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Nature-Skin-Derived e-Skin as Versatile “Wound
Therapy-Health Monitoring” Bioelectronic Skin-Scaffolds:

Skin to Bio-e-Skin

Xinhua Liu,* Bogiang Cui, Xuechuan Wang, Manhui Zheng, Zhongxue Bai,

Ouyang Yue, Yifan Fei, and Huie Jiang*

Electronic skins (e-skins) have the potential to turn into breakthroughs in
biomedical applications. Herein, a novel acellular dermal matrix (ADM)-based
bioelectronic skin (e-ADM) is used to fabricate versatile “wound
therapy-health monitoring” tissue-nanoengineered skin scaffolds via a facile
“one-pot” bio-compositing strategy to incorporate the conductive carbon
nanotubes and self-assembled micro-copper oxide microspheres with a
cicada-wing-like rough surface and nanocone microstructure. The e-ADM
exhibits robust tensile strength (22 MPa), flexibility, biodegradability,
electroactivity, and antibacterial properties. Interestingly, e-ADM exhibits the
pH-responsive ability for intelligent command between sterilization and
wound repair . Additionally, e-ADM enables accurate real-time monitoring of
human activities, providing a novel flexible e-skin sensor to record injury and
motions. In vitro and in vivo experiments show that with electrical
stimulation, e-ADM could prominently facilitate cell growth and proliferation
and further promote full-thickness skin wound healing, providing a
comprehensive therapeutic strategy for smart sensing and tissue repair,
guiding the development of high-performance “wound therapy-health

monitoring” bioelectronic skin-scaffolds.

1. Introduction

Wearable bioelectronics enables monitoring of the intermolecu-
lar electron transfer in physiological processes and provides real-
time physical and (bio)chemical sensing, providing the foothold
for developing bioelectronics for biomedical applications.*] The
skin is widely acknowledged as the largest human organ, and its
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natural multi-hierarchical barrier to the ex-
ternal environment is often deemed the
ideal human-machine interface.>*! Re-
search in skin-integrated electronics (called
“electronic skin”) has the potential to rev-
olutionize biomedical applications, includ-
ing wearable health monitoring, regener-
ative biomaterials, and diagnostics, given
their capacity to bio-simulate and elevate
the external perception of human skin.[>*]
From the perspective of real-world
biomedical applications, it is paramount
that electronic skin (e-skin) should not only
possess reliable mechanical properties,
including favorable stretchability and high
mechanical strength but integrate intelli-
gent sensing ability and various biological
functions, especially for antibacterial ac-
tivity and tissue repair for comprehensive
therapy of skin wounds with full-thickness
or extensive defects.”8] The leap from
e-skin to bio-e-skin is that bio-e-skin skin
can be widely used to accelerate tissue
healing and functional recovery. Compared
with normal sensing devices (e-skin), bio-e-skin has better bio-
compatibility and can accelerate wound healing by promoting cell
proliferation, secreting growth factors, synthesizing extracellular
matrix (ECM), and revascularization. Compared with wound re-
pair materials,!®) bio-e-skin can monitor the subtle movement of
the wound and show the potential to benefit the wound treatment
process. The input of biomimetic microcurrent can effectively ac-
celerate the repair of severe tissue damage.'%! Our previous work
provides a new way to explore more nature-inspired multifunc-
tional bioelectronic skin for biomedical applications.''"'2] How-
ever, e-skin exhibits a limited ability to meet the complex require-
ments of wound repair, such as biocompatibility, antibacterial
properties, mechanical properties, and other manipulations of
the microenvironment, that affect the wound healing process.!*3]
Significant inroads have been achieved in recent years with the
design of e-skin integrating the topology, mechanical cues, chem-
ical, and electrical properties for monitoring complex physio-
logical activities and intervening in regulatory cell activities for
the specific biological application requirements under bioelec-
trical stimulation (ES).**] It is well-established that bioelectric-
ity maintains the excitability of various cells, regulates the cell
proliferation cycle, and occurs in every somatic cell. Accordingly,
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imparting exogenous ES to the wound tissues urges cells into
an excited state and accelerates cell growth and proliferation to
further promote wound healing and tissue regeneration.[>] With
the integration of the ES for wound healing, next-generation
tissue-engineered skin scaffolds promise to achieve comprehen-
sive therapeutic effects under electrical stimulation integrated
with curative functionalities such as intelligent sensing, affluent
biological functions, and antibacterial and mechanically flexible
properties.[16:17]

Screening and manufacturing new intelligent flexible bio-
compatible substrate materials is the key to constructing e-skin
matching real-world biomedical applications. Over the years, flex-
ible substrate materials have been used for manufacturing e-
skin including polydimethylsiloxane,®! polyurethane,*) rubber,
polyester, 2% polyamide, and cellulose.!?!] In general, the biocom-
patibility, biodegradability, hygienic performances, and wearing
comfort of polymer-based e-skin have vastly limited their biomed-
ical applications. In recent years, acellular dermal matrix (ADM),
a derivative of natural skin, has been regarded as an alterna-
tive to “gold standard” tissue grafts given its excellent physico-
chemical and biological properties, which have been harnessed
in wound repair, homeostasis maintenance, the filling of tissue
defects, cell delivery via scaffold, etc.[??] Specifically, ADM is pre-
pared from animal skins through a series of physical, chemical,
and biological methods to remove disparate somatic cells and
other immunogens from the skin dermis, and thus mainly re-
mains the natural collagen micro-nano fiber scaffolds with the
complex 3D structure of the skin.[?>?* Importantly, the Glycine-
Histidine-Lysine (GHK) tripeptide produced by ADM degrada-
tion can promote the synthesis of collagen,?*! mucopolysaccha-
ride, and proteoglycan, and ADM maintains its biological activ-
ity by adhering to platelet-derived growth factor (PDGF). These
observations highlight the need to develop a novel ADM-based
e-skin that can harvest the inherent advantageous properties of
natural building blocks with high mechanical flexibility, electri-
cal conductivity, biocompatibility, biodegradability, hygiene, and
wearing comfort.[726:27]

