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Dissolving microneedle-encapsulated drug-loaded
nanoparticles and recombinant humanized
collagen type III for the treatment of chronic
wound via anti-inflammation and enhanced cell
proliferation and angiogenesis†
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Nowadays, diabetic chronic wounds impose a heavy burden on patients and the medical system.

Persistent inflammation and poor tissue remodeling severely limit the healing of chronic wounds. For

these issues, the first recombinant humanized collagen type III (rhCol III) and naproxen (Nap) loaded poly

(lactic-co-glycolic acid) (PLGA) nanoparticle incorporated hyaluronic acid (HA) microneedle (MN) was

fabricated for diabetic chronic wound therapy. As the tailored rhCol III was synthesized based on the

Gly483-Pro512 segment, which contained the highly adhesive fragments (GER, GEK) in the human col-

lagen type III sequence, it possessed strong cell adhesion. The mechanical strength of the prepared MN

was enough to overcome the tissue barrier of necrosis/hyperkeratosis in a minimally invasive way after

being applied in wounds. Subsequently, rhCol III and Nap@PLGA nanoparticles were rapidly released to

the wound site within a few minutes. The prepared MN possessed favourable biocompatibility and could

effectively facilitate the proliferation and migration of fibroblasts and endothelial cells. Furthermore, the

regenerative efficacy of the MN was evaluated in vivo using the diabetic rat full-thickness skin wound

model. These results illustrated that the prepared MN could accelerate wound closure by reducing the

inflammatory response and enhancing angiogenesis or collagen deposition, indicating their significant

application value in wound dressings for chronic wound repair.

1. Introduction

As the largest organ in the human body, the skin provides pro-
tection against external harmful stimuli (such as pathogens or
physical impact) and maintains the stability of the human
internal environment.1 Skin injuries, especially chronic
wounds, require expensive long-term treatments and imposes
a heavy economic burden on the global medical system.2

Furthermore, several factors such as population aging, dia-
betes and obesity cause the prevalence of chronic wounds to

continue to rise.3,4 It is estimated that chronic wounds affect
6.5 million patients and cause more than $25 billion in losses
each year in the United States.1,5,6 Therefore, effective thera-
peutic strategies for chronic wounds have become urgent issue
in the global medical field.

Collagen type III is an extracellular matrix protein,7 which
consists of three identical α1 chains and provides elasticity
and support for the skin and some hollow organs (such as
arteries, uterus, and intestines).8–10 During the past few
decades, due to its easy accessibility, low price and good inter-
action with cells, collagen type III has been widely used in bio-
medical fields, such as cosmetics, wound healing and artificial
blood vessels.10,11 In the initial stage of the wound healing
process, collagen type III secreted by fibroblasts forms the pro-
visional matrix and guides the fibroblasts and inflammatory
cells into the wound site.12,13 Furthermore, collagen type III
may regulate the synthesis of type I collagen,14,15 accelerates
collagen fibrillogenesis and modulate the structural/functional
property of the fibrils.16,17 However, currently commercialized
collagen is mainly derived from animal tissues, which leads to
the clinical application limits of collagen, such as poor solubi-
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lity, batch-to-batch variation in quality and purity, and patho-
genic contamination.18,19 Nowadays, proteins and peptides
that resemble endogenous molecules for therapeutic purposes
can be obtained through recombinant DNA, protein and
peptide engineering, and tissue culture techniques, thereby
minimizing the immune response.18,20 In addition, the recom-
binant humanized collagen type III (rhCol III) possesses the
features of good solubility and strong cell adhesion.9 At
present, rhCol III has been used for myocardial repair, treat-
ment of vaginal atrophy and other biomedical fields.21,22 But
as far as we know, there are no relevant reports about the
effect of rhCol III on wound healing. Herein, we systematically
researched the full sequence of human collagen type III and
screened out the Gly483-Pro512 segment that retained the
high cell adhesion fragments (GER, GEK) in the full sequence
of human type III collagen through computer-assisted screen-
ing.23 A tailored rhCol III with strong cell adhesion was syn-
thesized based on this segment.

