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Self-powered enzyme-linked microneedle patch for
scar-prevention healing of diabetic wounds
Xiangli Zhang1, Zhilong Wang1, Hong Jiang1, Huajing Zeng1, Nan An1, Bin Liu1*, Luyi Sun2*,
Zengjie Fan1*

Diabetic wounds with complex pathological features and a difficult-to-heal nature remain a formidable chal-
lenge. To address this challenge, we design and fabricate a self-powered enzyme-linked microneedle (MN)
patch composed of anode and cathode MN arrays, which respectively contain glucose oxidase (GOx) and horse-
radish peroxidase (HRP) encapsulated in ZIF-8 nanoparticles. The enzymatic cascade reaction in the MN patch
can effectively reduce local hyperglycemia in diabetic wounds while generating stable microcurrents to
promote rapid healing of diabetic wounds. Therefore, the diabetic wounds treated with this MN patch
exhibit rapid, complete, and scar-preventative healing, which can be attributed to the synergistic actions of
hypoglycemic, antibacterial, anti-inflammatory, and bioelectrical stimulation. In brief, the self-powered MN
patch is an effective method to rapidly promote diabetic wound healing and prevent scar formation.
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INTRODUCTION
Because of local hyperglycemia, chronic inflammation, and repeat-
ed infection, diabetic wounds typically have the problems of limited
treatment effect and prolonged healing, which seriously affect the
daily life of patients, and even cause the risk of amputation (1). Tra-
ditional wound dressings and hydrogel wound dressings are com-
monly used to treat diabetic wounds. Although they have made
notable advancements in promoting wound healing, the existing
disadvantages, including single function, limited repair effect, and
secondary trauma caused by peeling the adhesive dressings from the
wounds, remain unsolved (2, 3).
With the advancement of micro-nano fabrication, a new treat-

ment method based on microneedle (MN) technology has been de-
veloped. An MN patch consists of an array of needle tips with a
length of around 10 to 2000 μm and a diameter of less than 300
μm (4). MN is minimally invasive, painless, and convenient. As a
transdermal delivery method, MN has found wide research in dia-
betic wounds. What is more, an MN patch can attach itself to the
wound surface by mechanical interlocking to avoid suture trauma
(5). Recently, researchers have developed various MNs, including
drug delivery MNs, growth factor–releasing MNs, and nitric
oxide (NO)–releasing MNs, to treat diabetic wounds and achieved
a promising therapeutic effect on diabetic wounds (6–8). However,
few studies based on MNs can effectively prevent scarring.
Until now, the mechanism of scar formation remains obscure. It

is believed that the overproduction of fibroblasts and the disappear-
ance of bioelectricity around the wound are probably the main
reasons (9, 10). Bioelectricity, in particular, gradually weakens or
even disappears during the slow process of wound repair, which
causes disordered regulation of wound repair genes and down-reg-
ulation of wound-healing cascades, resulting in disordered collagen

fiber deposition and abnormal remodeling extracellular matrix
(ECM), eventually leading to the formation of scar (11, 12).
Therefore, how to stimulate and amplify endogenous bioelectric-

ity has become a research hotspot in the field of tissue repair. The
development of piezoelectricity and triboelectrification technology
provides a new avenue to stimulate the generation of endogenous
bioelectricity (13, 14). However, the bioelectricity stimulated by
this technology has the disadvantages of being unstable and unsus-
tainable. The external power supply can overcome these drawbacks,
but the inconvenience of carrying and using an external power
supply limits its usage in wound management (15–17). Compared
to the above-mentioned methods, enzymatic biofuel cells (BFCs)
can use biological enzymes as highly efficient electrocatalysts to
convert chemical substances such as blood glucose and lactic acid
in living organisms into the stable and continuous current and have
the advantage of miniaturization, portability, low production cost,
green, and good biocompatibility (18). Therefore, BFCs have gotten
wide applications in the field of medical electronic implants such as
pacemakers, deep-brain nerve stimulators, and insulin pumps (19).
As one of the most common of the BFCs, glucose BFCs, have

found wide applications in vivo, thanks to the following substantial
advantages (18–20): (i) The utilization of natural bioenzymes will
not have any toxicity effect on human health. (ii) The anode con-
taining glucose oxidase (GOx) will consume glucose to generate
electricity, thus decreasing the glucose concentration around the
wound. (iii) The oxygen produced from the cathode contains horse-
radish peroxidase (HRP) will benefit wound healing (21). (iv)
Owing to the ample glucose supply, stable and continuous bioelec-
tricity can be continuously output. Furthermore, the integration of
BFCs with MN will provide a simple and efficient approach to
wound management.
The cascade reaction between GOx and HRPwill ensure a highly

efficient current output, which can provide endogenous bioelectric-
ity to promote wound healing and prevent scarring. However, free
enzymes have disadvantages of poor stability, easy inactivation and
denaturation, low reuse rate, difficult reaction control, and unsatis-
factory catalytic effect, which make the operation of a dual-enzyme
system complicated and expensive, thus limiting its long-term
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development (22, 23). The zeolite imidazolate framework (ZIF-8) is
a polyhedron with a rough surface, which has the advantages of ease
of synthesis, high stability, large specific surface area, and high po-
rosity (24, 25). Therefore, ZIF-8 is widely used to immobilize and
protect bioactive ingredients, such as enzymes, proteins, DNA, and
so on (26–29). In addition, ZIF-8 has been certified effective in
terms of its antibacterial activity, which can protect the wound
from bacterial infections (30, 31).
Here, in this study, we designed and prepared a self-powered

enzyme-linked MN patch by combining the MN technology and
BFCs. The prepared MN patch consisted of conductive anode and
cathode arrays, which can produce a stable and lasting current by
consuming blood glucose, enabling to reduce blood glucose con-
centration around the wound (Fig. 1). In addition, it showed excel-
lent antibacterial properties, high biocompatibility, and efficient
inflammatory inhibition. The wound treated with this MN patch
exhibited rapid and scar-prevention healing, indicating its thera-
peutic potential for diabetic wounds.