Copper has been used as a broad-spectrum and efficient fungi-
cide for more than 200 years. Indeed, the antibacterial ability
of copper is not inferior to silver and zinc ions. Furthermore,
overwhelming evidence substantiates that low concentrations
of copper ions can stimulate endothelial cell proliferation and
migration,®1 promote the formation of new blood vessels, and
inhibit vascular smooth muscle cell proliferation and thrombo-
sis. Based on copper’s biological functions and benefits, much
emphasis has been placed on developing new copper-containing
biomaterials.3031]

It is well-recognized that the relatively rough surface and the
nanocone with a height of about 200 nm of cicada wings endow
them with antibacterial ability by producing shear force to destroy
the bacteria’s cell wall.[3233] Copper oxide microspheres have a
more stable structure than other shapes such as nanorods.[**!
The appropriate size can ensure that they are interspersed be-
tween fiber bundles. The protrusions on the surface of the mi-
crospheres will bring a better copper ion release effect!**! and
kill bacteria by physical means.3®! Herein, by integrating the in-
herent advantageous high-performances of natural ADM and the
antibacterial activity of cicada wing, a novel ADM-based bioelec-
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tronic skin (e-ADM, also referred to as bio-e-skin) was fabricated
to obtain versatile “wound therapy-health monitoring” tissue-
nanoengineered skin-scaffolds. The “one-pot” bio-compositing
strategy of nature ADM was used to incorporate the functional
building blocks of conductive carbon nanotubes (CNTs) and
self-assembled micro-copper oxide microspheres with a cicada-
wing-like rough surface and nanocone microstructure. The in-
teractions among the CNTs, micro-copper oxide microspheres,
and collagen nanofibers of ADM in e-ADM provide an inte-
grative crosslinking strategy to establish a fibrous 3D network
with structural and functional stability. With this multifunctional
and bionic-structure design, our e-ADM exhibited robust ten-
sile strength (22 MPa), antibacterial properties, and the pH-
responsive ability for intelligent command between sterilization
(pH ~5-6) and wound repair (pH 7.4). In addition, e-ADM can
monitor large-scale human motion in real-time. Compared with
traditional sensing devices, it has the general compatibility and
toughness of natural skin, can ensure the stability of sensing de-
vices, can better fit with the skin, and can more accurately iden-
tify some subtle movements (such as throat and chewing), show-
ing the potential of new flexible electronic skin to record injuries
and movements.l*’] Additionally, e-ADM equipped with precise
electrical stimulation can promote cell growth and proliferation
and promote full-thickness skin wound healing, leading to novel
versatile and flexible “wound therapy-health monitoring” bioelec-
tronic skin (bio-e-skin) with on-demand high-performance for
real-world biomedical applications.

