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A B S T R A C T

Hydrogen sulfide (H2S), as a gaseous messenger, exhibits potential therapeutic effects in biological and clinical
applications. Herein, an in situ forming biomimetic hyaluronic acid (HA) hydrogel was used as a matrix to dope a
pH-controllable H2S donor, JK1, to form a novel HA-JK1 hybrid system. This HA-JK1 hydrogel was designed as
an ideal delivery scaffold for JK1 with pH-dependent prolonged H2S releasing profile. In vitro study suggested
that JK1 could induce the polarization of M2 phenotype indicating a higher pro-healing efficiency of macro-
phages. The in vivo studies on dermal wounds showed that the HA-JK1 hybrid hydrogel significantly accelerated
the wound regeneration process through enhanced re-epithelialization, collagen deposition, angiogenesis and
cell proliferation. Furthermore, the in vivo results also demonstrated a higher level of M2 polarization in HA-JK1
treated group with reduced inflammation and improved wound remodeling effects, which was consistent with
the in vitro results. These observations could be considered as a key to the efficient wound treatment. Therefore,
we suggest that HA-JK1 can be used as a novel wound dressing material toward cutaneous wound model in vivo.
This system should significantly enhance wound regeneration through the release of H2S that induces the ex-
pression of M2 macrophage phenotype.

1. Introduction

Skin plays pivotal role in protecting against environmental damage
and microbial invasion [1]. Cutaneous injuries, especially chronic
wounds, burns and infectious wounds, require immense financial
burden to healthcare systems due to the lack of satisfactory manage-
ment [2]. Various drugs including growth factor [3–5], stem cell [6,7],
siRNA [8,9], DNA [10,11] and gasotransmitter [12–14] have been
pursued to accelerate the wound efficacy. In addition, different delivery
systems including polymers [6,15], nanofibers [16,17], hydrogels
[18–21], micelle [22,23], and nanoparticles [24,25] have been

investigated for the effective delivery of wound healing drugs. Among
all these delivery systems, hydrogels have attracted increasing interests
due to their 3D porous network and highly hydration capability that
facilitate the exchange of oxygen, nutrients and provide a moist en-
vironment for epidermal migration [26,27]. In particular, in situ
forming hydrogels are the most promising hydrogel systems for wound
healing applications because the pre-gel can be injected to fill any ir-
regular defect before gelation [28].
Restoration of skin after injury involves cellular interactions be-

tween multiple cell types following sequential regenerative phases
[29]. The acute wound healing process experiences temporally

https://doi.org/10.1016/j.biomaterials.2019.119398
Received 17 March 2019; Received in revised form 29 July 2019; Accepted 29 July 2019

⁎ Corresponding author.
⁎⁎ Corresponding author.
⁎⁎⁎ Corresponding author.
⁎⁎⁎⁎ Corresponding author.

E-mail addresses: hehc@wzu.edu.cn (H. He), mxian@wsu.edu (M. Xian), xfxj2000@126.com (J. Xiao), wang263@mailbox.sc.edu (Q. Wang).
1 These authors contributed equally to this work.

Biomaterials 222 (2019) 119398

Available online 16 August 2019
0142-9612/ © 2019 Elsevier Ltd. All rights reserved.

T

http://www.sciencedirect.com/science/journal/01429612
https://www.elsevier.com/locate/biomaterials
https://doi.org/10.1016/j.biomaterials.2019.119398
https://doi.org/10.1016/j.biomaterials.2019.119398
mailto:hehc@wzu.edu.cn
mailto:mxian@wsu.edu
mailto:xfxj2000@126.com
mailto:wang263@mailbox.sc.edu
https://doi.org/10.1016/j.biomaterials.2019.119398
http://crossmark.crossref.org/dialog/?doi=10.1016/j.biomaterials.2019.119398&domain=pdf


