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Skin wounds caused by external injuries remain a serious challenge in clinical practice. Wound dressings
that are antibacterial, pro-angiogenic, and have potent regeneration capacities are highly desirable for
wound healing. In this study, a minimally invasive and wound-friendly Cu@ZIF-8 encapsulated PEGDA/
CMCS microneedle (MN) array was fabricated using the molding method to promote wound healing.
The MNs had good biocompatibility, excellent mechanical strength, as well as strong antibacterial
properties and pro-angiogenic effects. When incubated with H,O,, Cu@ZIF-8 nanoparticles generated
reactive oxygen species, which contributed to their antibacterial properties. Due to the oxidative stress of
the cupric ions released from Cu@ZIF-8 and the anti-bacterial capability of the PEGDA/CMCS hydrogel
scaffold, such an MN array presents excellent antibacterial activity. Moreover, with the continuous
release of Cu ions from the scaffold, such MNs are effective in terms of promoting angiogenesis. With
considerable biocompatibility and a minimally invasive approach, the degradable MN array composed of

PEGDA/CMCS possessed superior capabilities to continuously and steadily release the loaded ingredients
Received 2nd May 2023

Accepted 12th August 2023 and avoid secondary damage to the wound. Benefiting from these features, the Cu@ZIF-8 encapsulated

degradable MN array can dramatically accelerate epithelial regeneration and neovascularization. These
DOI: 10.1039/d3na00291h results indicated that the combination of Cu@ZIF-8 and degradable MN arrays is valuable in promoting

rsc.li/nanoscale-advances wound healing, which opened a new window for treatment of skin defection.

1 Introduction with non-biodegradable mz.iterials, Sl}Ch a.s stainless steel, the
needle body of the MNs easily forms tiny pinholes at the wound
There has been a remarkable focus on wound healing recently ~sites. There is a high chance that these voids may cause
because of its severe challenges and serious economic burdens. ~secondary physical damage and even microbial infections in
To solve this, various strategies have been developed, such as wounds. These drawbacks have severely limited the develop-
hydrogel films, electrospun dressings, and all types of wound ment of MNs in the field of promotion of wound healing.***
patches. Among them, microneedles (MN) are a promising Thus, new-type MN arrays with diverse compositions and ex-
medical technique with the capability of painless transdermal pected functions are used in clinical practice.*™
drug delivery via a minimally invasive approach, which are PEGDA hydrogels are hydrophilic polymeric networks with
widely employed in vaccinations, cancer therapy, dermatolog- good biocompatibility that are widely used in the field of tissue
ical treatments, and cosmetic procedures.’ In particular, the —engineering.”**' At the same time, PEGDA can be photo-
roles of MNs loaded with active ingredients have been studied crosslinked with a photoinitiator under UV light.”* The plas-
for accelerating wound healing and therapeutic effects have ticity of the whole solution makes it very convenient for MN
been observed owing to the increased contact area between the  preparation. In addition, carboxymethyl chitosan (CMCS) is
MN patch and the wound.®® However, for some MNs fabricated ~a modified derivative of chitosan, which has good water solu-
bility, strong antibacterial properties and good degradation
ability.”® It is widely used in the biomedical field and has
“Department of Plastic Surgery, Zhongnan Hospital of Wuhan University, Wuhan ~ €normous application prospects. But the mechanical strength
430071, China.  E-mail: wangminwhzn@163.com;  orthopedics@whu.edu.cn;  of CMCS microneedles is not suitable for puncture therapy. We
guolianghbwh@163.com evaluated the impact of the PEGDA and CMCS content on the
"Departmet?t of Spine Surgery and M%tsculoskeletal Tumor, Zhongnan Hospital of properties of hydrogels to determine the optimal mechanical
Wuhan University, Wuhan 430071, China . .
T Electronic  supplementary information (ESI) available. See DOI: S_trength and detgra(_iatlon ablhty of hy drogels_ for MN prepa.ra-
tion. The combination of PEGDA/CMCS provides the MN with
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1 Authors contributed equally. remarkable mechanical strength, antibacterial effects, and
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Scheme 1 Schematic illustration of the fabrication and application of MNs, which were fabricated from PEGDA/CMCS and encapsulated with

Cu@ZIF-8 nanoparticles via a template infusion method.

continuous and steady release of active agents into the wound
area.

Copper has been demonstrated to have effective antibacte-
rial properties and pro-angiogenic effects in wound healing.>*¢
Zinc ions are also known to contribute to antibacterial proper-
ties and wound healing.*”** Recently, copper- and zinc-based
zeolitic-imidazolate frameworks (Cu@ZIF-8) have been re-
ported to have an excellent antibacterial effect on the bone
repair model.** Their nanoparticles generated more reactive
oxygen species than ZIF-8, which contributed to their powerful
antibacterial properties. The rough surface of the Cu@ZIF-8
nanoparticles can increase the contact area between the MOFs
and bacteria, resulting in better antimicrobial activity.*"**
Furthermore, copper ions play an important role in the vascu-
larization process and can stimulate vascular endothelial cells
to form blood vessels.*>**3** Thus, Cu@ZIF-8 nanoparticles were
selected to modify the properties of PEGDA/CMCS MNs.