2. Results

2.1. Design and Fabrication of uCuO Microspheres and e-ADM

The proposed e-ADM was fabricated through a facile “one-pot”
bio-compositing strategy by incorporating the functional build-
ing blocks (conductive CNTs) and self-assembled micro-copper
oxide microspheres with a cicada-wing-like rough surface and
nanocone microstructure. The copper microspheres prepared by
the hydrothermal method exhibited a cicada-wing-like structure
(Figure 1A) and uniform particle size distribution.[*®3° During
the hydrothermal reaction, a copper oxide cone column of about
200 nm (Figure 1B) is formed and self-assembled into micro-
spheres of about 5 um diameters (Figure 1C), so that the antibac-
terial mechanism can be exerted both physically (Figure 1D) and
chemically (Figure 1E), allowing the effective release of ions. Af-
ter the introduction of CNTs, the conductivity and antibacterial
ability of ADM scaffolds were further improved. The two mate-
rials in ADM were mainly physically bound by hydrogen bond-
ing, electrostatic adsorption, physical permeation, and diffusion.
CNTs were closely attached to the micro-nano fibers of ADM to
form a continuous conductive layer due to their small size. Cop-
per microspheres were combined between micro-nano fibers in
the form of intercalation and adsorption (Figures 1F and 2A).
A 3D amorphous fiber network weaving structure was formed
with a certain amount of micropores (Figure 2B,C), which is con-
ducive to the proliferation and growth of cells. The above struc-
tures of skin scaffolds were further fixed after freeze-drying (Fig-
ure 2D). A series of physical images of skin scaffolds are shown
in Figure S2, Supporting Information.
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Figure 1. Design inspiration, preparation scheme, and antibacterial mechanism of uCuO microspheres. A) Unique nanocolumnar structure of cicada
wing. B) Surface morphology of uCuO microspheres. C) Particle size test results of uCuO microspheres. D) Physical antibacterial mechanism of uCuO
microspheres. E) Chemical antibacterial mechanism of uCuO microspheres. F) Design strategy of e-ADM.
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Figure 2. Structural characterization of e-ADM. A) Multi-level structure of ADM. B) Structural photos of ADM internal collagen fibers tightly woven. C)
SEM images of collagen fiber bundles in ADM. D) Internal structure photos of e-ADM after freeze-drying. E) Infrared spectra of a series of skin scaffolds.
F) Raman spectra of e-ADM. G) Raman mapping images of e-ADM. H) AFM observation images of ADM and e-ADM. 1) Super depth of field observation
images of ADM and e-ADM. ]) Cross-sectional spectral line scan images and element distribution results of e-ADM. K) Surface spectral surface scan
results of e-ADM.
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Fourier transform infrared spectroscopy (FT-IR) was used to
reflect the secondary structure of proteins (Figure 2E). ADM col-
lagen protein was composed of more than 20 kinds of a-amino
acids. The main groups and structures of a-amino acids are
methylene, carboxyl, and amino groups. The stretching vibra-
tion characteristic peak of -NH, was observed near 3323 cm™,
and the asymmetric stretching vibration and symmetric stretch-
ing vibration characteristic absorption peaks of -CH,— appeared
at 2925 and 2854 cm™!, respectively. The shear vibration charac-
teristic absorption peak appeared near 1452 cm~!. The charac-
teristic absorption peak of carbonyl stretching vibration in the
carboxyl group was around 1635 cm™, forming the strongest ab-
sorption band (the amide I band). The characteristic absorption
peaks of -CN- stretching vibration and ~-NH- shearing vibration
appeared at 1544 cm™!, forming a strong absorption band (the
amide II band); the characteristic absorption peaks of carbonyl
stretching vibration and carbon and amine stretching vibration
in carboxyl group were observed around 1238 cm™! (the amide I11
band). The ADM incorporating CNTs and copper microspheres
exhibited a similar infrared spectrum, possibly because the ab-
sorption peak of collagen covered its absorption peak. From the
above characterization results, it can be seen that our simple ex-
perimental design could retain the natural structure of ADM to
a large extent, and on this basis, substances were firmly com-
bined in the scaffolds to improve the performance of e-ADM.
For the Raman spectrum of CNTs (Figure 2F), the typical peaks
appeared at 1350 and 1580 cm™!. The peak of 1350 cm™! was
D, and its strength corresponded to the defects and disorders
of CNTs. The peak at 1580 cm™ was G, and its strength cor-
responded to the integrity of CNTs. The typical peaks of CuO
microspheres appeared at 200, 295, and 628 cm™'. These three
Raman peaks were related to the vibration mode of the Cu-O
bond. Raman spectroscopy and mapping further illustrated that
the sample consisted predominantly of copper oxide from the
perspective of valence bonds. However, the C element provided
by CNTs was not evenly distributed on the surface of the scaf-
fold. Because of its small size, it could easily enter the scaffold
through gaps between micro and nanofibers, and the results of
Raman mapping (Figure 2G) supported this view. A very small
amount of CNTs were present on the surface of the scaffold.
Due to the uneven structure and tiny pores on the ADM sur-
face, the density of CuO on the ADM surface is relatively concen-
trated, but not uniform enough. The basic principle of atomic
force microscopy (AFM) is to obtain the structural information
of the material surface by measuring the weak interaction force
between the probe and the object’s surface (Figure 2H). The e-
ADM exhibited a dense arrangement, and the natural banding
period patterns (around ~67 nm) of collagen fiber bundles in e-
ADM further illustrated the scaffold material’s retention ability
for effective dermal tissue components. The ultra-depth-of-field
microscope was used to obtain multiple photographs with differ-
ent focal lengths in a fixed height range and analyzed the surface
smoothness and other information of the object to be tested. The
photograph (Figure 2I) showed that the surface of the e-ADM
bracket was dark blue, and the height difference was 225 um
cm~2 per unit area. This flat surface structure facilitates the inte-
gration of the wound, better exerting antibacterial and promot-
ing wound repair functions. An energy-dispersive X-ray spec-
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trometer (EDS) was used to analyze the material’'s composition.
The cross-sectional spectral line scanning images of e-ADM (Fig-
ure 2J) showed that Cu was evenly distributed inside the scaffold,
and the line of best fit was distributed between 500 and 600 cnt.
In the surface spectral surface scan results of e-ADM (Figure 2K),
the collagen component contributed to three elements C, N, and
O. In addition, Cu was evenly distributed on the surface of the
scaffold.

2.2. Mechanical Properties, pH-Responsive Antibacterial
Properties, and Biodegradability of e-ADM

85% of the collagen in animal skin is type I collagen, which has
a complex multi-level spatial structure.l?”] First, the a chain of
(Gly-X-Y)n (n = 350, X is proline, Y is hydroxyproline) forms the
most basic triple helix structure under the action of hydrogen
bonds. The triple helix and adjacent microfibers exhibit a “D-
banding” unit. The original fiber continues to grow and forms the
3D supra-fibrillar network structure, providing scaffolding struc-
tures of the body tissues and the bespoke natures of the tissues
from the nanoscopic to macroscopic length scales. On this basis,
the residual cells and other components of ADM retain the orig-
inal biocompatibility of animal skin. It is worth mentioning that
copper ions introduced in the system can also improve mechan-
ical strength, and the specific mechanism is shown (Figure 3A).
This mechanism is derived from the “tanning” effect in the
leather production process. First, copper ions enter the leather
fibers through osmosis and undergo hydroxyl and oxygen poly-
merization in the aqueous solution environment. Finally, chemi-
cal crosslinking occurs between two or more fibers. The carboxyl
groups that provide the reaction sites can be derived from the
protein molecule’s terminal carboxyl or R-terminal anhydride. In
addition to the tanning effect mentioned above, the added copper
molecules and CNTs are smaller than those between fiber bun-
dles, playing a filling role. The chemical crosslinking and physi-
cal filling account for improved mechanical properties of e-ADM
(Figure 3B). First of all, due to the limited mechanical strength
provided by collagen fibers, the tensile strength of ADM is only
13 MPa. The ADM after adding CNTs was destroyed at a lower
tensile strength, which may be due to the limited filling effect of
CNTs on ADM, and the toughness of ADM was reduced because
the water was completely removed during freeze-drying. Impor-
tantly, we found that the addition of copper oxide microspheres
significantly improved the tensile strength of the scaffolds. When
the addition of copper microspheres was 2%, 5%, and 10%, the
tensile strength reached 18, 23, and 25 MPa, respectively. How-
ever, considering the cytotoxicity caused by excessive copper in-
corporation, the amount of copper oxide added was finally set
to 5%. We found that a series of skin scaffolds had good tensile
resistance, but the ability to resist strain was poor. Considering
that the final material was used as skin scaffolds, much empha-
sis was placed on the tensile properties. Similar fiber scaffolds
in the literature are mentioned in this article. By comparing the
mechanical properties (Figure 3C), we found that e-ADM exhib-
ited the best performance. Skin scaffold is hydrophobic when ex-
posed to water. The water contact angle test illustrates the ability
of a skin scaffold to absorb fluid (Figure 3D). However, due to a
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Figure 3. Multifunctional display of e-ADM. A) Mechanism diagram of ADM and ADM after crosslinking. B) Tensile test results of a series of skin
scaffolds. C) Comparison of tensile properties between e-ADM and previously reported electronic skin scaffolds. D) Water contact angle test results of
a series of skin scaffolds. E) Bacteriostasis rate of ADM and e-ADM, inhibition zone photo. F) Bacteriostasis rate and inhibition zone size. G) Released
amount of copper ions in PBS buffer solution with different pH in 12 h. H) Released amount of copper ions in PBS buffer solution with different pH in 7
days. I) Controlled release of copper ions with pH changes. ]) DSC test results of ADM and e-ADM. K) Enzyme degradation of a series of skin scaffolds.
L) Comparison between e-ADM and previously reported scaffold material for skin tissue (yes stands for the presence of this function; no means absence
or lack of corresponding data or proof about the function). Data are depicted as mean + SD (n = 6), and analyzed by one-way ANOVA with Tukey’s