overlapping phases including inflammation, proliferation and re-
modeling [30]. Excessive delayed inflammation is one of the main pa-
thogenic mechanisms of unhealed wounds [31]. It is known that mac-
rophage is one of the most essential inflammatory cells in wound
healing process. They can be activated into two different phenotypes:
M1, inflammatory phenotype in early stage, and M2, anti-inflammatory
phenotype in the mid-stage [32]. Appropriate drugs which can tune the
macrophage from M1 to M2 would potentially promote wound re-
generation to coordinate the skin repair process. In addition to the re-
duction of initial inflammation, this activation of subsequent re-
generation phase such as proliferation and remolding also played vital
roles in the wound healing process [33–35]. Hydrogen sulfide (H2S),
the newly recognized gasotransmitter, has shown great therapeutic
potential in biomedical studies due to its anti-inflammation effect
[36–40]. As a small molecular signaling motif, H2S could immediately
exert its therapeutic effects by travelling through cell membranes. One
of the mechanisms responsible for its therapeutic effects is the promo-
tion of macrophage phenotype transition towards M2 macrophages
[37,41,42]. However, commonly used H2S donors showed un-
controllable release of H2S [43,44]. Thus, different kinds of H2S donors,
which can release H2S in a biological environment-responsive manner,
have been developed for different applications [45,46]. Recently, an
innovative H2S donor referred to as JKs has been developed by our
group (M. Xian) which shows a pH dependent H2S releasing behavior.
This pH-responsive releasing property is particularly applicable for
acute wound healing treatment since the pH change upon wound mi-
croenvironment [47] can potentially switch the H2S release. Briefly, in
the early inflammation stage, acidic pH could be detected at wound site
which inhibits bacterial growth, decreases proteolytic activity, and
promotes fibroblast growth. However, local pH gradually shifts to the
basic range during the subsequent proliferation process. Thus, in the
initial inflammatory phase, the low pH can trigger the release of H2S
releasing from the JK-donors. For example, we recently fabricated an
novel electrospinning biodegradable PCL nanofibers loading JK1 to
investigate the effects of H2S exerting on the wound healing process in
vivo. It was revealed that controlled H2S release from JK1 in wound
helped the re-epithelialization, granulation formation and collagen
deposition during the wound healing process [14]. However, we found
that the PCL nanofibers matrix itself is too hydrophobic and exhibited
poor oxygen permeability impeded the wound regeneration efficiency.
More importantly, the underlying wound healing mechanism of H2S
from JK1 is still unclear.
In this work, a hyaluronic acid (HA) based hydrogel was used to

encapsulate JK1. The gelation time of the HA-hydrogel can be con-
trolled which greatly facilitates the application at irregular shaped
wounds. Additionally, as a major constituent of extracellular matrix
(ECM) of HA, the biocompatible JK1-HA wound dressings [48–50]
provide high oxygen and nutrients permeability and humidity [51] for
in vivo wound healing. We also performed in vitro and in vivo experi-
ments to investigate JK1 on polarization of macrophages. Our results
proved that JK1 could significantly up-regulate the M2 polarization of
macrophages, which likely contributes to an improved wound healing
process.

2. Materials and methods

2.1. Materials and reagents

Dulbecco's modified Eagle's medium (DMEM) was purchased from
Sigma-Aldrich (St. Louis, MO, USA). Fetal bovine serum (FBS) was
obtained from Hyclone (UT, USA). Phosphate buffer saline (PBS), pe-
nicillin and streptomycin were purchased from Gibco BRL, Invitrogen
Corp., (Carlsbad, CA, USA). Murine interleukin-4 (IL-4) was obtained
from PeproTech (Jiangsu, China). Bovine serum albumin (BSA), DAPI,
hematoxylin, eosin, RIPA lysis buffer and PMSF proteinase inhibitor
were purchased from Beyotime® Biotechnology (Shanghai, China).

Bicinchoninic acid (BCA) reagent was obtained from Thermo
(Rockford, IL, USA). Polyvinylidene fluoride (PVDF) membrane and fat
free milk were purchased from Bio-Rad (Hercules, CA, USA). Triton X-
100 and Masson's trichrome staining kit were obtained from Solarbio
Science & Technology Co., Ltd. (Beijing, China). Primary antibodies to
CD206, TNF-α, cytokeratin, CD68, CD31 and Ki67, and secondary an-
tibodies for fluorescence staining were purchased from Abcam
(Cambridge, UK). Goat anti-rabbit (H + L) HRP secondary antibody
was purchased from Bioworld Technology (St. Louis, MO, USA). TRIzol
reagent was purchased from Invitrogen (Carlsbad, CA, USA).
PrimeScript™ RT reagent kit was purchased from Takara Bio Inc, (Shiga,
Japan). Methacrylic anhydride was purchased from Macklin
Biochemical Co., Ltd, (Shanghai, China). Hyaluronic acid (HA) was
purchased from Liuzhou Shengqiang Biotech Co., Ltd (Liuzhou,
Guangxi, China). Dithiothreitol (DTT) was purchased from Aladdin
(Shanghai, China). Biopsy punches were obtained from Acuderm® inc.,
(Ft Lauderdale, FL, USA). 3 M Tegaderm Films were obtained from 3 M
Health Care (Germany).

2.2. Cell experiments

2.2.1. Cell lines and cell cultures
Mouse monocyte macrophages of cell line Raw 264.7 were pur-

chased from American Type Culture collection and cultivated in DMEM
(pH 7.4) containing 10% fetal bovine serum FBS, 100 unit/mL peni-
cillin and 100 μg/mL streptomycin in a controlled incubator at 37 °C
with an atmosphere of 5% CO2.

