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Next generation tissue-engineered skin scaffolds promise to provide sensory restoration through electrical
stimulation in addition to effectively rebuilding and repairing skin. The integration of real-time monitoring of the
injury motion activities can fundamentally improve the therapeutic efficacy by providing detailed data to guide
the clinical practice. Herein, a mechanically-flexible, electroactive, and self-healable hydrogels (MESGel) was
engineered for the combinational function of electrically-stimulated accelerated wound healing and motion
sensing. MESGel shows outstanding biocompatibility and multifunctional therapeutic properties including
flexibility, self-healing characteristics, biodegradability, and bioelectroactivity. Moreover, MESGel shows its
potential of being a novel flexible electronic skin sensor to record the injury motion activities. Comprehensive in
vitro and in vivo experiments prove that MESGel can facilitate effective electrical stimulation, actively promoting
proliferation in Chinese hamster lung epithelial cells and therefore can accelerate favorable epithelial biology
during skin wound healing, demonstrating an effective therapeutic strategy for a full-thickness skin defect model
and leading to new-type flexible bioelectronics.

Motion sensor
Wound healing

1. Introduction

Skin functions as a protective and sensing interface while it can be
damaged by burning, mechanical injuries, etc., for which healing can be
impaired by peripheral vascular disease, immune dysfunction or meta-
bolic diseases. Particularly, full thickness dermal wounds exceeding a
critical size cannot be always self-healed [1,2]. Despite the great efforts
to the development of wound dressing materials and therapies [3],
effective wound healing remains a great therapeutic challenge, espe-
cially for the large-area and complex tissue damages [4,5].
Tissue-engineered skin can be obtained by seeding cells within and on a

three-dimensional scaffold, providing a promising therapeutic method
to rebuild and repair the skin barrier. Due to their advantageous capa-
bility to absorb wound exudates and preserve moisture, hydrogels can
be used both as wound dressings and tissue scaffolds [6-9]. Self-healing
hydrogels have aroused widespread attention in diverse biomedical
applications due to their capability to restore their initial structure and
mimic the complex regeneration process of natural skin, owing to their
dynamic and reversible linkages in the hydrogel networks [10]. More-
over, since the scaffold acts as a biomimetic extracellular matrix (ECM)
to promote cell infiltration, proliferation, differentiation, and de novo
tissue formation, it should resemble inevitable significant characteristics
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of the natural ECM, including the chemical constitution and physical
structure [11].

Gelatin is a denatured collagen that mimics components of the native
ECM in terms of primary structure and chemical composition [12-14]. It
has a wide applications for tissue engineering and regeneration on ac-
count of Arg-Gly-Asp (RGD) peptides, tissue adhesiveness, and
thermo-sensitivity [15,16]. RGD sequence can not only increase the
cellular bioactivity of scaffolds, but also promote cell adhesion and
migration [17,18]. Recently, there have been elegant designs and en-
gineering of gelatin self-healing hydrogel scaffolds to surmount tradi-
tional drawbacks (e.g. tissue adhesiveness, biocompatibility and
deficient mechanical properties, etc.) [19,20]. However, therein still lies
a common limitation among them: mechanical properties and versa-
tility. Therefore, the rational design and engineering of gelatin-derived
self-healing hydrogels, in this regard, show a great promise to over-
come these issues due to their dynamic crosslinked molecular structure,
outstanding biocompatibility, smart response, promotion of
angiogenesis.

