures [1]. When the bioprinting is enhanced by microfluidic
technology, it shows distinct advantages of gentle fabrication, high cell
viability and precise control over the intricate microarchitecture, paving
the way for creating anisotropic tissues and organs with life-like prop-
erties. This innovative amalgamation has already shown success in
fabricating complex organ structures such as the heart and lung, signi-
fying a groundbreaking shift in tissue engineering and regenerative
medicine [5,10,11].

These inks incorporated living cells [1,12], extracellular matrix
(ECM) components [1,13], cellular mediators [14], and various
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additives [1,15], are all essential for creating viable tissue constructs.
For instance, tissue-specific bioinks have been developed by combining
natural polymers like alginate with ECM from decellularized tissues,
achieving shear thinning and high cell viability [11]. Furthermore,
bioinks based on gelatin, alginate, hyaluronic acid, and photoactive
derivatives have been used for 3D printed artificial skin patches [16].
Notably, bioactive glass (BG) has emerged as a promising additive for
promoting vascular regeneration and tissue repair, owing to its capacity
to stimulate growth factor production and enhance cellular functions
[17,18]. The main challenge remains to print these materials under
gentle conditions while retaining bioactivity and precisely managing the
bioactive components. Direct-write 3D printing of fibers, in particular,
has been crucial for crafting artificial skin, ensuring scaffold perme-
ability as well as essential wound healing functions [19,20]. Despite
significant research into various biomaterials for artificial skin—such as
porous foams [21], injectable and self-healing hydrogels [22-24], and
nanofiber scaffolds [25-27], controlling the microstructure to optimize
permeability and structural variety remains a significant hurdle.
Another indication is the structural design of artificial skin, asym-
metric hydrophilic-hydrophobic structure has emerged as a practicable
and effective dressing that pumps wound fluids in one direction to
accelerate wound healing by mimicking the natural skin’s epidermis and
dermis structure [28,29]. Specifically, these designs utilize a hydrophilic
or superhydrophilic layer to create a surface energy gradient, enhancing
fluid absorption, and encouraging cell adhesion and growth. In contrast,
the outer hydrophobic layer mimics the natural epidermis, effectively
guarding against bacterial contamination and external elements [30].
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This dual-layer approach promises to mitigate infection risks and has
shown potential for use in wound care. Bao et al.’s four-layer composite
with a Janus structure optimize fluid transfer and bioactive ion delivery
to promote angiogenesis [31], while Zhang et al.’s bioactive sandwich
structured dressing aids in fluid absorption and supports hair follicle and
burn wound healing [32]. Yet, challenges persist with the material and
structural laws affecting adsorption rates and the mechanical properties
of these artificial skins, which currently limit broader application.
Especially, methods allowing the function integration, creation of spe-
cific microenvironments and precise microstructures are crucial, which
will guide the design and construction of functional artificial skin.

In this work, we construct biomedical/electronic dual-function skin
patches via microfluidic-regulated 3D bioprinting (MRBP) technique
(Fig. 1A). Notably, the MRBP shares distinct advantages of both
microfluidic and 3D bioprinting technology. It not only enables pre-
ciously control of microstructure and morphology, but also allows mild
fabrication process with superiorities of shape fidelity and versatility,
and high viability of the encapsulated cells, which is of great significance
in tissue engineering, skin and regenerative biological medicine [33,34].
Besides, our approach includes the development of a new bioink
composed of polyurethane and bioactive glass (PU-BG), which is not
only biocompatible but also could foster cell migration. Our theoretical
studies of surface energy gradients aid in understanding blood adsorp-
tion and cell migration, which in turn guide the design of skin patch,
making it less arbitrary and more functionally consistent. The unique
asymmetric structure combining hydrophilic, superhydrophilic, and
hydrophobic layers, represented by PU-BG, PU-PAA, and PCL
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Fig. 1. A. Schematic illustration of the fabrication of biomedical and electronic dual-function skin patches by microfluidic 3D bioprinting technique. B. Outstanding
features of biomedical and electronic dual-function skin patches, including absorption of wound exudate, inhibition of bacterial infection, accelerated wound healing

and signal sensing.
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respectively, has been theoretically validated and confirmed through
empirical studies [35]. These artificial skin patches not only exhibit
excellent biocompatibility, antibacterial properties and mechanical
strength, but also enhance the wound healing process, including coag-
ulation, fibroblast activity, angiogenesis, collagen deposition, and tissue
regeneration. More importantly, by combining the advantages of elec-
tronic skin, a bio/electronic bifunctional skin patch was constructed,
which possesses sensory functions of natural skin with the sensitivity of
5.87 kPa 'and wide detection range of 0-150 kPa as well as high
pressure resolution of 0.1 % under the pressure of 100 kPa, provides
antibacterial property, as well as promotes wound healing (Fig. 1B). This
advancement provides a new perspective on the design of intelligent,
functionally integrated skin patches for clinical wound treatment,
opening new avenues for medical-electronic application.