2.2.2. JK1treatment on Raw 264.7 macrophages
2.2.2.1. Cell morphologies. Raw 264.7 macrophages were seeded at
5.0×104 cells per well in 6-well plates and cultured for 48 h at 37 °C
followed by the replacement of medium by fresh medium (2 mL/well)
with the addition of JK1 solution at various concentration of 25, 50,
100, 20, 500 μM, respectively. Images of cell morphologies were
captured by a Nikon microscope (Nikon, Tokyo, Japan).

2.2.2.2. Cell immunofluorescence. Raw 264.7 macrophages were treated
with JK1 solution as mention above for 48 h. The medium was then
carefully removed and washed three times with PBS. Cells were fixed
with 4% paraformaldehyde for 30min at 4 °C, and incubated in 5% BSA
containing 0.1% Triton X-100 for 40min at 37 °C. After that, cells were
incubated with a rabbit polyclonal antibody to CD206 (1:1000,
ab64693, Abcam) diluted in PBS containing 1% BSA overnight at
4 °C. Cells were then thoroughly washed with PBS and incubated with a
donkey anti-rabbit IgG Alexa Fluor® 488-conjugated secondary
antibody (1:1000, ab150073, Abcam) diluted in PBS at 37 °C for 1 h
in the dark. Finally, cells were stained with DAPI to visualize the nuclei.
Fluorescence images were captured using a Nikon confocal laser
microscope (Nikon, A1 PLUS, Tokyo, Japan).

2.2.2.3. Western blot. Total cell lysates of Raw 264.7 macrophages
were obtained using RIPA lysis buffer containing 1% PMSF on ice for
20 min. After 12,000 g centrifugation at 4 °C, the supernatant was
collected to quantify the protein concentration using BCA reagents.
Protein samples were separated through a 12% Bis-Tris polyacrylamide
gel and transferred onto a PVDF membrane. Then PVDF membranes
were blocked with 5% fat free milk in TBST [10 mM Tris-HCl (pH 7.6),
100 mM NaCl and 0.1% Tween 20] for 2 h at room temperature and
incubated with a rabbit polyclonal antibody to CD 206 (1:1000,
ab64693, Abcam) in 5% milk in TBST overnight at 4 °C. The
membranes were washed with TBST 3 times and incubated with a
goat anti-rabbit horseradish peroxidase-conjugated secondary antibody
for 2 h at room temperature. The proteins on the PVDF membranes
were visualized by ChemiDicTM XRS + Imaging System (Bio-Rad), and
the signal intensities of the immunoreactive bands were quantified
using Multi Gauge Software of Science Lab 2006 (FUJIFILM
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Corporation, Tokyo, Japan). The relative intensities of the bands were
analyzed with Quantity One (version 4.5.2; Bio-Rad). Quantities of
band intensities were normalized using GAPDH.

2.2.2.4. Reverse transcription-polymerase chain reaction (RT-
PCR). RAW264.7 cells after treatment were washed with cold PBS
and incubated with TRIzol reagent for 10min on ice. Total cell
lysates were collected, added with chloroform and left for 3min. After
centrifugation, isopropyl alcohol was added to the supernatant for
another 10min. After centrifugation, the sediment was washed with
ethyl alcohol for twice to finally get pure RNA. Reverse transcription of
total RNA was conducted using PrimeScript™ RT reagent kit following
the manufacturer's instructions. The amplification reaction was
performed using a qPCR thermal cycler (Bio-Rad, MyCycler, CA,
USA). Primer sequences are listed below. Primers were generated for
IL-6 (forward: 5′-CCAATGCTCTCCTAACAGAT-3′, reverse: 5′-TGTCCA
CAAACTGATATGCT-3′) and iNOS (forward: 5′-CGCTTGGG
TCTTGTTCACT-3′, reverse: 5′-TCTTTCAGGTCACTTTGGTA-3′) Real-
time quantitative polymerase chain reaction (PCR) was then
performed on a real-time fluorescent quantitative PCR System
(QuantStudio 3, Thermo, USA).

2.2.2.5. Flow cytometric analysis. After treatment of JK1 (100 μM) and
IL-4 (40 nM) on Raw 264.7 macrophages for 48 h, 1×106 cells of the
control group, the JK1 group and the IL-4 group were incubated with
1 μg Alexa Fluor® 647 anti-mouse CD206 antibody (141711, Biolegend)
diluted in staining buffer for 30min on ice in dark. Afterwards, cells
were washed twice by staining buffer to remove excess antibodies,
followed by the resuspension with 500 μL staining buffer. Stained cells
were analyzed using a FACS Calibur flow cytometer (BD Biosciences)
and the CellQuest software (Pharminogen). Data were analyzed using
FlowJo software.