multiple comparison test compared to the ADM group.
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large number of pores on the surface of scaffolds and collagen
fibers’ hydrophilic properties, water was almost instantaneously
sucked into the scaffolds. After 5 s, the water contact angle of the
skin scaffolds was only about 20°.

Copper has been used as an antibacterial agent for thousands
of years. It has been established that copper has efficient, broad-
spectrum, and durable antibacterial properties. At present, little
is currently known about the antibacterial mechanism of cop-
per. However, the antibacterial mechanism of copper oxide mi-
crospheres used in this article came from the following two sim-
ple processes. Due to the resistance to traditional antibiotics,
much emphasis has been placed in recent years on the design
of preventive antibacterial strategies on the surface of materi-
als, such as the design of new materials by simulating nanopil-
lars on cicada wings in nature. The cell membrane of bacteria
was subjected to tensile and shear forces after coming in con-
tact with the nanocolumn, resulting in cell rupture and death.
The initial contact between the bacteria and the material’s sur-
face is mainly due to interactions such as hydrophobicity of the
material surface and physical adsorption. This physical mecha-
nism is mostly used by Gram-negative bacteria given their thin-
ner bacterial membrane (Gram-negative bacteria 2-3 nm, Gram-
positive bacteria about 20 nm). Of course, this physical antibac-
terial process is cheap and environmentally friendly and does
notlead to drug resistance. The other antibacterial mechanism is
known as the antibacterial process of metal ions, the specific an-
tibacterial mechanism can be found in Figure 1B,E. Importantly,
our e-ADM showed a good antibacterial effect under the com-
bined action of the two antibacterial processes, and the antibac-
terial rate was calculated by the colony counting method(Figure
S3, Supporting Information), and the diameter of the antibacte-
rial circle was measured by the antibacterial circle method (Fig-
ure 3E,F). Some Gram-positive bacteria with hard-to-break cell
walls, such as Staphylococcus epidermidis and Enterococcus fae-
calis, e-ADM also has a strong antibacterial ability, the inhibition
zone test photo is placed in the Supporting Information (Figure
S4, Supporting Information). The bacteriostatic rate of e-ADM
against Escherichia coli reached 94%, and the bacteriostatic circle
of nearly 3.5 cm substantiated a good antibacterial effect against
E. coli. The bacteriostatic rate of Staphylococcus aureus and the di-
ameter of the bacteriostatic circle were 92% and 2.5 cm, respec-
tively. This finding confirms that Gram-positive bacteria have a
thicker cell wall and membrane. It can be concluded that these
two pathogenic bacteria can be effectively inhibited when clini-
cally applied.

Recent studies found that copper and silver exhibit cytotoxi-
city in a high-concentration environment for sustained periods.
Accordingly, it is necessary to establish a controlled-release an-
tibacterial system. The physiological environment of the skin is
often subject to two major changes: temperature rise and pH de-
crease, and the acidification of the physiological environment is
the result of bacterial metabolism. It is widely acknowledged that
the pH of the normal physiological environment of the human
body is about 7.4, but the pH can reach 5 when the bacteria are
growing. Accordingly, the principle of designing a precise cop-
per ion controllable release system is explained from two aspects.
The release of copper ions is partly due to the ionization of cop-
per oxide microspheres embedded in ADM. A high concentra-
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tion of H* drives Cu?* into the solution system. In this process,
the copper oxide microspheres provide more pores and a larger
surface area, which is more conducive to releasing copper ions.
Moreover, the release of copper ions comes from the “tanning”
binding site mentioned above. It is well-established that an im-
portant process called “alkali extraction” occurs in the middle and
later stages of the leather tanning process, accompanied by fur-
ther crosslinking and fixation of chemical sites in leather dur-
ing the alkali extraction process. This process is reversible based
on pH changes in the solution system. For sites that have been
combined, re-increasing acidity could lead to the re-separation of
metal coordination ions into the environment, providing another
release mode of copper ions, although only trace amounts were
observed. Inductively coupled plasma (ICP) can be used to ana-
lyze the geo elements in the solution system. The cumulative re-
lease of copper ions in e-ADM immersed in phosphate-buffered
saline (PBS) solution of different pH for a certain time, within
12 h (Figure 3G), within 7 days (Figure 3H), and pH change (Fig-
ure 3I) were measured by ICP. Within the first 7 days, there was
almost no increase in Cu?* in PBS solution with pH 7.4, and the
content in the system was not more than 0.1 pg, which was within
the safe range of human beings for copper. When the pH was 5
and 6, we found that the content of Cu®* significantly increased,
especially when the pH was 5, and the copper content reached
more than 100 ug after 7 days. This long-term release of copper
ions could ensure the reliability of sterilization. A validation ex-
periment was designed to verify the controlled release system’s
performance. At the end of the third day, the pH of the PBS so-
lution was adjusted from 5 to 7.4 and from 7.4 to 5, respectively,
and the results were consistent with expectations. Within 1 day
after the pH change, the concentration of copper ions decreased
to human safety concentration and increased to the minimum
inhibitory concentration (MIC), respectively. It was confirmed
that good pH responsiveness ensured the slow release of cop-
per ions to the trauma site in a physiological environment (pH
7.4). An increasing body of evidence suggests that low concen-
trations of copper ions can promote vascular endothelial growth
factor (VEGF) production, thereby promoting vascular endothe-
lialization, and inhibiting smooth muscle cell proliferation and
thrombosis. Animal verification experiments will be mentioned
later.