RESULTS AND DISCUSSION
Characterization of DA-PPy
The high conductivity of the MN patch can reduce the transport
resistance of electrons, enabling an efficient and durable current
generation of BFCs. Here, we chose polypyrrole (PPy) as the con-
ductive material to improve the conductivity of the MN patch

because of its high conductivity and low cytotoxicity (32, 33).
However, the poor dispersion of PPy in water limits its usage. As
reported, dopamine (DA) modification is an effective method to
improve the dispersion of PPy (34). Accordingly, we used DA to
modify PPy to prepare DA-PPy, and the results showed that the
PPy modified by DA can ensure a good dispersion in water (fig.
S1). In addition, the surface morphology was characterized by scan-
ning electron microscopy (SEM; Fig. 2A). One can observe that the
modification with DA can change the morphology of PPy from
clustered particles to short fiber-like structures.
Besides the morphological characterization, the successful syn-

thesis of DA-PPy can be confirmed by Fourier transform infrared
(FTIR; fig. S2A). In PPy, the bands at 1534 and 1594 cm−1 can be
assigned to the C─C and C═C stretching vibration of the pyrrole
ring, respectively, while the band at 1451 cm−1 can be attributed
to the C─N stretching vibration. In addition, the C─H stretching
vibration peaks of the pyrrole ring appeared at 1170 and 1310
cm−1. After the in situ polymerization of pyrrole and DA to synthe-
size DA-PPy, the characteristic band of DA at 2930 cm−1 can be also
observed in addition to the characteristic peak of PPy.

Characterization of ZIF-8 and its enzyme composites
ZIF-8, ZIF-8–containing GOx (denoted as ZG), and ZIF-8–con-
taining HRP (denoted as ZH) nanoparticles were successfully syn-
thesized according to the reported method (35) and characterized
by transmission electron microscope (TEM). As shown in Fig. 2

Fig. 1. Schematic diagram of self-powered MN patch. (A) Schematic of the enzyme cascade reaction generated by the self-powered MN patch. (B) Schematic of the
self-powered enzyme-linked MN patch for accelerating diabetic wound healing.
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[B and C (a)], ZIF-8 has a dodecahedral structure with regular mor-
phology and uniform size. However, the introduction of two kinds
of enzymes changed its morphology from dodecahedral to spherical
particles with a rougher surface. This change is believed to be owing
to the competitive coordination between the enzyme and the defec-
tive site of the imidazole group (36). Energy-dispersive spectro-
scopy (EDS) mapping reveals homogeneous distributions of
oxygen, nitrogen, and zinc elements of ZIF-8 [Fig. 2C (d to f)].
To confirm the successful synthesis of ZIF-8 and its enzyme

composites, we further characterized them by FTIR and x-ray dif-
fraction (XRD). In fig. S2B, one can observe that ZIF-8 has an
N─Zn vibration peak, C═N stretching vibration peak, and C─N
stretching vibration peak appeared at 995, 1430, and 1150 cm−1, re-
spectively. For the ZIF-8/enzyme composites, the characteristic
peaks of GOx and HRP also appeared, which proves that ZIF-8/
enzyme composites were successfully synthesized. Meanwhile, the
characteristic peaks of DA-PPy and ZIF-8 could be observed in
the composite of DA-PPy/polyvinyl alcohol (PVA)/hyaluronic
acid (HA) (DPPH) conductive substrate, indicating that DA-PPy
and ZIF-8 were successfully introduced into DPPH. In addition,
the phase composition of the synthesized ZIF-8 and its enzyme
composites were characterized by XRD (fig. S2C). The results
showed that the synthesized ZIF-8 had a similar pattern to its sim-
ulated one, confirming the successful synthesis of ZIF-8. Moreover,
the diffraction peaks of ZG and ZH nanoparticles were the same as
the ones of ZIF-8, suggesting that the introduction of enzymes did
not change the structure of ZIF-8. Furthermore, we used a BCA (bi-
cinchoninic acid) protein quantification kit to make a quantitative
analysis of the loading amount of the two kinds of enzymes. The
results showed that the enzyme loading amount of GOx and HRP
in ZIF-8 nanoparticles were 87.47 and 87.52%, respectively (fig. S2,
D and E).

Evaluation of enzyme activity
To evaluate the enzymatic activities of GOx and HRP in ZIF-8
nanoparticles, we catalyzed a cascade reaction using 3,30,5,50-tetra-
methylbenzidine (TMB) and glucose (Glu) as the colorimetric sub-
strates (37–39). The ultraviolet (UV)–visible characterization result
showed that after the addition of Glu and TMB, ZG, ZH, and the
free enzyme cascade samples all appeared with distinct peaks at
the wave numbers of 370 and 652 nm (fig. S2F), which means
that the enzyme cascade reaction was successfully triggered, and
TMB was oxidized to oxTMB (a blue product with a characteristic
peak at the wave number of 652 nm). After adding a small amount
of H2SO4, the blue product was converted to a yellow product with a
characteristic absorption peak at the wave number of 450 nm, con-
firming that the enzyme activities of the ZIF-8/enzyme composite
were well maintained.