2.3. Hydrogel preparation and examination in vitro

2.3.1. H2S releasing hyaluronic acid hydrogel formation
The HA with molecular weight 47 kDa was firstly functionalized via

the reaction with methacrylic anhydride following the literature
[28,52,53]. HA hydrogel was formed by crosslinking methacrylated
hyaluronic acid (MeHA). The polymer was completely dissolved in PBS
(pH 7.4) to the concentration of 40 g/L and the pH of the solution was
adjusted to 8. To 500 μL of this solution, DTT (10 μL, 0.5M) was added
as a cross-linker, followed by the addition of the H2S donor, JK1 storage
solution (40 μL, 200mM). After sufficient dissolution, the reaction
mixture was injected into the mold and then kept at the room tem-
perature. After standing for 30min through the cross-linking reaction
between the double bond within the HA, the final HA-JK1 hydrogel was
obtained and transferred to a 6-well culture plate at room temperature
for further analysis and application.

2.3.2. Mechanical property measurements of hydrogels
The rheological characterization of the HA based hydrogels was

performed using a DHR-3 rheometer (TA instrument) with parallel plate
geometry (12mm diameter) under temperature-controlled peltier. The
rheometer was set to the oscillatory mode at frequency of 10 rad/s and
a controlled strain of 2% in order to monitor the continual crosslinking
process with structural transformation through the transition of the
mechanical property. The gelling time was determined by the inter-
section of G′ and G″ modulus curves.

2.3.3. Characterization and analysis of hydrogels
SEM images of the freeze-dried hydrogels were obtained using a

scanning electron microscopy (SEM, VEGA3 TESCAN). In short, hya-
luronic acid hydrogel samples were dried by liquid N2, followed by
being gold-sputtered under vacuum using a Desk II gold sputter coater
(Denton Vacuum, Morristown, NJ) for 60 s. At least three random areas

were chosen to observe the morphology of the hydrogels. The elemental
analysis via energy dispersive X-ray (EDX) spectra were examined
under the same condition using the scanning electron microscopy.
Moreover, Fourier transform infrared spectrometry (FTIR) of HA-JK1
hydrogels, HA hydrogels alone and JK1 was conducted using a
Spectrum 100 (FT-IR) Spectrometer.

2.3.4. Hydrogen sulfide release at different pH
The release kinetics of hydrogen sulfide from the donor JK1 and JK1

loaded HA hydrogels were examined at predetermined time points.
100mg JK1 loaded hydrogels and 100mg JK1 were immersed in 10mL
PBS under different pH (pH 7.4 and pH 6.0). At each time point, 0.1mL
aliquots was withdrawn and added to the mixture of zinc acetate
(50 μL, 1% w/v in H2O) and NaOH (6.25 μL, 1.5M) in 1.5mL centrifuge
tubes. After centrifugation at 20,500 rcf for 1 h, the supernatant was
removed. FeCl3 (100 μL, 30mM in 1.2M HCl), and N,N-dimethyl-p-
phenylenediamine sulfate (100 μL, 20mM in 7.2M HCl) was added to
centrifuge tubes. With addition of water (1mL), solutions were trans-
ferred to 96-well plate and the optical density was measured at 670 nm
after 20min.

2.4. Wound healing in vivo

2.4.1. Animal model for dermal wound healing
Male C57BL/6 mice (8–12 weeks) were used in this study which

were obtained from the Laboratory Animals Center of Wenzhou
Medical University. All procedures were conducted according to inter-
national ethical guidelines and the National Institutes of Health Guide
concerning the Care and Use of Laboratory Animals. Mice were an-
esthetized with 4% chloral hydrate and the dorsal skin was shaved and
then sterilized with 70% ethanol. Two silicone rings with an internal
diameter of 8mm and thickness of 0.5 mm were stitched on the dorsal
skin of each mouse, where two full-thickness wounds were made with a
6-mm biopsy punch per mice. Mice were randomly divided into three
groups: group I was treated with 0.9% saline, group II with HA hy-
drogels, and group III with JK1 loaded HA hydrogels. HA Hydrogels
with a diameter of 7mm were applied directly to each wound and then
the wound was covered with a sheet of 3M Tegaderm Film and fixed
with medical bandages. Photographs of the wounds were taken on day
0, 7, 10, 14, 17, 20 after surgery and analyzed using Image-Pro plus.
Mice were sacrificed after anesthesia on day 7 and 20, and wound tis-
sues were excised and fixed in 4% paraformaldehyde at 4 °C for 24 h
followed by paraffin embedding and sectioning at a thickness of 5 μm
using a microtome (LEICA RM2235, Germany).