Skin is sensitive to electrical signals with conductivity values of 2.6
to1 x 10~* mS em ™! varying among different parts of body [21]. Since
1960s, researchers have been studying the electrical stimulation therapy
and its effect on wound repairing [22-25]. Importantly, it has been
proved that the endogenous electric field has a positive effect on wound
healing; therefore, it is crucial to compensate the endogenous electric
field of a lesion to accelerate the recovery of its structure and function
through an external electrical stimulation applied to imitate natural
electric current in cutaneous wounds [26,27]. Electrical stimulation can
be divided into two types: bidirectional current and unidirectional
current, for example, including the direct current (DC) and unidirec-
tional pulse current (PC) [21]. Unidirectional current can be used for
simulate endogenous electric field due to its property of constant po-
larity and unbalanced charge. Although, bidirectional current has fewer
adverse reactions and less invasive, DC is more effective in enhancing
tissue perfusion and rate of wound area reduction [28]. Either unidi-
rectional current or bidirectional current has the similar effects on
wound healing. Moreover, we specifically chose the electric field in-
tensity of 100 mV/mm and frequency of 25 Hz for the DC power source
based on the following comparison table (Table S1). This electrical
stimulation can mainly promote the proliferation of fibroblasts, the
production of collagen, and growth factors. Electrical stimulation has
been widely used as a physical therapy to accelerate tissue healing and
functional recovery, owing to the introduction of the electrical stimu-
lation and transduction of electrobiological signals [29-31]. This
combinational electroactivity can lead to the promotion of cell prolif-
eration, growth factor secretion, ECM synthesis and assembly, and
revascularization. Nevertheless, there is still a gap for the application of
electrical stimulation in the effective repair of severe tissue damages,
due to its ineffective transduction into deeper tissues [32]. The electrical
stimulation signal can be strengthened by the proper design and use of
electroactive materials, mainly owing to the effective transmission to
the defective tissue, leading to enhancement of tissue recovery [33].
Specifically, the enhanced electrical stimulation through direct current
can govern the cellular activities by activating transmembrane channels
[34], increasing intracellular Ca®" concentration [35-37], thus leading
to better therapeutic outcomes of wound healing in a simple and
cost-effective way.

From a fundamental perspective, the major scientific challenge for
electroactive materials resides within the engineering of proper con-
ductivity of the scaffolds, while not compromising the hydrogels’
physicochemical properties, such as toughness, stretchability, and
biocompatibility. The development of a new-type of “smart” viable
electroactive biomaterials should be capable of creating an ideal
electronics-skin interface to effectively transport the electrochemical
and electrobiological signals to the cells within the affected tissue,
generating a range of therapeutic responses, including cellular prolif-
eration and differentiation of electrical signal sensitive cells (for
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example, fibroblasts, nerve, bone, and muscle cell) [38,39]. Addition-
ally, imparting the functionality of motion tracking at the wound areas
has shown potential to benefit the wound treatment process, by moni-
toring the epidermal changes real-time. Accelerated skin wound healing
through the integration of electronics-based motion activity tracking
capability also illustrates its great potential for point-of-care treatment
[40,41]. Conducting polymers have been suggested as promising ma-
terial candidates in tissue engineering restoration, endowing scaffolds
with electrical, antibacterial properties, and controlled release of
bioactive agents and drugs [42]. These advantageous properties allow
an establishment of suitable bio-nano interfaces to transmit/receive the
electrical stimulation to/from the cellular levels of wound tissues [43].
Elegant advances has been achieved through the use of various con-
ducting polymers, including polypyrrole (PPy) [44], polyaniline (PANI)
[45], polythiophene (PTh) [46], and PEDOT:PSS [47-51], while the
employment of biologically-originated polymers provides an ideal
platform for the engineering of a bio-inspired multifunctional 3D-scaf-
fold for tissue-engineered skin by taking advantage of the bioactivity
and biocompatibility properties.

Herein, we developed a bioinspired gelatin-based smart 3D-scaffold
through the integrative crosslinking strategy of N-(3-Dimethylamino-
propyl)-N'-ethylcarbodiimide hydrochloride (EDC) to incorporate the
functional building blocks of water-dispersible conducting polymer
complex, PEDOT:PSS, and MWCNTs-COOH (Fig. 1A). These gelatin-
based smart 3D-scaffold, possessing the desirable properties of me-
chanical flexibility, electroactivity, and self-healing, (termed as ‘MES-
Gel’), were engineered by a simple and facile “one-pot” preparation
strategy through physical doping and chemical crosslinking. A range of
molecular interactions among the components in MESGel provides an
integrative crosslinking strategy to form a 3D-network in the bio-
inspired hydrogel, which are conducive to the performance of multi-
functional therapeutic properties. Moreover, with this multi-
functionality design, MESGel considerably promotes wound healing
through precise electrical stimulation and wearable motion sensing
function at the wound injury area, leading to new-type flexible bio-
electronics as the integration of real-time monitoring of injury motion
activities. This next-generation function of MESGel can fundamentally
improve the therapeutic efficacy by providing detailed data to guide the
clinical practice. (Fig. 1B and C). In particular, the combination of
electroactivity and bioelectronics in these materials effectively acceler-
ates cell proliferation in a full-thickness skin defect model by the
external electric field applied to the scaffolds, and simultaneously
monitors the real-time movements of the human body. This work pre-
sents a new avenue for exploring more multifunctional hydrogels
inspired by nature for biomedical applications.