Characterization of the MN patches
In this study, a self-powered enzyme-linked MN for rapid diabetic
wound healing was prepared by a two-step method (fig. S3). The
MN patch is composed of an array of 11 × 11 MNs arranged in
an orderly manner [Fig. 2D (a)]. As shown in Fig. 2D (b and c),
rhodamine B (RhB) and green fluorescein were evenly distributed
on the needle tip under the fluorescence microscope, verifying the
loading capability of various drugs, as well as proteins owing to the
porous structure of MNs [Fig. 2D (f)]. In addition, its morphology
was imaged with SEM. One can observe that the needles are
uniform cones arranged neatly and orderly on the substrate with
a spacing of 300 μm, and each needle has a base diameter of 200
μm and a height of 600 μm [Fig. 2D (d to f)].
The hyperglycemic environment of diabetic wounds can trigger

a rapid enzymatic cascade reaction of MNs, enabling to generate
higher microcurrents to accelerate wound healing and potentially

Fig. 2. Surfacemorphologyanalyses of the synthesizedmaterials andMNpatches. (A) SEM images of (a and b) PPy and (c and d) DA-PPy [scale bars, 100 nm (b and d)
and 1 μm (a and c)]. (B) TEM images of (a) ZIF-8, (b) ZG, and (c) ZH [scale bars, 200 nm (a), 500 nm (b and c), and 50 nm in the inset]. (C) TEM and EDS images of ZIF-8 (scale
bars, 200 nm). (D) Materials and morphology of the MNs: (a) Optical image of the MN patch (scale bar, 2.5 mm). (b and c) Fluorescence microscopic images of the tip-
loaded RhB and fluorescein (scale bars, 200 μm). (d to f ) SEM images of the MNs [scale bars, 500 μm (d), 100 μm (e), and 50 μm (f )].
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prevent scar formation. Therefore, the self-powered features of the
MNs were explored both in vitro and in vivo (fig. S4). In vitro, the
microcurrents generated from the MNs by consuming different
concentrations of glucose were detected using a high-precision
benchtop digital multimeter. As shown in fig. S4A, the output
current of the MNs presented an increasing trend corresponding
to an increasing glucose concentration. When the glucose concen-
tration was 0, 18, 20, 24, and 26 mM, the output current generated
by the MNs was ±1.01, ±1.74, ±2.01, ±2.32, ±2.64, and ± 3.53 μA,
respectively, indicating the high response of the MNs to different
concentrations of glucose. In vivo, the MN patch was fixed to a di-
abetic wound, and the generated microcurrents were also detected
by a high-precision benchtop digital multimeter. As shown in fig.
S4B, compared to normal wounds, the local hyperglycemia of dia-
betic wounds can generate a higher and nonconstant current, prob-
ably because of the glucose consumption around the MN anode
caused by the oxidase reaction between GOx and glucose to
produce gluconic acid and hydrogen peroxide. Subsequently, a
further study on the correlation between the glucose consumption
and the output current was carried out by the linear regression anal-
ysis (fig. S4C). On the basis of this, the blood glucose concentration
consumed by the enzyme-linked MN patch around the wounds can
be quantified in a real-time way (40) (fig. S4D). As shown in fig.
S4D, one can observe that the MN patch can consume more
glucose in diabetic wounds than that in normal wounds, which is
the reason for generating higher electricity. Although the glucose
around the diabetic wounds can be consumed, dynamic blood cir-
culation can partially replenish the consumed glucose. Therefore,
the diabetic wounds will not appear the phenomenon of hypogly-
cemia, ensuring the secure application of the MNs in vivo.

Mechanical properties
The mechanical properties of the MNs were tested by a universal
mechanical test machine. As shown in fig. S5 (A and B), with an
increasing HA concentration, the mechanical strength of the MNs
increased accordingly.With a displacement of 450 μm, the force can
reach 30 N, sufficiently meeting the mechanical requirement for
piercing the skin (41). In addition to the piercing capability, the cat-
echol groups on the surface of DA-PPy can enhance the adhesion
ability of the MNs to the wound tissue via the formation of hydro-
gen and covalent bonds with the wound tissue (42).

Antibacterial performance and biocompatibility
Bacteria are believed to be an important reason for the repeated in-
fection of diabetic wounds. Therefore, the antibacterial ability of
wound dressings is of great importance for the healing of diabetic
wounds (43). In this study, different concentrations of ZIF-8, ZG,
and ZH (0, 0.3, 0.5, and 1.0 mg/ml) nanoparticles were used to eval-
uate the antibacterial ability against Escherichia coli and Staphylo-
coccus aureus. As shown in Fig. 3, the killing rate of E. coli and S.
aureus increased notably when the concentration of all samples ex-
ceeded 0.3 mg/ml. When the concentration reached 0.5 mg/ml, the
killing rate reached 100%, confirming their high antibacterial per-
formance. Hence, the concentration of the nanoparticles used in the
following MN preparation was 0.5 mg/ml.
Subsequently, the prepared MN patches were cocultured with E.

coli and S. aureus, respectively, to evaluate the MN patches’ antibac-
terial ability. As shown in fig. S6, the killing rates of the blank-MN
patch against E. coli and S. aureus was 49.1 and 71.2%, which was

probably due to the electrostatic interaction between the DA-PPy
nanoparticles and bacteria, resulting in the death of bacteria (44).
However, when nanoparticles (0.5 mg/ml) were added to the prep-
aration of MN patches, the bactericidal performances of the pre-
pared MN patches were significantly increased, and the killing
rate of all MN patches reached 100%, indicating that the prepared
MN patches have excellent antibacterial properties.
Although ZIF-8 nanoparticles have an excellent antibacterial

ability, high concentrations of Zn2+ are potentially toxic to cells.
So, cytotoxicity tests of the ZIF-8 nanoparticles were performed
using the 3-[4, 5-dimethylthiazol-2-yl]-2, 5-diphenyltetrazolium-
bromide (MTT) method and live/dead cell staining (Fig. 4).
During the whole culture process, the cell viability of all samples
was equal to or higher than 85%, indicating that all MN samples
had low cytotoxicity. In addition, the number of live cells (green)
detected by live/dead cell staining was consistent with the results
of MTT, further confirming their high biocompatibility.