Additionally, it is a commonly used strategy to promote
chronic wound healing by inhibiting the inflammatory response
to relieve the persistent inflammatory response.24–28 Naproxen
(Nap), a non-steroidal anti-inflammatory drug, has antipyretic,
analgesic and anti-inflammatory effects.29 Nap can be delivered
locally to reduce the inflammatory response of the tissue
around the wound,30 and to avoid adverse side effects caused by
oral routes or intravenous administration, such as gastrointesti-
nal mucosal irritation and ulcers, nausea and systemic
toxicity.29,31 However, the bioavailability of Nap is limited by its
low solubility.32,33 Topical application of the drug requires fre-
quent removal and reapplication of the dressing, which may
severely aggravate acute wounds. A feasible solution is to encap-
sulate Nap with carriers such as nanoparticles, so that the drug
can be continuously released into the wound site for a long
time, thereby eliminating the need for frequent dressing
changes and reducing inflammation during wound healing.30

Moreover, although conventional pharmaceutical dosage
forms such as solutions, fiber mats and hydrogels can absorb
wound exudate and prevent wound infection to some extent,
their poor retention in the wound site may result in low drug
bioavailability, high risk of wound adhesion and frequent re-
placement required.2 The traditional dosage forms cannot over-
come the tissue barrier of necrosis/hyperkeratosis and the pres-
ence of significant exudate production in chronic wounds,
making it difficult for the drug to penetrate the wound bed.2,34

Microneedle (MN), consisting of arrays of micro-scale needles, is
commonly used for topical transdermal delivery of various thera-
peutic molecules by creating transport pathways through the
skin without damaging neurons in the dermis.35–40 Recently,
MN has been proven to overcome the tissue barrier and pene-
trate into a microbial biofilm,41 thus accurate doses of the thera-
peutic agents, including mesenchymal stem cells, antibiotics,
vascular endothelial growth factor, oxygen and so on, can be
effectively and painlessly delivered to the wound bed.2,42–48 It is
worth mentioning that the MN is minimally invasive, thereby
inducing minimal pain and inflammation compared to other
invasive methods.49–51 Furthermore, some bio-inspired adhesive

MN can suture wounds through mechanical interlocking and
deliver drugs to the wound beds at the same time.52,53

Therefore, MN is considered to be one of the optimum choices
to deliver the Nap-loaded nanoparticles and rhCol III for chronic
wound therapy. However, research on the application of MN to
deliver anti-inflammatory drugs and therapeutic protein macro-
molecules in the treatment of chronic wounds is still rare, and
their actual effects remain to be explored.

Herein, in order to produce a clinically translatable dres-
sing for wound healing, first, rhCol III and Nap-loaded poly
(lactic-co-glycolic acid) (PLGA) nanoparticles-incorporated hya-
luronic acid (HA) MN was fabricated for diabetic chronic
wound therapy (as shown in Fig. 1). As shown in Fig. 1, such
MN was fabricated by a template-molding method and was
composed of dissolvable HA, which was the main component
of the skin extracellular matrix.54 After application to the
wound, the pyramid-shaped needle tip helped to insert the
drug-loaded needles easily into the wound bed with minimal
collateral tissue damage. Subsequently, with the dissolution of
MN, rhCol III and Nap@PLGA, nanoparticles were rapidly
released to the wound site within a few minutes. We proved
that the prepared MN could promote the proliferation and
migration of two types of cells (fibroblasts and endothelial
cells) that were critical to the wound healing process. Finally,
the ability of MN to promote chronic wound healing was deter-
mined in vivo by using the diabetic rat full-thickness skin
wound model. In conclusion, this research is expected to
provide an effective novel treatment for diabetic chronic
wound therapy and prove the effectiveness of the tailored
rhCol III to promote wound healing.

2. Materials and methods
2.1 Materials

HA (Mw = 10 wt, >99%) was purchased from Qufu Guanglong
Biological Products Co., Ltd (Qufu, China). Naproxen (Nap)
was purchased from Dalian Meilun Biotechnology Co., Ltd
(Dalian, China). Poly(lactic-co-glycolic acid) (PLGA, acid termi-
nated, lactide : glycolide 50 : 50, Mw 38 000–54 000), Nile red,
dimethyl sulfoxide (DMSO), and fluorescein isothiocyanate
(FITC) were purchased from Shanghai Macklin Biochemical
Co., Ltd (Shanghai, China). The recombinant humanized col-
lagen type III (rhCol III) was prepared by Shanxi Jinbo Bio-
Pharmaceutical Co., Ltd (Taiyuan, China). rhCol III was com-
posed of 16 tandem repeats of the triple-helix fragment. The
tandem repeats peptide contains the sequence of high cytoac-
tive, derived from the Gly483-Pro512 sequence of the human
type III collagen.23 The poly(dimethylsiloxane) (PDMS) micro-
molds were fabricated by Taizhou Microchip Pharmaceutical
Technology Co., Ltd (Taizhou, China).