2. Results and discussion
2.1. Design strategy and structural characterization of MESGel

Gelatin containing RGD sequence has adhesive domains and matrix
metalloprotein (MMP) sensitive sites linked to cell binding and cell-
mediated matrix degradation [52,53]. The PEDOT:PSS can be incorpo-
rated into the gelatin backbone to increases the electrical conductivity
and flexibility of the hydrogel. After adopting the home-made
MWCNTs-COOH, the electrical conductivity, mechanical properties
and antibacterial ability can be further improved. Subsequently, the
gelatin chains are crosslinked by EDC through amide bond formation,
which further increased the mechanical properties of the hydrogel. A
range of molecular interactions provides an integrative crosslinking
strategy to the formation of the 3D-network of the bio-inspired hydrogel,
including hydrogen bonds, electrostatic interactions, and aromatic -
interactions [54-57]. MESGel can be used for skin regenerative scaffolds
to promote wound healing under electrical stimulation (ES) (Fig. 1B)
and simultaneously monitor the motion activities of the wound area
(Fig. 1C).
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Fig. 1. Schematic illustration of the fabrication and application of multifunctional MESGel hydrogels. (A) Synthetic process of MESGel. (B) Electrical
stimulation promotes wound healing. (C) Real-time monitoring and feedback of MESGel biosensors for wound healing.

Different types of hydrogels photographed were fabricated by adding
MWCNTs-COOH or PEDOT:PSS or both, and crosslinked by EDC. A
transparent gelatin hydrogel (GH) just cross-linked by EDC was used as
the control group (Fig. 2A). The grayish hydrogel (GCH) was manufac-
tured by gelatin and MWCNTs-COOH, and the light blue hydrogel
(GPPH) was fabricated by gelatin and PEDOT:PSS. The novel MESGel
was generated by combining gelatin, MWCNTs-COOH, and PEDOT:PSS
(Fig. 2A (ii)). MESGels can be molded to many shapes (Fig. 2A (iii)),
allowing for the easy and rapid control of applicable morphologies.
According to the SEM analysis in Fig. 2B (i), the GH and MESGel
hydrogels exhibited a porous 3D-nanostructure, which is the typical
structure of gelatin-based hydrogels. The MESGel presented a smaller
and more uniform pore diameter likely due to the cross-linking of EDC,
the electrostatic adsorption between PEDOT:PSS, as well as the exten-
sive hydrogen bonding between various substances (Fig. 2B (ii), (iii)).
Besides, the microscopic distribution of PEDOT:PSS and MWCNTs-
COOH in MESGel has been further observed. Scanning electron micro-
scopy (SEM) images show the mixture of PEDOT:PSS (Fig. S9 A) and
MWCNTs-COOH (Fig. S9 B) with flake-like structures. The SEM images
also shows that the surface of MWCNTs-COOH is wrapped by PEDOT:
PSS. The SEM image with higher magnification shows that the mixture
of PEDOT:PSS and MWCNTs-COOH is uniformly distributed in the
network structure of MESGel. To a certain extent, the water in the gap
makes a continuous phase formed on the surface of gelatin molecular
chain, which greatly improves the conductivity of MESGel.