Healing evaluation of diabetic wound in vivo
To evaluate the effect of the MN samples on promoting the healing
of diabetic wounds, the established I diabetic rats through strepto-
zotocin (STZ) induction were randomly divided into six groups
with nine rats in each group, including (i) control group, the
wound without any treatment; (ii) blank-MN group, the wound
treated with the pure MN patch; (iii) ZIF-MN group, the wound
treated with the MN patch containing ZIF-8 nanoparticles; (iv)
ZG-MN group, the wound treated with the MN patch containing
ZG nanoparticles; (v) ZH-MN group, the wound treated with the
MN patch containing ZH nanoparticles; and (vi) ZGH-MN
group, the wound treated with the enzyme cascade reaction MN
patch that can generate microcurrents. Photographs of the
wounds on days 7, 14, and 21 were taken for the analysis of the
wound-healing rate (Fig. 5A). The results showed that the ZGH-
MN group had the best effect on promoting wound healing. Quan-
titatively, the wound area was 16.6% in the control group, 9.3% in
the blank-MN group, 6.0% in the ZIF-MN group, 0.4% in the ZG-
MN group, 1.6% in the ZH-MN group, and 0% in the ZGH-MN
group (Fig. 5B). The results of the animal experiments show that
the ZGH-MN patch can effectively promote the healing of diabetic
wounds.

Histological analysis
The self-powered enzyme-linked MN patch was proved to be effec-
tive in promoting diabetic wound healing and preventing scar for-
mation. To investigate the biological mechanism of the diabetic
wound-healing process, we used histochemical and immunohisto-
chemical methods.
First, we observed and recorded the contraction of the wound

beds and the progress of the epithelization by hematoxylin-eosin
(H&E) staining, as shown in Fig. 5C. On the seventh day, the
tissue defects in each group were obvious, and bacterial infection
and accumulation of a large number of inflammatory cells that
caused acute inflammatory response remained. However, the in-
flammatory response in the ZGH-MN treatment group was
lighter than that of the other groups. On the 14th day, the cells in
thewounds of each group proliferated greatly, the granulation tissue
began to form, and the wounds partially healed. In the control
group, the healing speed was much slower, and there were still
large areas of tissue defects, while the wound areas in the treatment
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groups were significantly reduced. In the group treated with ZGH-
MN had the best effect on promoting wound healing. A continuous
epidermis and new blood vessels began to form on the skin surface,
while the reduction of inflammatory cells and the formation of sec-
ondary skin elements (hair follicles and sebaceous glands) were also
found. On day 21, compared with the other groups, the newly
formed epithelial tissue of the ZGH-MN treatment group was
similar to the normal skin tissue structure.
Second, Masson’s trichrome staining and immunohistochemical

staining were performed on the wound tissue to assess the arrange-
ment and type of collagen during the healing process. As shown in
Fig. 6, as the wound healed, the collagen fibers in the wound tissue
of each group were gradually arranged in an orderly and directional
manner, and the color change was gradually deepened. One can
observe that the collagen fibers in the control and blank-MN treat-
ment groups were discontinuous and disorganized. In the other ex-
perimental groups, the collagen fibers were intact, continuous,
regular, and orderly, among which the ZGH-MN treatment group
exhibited the most regular and orderly arrangement, similar to
normal skin. This phenomenon implies that the physiological mi-
crocurrents generated by ZGH-MN have a facilitating effect on
ECM deposition and collagen alignment during the wound-
healing process.
The collagen fibers in the skin are mainly composed of types I

and III collagen, of which type I collagen is thicker and plays an im-
portant role in supporting the hardness of the skin and making it
firm. However, if its amount is too much, it will make the skin stiff,
resulting in the formation of scars after the wound heals (45). Type
III collagen is the main component of reticular fibers in the skin,

and the higher the content of type III collagen, the finer the fiber
bundle. In wound repair, the higher proportion of type III collagen,
the more delicate and smooth the skin tissue (46). Therefore, to
verify whether ZGH-MN can inhibit the formation of scars in the
process of promoting wound healing, we conducted immunohisto-
chemical staining of types I and III collagen in the 7 and 21 days’
wound tissues. As shown in fig. S7, the ratio of type I/III collagen
increased in all groups on day 7 due to the increase of type I colla-
gen. The ZGH-MN, ZG-MN, and ZH-MN groups were signifi-
cantly higher than the control, blank-MN, and ZIF-MN groups.
On day 21, it was observed that the amount of type III collagen
became higher, and type I collagen was reduced in the experimental
group compared to the control group. The ratio of type I/III colla-
gen in all experimental groups was lower than that of the control
group. Among them, the type I/III collagen ratio in the ZGH-MN
group was closer to the normal skin, indicating that the microcur-
rents generated from ZGH-MN can remodel the ECM and reduce
scar formation in the later stages of wound healing.

Immunohistochemical analysis
An important reason for the difficulty of healing diabetic wounds is
the persistent infection caused by a large number of inflammatory
factors. To further investigate the inhibitory effect of conductive
MN on the inflammatory response, we used immunohistochemical
staining to quantify the levels of representative inflammatory cyto-
kines in the healing wound tissue. It can be observed that on day 7,
the levels of inflammatory factors such as interleukin-6 (IL-6), IL-
1β, and tumor necrosis factor–α (TNF-α) were higher in the control
group, while the levels of anti-inflammatory factors such as IL-4 and

Fig. 3. Antibacterial test of the synthesizedmaterials. (A) Photographs of different concentrations of ZIF-8 and ZG/ZH (0, 0.3, 0.5, and 1.0mg/ml) nanoparticles against
E. coli and S. aureus. (B and C) Statistics of themortality of S. aureus and E. coliwith different nanoparticle concentrations (n = 3 per group; significances are presented by *P
< 0.05, **P < 0.01, and ***P < 0.001; ns, not significant).
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IL-13 were significantly lower (figs. S8 and S9). In contrast, the in-
flammatory factors of the treatment groups decreased, while the
anti-inflammatory factors increased. The ZGH-MN group showed
the most significant decrease in inflammatory factors such as IL-6,
IL-1β, and TNF-α, with the corresponding highest levels of anti-in-
flammatory factors such as IL-4 and IL-13. On day 21, there was
almost no sign of inflammation or infection in the ZGH-MN
group, and only a small amount of IL-6, IL-1β, and TNF-α was ex-
pressed (Fig. 7), while the levels of anti-inflammatory factors such
as IL-4 and IL-13 were also lower than those on day 7 (fig. S9). The
above results showed that the control group had excessive inflam-
mation, and the diabetic wound inflammation was reduced after
MN treatment, among which the ZGH-MN patch treatment
group had the least inflammatory response. The good anti-inflam-
matory effect of the ZGH-MN patch may be due to the fact that the
MN patch can consume blood glucose on the surface of diabetic
wounds to reduce the inflammatory response of the wound. On
the other hand, it may be caused by the bioelectricity generated
by the MN patch to inhibit the secretion of inflammatory factors
IL-6, IL-1β, and TNF-α and up-regulate the secretion of anti-in-
flammatory factors IL-4 and IL-13.
The other important reason for the difficult healing of diabetic