In this study, we propose a novel Cu@ZIF-8 encapsulated
MN array with features of great biocompatibility, obvious anti-
bacterial activity, and an excellent pro-angiogenic effect. We
evaluated the impact of the PEGDA and CMCS content on the
properties of hydrogels to determine the optimal mechanical
strength and degradation ability of hydrogels for MN prepara-
tion. With considerable biocompatibility and a minimally
invasive approach, the degradable MN array composed of
PEGDA/CMCS possessed superior capabilities to continuously
and steadily release the loaded ingredients and avoid secondary
damage to the wound. Meanwhile, due to the oxidative stress of
the cupric ions released from Cu@ZIF-8 and the anti-bacterial
capability of the PEGDA/CMCS hydrogel scaffold, such an MN
array presents excellent antibacterial activity. Moreover, with

© 2023 The Author(s). Published by the Royal Society of Chemistry

the continuous release of Cu ions from the scaffold, such MNs
are effective in terms of promoting angiogenesis.

In conclusion, a minimally invasive and wound-friendly
Cu@ZIF-8 encapsulated PEGDA/CMCS microneedle (MN)
array was fabricated using the molding method to promote
wound healing. The MNs had good biocompatibility, excellent
mechanical strength, as well as strong antibacterial properties
and pro-angiogenic effects, so we hypothesized that combining
PEGDA/CMCS and Cu@ZIF-8 nanoparticles in MNs would be
advantageous in promoting wound healing, offering a prom-
ising approach for wound healing and other clinical applica-
tions (Scheme 1).

2 Materials and methods

2.1. Materials, cell lines, and animals

Zn(NOj3), and Cu(NOj3), were obtained from MACKLIN. PEGDA,
CMCS, and 2-hydroxy-2-methylpropiphenone (HMPP) were
purchased from Sigma Aldrich. The ROS detection kit was
supplied by the Nanjing Jiancheng Bioengineering Institute.
The cells (HUVEC, L929 and RAW264.6) were obtained from the
laboratory and were maintained in Dulbecco's modified Eagle
medium (Gibco, USA) containing 10% fetal bovine serum (FBS,
Gibco, USA) at 37 °C and under 5% CO, conditions to cultivate.
Male Sprague-Dawley rats, aged 6-8 weeks, were provided by
Beijing Vital River Laboratory Animal Technology Co., Ltd. The
recommendations in the “Guidelines for the Care and Use of
Laboratory Animals in China” to handle animals were strictly
followed. All animal procedures were approved by the Experi-
mental Animal Welfare Ethics Committee of the Zhongnan
Hospital of Wuhan University.
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2.2. Characterization

The surface morphology of the Cu@ZIF-8 nanoparticles and
the microstructures of the Cu@ZIF-S@PEGDA/CMCS-MNs
were characterized by SEM (VEGA 3 LMU; TESCAN, Czech
Republic) with gold sputter coating. X-ray photoelectron
spectroscopy (XPS) spectra were obtained using a Thermo
Fisher Scientific (ESCALAB250Xi). The element composition of
microparticles and MNs was investigated by energy-dispersive
spectroscopy (JXA-8530F Plus). X-ray diffraction (XRD) data
were collected using an X-ray diffractometer (XPert Pro, PAN-
alytical B.V.).

2.3. Fabrication of the MNs

Cu@ZIF-8 was synthesized according to a previously reported
method.* Briefly, 1.8 mmol of Cu (NO;),-3H,0 and 2.2 mmol of
Zn (NO;),-6H,0 were dissolved in 40 ml methanol (Solution A).
Solution A was added dropwise to solution B containing
32 mmol 2-methylimidazole and 40 mL methanol using a pump
at a speed of 2 mL min~". Cu@ZIF-8 was collected via centri-
fugation (5000 rpm) after 1 h of reaction at room temperature
and washed with methanol 3 times. The powder samples were
obtained by drying in a vacuum oven at 50 °C.

CMCS, PEGDA, HMPP (1% v/w), and Cu@ZIF-8 nano-
particles were mixed into the solution. The mixed prepolymer
(500 pL) was loaded into a negative mold and placed in a hori-
zontal centrifuge (4000 rpm, 5 min) to infill the MN pinholes.
The mixture was then placed on ice and cured under UV irra-
diation (365 nm, 100 W) for 30 s. Finally, the shaped Cu@ZIF-
8@PEGDA/CMCS-MNs were separated from the negative mold.