2. Experimental section
2.1. Materials

All chemicals used in this work were commercially available and
used without further purification. Polycaprolactone (M;, 60000-65000,
PCL) and Polyacrylic acid (M, 3000000, PAA) were purchased from
Sigma-Aldrich Co., Ltd. (USA). Polyurethane (PU) was purchased from
Zhejiang Huafon Spandex Co., Ltd. 2,2,2-Trifluoroethanol, N, N-Dime-
thylformamide (DMF), Zinc nitrate hexahydrate (Zn(NO3)s-6H20),
Calcium nitrate tetrahydrate (Ca(NOs3)2-4H,0), Ammonia solution,
Ethanol (75 %) were purchased from Aladdin Reagent Co., Ltd.
(Shanghai, China). Tetraethyl orthosilicate (TEOS) was purchased from
Alfa Reagent Co., Ltd. Hexadecyl trimethyl ammonium bromide (CTAB)
was purchased from Sinopharm Chemical Reagent Co., Ltd. Deionized
(DI) water was used in all the experiments. Mouse L929 cells were
purchased from Nanjing Keygen Biotechnology Co., Ltd. (China) and
cultured in EMEM (Gibco, USA) with 10 % fetal bovine serum (FBS)
(Gibco, USA) and 5 % CO- concentration at 37 °C. Live/Dead viability
assay kit (KGAF001) for animal cells was purchased from Nanjing
Keygen Biotechnology Co., Ltd., (China). Escherichia coli and Staphylo-
coccus aureus were cultured on a plate medium (Hopebiol Biotech Co.,
Ltd, China). All male Sprague-Dawley rats (200-250 g) were provided
from Jinling Hospital of Nanjing Command (Nanjing, China). The rats
were allowed to contact food and water freely at 50 % relative humidity
and 26 °C and treated strictly according to the “Guidelines for the Care
and Use of Laboratory Animals”. All of the animal and experimental
procedures were approved by the Animal Investigation Ethics Commit-
tee of Jinling Hospital of Nanjing Command.

2.2. Preparation of BG by microfluidic technology

Firstly, 8.37 g of TEQS, 2.5 g of Zn(NO3),-6H20, and 5.0 g of ethanol
were added into a 20 mL glass vessel. The mixture was stirred at room
temperature until the solid was completely dissolved, defined as solution
A. 1.6 g of Ca(NO3),-4H,0 was added into 11.2 g of the mixture of TEOS
and ethanol (3.1:2.5 in mass ratio) in a 20 mL glass vessel. The mixture
was stirred until clarified, defined as solution B. Ammonia water (3.54
g), CTAB (1.5 g), ethanol (120 mL) and DI water (350 mL) were added
into a 500 mL glass vessel. The mixture was heated at 60 °C under
magnetic stirring until it become transparent, defined as solution C.
Then, the three-channel microfluidic chip was designed to prepare BG.
The Solution A, B, C prepared above was injected into three separate
syringes (connecting with the syringe pumps), respectively. After reac-
tion, the suspended matter was collected, centrifuged at a speed of 8000
rpm/min and washed with DI water for at least three times. Subse-
quently, the as-prepared BG was placed in the oven to dry for 24 h,
followed by calcine in muffle furnace at 600 °C for 6 h to remove the
remaining surfactant CTAB. Specially, the feed rate of solution A, B, C
was set at 2, 2.5, 40 mL/h, respectively and the product was defined as
BG. BG-1 reflects the feed rate of solution A, B, C of 1, 1 and 40 mL/h,
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respectively. While BG-2 reflects the feed rate of solution A, B, C of 3.2,
2.8 and 40 mL/h, respectively.

2.3. Fabrication of tri-layer multifunctional skin patches

The tri-layer multifunctional skin patches were prepared by a
microfluidic electrospin-3D bioprinting machine (Supplementary
Fig. S1) (JNS-MS-05-MEO1, Nanjing Bell-Time Co., Ltd). Detailed pro-
cedure is as follow. i) 1 g of PCL solid was dissolved in 9 g of 2,2,2-tri-
fluoroethanol solution to obtain 10 wt % PCL spinning solution, which
was stirred at room temperature for 6 h. ii) 1.0 g of PU and 0.5 g of PAA
solids were dissolved in 8.5 g of DMF solution to obtain PU-PAA spin-
ning solution. iii) 1.5 g of PU solids and a certain amount of BG powder
were dissolved in 8.5 g of DMF solution. The as-prepared PU-BG solution
was directly used for bio-3D printing, and the print path (shape, height,
size) was set and finished on the substrate. Then, The PU-PAA and PCL
spinning solutions were electrospun in sequence on the PU-BG substrate.
Under the positive electrostatic field, the solution was instantly trans-
formed into nanofibers. While under the negative electrostatic field,
nanofibers were sequentially adsorbed on the surface of the PU-BG layer
to obtain the unique asymmetric three-layer wound dressing patches.
The voltage was constant at 15 KV during microfluidic electrospinning
process. The whole process was performed at 20 °C and 70 % relative
humidity. Finally, the PU-BG/PU-PAA/PCL skin patches were obtained
and dried at room temperature for 12 h to remove the residual 2,2,2-tri-
fluoroethanol and DMF.

2.4. Fabrication of biomedicine/electronic difunctional skin patch

The resistive flexible sensing films were purchased from Shenzhen
Tonglijian Technology Co., Ltd. The biomedicine/electronic difunc-
tional skin patches were prepared by a microfluidic electrospin-3D
bioprinting machine. Firstly, the sensing membrane was fixed, fol-
lowed by electrospinning PCL and PU-PAA in sequence. Then the PU-BG
layer was completed on the PU-PAA surface by 3D printing. The elec-
trospinning and 3D printing procedure is similar to that of section 2.3.

2.5. Ions release behavior of the skin patches

The ion release behavior of BG was studied by placing 5 mg BG
nanospheres in 10 g PBS solution at pH of 7.4 and temperature of 37 °C.
Then, at the defined time intervals, the solutions were centrifuged at rate
of 10000 rpm/min for 30 min and replaced with 10 g fresh PBS solution.
The concentrations of Ca, Si and Zn ions in PBS were analyzed by ICP-
AES (Thermo Fisher X series 2, USA).