wounds is the high blood glucose concentration in the wound.
Changes in local blood glucose concentration in wounds can be de-
tected by the periodic acid–Schiff staining. As shown in fig. S10, on
the seventh day, the wounds in all groups showed obvious purplish-
red color, indicating that the wounds were at a high glucose level.
On day 14, the ZGH-MN group showed a lighter purplish-red color
compared with the control group and other treatment groups,

indicating that the ZGH-MN patch could convert local glucose
into gluconic acid through an enzyme-linked cascade reaction.
This reduces the local level of blood glucose in the wound
(Fig. 1B). On the 21st day, one could observe that the wounds in
the control group, blank-MN, ZIF-MN, and ZH-MN group were
still obviously purple-red, indicating that the wound surface was
at a high glucose level. Compared with these groups, the ZG-MN
and ZGH-MN groups had a lighter purple-red color. However,
the effect of the ZGH-MN group was more obvious than that of
the ZG-MN group, which indicates that the ZGH-MN patch
could effectively reduce the local blood glucose concentration
through the anode oxidation of BFCs to accelerate wound healing.
In the process of wound healing, keratinocytes regulate the activ-

ity of fibroblasts by secreting, activating, or inhibiting growth factors
such as TGF-β, which play an important role in the formation of
scars in the later stage of wound healing (47). To explore whether
the conductive MN patch prepared in this study could prevent scar
formation in the late stage of diabetic wound healing, we performed
immunohistochemical staining for TGF-β on the healing wound
tissue on day 21 (Fig. 7). The result showed that TGF-β was abun-
dant and widely distributed in the control and other treatment
groups; however, the production was significantly decreased in
the ZGH-MN group, which suggests that the conductive ZGH-
MN patch has the ability to inhibit excessive fibroblast production
to prevent scar formation during the wound-healing process.
In addition, during the healing process of diabetic wounds, al-

though new microvessels are essential to promote rapid wound
healing, many studies in recent years have demonstrated that exces-
sive angiogenesis can directly stimulate scarring (48). Therefore, we

Fig. 4. Biocompatibility of theMNpatches. (A) Live/dead cell staining images of L929 cells culturedwith different samples after 1, 2, and 4 days. (B and C) OD values and
the corresponding cell viability of different samples evaluated by the MTT test. (n = 4 per group; scale bars, 100 μm; *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001;
ns, not significant.)
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performed immunohistochemical staining for CD31, a marker of
neovascularization on the healing wound tissue on days 7 and 21,
to assess the effect of ZGH-MN on neovascularization during the
wound process. As shown in Fig. 8A, on day 7, CD31 was signifi-
cantly expressed in the experimental groups, especially in the ZGH-
MN group, where its expression was much higher than that of the
control group. This indicates that there is neovascularization at the
wound site, which can promote rapid wound healing at an early
stage. However, except for the control group, the expression level
of CD31 in the wound site tissues of the experimental groups de-
creased on the 21st day, and the ZGH-MN patch treatment group
had the lowest expression level, which indicates that the ZGH-MN
patch was beneficial to prevent the formation of scar in the later
stage of wound healing. Studies have shown that the timely denatu-
ration of immature blood vessels in the process of wound healing is
necessary to avoid the formation of scar tissue (49).
To further evaluate the effect of the self-powered enzyme-linked

MN patch on preventing scar formation during diabetic wound
healing, immunohistochemical staining was used to study the ex-
pressions of CD34 (a marker of hair follicle stem cells) and
MMP9 (matrix metalloproteinases) at the wound site of the 21st
day. As shown in Fig. 8B, the quantitative analysis results of
CD34 were 0.6 ± 0.03% in the control group, 0.6 ± 0.02% in the

blank-MN group, 1.3 ± 0.06% in the ZIF-MN group, 2.0 ± 0.04%
in the ZG-MN group, 1.7 ± 0.05% in the ZH-MN group, and 4.0
± 0.06% in the ZGH-MN group. The MMP9 quantitative analysis
results were 3.5 ± 0.05% in the control group, 4.4 ± 0.06% in the
blank-MN group, 4.7 ± 0.06% in the ZIF-MN group, 5.2 ± 0.06%
in the ZG-MN group, 4.5 ± 0.04% in the ZH-MN group, and 6.0
± 0.07% in the ZGH-MN group. The above results prove that the
expression levels of CD34 and MMP9 in the experimental groups
were much higher than those in the control group on day 21, and
the expression levels in the ZGH-MN patch group were the highest.
High expression levels of CD34 imply more regeneration of skin ap-
pendages (such as hair follicles), suggesting that the self-powered
enzyme-linkedMN patch can stimulate hair regeneration (validated
by the H&E staining in Fig. 5B) and thus bring the skin tissue at the
repaired wound site closer to normal skin tissue. The higher expres-
sion level of MMP9 in the ZGH-MN patch group indicates that the
self-powered enzyme-linked MN patch could induce more active
degradation of ECM, especially collagen I, during the remodeling
stage of wound healing, thus inhibiting the formation of scar
during wound healing (50).
The above study proves that the ZGH-MN patch can promote

rapid healing of diabetic wounds and effectively prevent the forma-
tion of scars during the healing process caused by the bioelectricity