2.4. Degradation properties of MNs

Different ratios of PEGDA/CMCS-MNs were weighed (W), and
then immersed in the PBS buffer solution and placed in
a shaker (150 rpm, 37 °C). Then, the PBS solution was dis-
carded, and the MNs were fully dried in an oven at 75 °C for 4 h.
The residual dry weight of PEGDA/CMCS-MNs was constantly
measured during the experiment (W,). The dry weight ratio (AW,
%) was calculated using the following equation:

Wy —W.

AW = W T x 100%

2.5. Mechanical strength tests

MNss fabricated with different PEGDA/CMCS ratios were placed
on the horizontal specimen stage of an electronic tension
testing machine (Instron 5944) with needle tips facing upward.
The sensor approached the MNs at a speed of 2 mm min . The
compression force measurement started when the sensor came
into contact with the needle tips and ended when the sensor
reached the maximum measuring range of 90 N. Young's
modulus was used as the measurement index of the PEGDA/
CMCS-MNs. Images of the skin after microneedle penetration
were captured using an iPhone 11. Bright-field microscopy was
used to detect the insertion depth of the needle tips in the
excised rat subcutaneous adipose tissue.
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2.6. ROS generation detection

The hydroxylamine colorimetry method was used to determine
the ROS concentration in the supernatant. First, 1.5 mg ml ™"
concentration of Cu@ZIF-8 or ZIF-8 suspensions was incubated
in a shaker for 24 h (37 °C, 120 rpm), respectively. The super-
natant was then extracted by centrifugation (6000 rpm, 10 min),
and the concentration of ROS was detected using an ROS
detection Kit.

2.7. Antibacterial ability test

S. aureus and E. coli were used to evaluate the antimicrobial
ability of MNs. MNs with different concentrations of Cu@ZIF-8
(0, 0.5, 1.5, and 2.5 mg mL~ ') were immersed in PBS solution,
mixed with 100 pL of bacterial solution (1.5 OD value), and
incubated at 37 °C for 24 h. 100 pL of the bacterial suspension
was dripped onto a culture dish with a solid medium and
cultured in a 37 °C incubator for 24 h to form colonies. The
bacterial colonies were photographed using an iPhone 11, their
numbers were estimated using Image], and the lethality
percentage was calculated.

2.8. Ion release curve of the PCCZMNs

The ion release test was performed using a spectrophotometric
method. To monitor the Cu®* and Zn*' released from the
Cu@ZIF-8@PEGDA/CMCS-MNs, MNs were soaked in 2 mL PBS
at 37 °C and then the copper colorimetric assay kit (Beijing
League Biotechnology Co., Ltd.) and the zinc colorimetric assay
kit (Elabscience Biotechnology Co., Ltd) were used to detect ion
release. The obtained standard curve was then used to calculate
the cumulative release quantities of Cu>* and Zn*".

2.9. Cytotoxicity test

The cytotoxicity of MNs was tested using the CCK-8 assay. MNs
were immersed in PBS for 24 h (37 °C). Before testing, cells were
seeded in 96-well plates and incubated for 24 h to allow them to
adhere to the plates. Then, 100 pL of the filtrate of MNs with
different Cu@ZIF-8 concentrations (0, 0.5, 1.5, and 2.5 mg
mL ") was used to replace the original medium. The CCK-8 test
was conducted on the 1st, 2nd, and 3rd day of incubation.

2.10. Endothelial tube formation assay

For the HUVEC tube formation assay, 1 x 10°> HUVECs were
seeded onto Matrigel films in 24-well plates and treated with
50% filtrate of MNs (PCMNs and PCCZMNs) and 50% ECM
supplemented with 2% FBS. The cells were incubated for 6 h
and imaged using bright-field microscopy. The tube length was
quantified using Angio Tool software.

2.11. Migration assay

The chemotactic effects of MNs on HUVEC migration were
determined using an in vitro wound-healing migration assay.
Briefly, HUVECs cultured with different media, which included
a half fresh complete medium and half filtrate of MNs (PCMNs
and PCCZMNs), were seeded in 6-well culture plates at 1 x 10°

© 2023 The Author(s). Published by the Royal Society of Chemistry
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cells per well and cultured until they reached approximately 90%
confluence. The cell monolayer was scratched with a sterile
pipette tip to form a wound. HUVECs cultured in a normal
medium were used as controls. After incubation for 24 h, the
samples were observed using bright-field microscopy. Cell motility
was quantified by observing the width of the gap in the wound.