2.2 Preparation and characterization of Nap-loaded PLGA
(Nap@PLGA) nanoparticles

Here, an interfacial deposition method was used to prepare
Nap@PLGA nanoparticles.55,56 Briefly, 2 mg of Nap and 10 mg
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of PLGA were dissolved in 1 mL of DMSO. Subsequently, the
solution was added dropwise into a certain amount of de-
ionized (DI) water with slow stirring. Finally, the mixture was
dialyzed in DI water for 3 days. Then, the solution of
Nap@PLGA nanoparticles was collected. In addition, 0.1 wt%
nile red was used to prepare the fluorescence-labeled PLGA
nanoparticles using a similar method as described above.

Size and zeta potential, and the morphology of Nap@PLGA
and PLGA nanoparticles (160 μg mL−1, aqueous solution) were
determined using dynamic light scattering (DLS, Malvern
Zetasizer Nano-ZS90 apparatus, Malvern, U.K.) and trans-
mission electron microscopy (TEM) (Hitachi H-600, Japan),
respectively.

2.3 Drug loading and in vitro drug release study

Herein, an ultraviolet-visible spectrophotometer (UV-2401PC,
Shimadzu) was used to measure the absorbance of the nano-
particle solution (in DMSO) at 332 nm to determine the
loading efficiency of Nap. The drug-loading efficiency (LE) and
drug-encapsulation efficiency (EE) were calculated as the fol-
lowing equations:

LE ð%Þ ¼ MNap

MNap þMPLGA
� 100% ð1Þ

EE ð%Þ ¼ MNap

Madded
� 100% ð2Þ

where MNap, MPLGA and Madded are the mass of Nap loaded in
the nanoparticles, the mass of PLGA in the formulation and
mass of initial added Nap, respectively.

To research the in vitro drug release profile of nano-
particles, a dialysis bag (MWCO: 3500 Da) containing 1 mL of
Nap@PLGA solutions (1 mg mL−1) was immersed in 10 mL of
PBS. At different time points, 1 mL of supernatant was col-
lected and 1 ml of fresh PBS was added. The cumulative
amount of Nap released was determined using UV-vis.

2.4 Fabrication of Nap@PLGA and rhCol III co-loaded HA
MN

The drug-loaded HA MN was fabricated by a template-molding
method. 100 μl of the mixed solution with HA (200 mg ml−1),
Nap@PLGA (160 μg ml−1) and rhCol III (500 μg ml−1) was
poured into the PDMS mold at first. The needles were filled
with the mixture by centrifugation at 3000 rpm for 10 min and
dried at room temperature for 24 h. Secondly, another 150 μl
HA (200 mg ml−1) solution was poured into the mold and
dried at room temperature for 24 h. Finally, the MN-loaded
with Nap@PLGA and rhCol III were peeled off from the mold.
The control MN, Nap@PLGA-loaded MN, rhCol III-loaded MN

Fig. 1 The fabrication process of rhCol III and Nap@PLGA nanoparticles loaded MN with its application in promoting chronic wound healing.
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and Nap@PLGA and rhCol III co-loaded MN were named
MN-C, MN-Nap, MN-III and MN-III/Nap, respectively.

The fluorescence-labeled MN was prepared by the above
method using the nile red@PLGA and FTIC-labeled rhCol III
as the model drugs. All the MNs were stored at 4 °C before use.

2.5 Characterization of MN

The appearance of the microneedles was observed with a
smartphone with an HD camera (Huawei P30 Pro). Scanning
electron microscopy (SEM, S4800, Hitachi, Japan), optical
microscopy and a fluorescence microscope were employed to
visualize the morphology of the MN. The mechanical property
of the MN was evaluated using a universal testing machine
(BioTester, 10 N load cell; CellScale, Waterloo, Ontario,
Canada). After re-dissolving the prepared MN, the drug
loading efficiency of the MN was determined to be 96.49 ±
3.68% (Nap) and 97.24 ± 5.42% (rhCol III) using UV-vis and
fluorescence spectrophotometers, respectively. In addition,
MN-III/Nap and MN containing FITC-labeled rhCol III were
pressed into fresh rat skin for 1 minute, and then pull it out of
the skin. An optical microscope and fluorescence microscope
were used to observe the skin treated with the MN from
different perspectives.