2.6. Cell viability and cytocompatibility of the skin patches

The cell viability and cytocompatibility of skin patches were verified
by a live/dead cell viability assay. The L929 cells were plated in six-well
plates on the skin patches at a density of 5 x 10"5 cells/well. After
cultured with 24 h and 48 h, the culture mediums were carefully
removed and then supplemented with calcein-AM solution and PI so-
lution. Samples were washed three times by cold PBS after incubation
for another 30 min, and then took images by a fluorescent microscope.
All experiments were repeated for three times.

2.7. Water contact angle and air permeability test

The water contact angle of the samples was measured with a contact
angle tester (DSA100, KRUSS, Germany) using 5 pL water droplets. The
images were chosen at a specified time. The permeability of the samples
was measured using a Capillary Flow Porometer (IPORE-1500AEX-
Clam). The differential pressure between the inside and outside of the
sample was controlled at 100 Pa, and the test area was 4 cm?. The tests
were conducted randomly at 10 sites for reproducibility.
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2.8. Antibacterial activity of the tri-layer skin patches

Escherichia coli and Staphylococcus aureus were used to test the anti-
bacterial activity. 5 mL of bacteria solution (10"4 CFU/mL) was cultured
with skin patches for 24 h and 48 h at 37 °C. After 24 h and 48 h, the
suspension was taken out and seeded on nutrient agar plate to calculate
the bacterial colonies. We also spread the bacteria solution evenly on
nutrient agar plat and observed the bacteriostasis ring by putting the
skin patches onto the agar surface for 24 h and 48 h at 37 °C.

2.9. Hemostatic capability of tri-layer skin patches

We used a mouse liver bleeding model to evaluate the hemostatic
effects of the skin patches. All rats were anesthetized with isoflurane. We
exposed the rat liver and made a 1 cm length incision with a surgical
scalpel. Then, the skin patches were placed on the surface of the liver
bleeding site. The liver bleeding condition were calculated.

2.10. Evaluation of wound healing in vivo

We employed the tri-layer skin patches as wound dressing and
investigated the wound healing in vivo. Before the surgery, all rats were
anesthetized with 4 wt% chloral hydrates through intraperitoneal in-
jection. The dorsum hair of mice was shaved, and the exposed skin was
disinfected with 75 % ethanol. The full-thickness round skin wound with
a diameter of 2 cm was made with a circular punch. Mice were randomly
divided into four groups and treated with PBS, PU-BG, PU-BG/PU-PAA,
PU-BG/PU-PAA/PCL, respectively. Wound areas were photographed
and measured on days 0, 3, 5, 7 and 14 after surgery. Wound healing rate
was calculated as the percentage of the area of the healed wound relative
to the original infected wound area. After 14 d, new granulation tissue
was removed and the skin tissue was fixed in formaldehyde for histo-
logical analysis and immunofluorescence staining.

2.11. Histology and immunofluorescence staining

Granulation tissue samples were removed from neutral formalde-
hyde, dehydrated, and paraffin-embedded. Slicers were sectioned
continuously for 5 pm following standard procedures to produce
hematoxylin-eosin staining and immunofluorescence staining. Skin tis-
sue sections were washed with PBS and then incubated with goat serum
at room temperature. To assess two typical pro-inflammatory factors,
sections were reacted with primary antibodies Anti-IL-6 antibody
(ab179570) and Anti-TNF-a antibody (ab183218), then the sections
were washed and incubated with fluorescently coupled secondary an-
tibodies Alexa Fluor 555-. For evaluation of neovascularization, sections
were incubated with anti-CD31 antibody (Abeam, ab281583) and anti-a
smooth muscle actin antibody (Abeam, ab7817). Then sections were
incubated with goat anti-rabbit IgG-H&L (Alexa Fluor 647) and goat
anti-mouse IgG secondary antibodies (Alexa Fluor 488) (Abeam,
ab150117) for 1 h. To assess collagen deposition, sections were incu-
bated with anti-mouse collagen polyclonal primary antibody (Abcam,
ab96723) for 2 h at room temperature, followed by the secondary
antibody for 1 h, and then counterstained with DAPI. To assess macro-
phage polarization, sections were incubated with anti-CD68 (Abcam,
ab283654) and anti-CD86 (Abcam, ab238468) to label M1 macro-
phages, anti-CD68 (Abcam, ab283654) and anti-CD206 (Santa Cruz, Sc-
34577) to label M2 macrophages. Subsequently, sections were washed
and incubated with fluorescently coupled secondary antibodies Alexa
Fluor 488- and 555-. DAPI was used as nuclear counterstain. Photo-
graphs were obtained and analyzed by Opera Phenix (PerkinElmer Inc.,
UK).

2.12. Pressure sensing measurements

For pressure sensing, copper foils and electrically conductive silver
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pastes were used to assist the measurement. The copper foils were
connected to a Keithley 2450 digital source meter, and the pressure
sensor was installed on the testing board of Mark-10. Cycle stable
measurement was also performed by using Mark-10 mechanical test
apparatus. The resistance variation was monitored with an LCR meter
(UC2831, UCE, China). The normalized current (AI/Io) versus the press
(kPa) curve was plotted using Origin.

2.13. Water weight loss rate of electronic skin patches

We further sealed a water container by the skin patch to record the
weight loss rate of the water inside. The water container was filled with
100.0 g of deionized water. Then the water container was irradiated at a
solar light intensity where the water turned into water vapours and
produced a white mist above the skin patch. At regular intervals, the
weight of the remaining water was recorded. The rate of water weight
loss is calculated by the following formula: W—(W1-W5)/W; x 100 %,
where Wi is the initial weight and Wy, is the residual weight.

