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A B S T R A C T

A patch with the capability of avoiding wound infection and promoting tissue remolding is of great value for
wound healing. In this paper, we develop a biomass chitosan microneedle array (CSMNA) patch integrated with
smart responsive drug delivery for promoting wound healing. Chitosan possesses many outstanding features
such as the natural antibacterial property and has been widely utilized for wound healing. Besides, the micro-
structure of microneedles enables the effective delivery of loaded drugs into the target area and avoids the
excessive adhesion between the skin and the patch. Also, vascular endothelial growth factor (VEGF) is en-
capsulated in the micropores of CSMNA by temperature sensitive hydrogel. Therefore, the smart release of the
drugs can be controllably realized via the temperature rising induced by the inflammation response at the site of
wounds. It is demonstrated that the biomass CSMNA patch can promote inflammatory inhibition, collagen de-
position, angiogenesis, and tissue regeneration during the wound closure. Thus, this versatile CSMNA patch is
potentially valuable for wound healing in clinical applications.

1. Introduction

Skin is one of the most important defensive lines to protect human
body from the external microbial invasion and maintain body fluid,
electrolytes and nutritional components [1]. Once damaged, the skin
would lose its functions and seriously endanger people's physical and
mental health [2,3]. Thus, wound healing has invariably been of fun-
damental research focus in the whole medical field, which leads to
severe challenges and serious economic burdens [4,5]. To resolve this
problem, patches that can dramatically inhibit bacterial infection and
accelerate wound healing are considered as the most efficient and ef-
fective medical treatment method. Particularly, with the loading of
active drugs, such as bactericidal drugs, hemostatic drugs, anti-in-
flammatory drugs and angiogenic factors, the patches can realize anti-
bacteria, hemostasis, anti-inflammation and tissue regeneration [6–8].
Moreover, the patches are further developed to integrate with various
kinds of microstructures like particles, which endows them with mul-
tiple functions and effective drug delivery strategies [9–16]. Thus, by

combining the drug delivery system and microstructure, the functional
patches have made increasing achievements in wound healing. How-
ever, most of the existing patches adopt natural and synthetic polymers,
which always require complex biological extraction technique and
complicated chemical synthesis procedures [17–21]. Such extraction
and synthesis often involve the use of organic reagents and extreme
experimental conditions, leading to the reduction of activity and bio-
compatibility of the active components. In addition, typical patches
only possess plain microstructures and dull drug delivery features, re-
stricting their repair effects and further medical applications. Therefore,
the development of versatile patches integrated with available poly-
mers and excellent microstructure for controllable drug delivery is
significantly anticipated.

In this research, we propose a biomass chitosan hydrogel micro-
needle array patch with controllable drug release for promoting wound
healing, schemed in Scheme 1. Chitosan (CS), a derivative from chitin
of arthropod, is the unique alkaline polysaccharide in nature attributed
to its positively charged amino group. The extraction process of CS is
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also easy-operated, nontoxic, mild and friendly. These features make CS
dramatically valuable in biomedical applications with the character-
istics of biodegradation, nontoxicity, biocompatibility, antimicrobial
and hemostasis [22–26]. Besides, microneedles (MN) could have uni-
form nano or microstructures by using various kinds of natural mate-
rials and synthetic polymers, and could easily penetrate the skin in a
minimally invasive manner to effectively deliver drugs to the target
areas and maintain local drug concentration in a long term. Benefitting
from these advantages, MN has proved its worth in many medical fields
including cancer therapy, biomedical sensors and sample collection
[27–30]. Therefore, it is conceived that the combination of CS and MN
would be conductive to develop a novel patch with the function of
smart drug delivery for promoting wound healing.