2.12. Rat model establishment and treatment

A rat model of wound healing was established to evaluate and
compare the wound healing efficiency of MN treatments.
Briefly, 12 male Sprague-Dawley rats (180-220 g) were used for
wound induction. Animals were anesthetized by forced 5%
isoflurane inhalation, their dorsal fur was shaved, and the
target areas were sterilized with povidone-iodine. Two round
excisional skin wounds of 10 mm full thickness were created on
each side of the midline using a biopsy punch. A donut-shaped
silicone splint was glued to the skin with biomedical glue, and
the wound was centered on the splint. The latter stabilizes the
wound and prevents it from contracting. The rats were
randomly assigned to three treatment groups: the control
group, pure PEGDA/CMCS-MN (PCMN) group, and Cu@ZIF-
8@PEGDA/CMCS-MN (PCCZMN) group. To maximize the
function of the MNs, rat backs were covered with breathable
plastic films to prevent the wound site from being ground by the
rats. Experimental rats were housed in cages with adequate food
and water. On the 4th, 8th, and 16th days, wounds were
observed and photographed. On the 8th and the 16th day, the
rats were euthanized and their subcutaneous regenerated

View Article Online
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tissues were excised and examined. Body temperature of each
group was recorded using an ear thermometer.

2.13. Histology and immunohistochemistry

Neonatal epithelial tissue samples were fixed in 4% (w/v) para-
formaldehyde, dehydrated, and embedded in paraffin. Each
sample was cut into 7 um thick slices. All samples were sub-
jected to H&E, Masson's trichrome (Sigma-Aldrich Corp., St.
Louis, MO, USA), and CD31 and CD206 immunostaining. The
samples were visualized under an inverted and upright fluo-
rescence microscope. New blood vessels were enumerated using
Image] software (NIH).

2.14. Analysis

Data analysis was conducted using the GraphPad Prism 8 soft-
ware (GraphPad Software, San Diego, CA, USA). In each group, at
least three technical replicates were set up, and the results are
presented as the mean + standard deviation (SD). Differences
between two and multiple groups were analyzed by Student's ¢
test and one-way analysis of variance (ANOVA), respectively. In all
charts with SD, significant differences are presented by *P < 0.05,
**P < 0.01, *¥**P < 0.001, ****P < 0.0001, and ns: not significant.

3 Results and discussion

3.1. Cu@ZIF-8 nanoparticle characterization
The morphology of the Cu@ZIF-8 nanoparticles was observed
by SEM. The images revealed that the Cu@ZIF-8
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Fig.1 Characterization of Cu@ZIF-8. (a) SEM image of Cu@ZIF-8. (b and c) XPS spectra of Cu@ZIF-8 in various binding-energy ranges. (d) X-ray
diffraction (XRD) spectra of Cu@ZIF-8 and ZIF-8; scale bars are 500 nm and 100 nm in (a), respectively.

© 2023 The Author(s). Published by the Royal Society of Chemistry

Nanoscale Adv, 2023, 5, 5102-5114 | 5105


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3na00291h

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Open Access Article. Published on 17 2023. Downloaded on 2025/10/16 9:03:55.

[{ec

Nanoscale Advances

nanoparticles had a similar shape (Fig. 1a), with an average
diameter of approximately 100 + 9.67 nm (Fig. 1a). X-ray
photoelectron spectroscopy (XPS) indicated that Cu@ZIF-8
was composed of Cu, Zn, C, N, and O (Fig. 1b). As shown in
Fig. S17, the existence of Cu, Zn, C, N and O elements in the
resultant Cu@ZIF-8 microparticles was further verified based
on the evidence of energy-dispersive X-ray spectroscopy
(EDS). All these results revealed the elemental species and
distribution in Cu@Zif-8 microparticles and confirmed the
successful preparation of Cu@ZIF-8 nanoparticles for the
subsequent experiments. Fig. 1c shows the high-resolution
XPS spectrum of Cu 2p at 934.01 eV and 953.94 eV corre-
sponding to Cu 2p3/2 and Cu 2p1/2, indicating the successful
synthesis of Cu@ZIF-8 NPs. Moreover, the valence state of Cu
was proven to be +2 according to the satellite peak between
the binding energies of Cu 2p1/2 and Cu 2p3/2.°°® The
successful synthesis of Cu@ZIF-8 was further validated by
powder X-ray diffraction (XRD) characterization (Fig. 1d),
which was consistent with the results reported in previous
literature and indicates that the doped Cu®* did not cause any
structural alteration.®

Low-speed
centrifugation
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3.2. Characterization of MNs

In this study, biocompatible and biodegradable PEGDA/CMCS
mix-hydrogels were selected to manufacture MNs using the
molding method. Briefly, the mix-hydrogel was poured and
cured on positive molds to obtain a negative mold, which con-
sisted of an orderly array of conical grooves. Then, a two-step
molding method was implemented to fabricate the hydrogel
MNs (Fig. 2a). In this process, Cu@ZIF-8 nanoparticles were
dispersed and mixed with PEGDA/CMCS as the pouring mate-
rial, and the needle tips were then filled by low-speed centri-
fugation. After removing the redundant blending, a PEGDA/
CMCS mix-hydrogel was added to cover the needle bottoms as
a substrate material, after which hydrogel MNs with a certain
Young's modulus were obtained by ultraviolet (UV) crosslinking
with 2-hydroxy-2-methylpropiophenone (HMPP).