2.6 In vitro biocompatibility studies

The biocompatibility of the prepared MNs was conducted by
incubating the MN solution with L929 cells or human umbili-
cal vein endothelial cells (HUVECs) in vitro. MNs were dis-
solved in 2 mL complete 1640 cell medium to obtain MN solu-
tion. Then, the solution was filtered with a 0.22-micron filter.
Additionally, L929 cells or HUVECs were seeded in 96-well
plates for 24 h and then co-cultured with 100 μL MN solution
for 24 h and 48 h. The CCK8 experiment and cell LIVE/DEAD
staining were finally conducted to evaluate the survival rate of
the cells and observe the proliferation and morphology of
cells.

2.7 Cell scratch experiment

The cell scratch experiment was used to assess the influences
of MNs on cell migration. Briefly, 1 × 106 cells were seeded in
6-well plates and incubated at 37 °C (5% CO2) until they
achieved at least 90% confluence. After each well was scratched
with a 200 μL pipette tip, the cells were treated with 2 mL MN
solution. After incubation at 37 °C (5% CO2) for 24 and 48 h,
microscopic images were taken immediately to observe cell
migration. The experiments were repeated three times, and
representative images were selected.

2.8 In vivo wound healing

All animal procedures were performed in accordance with
guidelines for care and use of laboratory animals of Sichuan
University and approved by the animal ethics committee of
Sichuan University. Firstly, for the purpose of inducing dia-
betes mellitus type I in rats, a certain amount of streptozotocin
solution was injected into SD male rats (70 mg kg−1) through
the tail vein. Three days after injection, round full-thickness

skin with a diameter of 1.2 cm on the back of the rats were
removed to create a cutaneous wound. Then, male SD rats (150
± 20 g) with diabetes and wounds were randomly divided into
five groups with 6 rats in each group. 24 h after surgery, the
wounds of the five groups were treated with PBS (pH = 7.4),
MN-C, MN-Nap, MN-III and MN-III/Nap, respectively. Each
group was subjected to six parallel experiments, and experi-
ments were conducted every other day for a total of three
administrations. The residual MN covered on the wound was
washed with sterile PBS solution. The rats were euthanized by
injecting an overdose of anesthetic on the 7th or 14th day, and
the removed wound skin tissue were fixed with 10% buffered
formalin for further histological analysis.

3. Results and discussion
3.1 Characterization of Nap@PLGA nanoparticles

Nanoparticles provide various benefits for encapsulated active
drugs, such as enhanced drug stability, improved water solubi-
lity, and sustained drug release over a period of time to reduce
physiological toxicity.57,58 In this study, Naproxen (Nap) was
effectively encapsulated into poly(lactic-co-glycolic acid)
(PLGA), which has been approved by Food and Drug
Administration for parenteral applications,6 by an interfacial
deposition method.55,56 As shown in Fig. S1,† the mean dia-
meter of Nap@PLGA nanoparticles determined by DLS was
75.80 ± 0.65 nm, while the mean diameter of PLGA nano-
particles was 67.14 ± 0.27 nm (Fig. S2†). In addition, PDI
values of PLGA and Nap@PLGA nanoparticles were 0.077 and
0.089, respectively, which indicated a narrow particles size dis-
tribution. Furthermore, since carboxylate groups of PLGA
could be ionized at neutral pH,59 the zeta potential of PLGA
and Nap@PLGA particles in deionized (DI) water at 25 °C was
found to be −18.97 ± 0.30 mV and −19.20 ± 0.30 mV, respect-
ively. The TEM image of the Nap@PLGA nanoparticles showed
that particles are spheres, well-dispersed and with the size of
47.29 ± 13.95 nm (Fig. 2A), while the size of PLGA particles
was 41.59 ± 8.75 nm (Fig. S3†). The LE and EE of Nap@PLGA
nanoparticles determined by the UV-absorbance at 332 nm
were 9.7% and around 62.5%, respectively (Fig. 2B).
Dehydration of the hydrophilic shell for TEM detection during
the preparation of the sample was the main reason for the par-
ticle size measured using TEM being smaller than that
measured by DLS.60

It was necessary to research the release profile of encapsu-
lated Nap from the PLGA nanoparticles owing to fact that
insufficient release may decrease the availability and efficacy of
drugs.57 There are mainly two typical degradation/erosion
modes for drug release from biodegradable polymer particles.
For the drug-loaded PLGA nanoparticles, the mode of drug
release involved mainly the bulk erosion system, which pro-
vided an initial burst release followed by a zero-order release.2

In this study, the in vitro drug release profile of Nap from
nanoparticles was measured for 14 days (Fig. 2C). 42.42 ±
2.19% of Nap was released from PLGA nanoparticles on day 1,
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while 51.76 ± 1.07% of Nap was released on day 2, indicating
that there was an initial burst release and the release after that
was approximately sustained. Finally, 75.45% of Nap was
released by day 14. The burst release was beneficial to improve
the permeability of the drug, while sustained release could
release the drug over a longer period of time, thereby, alleviat-
ing the inflammatory response in chronic wounds.