Differential scanning calorimetry (DSC, Figure 3]), and degra-
dation resistance test (Figure 3K) were used for the verification of
the good performance of the skin scaffold experiment. The DSC
test results showed that the freezing point of ADM was approx-
imately —20 °C, while the DSC curve of e-ADM was smoother,
and there was no obvious freezing point near —20 °C, indicat-
ing that the skin scaffold exhibited frost resistance. Good resis-
tance to degradation can ensure better performance of skin scaf-
folds and reduce the number of dressing changes. The test results
showed that the internal crosslinking degree of ADM is not high
and can be easily decomposed by protease. The degradation rate
reached 37% after 7 days. After undergoing a series of crosslink-
ing and filling, the skin scaffolds exhibited better degradation re-
sistance, and the degradation rate of e-ADM was not higher than
10% after 7 days. Compared with the electronic skin or hydro-
gel mentioned above,l®***] e.ADM performed better in many
aspects (Figure 3L).
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2.3. e-ADM for Real-Time Monitoring of Large-Scale Human
Motion

Given that the internal network structure of ADM consisted of
natural tissue, it could exhibit mechanical and physiological char-
acteristics similar to human skin and organs. In this study, we
recorded changes in electrical signals during various physical
activities including chewing, swallowing, joint bending, wrist
bending, knee bending, and plantar pressure (Figure 4Q). For
such activities, e-ADM should have excellent pressure sensitivity
and plasticity (R/RO = (D-value of resistance)/initial resistance
x 100%). It was observed that different deformations of e-ADM
could produce changes in the relative resistance value since dif-
ferent deformation methods cause changes in the internal resis-
tance value to varying degrees. For example, stretching and tor-
sion could improve conduction since such deformation induced a
close arrangement of the internal channels. It is worth mention-
ing that e-ADM could respond to most deformations including
subtle activities such as swallowing and chewing. These subtle
electrical signals were collected to complete human-computer
interaction and physiological monitoring. In addition, e-ADM
could sustain different degrees of deformation, bending, torsion,
pressing, and stretching (Figure 4A—C,E). When different forces
were applied, the resistance exhibited different changes in size,
and the change was often instantaneous, indicating a rapid re-
sponse. We further found that when the torsion angle was fixed
or stretched until it was deformed (Figure 4D,F), more consistent
changes in resistance were observed, which enabled the differen-
tiation of different deformation sizes.

Similarly, different parts of the body can produce different
types of deformation. Collecting these signals through e-ADM
as a sensor enables body monitoring and human—computer in-
teraction (Figure 4G-P). In this paper, the signals for the most
common deformations were recorded. The results showed that
the recorded signals were relatively stable, and relatively small
deformations were accompanied by a certain degree of resistance
change. In addition, when e-ADM was attached to the elbow and
knee, the rapid and repeated deformation did not affect the sens-
ing performance. A more intuitive video demonstration (Videos
S1and S2, Supporting Information) to more intuitively reflect the
performance of e-ADM in monitoring human motion. In sum-
mary, when e-ADM is used as a sensor, it has a fast response, vis-
ible deformation, and stability, suggesting it has huge prospects
for application in different scenarios.

2.4. Biocompatibility of e-ADM

The use of powerful antibacterial materials, including silver
nanoparticles, quaternary ammonium salts, and other materials,
has been limited in the medical field. The severity of cell toxi-
city is affected by the size, shape, surface modification, charge
aggregation, and type of material. Studies have shown that elec-
trical stimulation can accelerate cell growth and proliferation in
several ways (Figure 5A), such as changing the potential differ-
ence on both sides of the cell membrane to guide more calcium
ions to flow into the cytoplasm and activate growth factor ex-
pression. Moreover, electrical stimulation can reportedly acceler-
ate adenosine triphosphate (ATP) consumption while promoting
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cell metabolism, thereby altering membrane-related behaviors
such as endocytosis, adhesion, and migration. Electrical stimu-
lation can also control the generation of reactive oxygen species
(ROS) and promote the proliferation and differentiation of mes-
enchymal stem cells. To verify the biocompatibility of e-ADM un-
der conventional state and micro-current stimulation, methylthi-
azolyl tetrazolium (MTT) co-culture and laser scanning confocal
microscopy (LCSM) were used to photograph live dead cells after
fluorescence staining. A self-made device (Figure 5B) was used in
the experimental group of electrical stimulation. A hole with a di-
ameter of 0.5 cm was set at the bottom of the six-hole plate to form
an electrical circuit, and the agar salt bridge was used to prevent
direct contact between the electrode and the medium. Chinese
hamster lung (CHL) cells were used to evaluate the scaffold’s bio-
compatibility. The results showed that with the introduction of
copper microspheres and electrical stimulation, the correspond-
ing cell viability was slightly lower than the control group, sug-
gesting no significant cytotoxicity (Figure 5D), which is accept-
able for the application of biomaterials. In addition, the LCSM
images of CHL cells on the scaffold showed good cell growth and
distribution, and no obvious cell death was observed (the survived
cells were green, and the dead cells were red), suggesting good
biocompatibility (Figure 5C). The flow cytometry results of a se-
ries of skin scaffolds showed that all the counts fell in the Q4
region, that is, the cells were all alive, which verified the excel-
lent biosafety of e-ADM (Figure 5E). In addition, the chemical
crosslinking formed within the scaffold was very stable in a phys-
iological environment (pH 7.4), consistent with the ICP test re-
sults. Overall, the e-ADM scaffold has good physical and chemical
properties and antibacterial effects and supports cell adhesion,
growth, and proliferation.