2.14. The tensile strength of skin patches

The tensile properties of samples were investigated by using a uni-
versal testing machine. Skin patches were cut into a rectangular shape
(10 mm x 40 mm) and measurements were carried out at a loading
speed of 5 mm/min and a gauge length of 20 mm. All measurements
were performed in quintuplicate.

2.15. Measurements

The morphology of BG and PU-BG was analyzed by using a scanning
electron microscope (SEM, S-4800, Hitachi, Japan). The element dis-
tribution and quantitative analysis of elements in nanoparticles were
characterized by using a SEM accessary energy dispersive spectrometer
(EDS) system. The microstructure of BG was tested by using a trans-
mission electron microscope (TEM, JEM-2100F, JEOL, Japan). The
mesoporous structure of BG was tested by small-angle X-ray diffraction
(SAXRD, D/max 2550 V).

3. Results and discussion

For accelerating wound healing, we aim to couple the BG with spe-
cific structured scaffold to obtain multifunctional skin patches.
Specially, in order to avoid over-absorbing and maintain moisture bal-
ance, we expect to design a hydrophilic/superhydrophilic/hydrophobic
structure, where the hydrophilic/superhydrophilic structure exhibits
asymmetric wettability, allowing for targeted transport of wound
exudate within the material, while simultaneously maintaining a
comfortable moist environment due to the hydrophobic layer. For this
purpose, we firstly synthesized ions functionalized BG by microfluidics,
which was utilized to construct the inner hydrophilic layer in subse-
quent sections. A three-channel chip was designed to precisely control
the flow rate of the Ca®", Zn?' and Si**precursor solution (Fig. 2A,
Supplementary Fig. S2). The SEM and TEM images reveal that the syn-
thesized BG possessed size uniformity, with a diameter of about 150 nm.
(Fig. 2B, Supplementary Fig. S3). We further investigated the effects of
the flow rate of Ca%*, Zn" precursors on the ion content of BG. It is
found that the increase of flow rate leads to a significantly larger
diameter of BG particles (Supplementary Fig. S4). The element distri-
bution is best illustrated by the EDS mapping analysis, where the Ca%*
(purple), Znt (yellow) and Sitt (green) ions in BG were more evenly
distributed compared with those of BG-1 and BG-2 (Fig. 2C, Supple-
mentary Figs. S5 and S6). Typically, Ca2*, Zn?* and Si** ions in BG have
a weight percentage of 2.03, 3.68 and 29.96 wt%, respectively. The
small-angle X-ray diffraction (SAXRD) analysis indicates that the
diffraction peak of BG was centered at 20 = 1.380° (Supplementary
Fig. S7), which demonstrates an ordered mesostructured®2. Considering
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Fig. 2. Fabrication of BG and PU-BG hydrophilic layer. A. Schematic illustration of the preparation process of calcium-silica-zinc ions-based BG. B. SEM and TEM
image of BG. C. EDS mapping analysis of the distribution of Ca**, Zn?>* and Si*" ions in BG. D. Microfluidic-regulated 3D bioprinting towards precise construction of
robust PU-BG hydrophilic layer. E. F. Photographs of PU-BG layer with different printing precision, where the smallest accuracy can be up to 25 pm. G. Microscope
images of the PU and PU-BG layer. H. EDS mapping analysis of the distribution of Ca®>*, Zn?>* and Si** ions in PU-BG layer. L. Photographs demonstrating the
outstanding flexibility of the PU-BG layer, which could be bent, coiled and folded.

the high Ca®*, Zn?* and Si** ions contents, BG was chosen for the
following experiments. We then focused on the preparation of the first
(PU-BG) layer by MRBP technology (Fig. 2D). Fig. 2E displays the digital
micrographs of the varied structures by changing printing precision at
different gap ranging from 200 to 1500 pm (Supplementary Fig. S8). As
shown in Fig. 2F, the 3D printing accuracy can be up to 25 pm. From the
images of PU and PU-BG layer (Fig. 2G, Supplementary Fig. S9), it
clearly shows that the 3D printed scaffold exhibits uniform morphology.
The EDS mapping analysis proved that the BG are uniformly dispersed in
the hydrophilic PU layer (Fig. 2H). In addition, it is found that the
diameter distribution of 3D printed scaffold layer varies with the flow
rates and chip diameters (Supplementary Figs. S10-11). The flexibility
was also evaluated, as shown in Fig. 2I. It can withstand a series of de-
formations, including bending, coiling and folding, showing excellent

flexibility. These results suggest that the MRBP strategy provides a
powerful pathway for precise control of microstructure with good
reproducibility.