To verify the mechanical strength and biodegradability of
the fabricated MNs, we designed and manufactured PEGDA/
CMCS-MNs with different mixing ratios, leading to significant
differences in the morphology and characteristics of the MNs
(Fig. 2b). The SEM images showed that PEGDA/CMCS ratios of
6:4 and 4 : 6 were unsuitable for fabricating MNs because of the

Peeling off

ey

Fig.2 Characterization of the MNs: (a) SEM image of MNs with different ratios of PEGDA/CMCS (pure PEGDA, PEGDA/CMCS =8:2,6:4,and 4 :
6); (b) schematic diagram of the MN fabrication process; (c and d) SEM images showing the side view and the vertical view of the microneedle tip;
(e) SEM images showing the microporous surface structure of the Cu@ZIF-8 loaded MNs; (f) SEM images showing Cu@ZIF-8 nanoparticles
encapsulated in the MNs; scale bars are 500 um in (a), 100 um in (c)—(e), and 1 um in (f).
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easy collapse of the needle bodies. As shown in Fig. 2c and d, the
MNs (PEGDA/CMCS = 8:2) display a complete complementary
conical structure of the negative mold. The MNs' height and
base diameter were 410 um and 200 pm, respectively. The MNs
prepared using the ratio of 8:2 exhibited a porous structure
after lyophilization, as shown in the scanning electron micro-
scope (SEM) images (Fig. 2e), which is conducive to the diffu-
sion of Cu@ZIF-8 nanoparticles and the contact between
bacteria and materials. It is worth noting that the SEM images
also demonstrated that the Cu@ZIF-8 nanoparticles were
uniformly distributed inside the needle body, indicating favor-
able loading performance (Fig. 2f). We also conducted an
energy-dispersive X-ray spectroscopy (EDS) mapping to further
explore the element composition of MNs (Fig. S27). In the
images, the red dots were related to the Cu element, the pink
dots were related to the Zn element, the blue dots were related
to the C element, and the green dots were related to the O
element, respectively. Almost no Cu and Zn elements were
present in the images of MNs without Cu@ZIF-8 loaded,
whereas there was obviously the existence of Cu and Zn
elements in Cu@ZIF-8 loaded MNs, and the element density
increased with the increased concentration of Cu@ZIF-8. All
these results confirmed the successful preparation of Cu@ZIF-8
loaded MNs.

The CMCS substrate makes microneedles have good biode-
gradability as well as good antibacterial properties and the
addition of PEGDA enhances the mechanical properties of
microneedles. We evaluated the impact of the PEGDA content
on the properties of hydrogels to determine the optimal
mechanical strength and degradation ability of hydrogels for

a 25
*
—~ 2.0
o
o
s
[
3 1.5
3
°
o
13
1.0
o
c ——
-
o
> 0.5
0.0
PEGDA  8:2 6:4 46
Ratio of PEGDA:CMCS
C 0 min
-
25

Ch R s L

Fig. 3

o

Weight loss (%)

View Article Online

Nanoscale Advances

MN preparation. Notably, the compressive strength of MNs
crucially depends on the concentration of PEGDA and the
addition of PEGDA amplified the strength of hydrogels.
Mechanical compression tests were performed using a testing
machine to compare the mechanical properties of these four
microneedles of different proportions. With the increase in the
compression displacement (Fig. S37), the force between the
probe and the microneedles increased continuously. Micro-
needles with a higher ratio of PEGDA exhibited higher
mechanical strength. These results indicated that the ratio of
PEGDA : CMCS may be a crucial parameter in influencing the
mechanical properties of microneedles. Meanwhile, the
Young's modulus of the hydrogel MNs increased remarkably
with a higher ratio of PEGDA/CMCS. The PEGDA/CMCS = 8:2
groups exhibited good mechanical strength similar to that of
pure PEGDA-MNSs (Fig. 3a), which proved to be more suitable for
the manufacture of porous MN patches that required good
mechanical strength.

According to previous research, insertion force into skin for
microneedles with a tip radius of 30 to 80 pm, ranged from
0.08 N to 3 N, and the average insertion force for hollow
microneedles is 1.65 & 0.03 N while the insertion force for solid
microneedles is 1.29 £ 0.04 N.* From the results obtained in
the compression test for our microneedles (Fig. S3f), the
mechanical properties of the PEGDA: CMCS = 8:2 group are
good enough to pierce skin, which can be visually demonstrated
in the subsequent puncture pathological staining(Fig. 3d).