Fig. 2C (i) showed the Raman spectra and mapping images and
indicated a strong absorption peak at 1423 cm™!, which is related to the
symmetric stretching vibration of the G4 = Cg double bond on the aro-
matic ring of PEDOT. In addition, a prominent D-band peak appeared at
1262 cm ™! due to increased disorder in the sp? domains, and G-band
peak appeared at 1518 cm ™! caused by a shorter range structure of the
MWCNTs. The relative intensity (Ip/Ig) of the D- and G-band peaks can
reveal the disorder degree and defect density of the sample. By

comparison with the results in Fig. 2C (ii), it can be deduced that the
MWCNTs-COOH in the MESGel were more ordered, probably due to that
the MWCNTs-COOH were enwound by the PEDOT molecular chain,
which is full of n-n stacking interactions. Furthermore, both the D- and
G-band peaks red-shifted to low frequency ranges due to the hydrogen-
bond interaction, as well as the extrusion force of PEDOT. Additionally,
the Raman peak of PEDOT:PSS red-shifted from 1435 cm™' to 1423
ecm™!, elucidating the chemical structure of PEDOT changing from
benzoid to quinoid structure. In other words, the conductivity of PEDOT
was improved due to the doping of MWCNTs-COOH.

2.2. Mechanical and self-healing properties of MESGel

As confirmed by the self-healing experiment, the MESGels has
excellent self-healing properties mainly due to the abundant hydrogen
bonds, electrostatic interactions, and aromatic n-n stacking interactions
(Fig. 3A). It can be seen in Fig. 3B that the cut MESGels could be self-
healed to 60% in 2 min and approximately 100% in 10 min, illus-
trating that MESGels possessed self-healing property. And this is in good
agreement with the result of alternate step strain sweep test (Fig. 3E).
The rheological properties of the MESGels was inspected by the detec-
tion of storage modulus (G') and loss modulus (G"). The results of
frequency-dependent oscillatory shear rheology at a constant strain of
1% of the four types of hydrogels (Fig. 3C) exhibited that G’ was
dominant in the frequency range of 0.1-100. Among them, MESGels had
the highest G, indicating a higher strength.

Notably, the MESGel had transition from solid-to liquid-like state at
higher strains (the intersection of G’ and G” curves), exhibited a broad
linear viscoelastic region and a great anti-shear ability. The molecular
structure of MESGel was merely destroyed at strains over 40% (Fig. 3D),
showing a wide processing range and shear-thinning behavior. A high
strain (200%) was applied to break the entanglement network structure
of the hydrogel molecular chains, followed by a low strain (10%) to
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Fig. 2. Structural characterization of MESGel hydrogel and counterparts. (A) Photographs of “SUST” and “a smiley face” consisting of gelatin hydrogel (GH) and
MESGel hydrogels (i); Experiment of MESGel hydrogel in a DIODE circuit under different applied pressure levels (ii); From left to right, the images showed the
deflection, bending, stretching and compression properties of the MESGel hydrogel (iii). (B) SEM micrographs (i); aperture distribution (ii); and optical microscopy
images (iii) of the GH and MESGel hydrogels. (C) Raman spectra and mapping images of PEDOT:PSS and MWCNTs-COOH of the MESGel hydrogel (i) and single

PEDOT:PSS, MWCNTs-COOH, and gelatin (ii).

study the recovery property of the MESGel. Over three cycles of breaking
and recovering, the broken internal structure of MESGel recovered
fleetly and displayed a hydrogel-like behavior (Fig. 3E). This property is
critical for scaffolds to repair the micro-cracks caused by tissue stress
during cell proliferation.

The MESGel scaffold exhibited good mechanical properties,
including both tensile (Fig. 3F) and compressive (Fig. 3G), compared to
those of GH and GCH. This result was attributed to that the addition of
MWCNTs-COOH and PEDOT:PSS enhanced the stiffness and toughness
of the MESGel hydrogel scaffold. In addition, EDC links gelatin fibers
‘hand in hand’. The MESGel hydrogel scaffold was able to withstand a
tensile strain as high as 425% and a compressive strain as high as 71%. It
should be mentioned that, after self-healing, the MESGel hydrogel
scaffold was able to reach a tensile strain of 375% and a compressive
strain of 65%, which benefits the service life of the scaffold to a certain
extent.