2.4.2. Hematoxylin and eosin staining
Sections were deparaffinized in xylene for 30min and rehydrated in

descending ethanol series (100%, 95% and 80%), and distilled water
for 5min respectively. Samples were submerged in hematoxylin for
5min, followed by 3min in PBS to reduce the background staining.
Sections were then stained with eosin for 2min, followed by 5min in
distilled water, 5 min in 80%, 90% and 100% ethanol respectively for
dehydration, and 15min in xylene. Slides were mounted with neutral
resin and coverslipped. The stained sections were observed and images
were captured using a Nikon microscope (Nikon, Tokyo, Japan).

2.4.3. Masson's trichrome staining
Sections were deparaffinized and rehydrated as mentioned above

and then stained using Masson's trichrome staining kit following the
manufacturer's suggested protocols. Briefly, the cell nuclei were stained
with A1:A2 (1:1) for 5min, and then sections were thoroughly rinsed
with water and submerged in acid alcohol for differentiation for 3 s.
Ponceau acid fuchsin solution was used to stain fibrous tissue for 5min,
followed by 1min in 2% acetic acid solution, 30 s in phosphomolybdic
acid solution for differentiation, and 20 s in aniline blue, after which
sections were dehydrated, mounted and cover-slipped as mentioned
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above. The stained sections were observed and images were captured
using a Nikon microscope (Nikon, Tokyo, Japan). Three stained sec-
tions of each group were measured by the integrated optical density
(IOD) of blue stained collagen fibers per unit area (mm2) using Image-
Pro Plus 6.0 software.

2.4.4. Immunohistochemical staining
After deparaffinization and rehydration, the endogenous peroxidase

of the sections was inactivated with 3% hydrogen peroxide at room
temperature for 15 min and the nonspecific binding sites were blocked
with 5% BSA at 37 °C for 30 min. Sections were incubated with a rabbit
polyclonal antibody to cytokeratin (1:300, ab9377, Abcam) diluted in
PBS containing 1% BSA at 4 °C overnight and washed with PBS, fol-
lowed by incubation with a goat anti-rabbit (H + L) HRP secondary
antibody (1:1000, BS13278, Bioworld) diluted in PBS at 37 °C for
60 min. Sections were then counterstained with hematoxylin and
mounted with neutral resin. Images were captured by a Nikon micro-
scope (Nikon, Tokyo, Japan) and analyzed using an Image-Pro Plus
software (Nikon, Tokyo, Japan).

2.4.5. Immunofluorescence staining
After deparaffinization and rehydration, followed by the blocking of

the nonspecific binding sites as described above, sections were in-
cubated with a rabbit polyclonal antibody to CD31 (1:200, ab28364,
Abcam), a rabbit polyclonal antibody to Ki67 (1:100, ab15580, Abcam),
a rabbit polyclonal antibody to CD 206 (1:1000, ab64693, Abcam), a

mouse polyclonal antibody to CD68 (1:200, ab955, Abcam) and a rabbit
polyclonal antibody to TNF-α (1:100, ab6671, Abcam) diluted in PBS
containing 1% BSA at 4 °C overnight respectively. After being washed
with PBS, sections were then incubated with a donkey anti-rabbit IgG
Alexa Fluor® 488-conjugated secondary antibody (1:1000, ab150073,
Abcam), a donkey anti-mouse IgG Alexa Fluor® 647-conjugated sec-
ondary antibody (1:1000, ab150111, Abcam), and a donkey anti-rabbit
IgG Alexa Fluor® 647-conjugated secondary antibody (1:1000,
ab150075, Abcam) diluted in PBS at 37 °C for 60min in the dark,
corresponding to the first antibodies. After being counterstained with
DAPI and mounted with antifade mounting medium, fluorescent images
of the sections were taken using a Nikon confocal laser microscope
(Nikon, A1 PLUS, Tokyo, Japan). Each fluorescent microscope images
was evaluated for the positive expression using Image-Pro Plus 6.0
software. For Ki67 positive cell level analysis, more than five im-
munofluorescence-stained sections were measured for the count of red
immunofluorescence-stained samples per unit area (mm2) using Image-
Pro Plus 6.0 software.

3. Statistical analysis

All data were expressed as mean ± standard deviations (SD).
Statistical differences were performed using one-way analysis of var-
iance (ANOVA) followed by Tukey's test with GraphPad Prism 5 soft-
ware (GraphPad Software Inc., La Jolla, CA, USA). For all tests, *p
value < 0.05, **p value < 0.01, ***p value < 0.001.