Besides, in vitro degradation behavior of the MNs in PBS
solution at 37 °C was investigated within two weeks. The
degradation rate was faster during the first week; later, the
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(a) Young's modulus of MNs with different ratios of PEGDA/CMCS; (b) In vitro degradation behavior of the MNs with different ratios of

PEGDA/CMCS; (c) optical images of hair-removed rat dorsal skin after insertion, and skin recovery after the removal of the MNs. (d) H&E stained
cross-section of skin with MNs inserted; scale bars are 50 pm in (d). Data are shown as mean + SD (n = 3) and analyzed using the one-way

ANOVA test.
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degradation slowed. However, the degradation rate increased
with the addition of CMCS. It is worth noting that the PEGDA/
CMCS = 8:2 MNs exhibited excellent mechanical strength as
well as good degradation ability, which is beneficial to the
puncture of skin and the diffusion of Cu@ZIF-8. The PEGDA/
CMCS MNs had a degradation rate close to 30% after 2 weeks,
while the degradation rate was no more than 20% for pure
PEGDA MNs (Fig. 3b).

To intuitively present the application effect of MNs, we
applied an MN patch (PEGDA/CMCS = 8 : 2) to the dorsal skin of
rats. After MN puncturing of the rat's subcutaneous tissue,
obvious indentations were observed. As shown in Fig. 3c, the
puncture marks gradually disappeared, and the skin almost
returned to its normal state within 20 min of removing the MNs
from the skin. Moreover, there was no obvious irritative reaction
(e.g., swelling and erythema) on the skin, indicating that the MN
is a minimally invasive approach for achieving drug delivery.*’
The histology of the puncture site further confirmed that MNs
successfully penetrated the epidermis to a depth of approxi-
mately 200 um, as shown in the HE images (Fig. 3d). Notably,
the insertion depth in the skin was less than the original height
of the MNs (~410 pm), mainly owing to the compressive
deformation of the MNs in the skin and the viscoelastic prop-
erties of natural skin. Compared with conventional dressings,
such PEGDA/CMCS-MN arrays were able to deliver drugs into
severe wounds attached to blood clots and adipose tissue more
effectively because of their high specific surface area as well as
puncture ability. Thus, MNs fabricated by using PEGDA/CMCS
at a ratio of 8:2 were adopted to effectively exert their drug
delivery and repair effects, benefiting from the optimized
degradation rate and good mechanical strength.

3.3. The antibacterial properties of PCCZMNs

Wounds exposed to the external environment are vulnerable to
infection by malignant bacteria, such as S. aureus, which may
cause sepsis and even life-threatening complications. Thus,
prevention of bacterial infection is key in the wound healing
process. To detect the concentration of ROS dispersed in the
incubation solution, the absorbance of the bacterial superna-
tant was used as an index of the ROS concentration using the
hydroxylamine colorimetric method (Fig. 4a). We found that the
color depth of 1.5 mg mL ™" Cu@ZIF-8 nanoparticles was darker
compared with that of 1.5 mg mL~" ZIF-8 nanoparticles, indi-
cating that Cu@ZIF-8 nanoparticles tend to generate a higher
concentration of ROS that kill bacteria more efficiently. Mean-
while, the concentration of ROS in the supernatant was detected
using a ROS detection kit (Fig. 4b), which revealed that
compared with the ZIF-8 nanoparticles, the Cu@ZIF-8 nano-
particles generated more reactive oxygen species, which
contributed to their antibacterial properties.**> The concen-
tration of copper ions and zinc ions released from MNs was
analyzed by using an enzyme labeler. The release curve revealed
that the ions that were slowly and continuously released from
the MNs positively correlated with the gradual degradation of
the MNs, showing a steady upward trend within a week (Fig. 4c
and S47). To further verify the antibacterial activity of the
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PCCZMNs in vitro, MNs with different Cu@ZIF-8 concentrations
ranging from 0 to 2.5 mg mL ™" (PCMN, PCCZMN-L, PCCZMN-
M, and PCCZMN-H) were co-cultured with E. coli and S.
aureus. The plate-counting method was then applied to the
strains of S. aureus and E. coli. The number of bacterial colonies
in the Cu@ZIF-8 loaded groups (PCCZMNs) was fewer than that
in the PCMNSs and control groups, while the number of bacterial
colonies in the PCMN groups was lower than that in the control
group. Fig. 4d-f show that the antibacterial activity was
proportional to the concentration of Cu@ZIF-8 nanoparticles,
indicating that a higher concentration of Cu@ZIF-8 tended to
kill bacteria more efficiently, whereas PCMNs had slight anti-
bacterial activity because of the antibacterial effect of CMCS.
This result confirmed the assumption that the PEGDA/CMCS
scaffold possessed antibacterial activity. More importantly, the
addition of Cu@ZIF-8 substantially improved the antibacterial
activity of MNs, which is essential to accelerate wound healing.
From the above experiments, we conclude that PCCZMNs have
outstanding potential for antibacterial action.