The design of proper biodegradability rate of tissue engineered ma-
terials adapted to the natural tissue growth rate remains a great chal-
lenge. For instance, collagen derived materials are biomedical materials
that can be absorbed by the human body. However, it has been reported
that their excessively fast degradation rate (DR) in certain wound repairs
cannot match the growth and repair rate of tissues, thus slower DR of
collagen-derived materials are desired [58]. The in vitro degradation of
the hydrogels was evaluated in PBS at 37 °C. The DR of the MESGel
scaffold was the lowest (Fig. 3H) due to its more compact structure
compared to that of the GH, GCH, and GPPH hydrogels, which can be
also found in Fig. 2B. Combined with the insert part, the in vitro DR of

MESGel (92.34%) is 4.5 times as high as in vivo full-thickness skin defect
model DR (20.37%) in about three weeks. It may be caused by the
warmer and moister degradability environment in vitro compared with
on wound skin surface. The swelling ratio was measured to evaluate the
swelling properties of the hydrogel. As depicted in Fig. 31, after 24 h, the
equilibrium swelling ratio of the hydrogels exceeded 4.5. It needs to be
pointed out that the swelling ratio increased rapidly in the first five days.
This is attributed to water molecules forming hydrogen bonds with the
hydrophilic groups of the hydrogel components, thus forming a primary
hydration water with a certain degree of relaxation and extension in the
molecular chain. Subsequently a slower process took place, where hy-
drophobic groups might form bonds with water molecules to form the
secondary hydration water until reaching the swelling equilibrium.
Moreover, the trends of the in vitro DR of the four types of hydrogels
were comparable.

The thermal denaturation temperature is a critically important for
the application of biopolymer-based materials. Fig. 3J presents the dif-
ferential scanning calorimetry (DSC) experiment results, where the
thermal denaturation temperature (T4) of the MESGel hydrogel scaffold
increased by integrating PEDOT:PSS and MWCNTs-COOH as compared
to GH, GCH, and GPPH hydrogels (MESGel > GPPH > GCH > GH).
Generally, the added MWCNTs-COOH were adsorbed to the surface of
the gelatin chains and impeded the generation of intermolecular
hydrogen bonds. Nevertheless, the functionalized MWCNTs-COOH
enwound by PEDOT strikingly enhanced the hydrogen bonds in the
three-dimensional structure. This crisscrossing hydrogen bond network
provided a more solid structural basis for the stability of the MESGel
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Fig. 3. Structural characterization and mechanical properties of MESGel hydrogel and counterparts. (A) Self-healing mechanism diagram of the MESGel
hydrogel driven by the integrative crosslinking strategy. (B) Photos of the MESGel self-healing process. Frequency-dependent (C) and strain-dependent (D) oscillatory
rheology results of composite hydrogels. (E) Alternate step strain sweep test results for the MESGel. Tensile (F) and compressive (G) stress-strain curves of different
hydrogels. (H) In vitro degradation rate (DR) and in vivo full-thickness skin defect model DR (inset). Swelling behavior (I), and DSC curves (J) of composite hydrogels.

(K) TG and DTG curves of the MESGel.

hydrogel scaffold. The measured T4 values were: MESGel (65.1 °C) >
GPPH (57.7 °C) > GCH (53.5 °C) > GH (53.1 °C). According to the
thermogravimetry (TG) and derivative thermogravimetry (DTG) curves
(Fig. 3K), the thermal weightlessness process can be divided into four
steps: (1) Between 0 and 100 °C, the free water is lost in proportion to
thermal weightlessness. (2) Between 100 and 250 °C, a large amount of
chemically combined water is vaporized with the breakage of hydrogen
bonds. On the other hand, the uncomplete triple helical structure of
gelatin continued to unwind thoroughly. (3) Between 250 and 600 °C,
the natural structure of gelatin was totally thermally decomposed to
obtain minimal peptides and amino acids. (4) Above 600 °C, the residual
micro-molecules were carbonized with carbon deposit removal. The

measure glass transition temperatures (Tg) were: MESGel (323.3 °C) >
GPPH (296.9 °C) > GCH (294.8 °C) > GH (294.5 °C), matching exactly
with the results of the DSC experiment. It can be concluded that the
thermal stability of the MESGel scaffold was significantly improved due
to the combination of PEDOT and MWCNTs-COOH.