Fig. 1. JK1 treatment induced morphological change of macrophages in vitro. (A) Cell morphological change of Raw 264.7 macrophages after 24 h's exposure to JK1
at various concentrations observed by optical microscope. Red arrowheads indicated elongated macrophages. Scale bar: 100 μm (a–d); 50 μm (i-iv). (B) Statistical
data of the cell elongation change of Raw 264.7 macrophages showed in (A), n > 5. (C) The schematic of the cell morphological change affected by JK1 treatment
(Cell elongation was defined as a ratio of long axis length to short axis length). Statistical differences were performed using one-way analysis of variance (ANOVA).
**P < 0.01, *P < 0.05, compared to control group. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of
this article.)
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4. Results and discussion

4.1. JK1 pursued the polarization of macrophages to M2 phenotype in vitro

Macrophage cells, as a prominent inflammatory cell type in wounds,
are known to have many functions toward wound. And their different
phenotypes have been described closely related to the wound re-
molding, scarring and fibrosis [54,55]. On one hand, deficiency in M2
polarization is relative to some pathological process including chronic
non-healing wounds such as diabetic ulcers, since M2 macrophages
serve inflammation resolving and regeneration promoting functions
[56]. On the other hand, it has been demonstrated that anti-in-
flammation of H2S is through its actions by driving macrophage dif-
ferentiation towards M2 (anti-inflammatory) phenotype [41,42].
Therefore, we firstly tested the biological effect of H2S donor JK1 on its
polarization of macrophages to M2 phenotype in vitro on Raw 264.7
macrophages. Macrophages were incubated with JK1 at different con-
centrations (0, 25, 50, and 100 μM) for 24 h and then morphologies
were observed under an optical microscope. Fig. 1A–a showed that
macrophages cultured in medium without the addition of JK1 appeared

morphologically round and clustered. With the increase of JK1 con-
centration, more macrophages with elongated shape (indicated with
red arrowheads in magnified photos ii-iv) and loosely compact cells
could be observed (Fig. 1A–b, c and d). Thereafter, Fig. 1B showed the
schematic figure describing JK1 treated group with altered macro-
phages’ morphology from a round shape to an elongated shape. The
control group exhibited elongation of 1.2 ± 0.1, while the 100 μM JK1
group showed that of 2.1 ± 0.3, which was 1.7 times higher than the
control. This enhanced elongation of macrophages is considered to be
closely related to the M2 macrophage phenotypes with anti-in-
flammatory property [57,58]. Previous study demonstrated that mac-
rophages underwent morphological alteration under the stimulus of
different molecular signals [59]. When stimulated with LPS and IFN-γ,
which are recognized M1 polarization inducers, macrophages displayed
a round shape. However, M2 polarization inducers such as IL-4 had
elongating effects on macrophages. The morphological alteration of
macrophages had connection with their functional polarization states
that elongated macrophages tended to polarize into M2 macrophages
and inhibited M1 polarization [60,61]. The schematic diagram in
Fig. 1C concluded the effect of JK1 on the cellular shape of

Fig. 2. JK1-induced elongation of macrophages was related to their polarization towards M2 phenotype. (A) Representative pictures of CD206 immunofluorescence
staining of Raw 264.7 after 48 h's JK1 treatment at the concentration of 0, 25, 50 and 100 μM. Figure a–d share the scale bar of 10 μm, magnified pictures of 5 μm. (B)
The schematic of the cell morphological change and the elevated expression of CD206 affected by JK1 treatment. (C) Statistical data of the cell elongation change of
Raw 264.7 macrophages shown in (A), n > 5. (D) Statistical data of CD206 fluorescence intensity of the control group and JK1 treated groups, n > 5. (E) Protein
expression level of CD206 conducted by western blotting in the macrophages treated with JK1 at various concentrations for 48 h, compared to control group. (F)
Quantification of western blotting bands in (E), n= 3. (G and H) Relative mRNA expression of IL-6 and iNOS in the macrophages treated with LPS (500 ng/mL, 12 h)
with or without the pretreatment of JK1 (50 μM, 24 h), n= 3. (I–L) Histograms of CD206 expression after treatment of JK1 or IL-4 for 48 h by flow cytometric
analysis. (M) Mean Fluorescence Intensity (MFI) of CD206 in the three groups, n = 3. Statistical differences were performed using one-way analysis of variance
(ANOVA). ***P < 0.001, **P < 0.01, *P < 0.05, compared to control group.
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macrophages.
Further investigations related to the state of macrophages by per-