3.4. Biocompatibility of PCCZMNs

To investigate the most appropriate concentration of Cu@ZIF-8
nanoparticles, we utilized the leaching solution originating
from MNs to co-culture three different cells, which plays an
important part in wound healing, and cell viability was detected
by using the CCK-8 assay. As displayed in Fig. 5a, when co-
cultured with HUVECs, the OD value at 450 nm tested by
using the CCK-8 assay revealed that all groups showed time-
dependent proliferation rates. More importantly, once the
concentration of Cu@ZIF-8 nanoparticles exceeded 1.5 mg
mL~" (PCCZMN-M), the proportion of living cells decreased
significantly, indicating an obvious suppression effect against
cell growth. The corresponding normalized cell viability
(Fig. 5b) showed similar results. In the biocompatibility tests of
L929 fibroblasts and macrophages, we observed that the high
concentration of CU@ZIF-8 nanoparticles (PCCZMN-H) is toxic
to both types of cells (Fig. S51). Combining the results of the
antibacterial experiments, Cu@ZIF-8 nanoparticles with
a concentration of 1.5 mg mL ™" were advisable to fabricate MNs
that simultaneously possessed acceptable cell biocompatibility
and excellent antibacterial effectiveness.

3.5.
MN

Angiogenesis properties of PEGDA/CMCS-Cu@ZIF-8-

Newly formed vessels can deliver nutrition and oxygen to the
wounds to accelerate wound closure.**** Therefore, HUVEC
migration and tube formation are essential steps during
angiogenesis that determine the curative effect of wound heal-
ing. PCCZMNSs encapsulated with Cu@ZIF-8 (1.5 mg ml ") were
used in the angiogenic test. As shown in Fig. 6a and b,
PCCZMNs showed higher efficiency than PCMNs in promoting
HUVEC tube formation, characterized by more visible tube-like
structures and a higher tube length. Meanwhile, PCCZMNs
showed a higher migration rate (79.76 + 1.24%) than PCMNs
(45.38 £ 0.47%) at an interval of 24 h (Fig. 6¢c and d). This
suggests that the PCCZMNs with a concentration of 1.5 mg ml™*

© 2023 The Author(s). Published by the Royal Society of Chemistry
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S.aureus

Cu@ZIF-8 exhibit an angiogenesis inducing effect, which was
attributed to the Cu ion release. A well-established vascular
network can effectively promote the delivery of nutrients,
thereby enhancing wound repair. Combined with the results of
HUVEC migration and in vitro tube formation experiments,
PCCZMNs showed the best angiogenic activity and were used
for subsequent in vivo experiments.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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3.6. Evaluation of the MNs for wound healing

To further investigate the practical value of PCCZMNs for
wound healing, we established a full-thickness cutaneous
defect rat model by creating 1 cm round wounds on their backs.
The rats were randomly divided into three groups: control,
PCMN and PCCZMN. In the wound healing process, the
changes in the wound bed were photographed and measured on
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The concentration of Cu@ZIF-8 in PCCZ-MN is 1.5 mg ml™~%.

the 0, 4th, 8th, and 16th days, as shown in Fig. 7a. Generally, the
round wounds on the backs of the rats were nearly healed after
16 days in the PCCZMN group with a Cu@ZIF-8 concentration
of 1.5 mg mL ™", while the wounds showed a slower healing rate
in the PCMN and control groups (Fig. 7a and b). The ability of
Cu@?ZIF-8 encapsulated MNs to promote wound healing in vivo
was due to the great antimicrobial capacity, as well as the
significant angiogenic effect during the period of degradation,
which could be proven in the PCCZMN group. The body
temperatures of the rats were measured at various time points.
As shown in Fig. 7¢, the mean body temperature of the PCCZMN
group was relatively lower than that of the other groups,

5110 | Nanoscale Adv., 2023, 5, 5102-5T14

especially the control group, and the relatively lower body
temperature reflected a less severe inflammatory condition.
The degree of re-epithelialization is always considered
a suitable evaluation standard for wound renovation. To
investigate the reconstruction of epidermal tissue, histological
tests were performed on the 8th and 16th days of the in vivo
experiment. Hematoxylin and eosin (H&E) and Masson's tri-
chrome staining, as shown in Fig. 8a-c, indicated that the
control group exhibited a maximum wound length of 6.792 £
0.204 mm on the 8th day and 5.297 & 0.248 mm on the 16th day.
The results for the PCMN groups were 5.683 + 0.393 mm on the
8th day and 3.859 £+ 0.095 mm on the 16th day, indicating