We then focus on the preparation of a tri-layer skin patch, where the
second (PU-PAA) super-hydrophilic layer, third (PCL) hydrophobic
layer were electrospun in sequence on the PU-BG layer (Supplementary
Fig. S12). From the SEM images of PU-PAA and PCL layer (Fig. 3A and
B), we can clearly see that the nanofiber scaffold exhibits uniform fiber
morphology and the diameter distribution of PU-PAA and PCL layers are
centered at 600-1000 nm (Supplementary Fig. S13). The hydrophilic-
superhydrophilic-hydrophobic tri-layer structure is verified by the
cross-sectional view of the nanofiber scaffold (Supplementary Fig. S14).
We then investigated the mechanical strength, flexibility and the
permeability of the skin patches to evaluate the applicability as wound
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process (inset shows the process in the vertical direction). I. Theoretical simulation calculation of superhydrophilic layer and hydrophobic layer. J. Simulation of cell

migration and adsorption.

dressing. The skin patches can exhibit excellent strength from each angle
(800 g) and the toughness can be up to 14.5 MPa (Supplementary
Figs. S15-16). We measured flexibility of the multilayer skin patches.
The results show that the skin patches can withstand a series of defor-
mation, including bending, folding, coiling and stretching (Supple-
mentary Fig. S17). In addition, the tri-layer structure exhibits an air flux
of 864.54 m>/m%h.kpa and an average pore size of 3.5 pm (Supple-
mentary Fig. S18). Besides, as the skin patch is used in normal envi-
ronment, the temperature is not changed dramatically, thus it might
have no effect on the performance of the skin patch due to the chemical
and biological stability of the chosen materials. Meanwhile, the hydro-
phobic outer layer can block waters, therefore the performance will not
be impacted by the humidity. All these results demonstrate that the tri-
layer BG-loaded skin patches show excellent mechanical flexibility,
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tensile strength and air permeability, which may satisfy the clinical re-
quirements as an ideal artificial skin patch.

To analyze the wettability of each layer and the tri-layer skin patch,
contact angle, microscopic infrared and infrared ray (IR) measurements
were performed. The contact angle of PU-BG layer changes from 86° to
50° within 14s. This could be attributed to the combination of inorganic
bioactive glass with organic fibers, which formed abundant hydrogen
bonds and improved the hydrophilicity of the PU layer. For the PU-PAA
layer, the microscopic infrared image and IR spectrum indicate abun-
dant of hydrogen bonds at 3350.64 cm ™!, which may be due to the
formation of hydrogen bonds between the carbonyl oxygen in the PAA
and the amino groups of the PU. Experimental results demonstrate that
when the PU-PAA layer meets water, it absorbs water immediately,
exhibiting super-hydrophilicity, which is consistent with the conjecture.



T. Dong et al.

For PCL layer, its contact angle is 140°, indicating hydrophobility. These
results indicate that the skin patches possess a layered wettability
(Fig. 3E and F, Supplementary Figs. S19-20). When the skin patch
reaches swelling equilibrium in PBS, it expands to about twice of its
original volume and increases almost three times of its original weight
(Supplementary Fig. S21). More interesting, in virtue of such layered
structure, the skin patches are capable of absorbing water rapidly
(Supplementary Video S1), which is beneficial for the exudate absorp-
tion to avoid the excessive hydration of the wound.

To demonstrate the directional water transportation capabilities of
hydrophilicity/superhydrophilicity structure and skin patches, the
directional water transport performance tests were implemented. For
hydrophilic/superhydrophilic structure, Fig. 3C and D shows the alter-
ations in relative water content when the samples were placed hori-
zontally with brine dripping vertically into the hydrophilicity layer
(Fig. 3C) and the superhydrophilicity layer (Fig. 3D). Interestingly, the
water content of the PU-BG layer showed slow increase, whereas the
water content of the PU-PAA layer increased rapidly to 99 % within 24 s.
This phenomenon could be explained by the fact that the enhanced
capillary force in the PU-PAA layer stems from the layered multiscale
porous structure, effectively drawing water away from the PU-BG layer.
In contrast, when the outer layer is oriented downward toward the
bottom, the water content of the PU-BG is almost zero, indicating that
water cannot penetrate from PU-PAA layer to the PU-BG layer. In
addition, the insets in Fig. 3C and D shows dry (dark) and wet (blue)
areas on both sides, indicating that water is primarily concentrated in
the PU-PAA layer. We then established a simplified physical model with
a continuous red quantum dots (QDs) solution by mimicking the exuding
wound. In this model, we monitored its dynamic drainage process under
UV irradiation. For PU-BG/PU-PAA structure, when contacting PU-BG
layer, the droplet of red QDs was pumped through PU-BG layer and
wetted PU-PAA layer. Reversely, the droplet wetted PU-PAA layer but
was blocked by PU-BG layer when contacting PU-PAA layer (Fig. 3G,
Supplementary Fig. S22). Generally, when the droplet comes into con-
tact with the fiber membrane, it enters the capillary channel in the fibers
and is subjected to Laplace pressure (P = 4y-cosf D, where y represents
the liquid-gas interfacial tension (the surface tension of water at 25 °C is
0.072 N m™1), 0 is the contact angle on the surface of the fibers, and D is
the pore size of the fibers). The passive water absorption process of the
fiber membrane can be demonstrated by the vertebrae model (Fig. 3H).
The variation of the Laplace pressure of a droplet in a capillary is
attributed to the difference in water contact angle and pore size between
the droplet and the fiber membrane. At the interface, the fluid is sub-
jected to two Laplace pressures, P; and Py, which act in the same di-
rection with an upward-trending Laplace pressure difference AP
4y-cos0y Dy — 4y -cos9; Dy = P, + |Py|, where 0; represents the water
contact angle in the inner layer and 0, represents the water contact angle
on the transport layer.