Fig. 5. The healing effect evaluation of the diabetic wound. (A) Animal wound healing by different MNs on days 0, 7, 14, and 21. (B) Quantitative analysis of thewound
area after treatment with different samples (scale bars, 5 mm; *P < 0.05 and **P < 0.01). (C) Representative images of the H&E staining (n = 3 per group; scale bars, 200 μm;
blue arrows, hair follicles; orange arrows, gland structure).
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generated from the ZGH-MN patch on the wound surface. As con-
firmed at the molecular level, bioelectricity can activate Smad2/3,
phosphatidylinositol 3-kinase (PI3K), and nitric oxide synthase
(NOS) pathways to regulate the expression of various growth
factors such as TGF-β, epidermal growth factor (EGF), vascular en-
dothelial growth factor (VEGF), and MMP9 (fig. S11) during the
wound-healing process (51–54). The NOS pathway can regulate
the secretion of pro-inflammatory factors (IL-1β, IL-6, and TNF-
α) by M1 macrophages and anti-inflammatory factors (IL-4 and
IL-13) by M2 macrophages, which is important for the inflamma-
tory response during wound healing. The activation of the PI3K
pathway can increase Ca2+ influx into cells, which in turn increases
the phagocytosis of bacteria by macrophages and reduces the in-
flammatory response. In addition, the PI3K pathway can regulate
angiogenesis, cell migration, and cell proliferation. The Smad2/3
pathway can regulate the ECM and thus affect cell production, ap-
optosis, and collagen fiber production. In summary, bioelectricity
can regulate the inflammatory response, collagen deposition, cell
proliferation, migration, and other wound-healing processes at
the molecular level, so as to promote wound healing and prevent
scar formation during the healing process.
In addition, another reason for the rapid healing of diabetic

wounds treated by the ZGH-MN patch is to reduce the local
blood glucose concentration around the wounds. The earlier
studies confirmed that local hyperglycemia in diabetic wounds
can produce high levels of reactive oxygen species (ROS) and
induce the generation of advanced glycosylated end products
(AGEs) (55). Hyperglycemia and the generation of AGEs will

hinder the phagocytosis ability of macrophages to clear apoptotic
neutrophils, resulting in the up-regulation of pro-inflammatory
factors and down-regulation of anti-inflammatory factors, thus pro-
moting the lasting pro-inflammatory state of diabetic wounds (56).
High levels of ROS can keep the wound locally hypoxic, leading to a
decrease in the levels of hypoxia induction factor-1, eventually
down-regulating the expression of VEGF, as well as platelet-
derived growth factor. Furthermore, hyperglycemia will cause a de-
crease in the number of bone marrow endothelial progenitor cells,
which further affects wound angiogenesis (57, 58). In addition to
affecting inflammation and angiogenesis during wound healing,
in the wound proliferation stage, AGEs can inhibit the proliferation
of human dermal fibroblasts, and induce their apoptosis by activat-
ing the receptor for advanced glycation end products. Also, AGEs
can inhibit the migration and adhesion of fibroblasts, keratinocytes,
and endothelial cells. They will promote the aging of fibroblasts and
hinder the normal healing of fibrosis, resulting in delayed healing of
the diabetic wound (57). In conclusion, the ZGH-MN patch pre-
pared in this study can reduce the local blood glucose in diabetic
wounds, inhibit bacterial growth, inhibit IL-1β, IL-6, TNF-α, and
other pro-inflammatory factors, and promote the secretion of IL-
4, IL-13, and other anti-inflammatory factors, thus having a positive
anti-inflammatory effect. In addition, ROS and AGEs can be adjust-
ed to promote the generation of new blood vessels, as well as the
proliferation and migration of cells in the process of wound
healing (58, 59), so as to promote rapid wound healing (fig. S12).
At present, natural polymers and their compounds with bioac-

tive molecules are often used to treat wounds and prevent the

Fig. 6. Masson’s trichrome staining of the healing wound tissues on days 7, 14, and 21 (scale bars, 200 μm).
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formation of scars (60). However, the wound-healing and scar-pre-
venting effects of these materials were barely satisfactory owing to
their relatively simple function. Compared to these materials, the
MN developed in this study presented a more ideal wound
healing and scar-preventing effect due to its multifunctionality, in-
cluding the reduction in local hyperglycemia, antibacterial, anti-in-
flammation, and bioelectric simulation. However, our research
lacks further verification of the scar-prevention characteristics of
the ZGH-MN patch through scar animal model experiments,
such as the rabbit ear scar model, which should be supplemented
and improved in the follow-up research.

In summary, in this study, a self-powered enzyme-linked MN
patch was designed and fabricated by combining the MN technol-
ogy with an enzyme-linked BFC. The morphology, electrical con-
ductivity, mechanical properties, antibacterial ability, and
biocompatibility of the self-powered enzyme-linked MN patch
were evaluated. The results show that the prepared MN tip has a
complete shape, and after being applied to the diabetic wound of
the rat, the evenly distributed ZG and ZH nanoparticles in the
needle tip can rapidly undergo an enzymatic cascade reaction to
reduce the local hyperglycemia of the wound. In general, the self-
powered enzyme-linked MN patch not only can reduce the local

Fig. 7. Evaluation for inflammatory factors on the 21st day. (A) Immunohistochemistry staining for IL-1β, IL-6, TNF-α, and TGF-β on day 21. (scale bars, 20 μm; red
arrows mark the positive regions). (B to E) Statistical analysis of IL-1β, IL-6, TNF-α, and TGF-β on day 21 (n = 3 per group. ***P < 0.001 and ****P < 0.0001.)
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blood glucose concentration and generate electrophysiological
signals but also has high biocompatibility and antibacterial proper-
ties, which can quickly promote the healing of diabetic wounds and
effectively prevent the formation of scar tissue, promising for appli-
cations in the field of diabetic wound repair.