2.5. e-ADM Under Electrical Stimulation for Full-Thickness Skin
Wound Healing

It is well-established that the recovery process of skin tissue de-
fects includes granulation tissue and scar formation. The basic
wound healing process encompasses acute inflammation, cell
proliferation, scar formation, epidermis, and other tissue regen-
eration. Two symmetrical full-thickness skin defect wounds were
opened on the back of specific pathogen-free (SPF) rats (Fig-
ure 6A). The skin scaffold was placed in one defect (TEG), and no
material was placed in the other (TCG). Intermittent microcur-
rents were used to verify the effect of electrical stimulation on
skin reconstruction. Photos of wounds on days 0, 3, 7, and 15
of different treatments (Control, ADM, ADM-ES, e-ADM, and
e-ADM-ES) were taken. A 2D model of the rat wound was es-
tablished to better compare the healing situation (Figure 6B). In
the early stage, the bacteria around the wound proliferated ac-
tively, and the bacterial metabolism caused the physiological en-
vironment to be acidic. A large amount of copper ions were ex-
cluded from the environment filled with body fluids to contact
with the skin so that the positive expression of wound healing
in the e-ADM experimental group was poor within ~0-3 days.
As the bacteria were killed, the physiological environment devel-
oped into neutral, and the lethality of copper ions quietly with-
drew. Low-dose copper ion expression promoted vascularization
and cell proliferation, and cells adhered and grew on ADM. On
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Figure 4. Monitoring of joint movement and electrochemical properties of e-ADM. A) Bending, B) pressing, C) twisting,
E) stretching, and F) stretching to a fixed deformation. Put e-ADM on G) chew, H) vocal cord, 1) elbow, J) response time, K) elbow activity at different
frequencies, L) knee, M) response time, N) knee activity at different frequencies, O) plantar, and P) wrist relative resistance change rate. Q) Schemata
of human models. Photo and video credit: Institute of Biomass & Functional Materials, Shaanxi University of Science & Technology.

Adv. Healthcare Mater. 2023, 12, 2202971

2202971 (9 of 14)

D) twisting to a fixed angle,

© 2023 Wiley-VCH GmbH

850801 SUOWIWOD 3AIIER1D) 3(edt[dde auy Aq peuienob e sappiie YO ‘esn 4O Sa|n1 104 Axeiq18UIUO AB]IA U (SUOIPUOD-PUR-SWLRYW0D" AB| 1M AReJq 1 jBu|Uo//:SA1Y) SUORIPUOD PUe SWwid L 84} 89S *[7202/80/22] U0 Areiqiauliuo AB|im ‘AisAIUN uepnd AQ T.6202202 WUPe/Z00T OT/I0p/L0D A3 1M ARelq1jeul|uo//sdny Woj pepeoiumoq ‘02 ‘€202 ‘65922612



ADVANCED ADVANCED
SCIENCE NEWS '}E/XLTTE'?&EE

www.advancedsciencenews.com www.advhealthmat.de

A

ca?¥

ol
Fa\" 4
W
‘ lon ]
channel

o

caz  ca? /< Ros

B GF

Modified 12-well plate
ES: E=100 mV/mm f=25 Hz

B
1)

3
S
®
®
2

O
@ & @

CHL Cells 1 K () (m)
CHL Cell e-ADM =
(1x1cm) 07030,
Apoptotic
cells
1h 1h
Cells ES ES
culturing Interval 24 h
For 24 h 1h Observation
Control ADM e-ADM e-ADM-ES

100 101 102
ANNEXIN V-FITC
(control)

w)
ks
8

=
N
=)

Cell viability (%)

100 101 102 100 101 102 100 101 102
ANNEXIN V-FITC ANNEXIN V-FITC ANNEXIN V-FITC
(ADM) (e-ADM) (e-ADM-ES)

=
=]
=3

=3
=)

o
o

'S
=)

I Control 3 ADM
{ [ e-ADM [ e-ADM-ES
1 3 5
Time (day)
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the 7th day, it can be observed that the introduced copper ele-
ment and biological microcurrent play a significant role in pro-
moting vascularization expression and cell proliferation, and the
positive expression of wound healing is more perfect. On the 15th
day of treatment, the healing degree of the control group was the
lowest, and the wound area was 60% of the original. Compared
with the control group, the skin wound area of the ADM treat-
ment group was significantly reduced (52% vs 60%) (Figure 6D).
It has been confirmed that ADM has brought significant benefits
for skin wound treatment and skin reconstruction. The activa-
tion of growth factors and the activity of cells and blood vessels
between fibers with gaps help to significantly improve the heal-
ing rate. The positive expression of wound healing in the ADM-
ES experimental group was strong (wound area 44%), which can
prove the significant promoting effect of simulated human mi-
crocurrent on wound healing. The wound area of the e-ADM
treatment group was 32.7%, and the introduction of copper is
the main reason for the excellent therapeutic effect of e-ADM.
Low-dose copper activates hypoxia-inducible factor-1 (HIF-1) and
promotes new angiogenesis. In the e-ADM-ES treatment group
(wound area 19.3%), copper and biological micro-currents work
together on the cells at the wound and accelerate vascularization,
and the wound can complete 80% of the new skin reconstruction
in a faster time.