Additionally, we investigated the mechanism of cell migration by
reducing the flow field to a two-dimensional flow field. We first used
CAD software to model the fibres with diameters ranging from 0.6 to 1.2
pm (mostly 0.8-1 pm), which varied in length and showed a heteroge-
neous and disordered distribution. We then used COMSOL multiphysics
field to simulate the absorption properties of the hydrophilic and hy-
drophobic nanofibre scaffolds and to provide positional maps of the
interfaces at different moments. The upper part of the model is set as air
(the area with a volume fraction of 0), the upper part of the model is set
as blood (the area with a volume fraction of 1), and the interface with a
volume fraction of 0.5 is the gas and liquid interface. The fibers in the
structure are set as wetted walls with a contact angle 6. The contact
angle of hydrophilic fibers is 0°, and the contact angle of hydrophobic
fibers is 140°. The bottom edge of the structure is the inlet through
which water enters as the liquid moves. The top edge of the structure is
the exit. The process of air-liquid interface evolution was calculated by
the following equations.
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p*ou/ot+p(u*VIu = V [-pI+p(Vu+Vu'T)]+Fs + F (€]

V*u=0 2)

where, p is the fluid density, u is the fluid velocity, Fy indicates the
surface tension acting at the interface between the two fluids, F is the
volume or body force which acts through the volume of the body.

Fst = 6dxn+3Vs*o 3)
where, ¢ is the surface tension coefficient (N/m), & (1/m) is a Dirac
delta function on the interface and k = —V n is the curvature, n is the

unit normal to the interface, Vs is the surface gradient operator. From
Fig. 31, for the superhydrophilic nanofiber, we can clearly see that the
liquid has completely infiltrated the entire fiber (red part) within 0.04
ms, which is consistent with the contact angle test and shows an
extremely excellent absorption performance. For the hydrophobic layer,
the simulation time was extended to 4 ms, and the liquid still only
covered the surface layer of the fiber and could not be absorbed into the
fiber interior. Similarly, we used CAD software for modelling the three-
layer scaffold and imported it into ANSYS software for simulation. From
Fig. 3j, it is obviously that the periphery and interior of the scaffold
adsorb numerous cells (blue part), indicating that the unique asym-
metric hydrophilic/superhydrophilic structural structure facilitates cell
migration/absorption. Through an in-depth study of microstructure
vascular tissue models, the mechanism of cell adsorption and migration
is simulated, which provides a theoretical basis for the construction of
artificial skin to overcome the arbitrariness in the design of skin patch.
This simulation can provide a pre-prediction of the regulation of the
transport process at the surface interface of skin patch and is useful for
optimizing the selection of materials.

The Ca®t, Zn?* and Si*" ions render the BG with multifunctions,
which favor the coagulation function and antibacterial activity, thereby
promoting the wound healing process [36,37]. In particular, the
ion-release properties of the PU-BG layer are vital. Noteworthy, all the
PU layers loaded with different BG contents, no matter high or low,
show the same ion-release trend, that is, the ion-release reaches a
maximum value within 1 day and keeps almost unchanged with pro-
longed time (Fig. 4A-C). In addition, it is found that the higher BG
content in PU leads to a higher ion-release concentration (Ca2+, Znt
and Si*" ions). Then, we performed colony and inhibition ring experi-
ments to test the antibacterial capabilities of the PU-BG layer and the
skin patches. In the colony experiments (Fig. 4D and E), the colony
counts of E. coli and S. aureus were 1785 + 67 CFU and 826 + 33 CFU,
after 24 h incubation with PBS, respectively. While for the PU-BG layer,
the higher BG content in PU layer shows better antibacterial ability.
When the BG content is 3 wt%, the colony counts of E. coli and S. aureus
decreased to 211 + 22 and 147 + 13 CFU, respectively. The inhibition
ring experiments further confirm the excellent antibacterial ability of
the skin patches (Supplementary Fig. S23). In addition, to demonstrate
the biocompatibility and cytotoxicity, we selected L929 cells as model
cells and incubated them with the PU-BG layer for 24 and 48 h. The
fluorescence imaging was used to observe the live/dead cells under
calcein AM/PI staining (live cells stained green, dead cells stained red).
As shown in Fig. 4F and G, compared to the control group, the
biocompatibility of the PU-BG layer slightly declined. The above
experimental results indicate that the PU-BG layer possess excellent
antibacterial and biocompatibility, which can satisfy the clinical re-
quirements. Specially, the BG content is inversely proportional to the
cell viability, that is, higher BG content will lead to a lower survival rate.
It is worth noting that even at BG content of 3 wt%, the cell viability can
be up to 82.78 and 83.09 % after 24 and 48 h incubation, respectively.
Considering the antibacterial and biocompatibility properties, BG con-
tent of 3 wt% was chosen for the following experiments.

Excellent adhesive and hemostatic properties are extremely impor-
tant in the wound healing. We investigated the cell adhesive and
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The scale bar is 100 pm.

migration on the dressing patches. From an in vivo perspective, it is
found that the tri-layer skin patches show good cell migration behaviors,
which is ascribed to the released ions of the PU-BG layer (Fig. 5A). As
clearly indicated in Fig. 5B, the PU-BG/PU-PAA/PCL patch exhibits a
higher cell migration ratio than that of the other groups. Specially, the
cell migration ratios are 34.3, 50, 59.3 and 85 % for the PBS, PU-BG, PU-
PAA and the tri-layer skin patches group, respectively. Hemostasis is the
process of forming blood clots. In this case, the nanofibers capture blood
cells, platelets and other clotting factors, as well as control the bleeding.
The dense fibrous network is beneficial for the platelet adhesion and the
released Ca?* ions could promote the generation of thrombin fibrin,
which favors the formation of blood clot, enabling the rapid hemostasis.
Fig. 5C and D show the hemostasis ability of control, PU-BG, PU-BG/PU-
PAA and the BG-loaded tri-layer skin patches in vivo liver bleeding
model. Compared with the control group, the tri-layer skin patches show
excellent coagulation function with an ultrashort hemostasis time of 3
=+ 1 s (hemostasis time of 71 s for the control group). The results indicate
that the as-prepared BG-loaded tri-layer skin patches have rapid he-
mostasis function. This might be attributed to the combined effect of the

released Ca?* ions and the tri-layer fiber structure, where the former can
effectively stop the bleeding. In addition, the superhydrophilic layer
(PU-PAA) might promote the blood capture and cell migration, further
intensifying the hemostasis (Fig. 5E and Supplementary Fig. 524).