Herein, we integrated the antibacterial CS hydrogel with the MN
array to fabricate a versatile type of patch for promoting wound
healing, which could directly and controllably deliver drugs to the
damaged areas. The CS hydrogel not only endowed our patch with
porous structures, but also gave it antibacterial activity and hemostatic
activity. In addition, the microstructure of MN could deliver the loaded
drugs into the target area effectively and avoid the excessive adhesion
between the skin and the patch. Importantly, active pharmaceutical
molecules, vascular endothelial growth factor (VEGF), were en-
capsulated into the micropores of the chitosan microneedle array
(CSMNA) mildly by another smart hydrogel, the temperature re-
sponsive poly(N-isopropylacrylamide) (pNIPAM) [31–33]. Actually, the
loaded drugs releasing from the CSMNA could be induced through the
rise of the body surface temperature attributing to the inflammation
response at the site of wounds. It was demonstrated that the CSMNA
patch could accelerate the migration and distribution of cells and
permit the nutrients and oxygen transportation efficiently, as well as
the expelling of metabolic wastes. These features indicate that the
versatile CSMNA patch is a superior drug carrier and has tremendous
potential for promoting wound healing.

2. Experimental section

Materials and Animals: Chitosan (average Mw 180 kDa), N-iso-
propylacrylamide (NIPAM), fluorescein isothiocyanate labelled bovine
serum albumin (FITC-BSA), NaOH, Vascular endothelial growth factor
(VEGF) and 2-hydroxy-2-methylpropiophenone (HMPP) were all ob-
tained from Sigma-Aldrich and used without any treatment. The male
Sprague-Dawley rats (8–12-week-old) were provided by Jinling
Hospital (Nanjing, China). All rats were treated strictly according to the
Laboratory Animal Care and Use Guidelines. All the animal care and
experimental procedures were reviewed and approved by the Animal
Investigation Ethics Committee of Jinling Hospital.

Characterization: The optical and fluorescence images of CSMN
were captured using a microscopy (Olympus SZX16) equipped with a

CCD (Olympus DP30BW). SEM images were taken by a scanning elec-
tron microscope (SEM, Hitachi S–3000 N). The fluorescence intensity
was measured by a fluorescence microscope (Olympus, CKX41)
equipped with optic spectrometer. Fluorescence images of LIVE/DEAD
bacterial staining were obtained by a laser scanning confocal micro-
scope (Carl Zeiss, LSM510).

Fabrication of the CSMN: The microneedle fabrication was carried
out using silicone mold. Chitosan powder was predissolved in a solution
of 2% acetic acid by ultrasonic treatment to obtain CS pre-gel. The CS
pre-gel was completely infilled into the conical microcavities of the
mold under vacuum for 5 min. The excess pre-gel out of the micro-
cavities was removed. Then, the whole mold was immersed into NaOH
(10% w/v) aqueous solution to solidify the CS gel. After solidification,
wash the mold with deionized water to obtain the CSMN. For drug
loading, NIPAM pre-gel solution with different concentrations mixed
with VEGF and 1% HMPP was then deposited onto the mold surface
followed by vacuum for 30 min to allow the pre-gel solution to infiltrate
into the voids of the CSMN. After discarding the excess pre-gel, the
mold was irradiated by UV light (365 nm, 100 W) for 1 min under a
lower temperature to solidify the NIPAM gel. Finally, CS aqueous so-
lution was cast into the mold and dried under vacuum to form a base for
the mechanical support. The resulting CSMN was carefully separated
from the mold.

Controllable Drug Release: The controlled release experiment was
carried out using FITC-BSA as a demo. FITC-BSA with the concentration
of 1 mg/mL was mixed with NIPAM pre-gel and encapsulated into the
CSMN by UV polymerization. The CSMN was kept in release buffer of
PBS and equilibrated at 40 °C for 5 min to realize a shrinking state.
Then it was kept at room temperature (25 °C) for 15 min to recover to
the original state. This temperature cycle was taken several times and
fluorescence images of the CSMN was captured after every cycle of
cooling.