MATERIALS AND METHODS
Materials
Sodium hyaluronate (HA, average molecular mass of 100 to 200
kDa), GOx, HRP, pyrrole, DA, RhB, H&E staining solution, and
LB broth were purchased from Shanghai Macklin Biochemical
Co. Ltd. Zinc nitrate hexahydrate [Zn(NO3)2·6H2O] and 2-methyl-
imidazole were acquired from Aladdin. MTT, living/dead cell
double-staining kit (calcein-AM/PI), and BCA protein assay kit
were obtained from Dalian Meilun Biotechnology Co.

Preparation of DA-PPy
The synthesis of DA-functionalized PPy was achieved by the follow-
ing procedures. Samples of 0.12 ml of pyrrole monomer and 0.01 g

of DA hydrochloride were dissolved in 20.0 ml of 1.0 M HCl with
continuous stirring at 0°C. Then FeCl3/HCl solution (0.666 g/5 ml)
was added to the mixed solution, which was stirred at 0°C for 6
hours. The precipitate was collected by centrifugation and washed
with deionized (DI) water three times. The obtained precipitate was
then freeze-dried for 24 hours to obtain the powder.

Preparation of ZG and ZH
For ZG synthesis, a mixture of Zn(NO3)2·6H2O (40.0 mg), GOx (2.0
mg), and 2-methylimidazole (0.77 g) was dissolved in 5.0 ml of DI
water and stirred at room temperature for 5 min. Subsequently, the
reactive product was centrifuged to obtain ZG nanoparticles. As to
ZH synthesis, the synthesis method was the same as ZG in addition
to the weight of HRP, which was changed to 0.33 mg.

Enzyme packet rate detection
First, the protein standard solution was diluted to 0.025 to 2 mg/ml,
and then reagents a and b were mixed thoroughly at a volume ratio
of 50:1 to prepare the BCAworking solution. The BCAworking sol-
ution was stablewithin 24 hours at room temperature. Then, 20 μl of
diluted protein standard solution, ZG/ZH supernatant, and 200 μl
of BCAworking solution of different concentrations were added to
the 96-well cell culture plate in turn. After shaking for 30 s, the ab-
sorbance of the solution at 562 nm was recorded with a microplate
reader. Last, a standard curve was plotted by taking the standard
protein concentration as the abscissa and the absorbance value as
the ordinate to obtain the linear relationship and the R2 value. Ac-
cording to the formula obtained in the previous step, the entrap-
ment rates of GOx and HRP in ZG/ZH nanoparticles were
calculated.

Detection of enzyme cascade activity
Samples of 50 μl of glucose solution (1.00 mM) and 50 μl of TMB
solution (1.25 mM) were added to 100 μl of ZG and ZH (2 mg/ml)
solutions, and the mixed solution was incubated for 10 min. During
this reaction, TMB was oxidized to a blue product (oxTMB) with
UV absorption wavelengths of 370 and 652 nm, respectively.
Then, 10 μl of H2SO4 solution (2.0 M) was added to the mixed sol-
ution to stop the color change; the blue product was converted into
a yellow product with a UV absorbance of 450 nm.

Fabrication of MN patches
PVA/HA (w/w = 1/2), DA-PPy (w/v = 1%), and ZG/ZH (0.5mg/ml)
were mixed in DI water to prepare the tip solution. PVA/HA (w/w =
1/2) and DA-PPy (w/v = 1%) were dissolved in DI water to prepare
the backing layer solution. The preparation process is illustrated in
fig. S3. In detail, 50 μl of the ZG tip solution was added to one-half
of the cavity of the standard conical MN molds (Blueacre Technol-
ogy Ltd) and filled with vacuum-negative pressure. Likewise,
another 50 μl of the ZH tip solution was added to the other half
of the cavity of the MN template. Last, the backing layer solution
was added to completely cover the tip, vacuumed again, and dried
at 37°C for 12 hours. Last, the MNs can be obtained by demolding.

Characterization
The synthesized nanoparticles were characterized by TEM (Tecnai
G2 F20 S-Twin, FEI, USA), the microstructures of the MN patch
were characterized by the SEM (JSM-6701F, JEOL, Japan) after
gold sputter coating. FTIR spectroscopy was performed on a

Fig. 8. Evaluation for CD31, CD34, and MMP9. (A) Immunohistochemistry stain-
ing for CD31, CD34, and MMP9 (CD31 on days 7 and 21; CD34 and MMP9 on day
21). (B and C) Quantitative analysis of CD31 on days 7 and 21. (D and E) Quantita-
tive analysis of CD34 andMMP9 on day 21 (n = 3 per group; scale bars, 20 μm; ****P
< 0.0001; ns, not significant).
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Bruker IFS66 V FTIR spectrophotometer. XRD patterns were re-
corded on a Rigaku D/Max-2400 diffractometer using Cu-Kα radi-
ation and graphite monochromator (λ = 1.54056 Å). The
fluorescent images of the RhB-loaded MNs were captured by a mi-
croscope (VERT1, Zeiss, Germany).

Mechanical strength test
MNs with different HA concentrations were placed on a horizontal
specimen stage of an electronic tension testing machine (CMT2102,
Zhejiang Think Eternal Technology Co. Ltd) one by one with their
tips facing upward. The MNs were tested at a speed of 2 mm/min.
The magnitude of the force on the MNs and the deformation of the
needle tips were recorded.

Determination of the output current of the MN patch
during the enzymatic cascade reaction
The prepared conductive MN patch was placed in a petri dish.
Glucose solutions of different concentrations (0, 18, 20, 22, 24, 26
mM) were added dropwise every minute. The currents were mea-
sured with a high-precision benchtop digital multimeter (34461A,
Keysight Technologies).

Study the correlation between the output current and the
glucose consumption
The current output of the ZGH-MN patch in glucose solution with
varying standard concentrations of 0, 0.5, 0.7, 0.9, 1.6, 2.0, 2.2, and
2.4 mM within 5 s was recorded. The average current values at dif-
ferent concentrations were then calculated. Using the GraphPad
Prism software (Version 8.0.2), a linear regression equation was es-
tablished to determine the relationship between the glucose con-
sumed and current output.