forming immunofluorescence staining of CD206, a surface marker of
M2 macrophages, were carried out to confirm the M2 phenotype po-
larization of JK1. As shown in Fig. 2A, after the exposure to JK1 at
concentrations of 25, 50, and 100 μM for 48 h, Raw 264.7 macrophages
exhibited an obvious change of cell shape, stretched out to the sides
appearing pseudopod-like structures, in contrast to the round shape of
the control group. Statistically, JK1 treated macrophages showed sig-
nificantly elevated degree of cell elongation than untreated cells
(Fig. 2B). More importantly, elongated macrophages treated with JK1
had significantly higher average CD206 fluorescence intensity
(Fig. 2D), indicating the polarization state of macrophage is related to
M2 phenotype [62]. Western blotting was conducted to further de-
monstrate the effects of JK1 on macrophage polarization. After 48 h-

JK1 treatment at various concentrations, the expression levels of CD206
were elevated (Fig. 2E and F). These findings suggest that JK1 can in-
duce the macrophage polarization to M2 anti-inflammatory type with
elongated cell morphology and increased expression of M2 phenotype
maker in vitro. The H2S-releasing JK1 could further serve as a pro-
healing M2 macrophage inducer to modulate the polarization of the
macrophages associated with wound healing process. To further con-
firm our hypothesis, we treated macrophages with LPS (lipopoly-
saccharide), a potent inducer of M1 polarization [63], and found that
the pretreatment of JK1 for 24 h partly counteracted the effect of LPS,
indicated by the lower levels of IL-6 and iNOS compared to the LPS
positive control group (Fig. 2G–H). We performed flow cytometry to
further verify the M2 polarization after JK1 treatment. CD206 were
here chosen as M2 macrophage marker. Interleukin-4 (IL-4) was pre-
viously reported as a potent inducer of CD206 + M2 macrophages

Fig. 3. Physical and chemical characteristics of HA-JK1 hydrogel. (A and B) Storage modulus (G′) and loss modulus (G″) of hyaluronic acid (HA) hydrogel alone and
JK1 loaded HA hydrogel, n= 3. (C) FTIR spectra of JK1, HA hydrogel and HA-JK1 hydrogel. (D and E) EDX spectra examination of HA hydrogel (D) and HA-JK1
hydrogel (E). (F–H) Representative SEM images of HA hydrogel alone (F), HA-JK1 hydrogel (G) and HA-JK1 hydrogel after releasing JK1 (after 48 h's incubation in
solution) (H). Scale bar represents 50 μm.

Fig. 4. H2S releasing profile of JK1 and HA-JK1 hydrogel under pH 6.0 (A) and 7.4 (B), n > 3.
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[64,65], thus we used IL-4 as positive control to verify the effect of JK1.
Representative histograms showed CD206 expressing levels in the
control group (Fig. 2I), JK1 group (Fig. 2J) and positive control IL-4
group (Fig. 2K). Compared with the untreated macrophages, JK1
treatment increased the fluorescence intensity of CD206 antigen (Figure
2L), same with the positive control of IL-4. Specifically, it was observed
that in Figure 2M, compared with the control macrophages with mean
fluorescence intensity (MFI) of CD206 (33.3 ± 2.3), JK1 significantly
enhanced the MFI to 49.5 ± 1.6, whereas MFI of CD206 in the IL-4
group was 65.3 ± 9.0. To further verify the M2 polarization effect of
JK1, all the studies were repeated with primary mouse peritoneal
macrophages (MPMs) isolated from C57BL/6 mice shown in Fig. S1,
which confirmed that JK1 effectively drives M2 macrophage polariza-
tion in macrophages in vitro. Additionally, flow cytometric analysis on
bone marrow derived macrophages (BMDMs) also showed the function
of JK1 on M2 polarization (Fig. S2). All the results of Raw 264.7 to-
gether with those of primary MPMs and BMDMs strongly proved that
our JK1 exerted the function of promoting macrophage polarization
towards M2 phenotype.

4.2. Characteristics of HA-JK1 hydrogel

JK1 was loaded into HA hydrogel before applied to wound in vivo.
The rheological studies showed that two key parameters of the physical
properties of hydrogels, the storage modulus (G′) and loss modulus
(G″), which represent the energy stored and dissipated per unit strain,
respectively, were not statistically different for HA hydrogel and HA-
JK1 (Fig. 3A–B). The intersection of G′ and G″ curves represented the

transformation at gelation point (time) of two hydrogels that were also
comparable, which were around 366.3 ± 22.2 s for HA and
336.2 ± 17.6 s for HA-JK1. By comparing the data between HA-JK1
hydrogel and HA hydrogel alone, it is found that loading JK1 into HA
hydrogels did not affect much rheological property of HA hydrogels.
In order to prove the successful loading of H2S donor JK1 within the