Antibacterial Test in vitro: Gram-positive Staphylococcus aureus and
Gram-negative Escherichia coli were chosen to verify the antibacterial
activity of CSMN. Two kinds of bacterial were cultured until the tur-
bidity of the bacterial suspension was around 0.5 based on McFarland
standards. Subsequently, the bacterial was collected and resuspended
using PBS buffer. The resuspended bacteria were incubated with CSMN
respectively in 24-well plates. After 24 h, the suspensions were stained
by live-dead dyes and the fluorescence images were captured by con-
focal microscopy.

Wound Healing Study: A severe infected wound model was used to
evaluate the effect of CSMN in wound healing. After being anesthetized,
a circular skin at 1 cm in diameter on the back of rats was removed to
create a wound. After that 100 μL of bacterial suspension was injected
onto the wound area. Then, the rats were divided into four groups and
treated with VEGF loaded CSMN, CSMN, plane CS film and PBS solu-
tion, respectively. Finally, the rats were put back into separated cages
with sufficient water and food. The wounds were observed and pho-
tographed on day 0,3,5,7 and 9. After nine days, the rats were sacrificed
and regenerated tissues at the wound sites were excised. Each tissue
sample was cut into two pieces. One was immersed in 10% neutral
formaldehyde for further immunohistochemistry and histology ana-
lysis, another was stored in liquid nitrogen for immunofluorescence
staining.

Histology, Immunohistochemistry and Immunofluorescence
Staining: The samples were embedded in paraffin after dehydration.
Serial sections, 5 μm in thickness, were obtained by using a microtome.
The sections were used for H&E staining, Masson's trichrome staining,
and immunohistochemical analysis. IL-6 and TNF-α staining were used
for immunohistochemistry. Primary antibodies CD31 (KEYGEN,
KGYM0118-7) and α-smooth muscle actin (KEYGEN, KGYT5053-6)
were utilized for neovascularization analysis.

Scheme 1. Scheme of the fabrication and controllable drug release application
of the biomass microneedle patch.
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3. Results and discussion

In a typical experiment, a micromolding approach was used to
fabricate the CSMNA array. Briefly, a predetermined amount of CS pre-
gel solution was loaded into the microcavities of the mold and kept in
the mold under vacuum for 30 min. After that, the mold filled with CS
in the microcavities was immersed into sodium hydroxide solution to
solidify the CS microneedles. Another round of second pre-gel solution
containing active drugs was loaded into the mold and kept under va-
cuum for 30 min to allow the pre-gel solution to infiltrate into the voids
of the CSMNA, which was then solidified by UV light. Finally, CS
aqueous solution was cast into the mold and dried under vacuum to
form a base for the mechanical support. The resulting CSMNA patch
was arranged in a 20 × 20 MN array (Fig. 1a), and each microneedle
possessed a conical shape with a tip diameter of 5 μm, a height of
600 μm and a base diameter of 300 μm (Fig. 1b and c). The magnified
microstructure of such microneedle was further observed by SEM
(Fig. 1d). It was found that the CS microneedle which was not filled
with second pre-gel solution presented a porous structure. This feature
permitted other solutions like second pre-gel to permeate into the voids
by capillary force for drug loading.

It is worth noting that the concentration of the CS crucially de-
termines the size of the pores in the microneedle, which will decide the

amount of the loaded drug. In this work, we fabricated CSMNA by using
CS with different concentration of 1%, 2%, 3%, 4% and 5%, respec-
tively. The size of the pores was found to decrease when the con-
centration of CS increased from 2% to 4% (Fig. S1, Supporting In-
formation). Considering that the densely porous microstructure would
impede the second pre-gel infiltration and drug content, it could be
concluded that the CSMNA with bigger pore size fabricated by low
concentration of CS would load more drugs. Besides, it was also found
that CS with concentration of 5% was unsuited for fabricating of mi-
croneedles because of its poor fluidity, which disallowed the solution to
be squeezed into the mold even under vacuum (Figs. S2a–e, Supporting
Information). While, a CS solution with the concentration of 1% could
not form microneedles effectively owing to the lower mechanical
strength resulted from the low content of CS (Fig. S2f, Supporting In-
formation). Therefore, by considering the pore size, the fluidity as well
as the hardness together, an optimized CS concentration of 4% was
chosen to fabricate CSMNA patch in the following experiments.