Wound surface current test
The wound currents of the ZGH-MN patch were measured in full-
thickness skin wounds of diabetic and normal rats. Adult male
Wistar rats weighing 180 to 200 g were selected for animal experi-
ments, with four rats in each group. The animal experiment process
was approved by the Lanzhou University Animal Ethics Committee
(LZUKQ-2021-051). Rats were first anesthetized with 10% (w/v)
chloral hydrate (350 to 400 mg/kg), the dorsal hair was removed,
and a 1 cm by 1 cm full-thickness wound was incised on the back
of the rat. The ZGH-MN patch was fixed on the wound surface and
connected with a high-precision desktop digital multimeter
(34461A, Keysight Technologies).

Antibacterial ability
In the experiment, the antibacterial performance of the MNs was
examined by the plate colony-counting method. First, the E. coli
(ATCC 33525, Warner Bio) and S. aureus (ATCC 25923, Shanghai
North Connaught Bio Technology Co. Ltd) were diluted in the
active growth phase to 1 × 10−6/ml. Next, different concentrations
of ZIF-8, ZG, and ZH (0, 0.3, 0.5, and 1.0mg/ml) nanoparticles were
cocultured with equal volumes of the diluted bacterial solution at
37°C for 24 hours. Last, the cocultured bacterial solution was
diluted again to 1 × 10−6/ml and then inoculated into 200-μl agar
plates. Photographs were taken after 24-hour incubation at 37°C
and the number of surviving bacteria was counted by plate count.
When the antibacterial properties of different concentrations of

nanoparticles were explored, we continued to study the antibacterial

properties of MN patches prepared with nanoparticles (0.5 mg/ml)
in the same manner as above.

In vitro cytotoxicity test
The cytotoxicity of the MN patch was evaluated by the MTTAssay.
L929 cells (X120311, Shanghai Fusheng Industrial Co. Ltd., China)
were divided into five groups and cocultured with different MNs of
the same quality (blank-MN, ZIF-MN, ZG-MN, ZH-MN, and
ZGH), in a 96-well plate for 4 days. Each group had triple parallels
and the initial concentration of the cells in each well was 2 × 104
cells/ml. For the daily test, the materials were first transferred to
sterile new wells, followed by the addition of 1.0 ml of culture
medium with 10% MTT solution, and cocultured for 4 hours in
the cell incubator. Last, the culture medium was removed and 400
μl of dimethyl sulfoxide was added to dissolve the formazan crystals.
Cell viability for each group was acquired by measuring the corre-
sponding optical density (OD) values.
The 2 × 104 L929 cells were cocultured with the same amount of

different MNs for a certain period of time (1, 2, and 4 days). The
cells were stained with a living/dead cell double-staining kit
(Calcein-AM/PI) (100 μl per well) at room temperature for 30
min. Then, under an inverted fluorescencemicroscope, we observed
the seeded live cells stained with green, while the dead cells stained
with red, which was used to judge the effect of different MNs on the
activity of L929 cells.

Establishment of the rat model
Fifty-four 6-week-old male Wistar rats (weighing about 180 to 200
g) were provided from the Animal Experiment Center of Lanzhou
University. The animal experiment process was approved by the
Lanzhou University Animal Ethics Committee (LZUKQ-
2021-051).
The diabetic model was established by using STZ (10 mg/ml)

through an intraperitoneal injection method (60 mg/kg). After
that, the rats in the model group were forbidden to eat and drink
for 12 hours. Three days later, when the blood glucose concentra-
tion of the rats was greater than 13.5 to 25mM and the rats appeared
listless, unresponsive, increased appetite, notably increased urine
output, and lost weight, we could infer that the type 1 diabetes
model was successfully established. The diabetic rats were anesthe-
tized by intraperitoneal injection of 10% (w/v) chloral hydrate.
Their backs were shaved and a rounded full-thickness cutaneous
wound with a diameter of 1 cm was created.

In vivo animal experiment
The established animal models were randomly and equivalently
divided into six groups, one of which was a control group, in
which the rats received no treatments. The other five groups of di-
abetic rat wounds were treated with the blank-MN patch, ZIF-MN
patch, ZG-MN patch, ZH-MN patch, and ZGH-MN patch, respec-
tively. Everyday, the wounds of the rats were examined, and new
MN patches were applied and fixed by their self-adhesive property,
eliminating the need for additional auxiliary fixation methods. The
diabetic wounds were recorded by taking photos on days 0, 7, 14,
and 21. After that, the rats were euthanized, and the wound
tissues were collected and fixed in a 4% paraformaldehyde buffer
for 24 to 48 hours. The obtained tissue samples were then dehydrat-
ed, embedded in paraffin, and sectioned into 5- to 7-μm slices for
further histology and immunohistochemistry analysis of CD31

SC I ENCE ADVANCES | R E S EARCH ART I C L E

Zhang et al., Sci. Adv. 9, eadh1415 (2023) 14 July 2023 11 of 13



(M15118, HUABIO), CD34 (14486-1-Ap, Proteintech), MMP9
(10375-2-Ap, Proteintech), collagen I (Affinity, AF7001), collagen
III (Affinity, DF6087), IL-4 (bs-0581R, Bioss), IL-13 (IPB3854,
Baijia), IL-6 (Affinity, DF6087), IL-1β (Affinity, AF5103), and
TNF-α (Affinity, AF7014).

Statistical analysis
All data were expressed as mean ± standard deviation (SD) and an-
alyzed by Origin Pro 2021 or GraphPad Prism. The difference
between the treatment and control groups was assessed using the
one-way analysis of variance (ANOVA) or two-way ANOVA,
setting the level at P < 0.05 as statistical significance.

Supplementary Materials
This PDF file includes:
Figs. S1 to S12

View/request a protocol for this paper from Bio-protocol.
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