To further evaluate the performance of the e-ADM scaf-
fold in skin reconstruction, the tissue sections of rat wounds
were observed and analyzed by immunohistochemical staining
(hematoxylin-eosin staining [H&E], Masson, Platelet endothe-
lial cell adhesion molecule-1{CD31]). The microphotographs of
wound tissue sections under different treatment methods on day
7 are shown (Figure 6C), and more information can be found
in the Supporting Information (Figures S4-S6, Supporting In-
formation). H&E staining was used to observe wound healing.
Masson staining can reflect the growth of collagen fibers in the
wound. CD31 can specifically stain platelet-endothelial cell ad-
hesion molecules and play an important role in interacting with
neutrophils. To facilitate observation and analysis, the important
factors in the photograph results were marked including blood
vessels in the wound area (red arrow), fibroblasts (yellow arrow),
neutrophils (blue arrow), hair follicles (green arrow), and colla-
gen deposition (orange arrow). Compared with the control group,
a larger number of wound fibroblasts were found in the e-ADM
and electrical stimulation treatment groups with a thicker epi-
dermis. The H&E staining results showed the least number of
neutrophils in the electrical stimulation treatment group, which
proved less inflammation in the wound. Masson staining showed
that the treatment group had more collagen fiber deposition, es-
pecially the collagen fiber accumulation in the electrical stimula-
tion treatment group was the densest, the deposition of collagen
fibers was almost consistent with that of intact skin. In addition,
the expression of CD31 in the e-ADM and electrical stimulation
treatment groups were higher, and the process of fibroblasts, ker-
atinocytes, granulation, and reepithelialization in the observed
area was better, consistent with the results of H&E staining and
Masson staining. Under the stimulation of bionic micro currents,
low concentration of copper ions, and ADM substrate, optimal
wound repair was achieved.

In summary, a hitherto undocumented ADM-based bioelec-
tronic skin (e-ADM) was fabricated for implementation as
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“wound therapy monitoring” tissue-nanoengineered skin scaf-
folds. A facile “one-pot” bio-compositing strategy of nature ADM
was used to incorporate the functional building blocks of conduc-
tive CNTs and self-assembled micro-copper oxide microspheres
with a cicada-wing-like rough surface and nanocone microstruc-
ture. With a multifunctional and bionic-structure design, e-ADM
exhibited robust tensile strength, antibacterial properties, flexi-
bility, biodegradability, electroactivity, biocompatibility, and the
pH-responsive ability for intelligent command between steriliza-
tion (pH ~5-6) and wound repairing (pH 7.4) as expected. More-
over, the real-time large-scale human motion monitoring abil-
ity of the e-ADM provided the platform to design implantable
“health monitoring” tissue-nanoengineered skin scaffolds. Ad-
ditionally, e-ADM under precise electrical stimulation could fa-
cilitate cell growth and proliferation and therefore promote the
in vivo full-thickness skin wound healing with apparent trauma
area reduction, granulation tissue palingenesis, collagen deposi-
tion enhancement, vascularization, and reepithelialization, lead-
ing to a novel, versatile, and high-performance “wound therapy
monitoring” implantable bioelectronic skin (bio-e-skin) for real-
world biomedical applications.

3. Experimental Section

Fabrication of Copper Oxide Microspheres: The process of uCuO pro-
duction is listed in Figure S1, Supporting Information. The porous cop-
per oxide microspheres (uCuO) were prepared by a hydrothermal method.
Specifically, 4.832 g of copper nitrate hydrate Cu(NOs),3H,O was mixed
with 30 mL of ethanol, 20 mL ammonia-water (25%), and 20 mL of sodium
hydroxide (1 m). This mixture was transferred into a hydrothermal reactor
and heated at 120 °C for 4 h. After that, uCuO was collected by centrifuga-
tion, washed three times with deionized (DI) water, and dried in an oven
at 60 °C for 12 h.

Fabrication of ADM: ADM used in this study was derived from the
processing of pig skin. In short, fresh pig skin was obtained from a lo-
cal slaughterhouse (Xi'an, China). Pig skin slices with a thickness of 10 x
10 cm were taken from the back of fresh pig skin. At 30 °C, the pig skin
slice was thoroughly washed in water (500% of skin weight) containing
flat addition (0.5% of skin weight) and the subcutaneous fat was removed
manually. Then, at 30 °C, the pig skin slice was rotated in a drum contain-
ing sodium carbonate (2.5% of skin weight) and flat addition (1% of skin
weight) for 6 h. At 25 °C, the meat side of the pig skin slice was coated
with trypsin (2.5%, 250 U mg~') overnight to remove the hair. Alkaline
enzymes were added to remove impurities and purify the pig skin tissue.
The ADM scaffold was finally obtained after freeze-drying the porcine skin
slices that were thoroughly washed.

Fabrication of e-ADM:  ADM with a weight of 1 g was placed in a mixed
solution of 1.5 mL MWCNTs-COOH and 8.5 mL DI water for ultrasonic
treatment for 2 h, and 0.5 mL pCuO (1 M) was added to the mixed solution
and shaken at 37 °C for 12 h (250 rpm). Then, the sample was washed
using ultrapure water and lyophilized before testing.

Surface Characterization: The surface morphology and elemental com-
ponent of the e-skin were characterized by a field emission scanning elec-
tron microscope (FE-SEM, S-4800, Hitachi, Japan) equipped with EDS.
The surface morphology of ADM scaffolds was further observed by atomic
force microscope (AFM, SPM-9600, SHIMADZU, Japan) and 3D digital
microscopy (HIROX, Japan). ADM scaffolds were dried by freezer dryer
and tested by FT-IR spectroscopy (Perkin Elmer FT-IR Spectrum Two,
USA). Raman spectra (RS) were measured in a laser-scanning confocal
micro-Raman spectrometer. The ADM scaffolds were placed on a mi-
croslide and detected by the laser micro-Raman imaging spectrometer
(THEM DXRxi, USA).
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Thermal Stability Analysis:  The ADM scaffolds were characterized by
a differential scanning calorimeter (DSC Q2000 V24.11 Build 124, TA In-
struments, USA) to analyze the movement of polymer chains from inside
of ADM under a nitrogen atmosphere. ADM scaffolds of 3.4 mg were put
into aluminum pans, hermetically sealed, and scanned over the temper-
ature range of 20 to —80 °C at a heating rate of 5 °C min~'. The empty
aluminum pan was used as a reference. Prior to measurement, the ADM
scaffolds were freeze-dried under a vacuum.