2.3. MESGel for the epidermal sensor

The electroactivity of hydrogels is essential for the electrical stimu-
lation to the tissue cells. Therefore, the engineering of suitable con-
ductivity has been recognized as the key for the design and fabrication of
e-skin sensors. Fig. 4A illustrates the fabrication process of e-skin strain
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Fig. 4. Monitoring of joint movement and electrochemical properties of the MESGel hydrogel. (A) Schematic illustration of smart sensor construction and a
human arm model. Related locations/joints, where movement could be monitored were marked with solid black circles. (B) Bending angle variation detection of
finger, (C) arm flexion, (D) opisthenar, and (E) wrist. Relative resistance changes under different compressive (F) and tensile strains (G). (H) CV curve obtained at a
scanning speed of 50 mV s~*. (I) Impedance curve and equivalent circuit. (J) Conductivity of different hydrogels measured by the four-probe method.

sensors. This sandwich-like 3D-structure design not only provides pro-
tection but also ensures the good conductivity of the MESGel sensor. The
variation sensitivity was detected by demonstrating the relative resis-
tance (AR/Rg = (D-value of resistance)/initial resistance x 100%) of a
range of human joint motions including the monitoring of the knuckle
(Fig. 4B), elbow (Fig. 4C), opisthenar (Fig. 4D), and wrist (Fig. 4E).
According to Fig. 4B and C, the AR/RO increased with the increase of the

finger bending degree. There was a positive correlation between the two
observations and the maximum values were 38.8% and 34.5%, respec-
tively. It is worth mentioning that the response time (RT) was merely
100 ms, suggesting a high sensitivity for the epidermal sensor (Fig. 4C).
During bending, the conjugated action of the PEDOT molecular chain is
destroyed, and the molecular orbital provided for the charge carrier is
reduced. Fig. 4D and E shows that when the wrist angle was up to 120°,
the AR/R0 changed over 40%, which was identical to the conclusion

obtained by Fig. 4B and C. The gauge factor (GF) can express the
sensitivity of resistance to strain. When the compressive strain changed
from 20% to 80%, the AR/RO changed from 14.8% to 26.0% with a GF of

18.35 (Fig. 4F). Moreover, when the tensile strain changed from 120%
to 200%, the AR/RO changed from 19.6% to 33.7% with a GF of 18.6

(Fig. 4G). These results can be explained by the Poisson effect. The
sensitivity of MESGel smart stretchable strain sensors was intrinsically
limited because Poisson compression squeezed molecular chains
together [59]. Therefore, the comprehensive experimental results

exhibit that MESGel could serve as an e-skin sensor, which could be
utilized for the real-time monitoring of the injury motion activities.
However, it remains as a challenge to demonstrate the combinational
performance of electrical stimulation wound healing and motion senor
properties in a wound healing model yet. One of the key challenges is
that the movements around the wound area lead to the unstable contact
between the MESGel and skin. Further studies are currently ongoing to
integrate an additional adhesive layer between the MESGel and skin to
increase the stability of bio-material contact.”

Fig. 4H displays the cyclic voltammetry (CV) experimental result
within the —1.0 - 1.0 V range at a potential scanning speed of 50 mV/s.
Analyzing the shape of the CV curve, it can be observed that there were
two pairs of apparent oxidation and reduction peaks, and the charac-
teristic peaks for the mutual conversion of PEDOT between different
redox states, which is a unique pseudocapacitance characteristic of
conductive polymeric materials. The Nyquist curve obtained from
Electrochemical Impedance Spectroscopy (EIS) and the equivalent cir-
cuit diagram (inset) displayed in Fig. 41 show that the diffusion velocity
was dominant during the disturbance process. In other words, the speed
of charge transfer was very high, while the process of charged ions
diffusion to the surface of the MESGel hydrogel electrode was very slow.
Under this circumstance, the intercept of the Z' axis was equal to the
contact resistance (Rc) plus the EIS film resistance (R;), and Z' was about
2.2 Q. Therefore, it can be concluded that the MESGel has good capac-
itance properties and is a good candidate for super capacitor
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applications. As it can be seen in Fig. 4J, the GH hydrogel was hardly
conductive, while the MESGel conductivity increased to 7.1 S ecm™!
when 2.0 mL of PEDOT:PSS were added. In addition, after self-healing,
the MESGel was not far behind before cut attested in video S1, which
signifying that it possessed excellent self-healing property and long cycle
time. Due to its superior conductivity, it can be used as an e-skin sensor
or supercapacitor.