Developing patches which could controllably deliver drugs based on
stimulation responsive hydrogels is extremely urgent for wound
healing, as the one-time release of all loaded drugs cannot assure a
long-time repair effect. Here, we utilized pNIPAM hydrogel as a smart
temperature-responsive system to controllably release drugs from the
CSMNA. For this purpose, drugs were pre-dissolved in the NIPAM
precursor solution and then filled into the pores of CSMNA for second
polymerization. To investigate the ability of the smart drug delivery
system, fluorescein isothiocyanate labelled bovine serum albumin
(FITC-BSA) was utilized as a demo to simulate the release of macro-
molecular drugs from the CSMNA. Then the second polymerized
CSMNAs containing FITC-BSA were exposed to the temperature cycle of
40 °C for 5 min and 25 °C for 15 min several times, and the drug release
was observed. Notably, when the applied temperature exceeded the
volume phase transition temperature (VPTT) of pNIPAM hydrogel,
which is typically 37 °C, the pNIPAM hydrogel in the pores of the
CSMNAs shrank and the encapsulated FITC-BSA was thus extruded
from them to realize the release of drugs. This temperature responsive
FITC-BSA release was demonstrated by the gradually decreasing
fluorescence intensity of the CSMNA when they were exposed to several
times of temperature cycle, as shown in Fig. 2.

Besides, by changing the pNIPAM concentration, the release modes
of the CSMNA could be flexibly tuned. It was observed that almost 70%
of the BSA was released from the CSMNA by only taking one cycle of
temperature exchange with the 5% pNIPAM hydrogel, while five cycles
were needed to release almost half of the BSA with the pNIPAM con-
centration of 20%. In addition, when the hydrogel concentration came
up to 25%, the release of BSA did not exceed 20% even after five cycles
(Fig. S3, Supporting Information). These different release modes of the

Fig. 1. Optical and SEM images of CSMNA: (a) optical image of CSMNA; (b)
micrograph of CSMNA; (c) SEM image of CSMNA; (d) surface microstructure of
the CSMNA. Scare bars are 5 mm in (a), 500 μm in (b), 100 μm in (c) and 1 μm
in (d).

Fig. 2. Temperature responsive drug release simulated by FITC-BSA encapsulated by 15% pNIPAM: (a) fluorescence images of FITC-BSA loaded CSMNA exposed to
different temperature cycles; (b) residual of the FITC-BSA under different temperature cycles. Scare bar is 100 μm.
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CSMNA with different pNIPAM concentrations were due to the con-
centration determined intermolecular hydrogen bonds strength. Speci-
fically, a higher concentration of pNIPAM would result in a stronger
mechanical strength of the hydrogel which was less affected by tem-
perature change, so that the drug release was slower. This concentra-
tion determined trigging condition for drug release would provide
versatile choices for smart delivery systems to satisfy various clinical
needs.

Besides the porous feature for drug delivery, CS also has inherent
antibacterial activity, analgesic effect, hemostatic activity and many
other advantages for developing hydrogel wound patches. Thanks to its
positively charged property, CS can react with anionic groups on the
cell wall or cytomembrane of bacteria via its abundant protonated
amino groups and form a biofilm surrounding the bacteria, thus altering
the cytomembrane permeability, preventing the intake of nutriments,
finally leading to the bacteria lysis (Fig. 3a). To evaluate the anti-
bacterial activity of the CS constituent, the CSMNA with the con-
centration of 4% was used to culture gram-positive Staphylococcus
aureus and gram-negative Escherichia coli, respectively. The bacterial
staining results indicated that both of the bacteria were alive and
maintained their inherent shapes in the PBS control group. On the
contrary, when co-cultured with the CSMNA, most of the bacteria died,
showing that the CSMNA could break the cytomembrane and give rise
to the outflow and accumulation of nucleic acid (Fig. 3b). Statistical
results also showed that almost 99% of both S. aureus and E. coli co-
cultured with the CSMNA were dead (Fig. 3c). The excellent anti-
bacterial activity of the CS hydrogel endowed the CSMNA patch com-
petitive potentiality for avoiding bacterial infection related complica-
tions and promoting wound healing.