Cu?* Release into Phosphate Buffer Solution: To investigate the release
behavior of Cu?* into PBS, an ICP-atomic emission spectrometer (THEM,
USA) was utilized to measure the concentration of ions in the solution.
Briefly, specimens were immersed into 10 mL of PBS with different pH
(pH = 7.4, 5) at 37 °C for 7 days. At predetermined time points, the entire
volume of solution was collected and samples were refilled with fresh PBS.
The concentration of Cu?* in the collected solution was determined by
ICP. To further explore the pH-responsive release of metal ions, samples
were immersed in 2 mL of PBS with a pH of 7.4 in the first 3 days and
then immersed in PBS with a pH of 5 for another 3 days. The solution was
collected and refilled at predetermined time points and the concentration
of metal ions was determined by ICP.

Mechanical Properties:  The tensile strength of ADM scaffolds with an
original gauge length of 10 mm was tested at a tensile rate of 10 mm
s~ using an electromechanical tensile testing machine (Al-7000-NGD,
Gotwell Dongguan Co., Ltd).

Antibacterial Properties: The antibacterial test of ADM scaffolds was
characterized by measuring the inhibition zone and counting the colonies.
The ADM scaffolds were cut into discs (1cm in diameter) and then placed
on Miiller-Hinton agar and plates containing E. coli and S. aureus. The
plates were then stored at 37 °C for 24 h. After this period, the radius of
the inhibition zone was accurately measured by a caliper. Original bacte-
rial suspensions were washed three times with PBS (pH 7.4) solution to
a concentration of 108 CFU mL~". Then, the samples were poured into
the washed culture medium and incubated in a shaking bath for 1 h. The
incubated solution was diluted five times to a certain concentration. The
resulting bacterial PBS suspensions were spread on gelatinous LB agar
plates, and cultured at 37 °C for 24 h. The number of survival colonies was
counted manually. The tests were repeated three times for each bacteria.
In particular, glassware, suction nozzles, and culture medium were steril-
ized in an autoclave at a high pressure of 0.1 MPa and a temperature of
120 °C for 30 min before experiments.

Conductive Tests: The conductivities were characterized by using a
Multifunctional Digital Four-probe Tester. (ST-2258C, Beijing Tongde Ven-
ture Co., Ltd.). The ADM scaffolds used as compression sensors were cut
into squares (50 mm X 20 mm X 0.5 mm). Nickel foam tapes were at-
tached to both ends of the conductive ADM scaffolds to form a strain
sensor. Subsequently, the sensor was attached to different positions of an
observer (first joint of the forefinger, elbow, opisthenar, and wrist) to de-
tect electrical signals. According to the institutional review and approval
of the Ethics Committee of Shaanxi University of Science and Technology
(2021008), human subjects were studied. Volunteers were informed and
agreed to the measured risks and benefits.

In Vitro Enzymatic Degradation: To characterize the degradation prop-
erties of the material, dry ADM and e-ADM scaffolds were cut into quarter-
sized pieces, weighed (denoted as W1), then soaked in collagenase type
I/PBS solution (1U mL™",3 mL mg~" sample) for 7 days at 37 °C. The col-
lagenase/PBS solution was changed every 2 days. To measure the degra-
dation rate, samples were removed from the collagenase/PBS solution on
days 1, 2, 4, and 7, then rinsed with PBS followed by distilled water. The
samples were lyophilized and weighed (denoted W2). The degradation rate
was calculated using the formula

W, - W
Degradation rate (%) = % x 100 M

Biocompatibility Evaluation: The cytotoxicity of the ADM scaffolds was
evaluated with MTT assays; Live/Dead samples (epithelial cells of hamster
lung) were visualized using a Calcein-AM/PI Double Stain Kit and a Leica
TCS SP8 STED inverted confocal microscope.
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Assessment of the Ability to Promote Cell Proliferation: The skin scaf-
folds were co-cultured with CHL cells under electrical stimulation with spe-
cial equipment. The following ES scheme was adopted: After 1 day of culti-
vation, the e-ADM group underwent electrical stimulation for 7 days. The
electric field intensity was 100 mV mm™" (frequency = 25 Hz) at intervals
of 24 h. During one period, ES was performed twice for 1h, with an interval
of 1 h between each time. The cell proliferation rate was monitored by an
inverted confocal microscope (DMi8) and flow cytometry (FACSCalibur).

In Vivo Full-Thickness Skin Defect Model: SPF rats (6-8-week-old and
180-220 g) were obtained from the Institute for Hygiene of Ordnance
Industry (Xi'an, China). They were maintained with free access to pellet
food (Jiangsu Xietong Biotechnology Co., Ltd, Nanjing, China) and water
in plastic cages at 1826 °C and kept on a 12-h light/dark cycle. Animal wel-
fare and experimental procedures were carried out strictly in accordance
with the guide for the care and use of laboratory animals (Shaanxi Province
Science and Technology Department of China, 2016) and the related eth-
ical regulations of the Institute for Hygiene of Ordnance Industry. All ef-
forts were made to minimize animal suffering and reduce the number of
animals used. A square full-thickness wound with a length of T cm was
created by a punch on the back of SPF rats. The rats were divided into four
groups: e-ADM-ES group, e-ADM group, ADM group, and control group.
The same ES scheme as above was adopted. The wound areas were first
photographed, and the tissue specimens were stained with H&E staining,
Masson staining, and CD31 staining until the wound almost healed.

Statistical Analysis: Data are depicted as mean + SD (n = 6), and ana-
lyzed by one-way ANOVA with Tukey’s multiple comparison test compared
to TCG. The level of significance was set at *p < 0.05, **p < 0.01, ***
0.001.
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