Supplementary video related to this article can be found at
https://doi.org/10.1016/j.biomaterials.2021.121026

To verify the cell proliferatory effect of MESGel scaffold under
electrical stimulation, the MESGel scaffolds co-cultured with CHL cells
were electrically stimulated according to the electrical stimulation
cycle, as shown in Fig. 5A mentioned earlier. It can be seen in Fig. S2 that
the CHL cells grew uniformly on the porous scaffold with conspicuous
cell proliferation, and there were fewer dead cells on the MESGel +
electrical stimulation for 5 days (Fig. 5F). Then, the cell morphology and
proliferation ability were further evaluated by flow cytometry. Ac-
cording to the 2D scatter plot in Fig. S2, the side scatter (SSC) value of
the MESGel + electrical stimulation was higher compared with MESGel,
implying that the granularity of the cell was intact, and no difference in
cell size since the forward scatter (FSC) value was also similar (Fig. 5G).
The cell proliferation index (CPI) can be determined according to CPI =
S + Gy, The CPI of the MESGel + electrical stimulation was 63.55 (day
1), 63.56 (day 3) and 63.7 (day 5), while that of the MESGel was 59.3
(day 1), 59.0 (day 3) and 59.1 (day 5). The higher CPI means most cells
were in the DNA replication phase, entering the G, phase, and gradually
entering the mitotic phase (Fig. 5D). In other words, electrical stimu-
lation had a prominent positive effect on CHL cell proliferation.
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2.4. Biocompatibility and electroactivity of MESGel

Methyl thiazolyl tetrazolium (MTT) assays and co-culturing assays
with live/dead cell fluorescence staining recorded by laser scanning
confocal microscopy (LSCM) were employed simultaneously to
demonstrate the biocompatibility of the MESGel. As shown in Fig. 5A, a
home-made electric stimulator was designed to apply ES. In the design,
holes with a diameter of 0.5 cm were drilled through at both tops of each
hole in a 12-well plate, so that the holes can be connected with each
other, ensuring the formation of an electrical stimulation circuit. The
contact of the AgCl electrodes with the culture medium was prevented
by using Agar salt-bridges. As shown in Fig. 5B, the GH and MESGel
hydrogels showed neglected toxicity compared with saline (NS), and
according to the MTT assays, the cell viability exceeded 111.3% after
5 days in all cases (Fig. 5C). Moreover, fluorescence images of Chinese
hamster lung cells (CHL) cultured on the MESGel scaffold at 37 °C at
different time intervals are shown in Fig. S1. Almost no dead cells were
found after 5 days of cocultivation (Living cells showed green fluores-
cence, in comparison, dead cells showed red fluorescence), indicating
the high biocompatibility of MESGel (Fig. 5E).

2.5. Electrical stimulation of MESGel for full-thickness skin wound
healing

The full-thickness skin defect model on SPF rats was used to estimate
the induction and promotion of tissue healing. An external electrical
stimulation powered by a DC supply was applied on MESGel hydrogel
scaffolds (Fig. 6A). The macroscopic appearance of the wounds treated
by different therapies on day 0, 3, 7 and 10 was provided in Fig. 6B. All
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wound areas decreased over time albeit at different rates: MESGel +
electrical stimulation group > MESGel group > GH group > NS group.
Another interesting finding was that, at any time point, the wounds
treated with the MESGel + electrical stimulation had the smallest wound
area among all groups, with a wound closure rate higher than 90% after
10 days of treatment, as depicted in Fig. 6C. It could be summarized that
both the electroactive MESGel hydrogel scaffolds and electrical stimu-
lation had the effect of promoting wound healing.