The second set of experiments was focused on the in vivo study to
evaluate the superiority of the tri-layer skin patches. On one hand, the
released Zn?", Ca?* and Si** ions in the inner layer could effectively kill
the bacteria and facilitate clotting. On the other hand, the hydrophilic/
superhydrophilic structures can promote cell adhesion and prolifera-
tion, wound exudate absorption, and anti-contaminant infection.
Therefore, the BG-loaded tri-layer hydrophilic/supehydrophilic skin
patches might greatly accelerate the wound healing process (Fig. 6A). To
verify our hypothesis, the mouse full-thickness skin defect model was
adopted, where a wound area with a diameter of about 2 cm was sliced
on the back of a mouse. The tests were given to four groups, namely
single layer PU-BG, bilayer PU-BG/PU-PAA, and tri-layer PU-BG/PU-
PAA/PCL skin patches, meanwhile the PBS group was as a control. As
shown in Fig. 6B, the healing rate of the wounds treated with the tri-
layer skin patch is obviously higher than that of the other groups.
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Typically, the wound area is 3.3 % for the BG-loaded tri-layer skin
patches group, whereas it is 14.3, 9.3 and 8.7 % for the PBS, PU-BG and
PU-BG/PU-PAA groups, respectively (Fig. 6D). It should be noted that
the wound healing performance of our skin patch is up to 96.7 % at 14
days, which is comparable and even superior to these reported litera-
tures, e.g. 96 % after 18 days of a self-pumping Janus dressing [38],
95.5 % + 1.0 % at 14 days of thermo-responsive trilayer fibrous dressing
[391, 91 % after 14 days of a bioactive composite hydrogel dressing
[40].

In addition, the thickness of the wound granulation tissue in mice
treated with BG-loaded tri-layer skin patch is 2.39 mm, which is much
thicker compared with the other groups: 1.58 mm for PBS group, 2.09
mm for PU/BG group and 2.23 mm for PU-BG/PU-PAA group
(Fig. 6C-E). Wound infection also plays a key role in the wound healing
process. To investigate the efficacy of the wound dressing in anti-
infection, we performed the immunohistochemical analysis of two
typical pro-inflammatory factors, interleukin-6 (IL-6) and tumor ne-
crosis factor-a (TNF-a), which occurs in the wound bed. For visually
assessing the degree of inflammation in the wound, the IL-6 and TNF-o
was stained by immunofluorescence. As seen in Fig. 6F and G, extensive
amounts of IL-6 and TNF-a were measured in the control group in PBS
solution, indicating a severe inflammatory response. In contrast, very
little secretion was observed in the BG loaded tri-layer PU-BG/PU-PAA/
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PCL skin patch group, which suggests little sign of inflammation or
infection formation.

Moreover, angiogenesis is also an important indicator in the wound
healing process, and we detected the number of new capillaries by using
CD31 immunofluorescence staining. As seen in Fig. 7A, the vascular
density of the wound for the skin patch is significantly enhanced, where
the relative expression is 3.65 (Fig. 7E). Imnmunofluorescence staining of
collagen was performed to evaluate the collagen deposited granulation
tissue (Fig. 7B). It is found that the skin patches group exhibits a higher
density distribution of collagen, which is essential for the construction of
the extracellular matrix. The relative collagen expression of the skin
patches group is 1.68, which is much higher compared with PBS (rela-
tive expression of 1), PU-BG (relative expression of 1.29) and PU-BG/
PU-PAA groups (relative expression of 1.51) (Fig. 7F). Besides the
vascular and collagen density, macrophages, which are classified as
early type M1 macrophages and later type M2 macrophages, also play an
important role in wound healing. M1-type macrophages secrete pro-
inflammatory factors to kill bacteria and anti-inflammatory, while M2-
type macrophages can promote tissue regeneration during the regener-
ation phase. Hence, both the number of M1 macrophages (CD68+/
CD86+) and M2 macrophages (CD68+/CD206+) were detected, as
shown in Fig. 7C and D. Clearly, the skin patches group shows a lower
density distribution of M1-type macrophages (relative expression of
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0.18) in the early wound healing stage (Fig. 7G), indicating slight
inflammation. Whereas, the density distribution of M1-type macro-
phages is higher for the other groups (relative expression, 1.28-0.58),
which illustrate severe inflammation. In terms of the later wound
healing stage, the M2 macrophages are relatively dense for the skin
patches group (Fig. 7D-H), which reveals enhanced tissue regeneration
ability. All these in vivo experimental results give strong evidence that
the skin patches can effectively promote cell migration, hemostasis,
tissue regeneration (vascular and collagen), providing an ideal wound
dressing to accelerate wound healing.