To demonstrate the excellent repair capability of the CSMNA patch
in promoting wound healing, VEGF encapsulated CSMNA was used for
in vivo experiments (Fig. 4a). Meanwhile, the CSMNA patch filled with
pNIPAM hydrogel only, plane CS film with the same concentration, and
PBS group as control were also performed. All the rats were modeled an
infectious wound on the back and randomly divided into the above four
groups. The wound healing processes in these groups were all recorded
by photographs on days 0, 3, 5, 7 and 9 for a detailed analysis (Fig. 4b).
These photographs clearly showed that the wound closure rate was
higher in the CSMNA patch-treated rats group than that in the control
group and plane CS film group. Particularly, with the benefit of VEGF,
the wound healing efficiency was dramatically enhanced (Fig. S4a,

Supporting Information). Additionally, the hematoxylin and eosin (H&
E) staining results presented the regenerated granulation tissue at the
wound bed (Fig. 4c). The thickness of the granulation tissue in ex-
perimental group of CSMNA with VEGF was 1.80 ± 0.23 mm, which
was the maximum. And the minimal thickness was 0.58 ± 0.21 mm in
the control group of PBS solution. The granulation tissue in the CSMNA
group and plane CS film group were also superior than the control
group, which were 1.35 ± 0.25 and 1.10 ± 0.23 mm, respectively
(Fig. S4b, Supporting Information).

Thanks to the antibacterial capability as well as the remarkable
protective effect of the CS hydrogel, the plane CS film could work as a
barrier to prevent the wound suffering from further damage and in-
fection in wound repair and skin regeneration. Thus, the wound healing
processes in the plane CS film group were better than that in control
group. But, owing to the close contact of wounds and the plane surface
of CS films, the air interchange near the regenerating tissue was rather
poor, limiting the performance of CS films. By comparison, benefiting
from the microneedle structure, the CSMNA patch could not only act as
a bactericidal barrier, but also facilitate the air flow between the ex-
ternal environment and regenerating tissue through the microstructure.
Therefore, the wound healing process in the group of CSMNA patch
filled with pNIPAM hydrogel were mildly better than the plane CS film
group. It is worth noting that, with the loading of VEGF by pNIPAM, the
CSMNA patch exhibited further better wound-healing effects in the
wound closure. After the VEGF encapsulated CSMNA was applied to the
wounded sites, the inflammatory reaction gave rise to local skin tem-
perature increase, which induced the pNIPAM hydrogel to shrink in the
cores of the CSMNA to promote VEGF release into the wound sites,
bringing about the best level of tissue regeneration. These results in-
dicated that the CSMNA patch could provide a versatile smart drug
delivery system to maximize the effect of VEGF in promoting wound
healing.

During the wound healing process, inflammation is a crucial index
that can reflect the infection level and the early stage of the healing
condition. Thus, we first analyzed the expression quantity of two typical
proinflammatory factors, interleukin-6 (IL-6) and tumor necrosis factor-
α (TNF-α), by immunohistochemistry at day 9 (Fig. 5a and b). A mass of
IL-6 and TNF-α were obviously observed in the control group, in-
dicating a serious inflammatory response in the wound site. In contrast,
IL-6 and TNF-α were all downregulated in the plane CS film, CSMNA
patch and CSMNA patch with VEGF encapsulated groups, because the