© 2023 The Author(s). Published by the Royal Society of Chemistry
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a medium healing level. The PCCZMN group exhibited minimal
wound length, reaching 3.552 + 0.364 mm on the 8th day and
1.159 £+ 0.271 mm on the 16th day. From the magnification
images of H&E staining and Masson's trichrome staining (Fig. 8
and S67), the PCCZMN group showed the thickest and most
complete stratum corneum, indicating the excellent healing
effect of Cu@ZIF-8. Furthermore, many hair follicles were
visible in the PCCZMN group, indicating that it can promote
tissue regeneration compared with other groups. Meanwhile,
because of the prominent repairability of the PEGDA/CMCS
hydrogel, wounds treated with PCMNs presented better
stratum corneum conditions than the control group. As shown
in ESI Fig. S2,f the most abundant collagen deposition
appeared in the group treated with PCCZMNSs containing 1.5 mg
mL ™" Cu@ZIF-8 nanoparticles, showing prominent deep blue
and neatly arranged collagen networks, much higher than those
in the PCMN group. In addition, collagen deposition was rela-
tively dense in the PCMN group compared with the control
group, indicating the positive matrix reconstruction effect
caused by PEGDA/CMCS hydrogel decomposition. These results
demonstrated that PCCZMN has the ability to accelerate wound
closure, collagen formation, and re-epithelialization.
Neovascularization can reflect the degree of tissue recon-
struction and restoration of skin function. Immunofluorescent
staining of CD31, a common marker of endothelial cells, was
used to analyze neovascularization at wound sites. As shown in
Fig. 8d and e, a low density of cell markers was observed in the
control group, suggesting a low level of vascularization. In
contrast, the blood vessel area in the other groups significantly
increased, especially in the PCCZMN group (Fig. 8d and e). This
difference was ascribed to Cu@ZIF-8 as well as the micro-
structure of the needle body fabricated by the PEGDA/CMCS
hydrogel, which provided a larger specific surface area for

© 2023 The Author(s). Published by the Royal Society of Chemistry

interaction with the wound area, which was beneficial for
nutrient exchange and endothelial cell migration.

Inflammation can hinder wound healing in the wound bed. M2
macrophages are essential for wound healing, as they can secrete
high amounts of IL-10 and TGF-B to suppress inflammation and
contribute to tissue repair, remodeling, vascularization, and
retention of homeostasis.* It has been established that CD206 is
classified into the marker of an alternatively activated M2 pheno-
type and acts as a hemoglobin scavenger receptor on a macro-
phage.*® The wound repair condition was reflected by counting the
number of M2 macrophages through immunohistochemical
staining of CD206. As shown in Fig. S7, M2 macrophages stained
positively to various degrees in all the groups. In particular, the
density of PCCZMNs in the wound beds was the highest among all
the groups. In addition, we found that CD206 M2-like cells were
outnumbered in the PCMN groups compared with the control
groups. This phenomenon indicated that a moderate dose of
Cu@ZIF-8 displayed outstanding performance in reducing
inflammation at the wound bed, which was not only helpful in
killing the microbes, but also promoted the regeneration of
neonatal epithelium tissues. Thus, all the histological results
proved that the PCCZMNSs were conducive to epithelial regenera-
tion and neovascularization, and had an anti-inflammatory effect
to a great extent, offering a promising approach for wound healing
and other clinical applications. In future research, we will further
optimize the design of our microneedles such as enhance the
adhesion capability of our microneedles and apply the micro-
needles to the treatment of diabetic wound models and infection
wound models. We believe that after improving material design
and applying newly designed MNs to the treatment of a chronic
wound model, our future research will offer a promising approach
for wound healing and other clinical applications, and benefit
clinical patients to a greater extent.
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Immunofluorescence staining of CD31 of granulation tissues in different groups on the 8th day and 16th day. (e) Corresponding quantitative

analysis of CD31 micro-vessel density in different treatment groups.

4 Conclusion

In this study, we developed PEGDA/CMCS MNs loaded with
Cu@ZIF-8 nanoparticles for the treatment of full-thickness
cutaneous defects. The MNs exhibited good biocompatibility
and mechanical properties, and were able to deliver active
ingredients into wounds more effectively because of their high
specific surface area and puncture ability. The MNs were
a minimally invasive approach because of the small size of the
needles. More importantly, the MNs showed excellent antibac-
terial and angiogenic properties, significantly promoted re-
epithelialization, angiogenesis, and collagen deposition, and
reduced inflammation in wounds. In conclusion, our study
utilized Cu@ZIF-8 nanoparticle-encapsulated PEGDA/CMCS-
MNs, which demonstrated good potential for wound healing.
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