To further assess the capability of the MESGel and MESGel + elec-
trical stimulation to promote healing, tissue sections of the wound on
were analyzed by H&E and Masson staining and immunohistochemical
staining of platelet-derived growth factor (PDGF and VEGF) on day 7,
14, and 20. Fig. 6D displayed these results on day 20 and more infor-
mation can be found in Fig. S3~S6. The different expression strength of
blood vessel (red arrow), fibroblast (yellow arrow), neutrophil (blue
arrow), hair follicle (green arrow) and collagen deposition (orange
arrow) in wound area are marked and highlighted in Fig. 6D. In control
group, a basic structure of epithelium and dermis was formed with mild
inflammatory reaction while hardly forming and depositing of collagen,
new hair follicles and blood vessels were found. On the contrary,
wounds treated with the MESGel scaffolds exhibited incomplete loose
epithelium and dermis with fewer inflammatory neutrophils, formed
hair follicles and blood vessels, indicating that the MESGel groups
improved wound healing promotion. Particularly, the abundant regen-
erated hair follicles and blood vessels, a thicker new epidermal layer and
a defined thicker tissue structure were distinctly observed in the wounds
treated by the MESGel + electrical stimulation scaffolds, indicating a
superior wound repair effect, including improvement of connective
tissue remodeling and re-epithelization process.

The area and density of defined collagen fibers can reflect the for-
mation of de novo tissue and the degree of healing to a certain extent.
The wound healing process is closely related to the accumulation of
collagen fibers, fibroblasts, and growth factors (GFs). After 20 days,

depositional collagen (blue-stained area) appeared with various extent
in three groups (Fig. 6D). Notably, the MESGel + electrical stimulation
treatment had the highest collagen density and more organized fibrous
structures, which further demonstrated its strong wound healing effect.
Membrane channels, proliferation, migration of cells in wound area are
regulated by GFs. PDGF acts as mitogen that can stimulate fibroblasts,
glial cells, smooth muscle cells and other cells stagnanted in the Go/G;
phase to enter the division and proliferation cycle. Meanwhile, VEGF
can promote vascular permeability increase, extracellular matrix
degeneration, vascular endothelial cell migration, proliferation and
angiogenesis. In this study, analysis of PDGF and VEGF expression was
performed by immunohistochemistry. As shown in Fig. 6D, the expres-
sion of PDGF and VEGF (brown-stained area) in MESGel and MESGel +
electrical stimulation was much higher than that in the control group,
illustrating that electrical stimulation was able to promote wound re-
covery by enhancing the PDGF and VEGF expression. Consequently, the
fibroblasts and keratinocytes proliferation, granulation tissues forma-
tion and re-epithelialization processes were accelerated, which were
also consistent with the H&E and Masson trichrome staining results. In
addition, the thickness of the stratum granulosum of tissue sections on
healed wound area has been added in Fig. 6E. The variation rule of
stratum granulosum thickness is as follows: MESGel + ES group >
MESGel group > Control group, which is consistent with that of H&E
and Masson staining.

3. Conclusions

In summary, a new class of mechanically flexible, self-healable, and
electroactive hydrogels (named MESGel) based on gelatin has been
developed as a 3D e-skin scaffold for multi-functional motion sensing
and acceleration of skin wound recovery combined with electrical
stimulation. MESGel exhibited multifunctional properties including
outstanding mechanical properties and flexibility, self-healing
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characteristics, biodegradability, electroactivity, and biocompatibility.
The high sensitivity and motion monitoring ability of the MESGel pro-
spective the potential of hydrogel-based scaffolds and implantable
medical devices. In addition, the MESGel exhibited a strong pro-
reparative effect in a rat full-thickness skin defect model, and actively
accelerated the in vivo wound recovery with wound area reduction,
granulation tissue formation, collagen deposition enhancement, vascu-
larization, and re-epithelialization. The elegant combination of elec-
troactivity and bioelectronics in MESGel has been proven with promoted
in vitro proliferation activity of the CHL cells. MESGel can be a promising
candidate as not only a smart sensor for monitoring of human joint
movement, but also an e-skin scaffold for wound healing. Furthermore,
the combination of MESGel with electrical stimulation put a high-
efficiency synergistic therapeutic strategy for the acceleration of
wound repairing on track in the future, availing to the exploration of
implantable and smart bioelectronics.
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