Fig. 3. Antibacterial property of the CSMNA: (a) schematic illustration of anti-infective activity; (b) viability assay of S. aureus and E. coli co-cultured with the CSMNA
and PBS solution, respectively; (c) death rate of S. aureus and E. coli co-cultured with the CSMNA.
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inherent antibacterial property of CS could effectively protect the
wound against bacterial infection. In addition, remodeling, marked as
the last stage during wound healing, is usually reflected by the de-
position of collagen as a skin component in the wound bed. Therefore,
collagen deposition of all the groups was also evaluated. Results
showed that the collagen deposited abundantly in the groups consisted
of CS (Fig. 5c). Apparently, the CSMNA patch with VEGF achieved the
greatest deposition of collagen, decreasing successively in group of
CSMNA and plan CS film. And the control group performed with PBS
solution presented the lowest deposition of collagen. The excellent anti-
inflammatory effect and the remarkable collagen deposition indicated

the potential application of CSMNA patch for wound-healing.
Except for the collagen deposition, angiogenesis is another neces-

sary index during the remolding of tissue. Thus, to indicate neovascu-
larization, double immunofluorescence staining of CD31, a marker of
the vascular endothelial cell, and α-SMA, a marker of the vascular
smooth muscle cells, were performed. Results showed that the density
of vascular structure was obviously different in four groups (Fig. 6). For
the control group, few positive results of CD31 and α-SMA im-
munostaining was observed, mainly attributed to the excess aggrega-
tion of immunocytes at the wound site responding to bacterial infec-
tion. Besides, the survival of normal cells, such like vascular endothelial

Fig. 4. Wound closure and H&E staining: (a) scheme
of wound healing process: i) coagulation phase, ii)
inflammation phase, iii) proliferation phase, (iv) re-
modeling phase; (b) images of the wounds treated
with CSMNA-VEGF, CSMNA, CS-film and PBS solu-
tion (Control); (c) representative H&E staining of
wounds after 9 days. Scale bars are 5 mm and 1 mm
in (b) and (c), respectively.

Fig. 5. Immunostaining of (a) IL-6 and (b) TNF-α of granulation tissues in different groups; (c) Masson's trichrome staining for collagen deposition after 9 days. Scale
bars are 200 μm.
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cells and vascular smooth muscle cells was also negative, indicating few
vascular structures in the wound site. Compared with the control group,
the other groups presented a higher expression level of CD31 and α-
SMA owing to the presence of CS, which could effectively reduce the
bacterial infection induced inflammatory response. It is worth noting
that the positive immunostaining areas of CD31 and α-SMA in the
groups of CSMNA patch were more than the plane CS film group, in-
dicating more vascular structures. Such differences between these
groups could be attributed to the microstructure of the CSMNA, which
possessed a non-planar surface morphology and larger specific surface
and was beneficial to cells adhesion, migration and substance exchange.
In addition, the maximum dense of vascular construction was found in
CSMNA patch with VEGF group because the release of VEGF from the
CSMNA could remarkably accelerate angiogenesis (Fig. S5, Supporting
Information). This acceleration of angiogenesis in the reproductive
tissue demonstrated the considerable capability of the CSMNA patch
based drug delivery system in promoting wound healing.

4. Conclusion

In summary, we have developed and demonstrated a smart drug
delivery system based on a form of versatile biomass hydrogel micro-
needle patch with controllable drug release capability for promoting
wound healing. The microneedles were constituted by CS hydrogel,
which possesses natural antibacterial property and has been widely
utilized for wound healing. Owing to the microneedle structure, the
CSMNA exhibited a superior capability of acceleration in inflammatory
inhibition, collagen deposition, angiogenesis, and granulation tissue
formation. Integrated with the temperature-responsive pNIPAM hy-
drogel, large doses of VEGF could be encapsulated in the pores of the
CSMNA and controllably released into the wound sites, which drama-
tically promoted the wound healing in a severe infected wound model.
These features indicate that the versatile biomass microneedle patch
possesses great potential for promoting wound healing in practical
applications.
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