3.2 Morphologies and mechanical strength of MN

In a typical experiment, the MN array was fabricated by a two-
step micro-molding approach. The resulting patch was
arranged in a 10 × 10 microneedle array. As shown in Fig. 2D,

each micro-needle possessed a pyramid shape with a height of
600 μm, a tip distance of 600 μm and a base side length of
300 μm, which were fundamental for favorable skin tissue
insertion ability.61 Additionally, FITC-labeled rhCol III and nile
red@PLGA were loaded in the MN, and fluorescent pictures
were taken to better display the distribution of drugs in the
MN. As illustrated from Fig. 2E and F, drugs were distributed
on the tips and base of the MN.

In order to verify whether the prepared MN can penetrate
the skin tissue to deliver the drug to the dermis effectively, the
mechanical properties of the MN were measured using a uni-
versal testing machine. Firstly, as shown in Fig. S4A,† the MN

Fig. 2 Characterization of nanoparticles and MNs. (A) The TEM images of the Nap@PLGA nanoparticles in H2O. (B) UV–vis spectrum of PLGA, Nap,
and Nap@PLGA. (C) The Nap cumulative release of Nap@PLGA nanoparticles. (D) SEM images of the microneedle array. The fluorescence photo-
graphs of FITC–rhCol III loaded MN (E) and nile red@PLGA nanoparticles loaded MN (F). (G) Mechanical property characterization of the MN patch.
(H) Digital photo of fresh rat skin treated with MN. (I) Digital photo of the rat skin stained with trypan blue after MN-III/Nap application. Fluorescence
micrograph of fresh rat skin treated with FITC-labeled rhCol III loaded MN: (J) White light channel; (K) and (L) Green light channel.
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was fixed on a flat surface with the tip facing upward.
Subsequently, the forced experiment started when the
mechanical sensor touched the tips of MN and lasted until it
traveled 400 μm at a controlled speed of 100 μm s−1 (Fig. S4B
and C†). Fig. 2G showed the profiles of the failure force
against the displacement. The force increased with the displa-
cement after the needle tips contacted the probe. There were
no discontinuous points detected, indicating that MN would
bend but not break. After 400 μm of displacement, the average
forces required to bend MN-C and MN-III (6.22–7.31 N) were
higher than those for MN-Nap and MN-III/Nap (3.98–5.72 N).
As illustrated in Fig. S5,† the mechanical strength of MN
showed an obvious downward trend as the concentration of
nanoparticles increased. These results demonstrated that the
addition of Nap@PLGA nanoparticles weakened the mechani-
cal strength of the MN to a certain extent. However, it has been
reported that the insertion force of individual MN into human
skin varied from 0.1 to 3.0 N without breaking.62 Therefore,
considering the above-mentioned data, the as-prepared MNs
could enable skin tissue puncture and insertion. Then, the
skin insertion ability of MN-III/NAP was studied by the
trypan blue staining method. After inserting MN, an array of
pinholes appeared on the surface of the skin (Fig. 2H and I),
and a consistent blue microchannel was observed through an
optical microscope (Fig. S6†), indicating that the MN-III/NAP
could penetrate the skin. In addition, the FITC-labeled rhCol
III-loaded MN could be easily inserted into the rat’s back
skin to form microchannels (Fig. 2J). According to fluo-
rescence microscope images (Fig. 2K and L), FITC-labeled
rhCol III remained in the microchannel of the rat’s back skin,
which further proved that the prepared MN could penetrate
the skin.

3.3 Proliferation and scratch healing of L929 cells

The basic qualities of well-designed biomaterials are favorable
biocompatibility and non-cytotoxicity.63 Here, the viability of
L929 fibroblast cells, which played a vital role in the progress
of wound healing was employed to assess the cytocompatibility
of MNs.2 The results of CCK8 assays are illustrated in Fig. 3A.
Compared with the control group (without MN solution treat-
ment), there was a noticeable growth trend of L929 cells pro-
liferation of all MN groups, indicating that all prepared MNs
possessed good biocompatibility. The cell activity of the MN-III
and MN-Nap/III groups was remarkably higher than that of the
control, MN-C and MN-Nap groups. In addition, as illustrated
in Fig. 3B, the results of cells fluorescence staining were also
in keeping with the quantitative CCK-8 assay. After 24 or 48 h
incubation, the living L929 cells which were stained green dis-
played a spindle-like morphology in all groups, indicating that
the cells grew well. Importantly, the fluorescence intensity of
MN-III and MN-III/Nap groups was significantly stronger than
that in the other three groups, indicating that MN containing
rhCol III could significantly enhance the proliferation of L929
cells.