Apart from the functions of promoting wound healing and protecting
tissues and organs from external bacterial and viral contamination,
human skin also shows response ability. To mimic both the physiological
and response function, we designed biomedical/electronic difunctional
skin patch, consisting of a tactile sensor on the top of a bionic skin layer.
It shows greater sensitivity to external changes, demonstrating its po-
tential for pressure sensing. We evaluated the pressure sensing capa-
bility by the periodic response, recovery time, and cyclic stability. The
relative current response showed distinct behavior under various cyclic
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stresses. An ideal flexible pressure sensor also should detect tiny changes
in pressure. The sensing performance of skin patch was measured under
the pressures of P = 100 kPa. For the test, the skin patch was first
compressed to a reference pressure, followed by consecutively addi-
tional pressures of 100 Pa. It shows that each pressure increment suc-
cessfully leads to a stepped escalation of the capacitance. Therefore, the
minimum resolution achieved is 0.1 % (Supplementary Fig. $26). The
step waves under different stress levels demonstrated stable and excel-
lent waveform responses and ultra-wide detection range during
compression tests. Compared to other works [41-49], the developed
biomedical/electronic difunctional skin patch exhibits a wide pressure
detection range of 0-150 kPa, satisfying the requirement in daily human
life (Supplementary Fig. S25). To evaluate its cycling stability, the
relative current variation during periodic compressing-releasing for 500
cycles was examined. The results reveal its suitability for long-term use
(Fig. 8B). In short, as a pressure sensor, the biomedical and electronic
dual-function skin patch can achieve excellent sensitivity, and reliable
stability for 500 cycles. The relative current variation (Al/Iy, Al = -, I
and Iy are the current with and without pressure, respectively) of the
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pressure sensor in the pressure range of 0-150 kPa was investigated.
Here, the pressure sensitivity (S), which is usually defined as S=
(Al/Ip)/P, is applied to evaluate its sensitivity in different pressure
range. As a result, the skin patch possesses four different sensitivities in
the sensing range, including 5.87, 2.63, 1.05 and 0.09 kPa™! for the
pressure range of 0-3.33, 3.33-18.28, 18.28-46.69 and 46.69-150 kPa,
respectively (Supplementary Fig. S27A). Specifically, linearity can reach
up to 0.99 in the 0-3.33 kPa range. Compared to other works [41,43,45,
49-54], the developed biomedical/electronic difunctional skin patch
exhibits excellent sensitivity (Supplementary Fig. S27B). Then the
dual-function skin patch sensor was applied in monitoring various
human motions and physiological signals. Fig. 8C depicts the resistance
response of the movement of pulse signals from the radial artery in the
resting state and after exercise. Moreover, we sealed a water container
by the skin patch to record the weight loss rate of the water inside, where
the water turned into water vapours and produced white mist under
solar irradiation. The result indicates that the skin patch possesses
excellent air permeability (Supplementary Fig. S28), which is suitable
for wearable applications. These results suggest that the resistance
change was positively related to the bending degree of the joint, and the
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biomedical and electronic dual-function skin patch sensor was repeat-
able and stable.

In order to further investigate the pressure-sensing properties of
biomedical/electronic difunctional skin patch, we conducted the real-
time monitoring test of human movement (Fig. 9A). When the pres-
sure was pressed slowly and the finger was flexed rapidly, the output
signals of the pressure sensors showed significant differences in ampli-
tude and frequency. In addition, the output signals to different body
positions (finger, wrist) also showed differences in amplitude at the
same frequency of movement (Fig. 9B and C). These devices have great
potential for detecting athletic movements with better cyclic stability.
Pulse is another physiological signal that reflects the condition of the
body. When the patch is attached to the wrist, clear pulse waves can be
detected, including percussion (P-wave), tidal (T-wave) and diastolic (D-
wave) waves. The regular pulse shape and 72 pulses per minute indicate
the health status of the tester (as shown in Fig. 9D and E). From Fig. 9F, it
can be seen that the skin patch could be adhered perfectly to the throat
due to its good flexibility. The AR/Rq of patch on the throat can be as
high as 70 %, which is about 7 times higher (10 %) than that of the
finger. Next, we attached the skin patch to the human eyes and neck to
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and after exercise.

capture various motion (Fig. 9G-I). During blinking, shaking and
nodding of the head, the resistance of the sensing unit showed signifi-
cant variations. These results indicate that the skin patch shows excel-
lent sensitive properties.

4. Conclusion

In conclusion, we have fabricated biomedical/electronic dual-
functional skin patch through MRBP strategy. The skin patch com-
bines both the sensory capability of electronic skin and the therapeutic
property of biomedical skin. It is found that the asymmetric structure of
the patch could promotes cell adhesion and growth, while it also dis-
plays exceptional mechanical properties, antimicrobial activities, he-
mostasis properties and biological compatibility. The skin patch also
enables signal detection, where the sensitivity reached up to 5.87 kPa ™
and linearity reached up to 0.99, as well as a wide detection range of
0-150 kPa, high pressure resolution of 0.1 %, exhibiting excellent
sensing performance and cyclic stability (over 500 cycles). Crucially, in
vivo applications have demonstrated their profound impact on wound
healing, showing rapid coagulation, infection prevention, and tissue
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regrowth. We believe this biomedical/electronic dual-functional skin
patch will offer new opportunities for the design and development of
skin patch.
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Fig. 9. Detection of subtle and violent human movements. A. Schematic illustration of the human tactile receptors. B. Detection of compression signal. C. Detection
of bending signal attached to the finger. D. Detection of pulse signal attached to the wrist. E. Magnified image of a single pulse. F. Detection of swallowing signals
attached to the throat. (Inset) Tester attached to the finger, wrist, and throat. Resistance responses of the composite materials during (G) blink process, (H) neck

transverse movements and (I) longitudinal movements.
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