Furthermore, in order to research the influence of MNs on
the migration of L929 cells, scratched cells were imaged at 0,
24 and 48 h. As shown in Fig. 3C and D, the growth and
migration of L929 cells in MN-III and MN-III/Nap groups were
faster than those in the control group. There was an obvious
difference between the healing area in the MN-III/Nap group
and the MN-C groups at each time point. At 48 h, the percen-
tage of scratch closure area reached around 90% for the
MN-III and MN-III/Nap groups (Fig. 3C), while the scratch
closure area for the MN-C group was less than 50%. These

Fig. 3 Cell viability (A) and live/dead staining (B) of L929 cells after incubation with MN solution for 24 h and 48 h. The quantitative analysis (C) and
pictures (D) of the cell wound scratch assay of L929 cells at different times. *P < 0.01, **P < 0.001.

Paper Nanoscale

1290 | Nanoscale, 2022, 14, 1285–1295 This journal is © The Royal Society of Chemistry 2022

Pu
bl

is
he

d 
on

 1
0 

Ja
nu

ar
y 

20
22

. D
ow

nl
oa

de
d 

by
 T

ai
yu

an
 U

ni
ve

rs
ity

 o
f 

T
ec

hn
ol

og
y 

on
 4

/6
/2

02
2 

2:
20

:1
7 

PM
. 

View Article Online

https://doi.org/10.1039/d1nr07708b


results showed that MN containing rhCol III could accelerate
the L929 cells scratch healing. Taken together, MN-III/Nap not
only possessed good biocompatibility but also had a positive
effect on L929 cells proliferation and migration, indicating it
possessed the potential to facilitate wound healing.

3.4 Proliferation and scratch healing of HUVECs

Angiogenesis is a dynamic process and is critical for successful
wound healing, while the proliferation and migration of endo-
thelial cells are very important for angiogenesis.64 Firstly,
CCK8 assays and live/dead staining were used to evaluate the
effects of MNs on the proliferation of HUVECs. As illustrated
in Fig. S7A,† after 48 h incubation, cell viability of MN-III and
MN-III/Nap groups were 112% and 117%, respectively, which
were higher than those of the control group. In addition, the
results of live/dead staining showed that fluorescence intensi-
ties of MN-III and MN-III/Nap groups were significantly stron-
ger than the control group (Fig. S7B†). It is proposed that the
higher vitality of HUVECs might be attributed to the addition
of rhCol III with strong cell adhesion.

In order to evaluate the ability of MNs to promote migration
of HUVECs, in vitro wound scratch assay was performed and
the results are shown in Fig. S7C and D.† As illustrated in
Fig. S7D,† the scratched area of HUVECs treated with MN con-
taining rhCol III closed faster during 48 h of incubation com-
pared to the control group. Furthermore, as shown in
Fig. S7C,† the quantitative results analyzed using ImageJ soft-
ware indicated that the cell scratch coverage reached 82% and
79% after 48 h of incubation with MN-III and MN-III/Nap,
respectively. While the cell scratch coverage in control and
MN-C groups reached 50% and 49%, respectively. The in vitro
wound scratch assay demonstrated that rhCol III-loaded MNs
could effectively promote the migration of HUVECs, indicating
that rhCol III-loaded MNs possessed a positive effect on the
formation of neovascularization after injury.

3.5 Wound healing in vivo

Results from the in vitro study revealed that Nap@PLGA and
rhCol III co-loaded MN possessed synergistic effects of redu-
cing inflammation and promoting cell migration and prolifer-
ation. To evaluate treatment effects and application prospects
of the MN-III/Nap in vivo wound healing, diabetic rats were
divided into five groups including control (injury without any
treatment), MN-C (injury and treated with unmodified MN),
MN-III (injury and treated with rhCol III-loaded MN), MN-Nap
(injury and treated with Nap loaded MN) and MN-III/Nap
(injury and treated with Nap@PLGA and rhCol III co-loaded
MN) groups, for the establishment of skin wound model.

Digital photos of wounds at days 0, 2, 4, 7 and 14 were
recorded and wound closure was calculated based on wound
size relative to the initial wound dimensions (Fig. 4A and B).
As shown in Fig. 4B, during the hemostasis phase, the self-
contraction of the wound could lead to a partial closure of the
skin epidermis. Subsequently, with the formation of epider-
mis, the wound area of all MN-treatment groups gradually
decreased. All groups showed a certain degree of wound con-

traction on the 2nd day. The MN-III/Nap group displayed the
largest wound closure rate of 41.36 ± 1.43%, which illustrated
the MN-III/Nap group possessed a relatively higher promotion
effect on wound healing. After 4 days of treatment, the wound
closure rates of the control, MN-C, MN-III, MN-Nap and
MN-III/Nap were 15.28 ± 1.47%, 30.33 ± 0.37%, 55.14 ± 1.50%,
47.37 ± 2.96% and 58.39 ± 1.85%, respectively (Fig. 4B). It was
worth mentioning that wounds in the MN-III /Nap group
showed an obvious epidermal regeneration on the 4th day.
Subsequently, the wound area of each group was further
reduced on the 7th day. After 14 days of treatment, MN-III/Nap-
treated wounds were almost healed and covered with hair,
illustrating that MN-III/Nap possessed an excellent effect on
promoting wound healing. The corresponding average wound
closure rate was 98.83 ± 0.36%, while the wound closure rate of
the control group was only 70.36 ± 3.95%. As illustrated above,
the MN-III/Nap group possessed a better healing effect on dia-
betic wounds.

3.6 Histological evaluation in wound healing

Furthermore, for the purpose of evaluating collagen deposition,
inflammatory reactions, tissue regeneration and angiogenesis
in the wound healing process and after 7 days and 14 days of
MN treatment, histological analysis was performed. Firstly, H&E
was used to stain tissues of wounds and inflammatory cells,
which infiltrated the wound site.65 As shown in Fig. 4C, on the
7th day, numerous lymphocytes and red blood cell infiltration
could be observed in the wound site treated with MN-C, illus-
trating the serious inflammatory reaction at the wound site. In
contrast, there were insignificant lymphocytes observed in the
MN-III/Nap group, indicating that MN-III/Nap could remarkably
decrease the level of inflammation within 7 days to accelerate
epidermal remodeling. After 14 days of treatment, the wounds
developed the fundamental structure of epithelium and dermis
except for the control group and MN-C group. In addition, the
wound for the control or MN-C group was not completely filled.
Moreover, the regulation of epithelium and connective tissue in
the MN-III/Nap group was higher than that in the control and
MN-C groups. There were more fibroblasts, more blood vessels
and hair follicles in the MN-III/Nap group than those in other
groups. These results demonstrated the MN-III/Nap possessed
the best healing effect.

Collagen deposition plays a critical role in the functional
reconstruction of diabetic wounds.66 Specifically, collagen is
continuously synthesized by active fibroblasts and serves as a
template for new tissue growth in the proliferation stage
during wound repair. Moreover, the deposited collagen is
associated with the strength of the new tissue in the mature
stage of wound healing.67,68 Consequently, the amount of col-
lagen deposition is one of the most important indicators to
evaluate the effect of wound repair. Here, Masson staining was
used to detect the deposition and appearance of new collagen
on day 7 or day 14 after surgery. As illustrated in Fig. 4D, in
the neonatal skin tissue structure of the MN-III/Nap group,
there was a large number of regenerated collagen fibers that
could be observed on the 7th day after surgery. The completely
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regenerated epithelial tissue was also seen in the MN-III/Nap
group. On the 14th day after surgery, although new collagen
deposition and regenerated tissue formation appeared in all
groups, the collagen deposition in the MN-III/Nap group far
exceeded the control group or MN-C group with regular orien-
tation and evenly distribution. These results illustrated that
the MN-III/Nap could promote the diabetic wound healing
process by accelerating fibroblast cell migration and prolifer-
ation, granulation tissue formation and collagen deposition
with the formation of mature epithelial structures.

3.7 CD68 and CD31 expression during wound healing

When trauma occurs, inflammation, a spontaneous self-
defense mechanism of the human body against environmental
stimuli, is inevitable.2,6 Although an appropriate inflammatory
response is favorable for the healing process of a skin wound,
excessive inflammation may impede wound repair. Here, fluo-
rescent immunohistochemical staining for CD68 was con-
ducted to evaluate the effects of MN-III/Nap on skin inflam-
mation during the wound healing process. As illustrated in
Fig. 5A, the expression of CD68 in the MN-III/Nap group was
remarkably lower than that in control and MN-C groups.
Quantitative analysis results of macrophage cells are shown in

Fig. 5B. The number of macrophage cells in MN-III/Nap, MN-C
and control groups were 399 ± 20, 915 ± 13 and 1021 ± 16,
respectively. Plenty of inflammatory cells aggregated in the
wound site in MN-C and control groups, which illustrated that
the inflammation was not fully treated, while fewer inflamma-
tory cells infiltration were observed around the wound in the
MN-III/Nap group, which was due to the good anti-inflamma-
tory effect of the released Nap. Subsequently, on the 14th day,
the number of macrophage cells decreased to 152 ± 18 in the
MN-III/Nap group, 422 ± 21 in the MN-C group and 514 ± 14 in
the control group. These results suggested that MN-III/Nap
could effectively alleviate the local inflammatory reaction
during diabetic wound healing applications.

It is well known that the vascular network plays a key role
in the regeneration/repair of full-thickness skin for its function
of transporting nutrients, oxygen, and infiltration of immune
cells to the wound area.42 The platelet endothelial cell
adhesion molecule-1 (CD31), which is a typical biomarker of
vascular endothelial differentiation, can act as an indicator of
the degree of vascularization during wound healing
process.69,70 Therefore, in this study, the newly formed blood
vessels were evaluated using immunohistochemical staining of
CD31. As shown in Fig. 5C, the positive-stained endothelial

Fig. 4 Analysis of the treatment effect of the full-thickness skin wounds of a type I diabetes rat model. (A) Digital images of wounds and the wound
area ratio (B) at different times during the 14 D in vivo treatment (mean ± SD, n = 6), *P < 0.01, **P < 0.001. The scale bar was 0.6 cm. H&E staining
(C) and Masson’s staining (D) of tissue sections at 7 D and 14 D. The scale bar is 500 μm.
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cells arranged in a liner or a closed-loop shape could be identi-
fied as a blood vessel and the number of blood vessels in each
wound was calculated from Fig. 5D. For the control group,
capillaries were mostly round and relatively small in diameter,
and their growth mode was non-budding during wound repair.
As for the MN-III/Nap group, most of the new capillaries were
flat, linear and large in area, which was budding growth. In
addition, the number of newly formed blood vessels after 7
days of treatment in the MN-III/Nap group was 49 ± 6, which
was remarkably higher than that in control (15 ± 3) and MN-C
groups (21 ± 2) (Fig. 5D). Furthermore, after 14 days of treat-
ment, the number of newly formed blood vessel in control,
MN-C and MN-III/Nap groups was 21 ± 1, 17 ± 2 and 52 ± 7,
respectively, illustrating that the prepared MN-III/Nap pos-
sessed the function of promoting the regeneration of new
blood vessels in the healing process of the diabetic wound.

4. Conclusions

In this work, we developed a novel MN patch, called the
MN-III/Nap, for the treatment of diabetic chronic wounds
covered by crust and necrotic tissue. To our best knowledge, it
was the first dressing to utilize an MN patch to facilitate local

delivery of rhCol III in a minimally invasive way. The dissolving
MN-III/Nap was fabricated by a template-molding method. The
array of the prepared MN showed excellent mechanical integ-
rity with a strength of 3.98–5.72 N, which was sufficient to
penetrate the tissue barrier at the wound site. In vitro cell
culture results showed that rhCol III-loaded MNs could effec-
tively enhance the proliferation and migration of fibroblasts
and endothelial cells. Additionally, the full-thickness skin
wounds of a type I diabetes rat model was used to verify the
in vivo therapeutic efficacy of the MN-III/Nap. Compared with
the control group, the MN-III/Nap could effectively alleviate
the local inflammatory reaction of the tissue around the
wound site. Importantly, the MN-III/Nap-treated wounds
showed a faster wound closure rate, improved epithelialization,
more collagen deposition and relatively complete CD31-posi-
tive microvasculature. These favorable characteristics indicated
that rhCol III and Nap-loaded MNs were expected to be poten-
tial candidates for diabetic wound healing, and proved the
huge application potential of rhCol III in wound dressings.
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Fig. 5 (A) Fluorescent immunohistochemical analysis of regenerated tissues at wound sites with CD68 (local macrophages) staining. Scale bar =
200 µm. (B) Quantitative analysis of macrophage cells in the wound sites. (C) Immunohistochemical staining of CD31 of sections at days 7 and 14.
Scale bar = 200 µm. (D) The number of newly formed blood vessels was measured from the immunohistochemical images. *P < 0.01, **P < 0.001.
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