HA hydrogel, the Fourier Transform Infrared Spectrometry (FTIR)
spectrum was conducted (Fig. 3C). Compared to HA hydrogel, dis-
tinctive additional absorption peaks of HA-JK1 hydrogel located at
wavelengths of 1540 and 690 cm−1 resulting from amidic N–H bending
and aromatic C–H bending, similar to JK1 only, were appeared, sug-
gesting JK1 was already loaded into the HA hydrogel. The energy dis-
persive X-ray (EDX) was also employed to further confirm the existence
of JK1 by elemental analysis (Fig. 3D–E). HA-JK1 hydrogel exhibited a
higher sulfur peak compared with HA hydrogel alone. Additionally,
there was a characteristic phosphorus peak in HA-JK1 hydrogel which
didn't exist in the single HA hydrogel. These additional elemental peaks
owing to JK1, further determined the successful loading of JK1 within
HA hydrogel. With these evidences, H2S donor JK1 had achieved its
inclusion in HA hydrogel and the new H2S releasing hydrogel system
named HA-JK1 was successfully obtained.
The porous structures of freeze-dried hydrogels were observed by

SEM (Fig. 3F–H), representing the morphologies of the single HA hy-
drogel, HA-JK1 hydrogel and HA-JK1 hydrogel after releasing JK1,
respectively. No obvious morphological difference could be seen be-
tween HA hydrogel and HA-JK1 hydrogel, indicating that the en-
capsulation of JK1 had no impact on the inner porous structure of HA
hydrogel, while the porous-structure became looser and slightly swollen

Fig. 5. HA-JK1 hydrogel accelerated in vivo dermal wound healing. (A) Representative images of wounds of the control group, HA hydrogel group and HA-JK1
hydrogel group at each pre-determined time point post wounding. Macroscopic wound areas were circled in yellow dotted lines. The unit of the rulers over the
pictures represents 1mm. Figures a-c represented immunohistochemical staining of keratin of wound tissue on day 20 post wounding. (B) Statistical data of wound
area percentages of the three groups at different time point, n≥ 5. (C) Schematic diagram of the healing process of the three groups on day 0, 7, 14 and 20 post
wounding. Statistical differences were performed using one-way analysis of variance (ANOVA). ***P < 0.001, **P < 0.01, *P < 0.05, compared to control group.
(For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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after releasing H2S when immerged in the PBS.

4.3. Releasing profile of H2S from HA-JK1 hydrogel

JK1 is a novel pH responsive donor for H2S releasing. Next H2S
releasing properties of HA-JK1 hydrogel was tested in different pH
conditions (pH 7.4 and 6.0). As shown in Fig. 4A–B, both JK1 and HA-
JK1 hydrogel exhibited faster H2S release under pH 6.0, which trig-
gered relatively fast release of H2S in comparison with the profile under
pH 7.4 with an early burst releasing behavior. At pH 7.4 the release
profile from both systems were relatively smooth with gradually re-
leasing profile that eventually reached the plateau. However, compared
with JK1 donor alone, HA-JK1 demonstrated extended H2S-relasing
profiles. In particular, the peak time for H2S under pH 6.0 was about
60min for JK1 alone, while for HA-JK1 was retard to about 180min
(Fig. 4A). The releasing half-lives of H2S was prolonged approximately
1.8 folds, compared with JK1 alone. Under pH 7.4, HA-JK1 lowered the
releasing profile of H2S (Fig. 4B). And this impede releasing of H2S was
not that obvious compared to pH 6.0 which was due to the original slow
releasing profile of JK1 donor itself. These data suggested that HA-JK1
could significantly extend the H2S releasing time and was more suitable
for clinical application. Thus, this pH-responsive property made it a
desirable drug for wound healing due to the dynamic changes of pH
values during the wound healing process [47]. In brief, the acidic pH
value of the early healing stage that suppresses bacterial growth trig-
gers the fast release of H2S from JK1 to immediately lower the in-
flammatory level of wounds in early stage. As the healing process ad-
vances, the pH value gradually increases to weak basic range which
makes JK1 to temperate release H2S in a smooth manner to exert pro-
longed repair effects during the regenerative phase.

4.4. HA-JK1 hydrogel accelerated in vivo wound healing process

Then HA-JK1 and HA hydrogel were respectively applied to the full-

thickness dermal wound model on C57BL/6 mice to observe the effect
of JK1 on the healing process in vivo with saline group as control. The
wounds were photographed on day 0, 7, 10, 14, 17 and 20 post
wounding. From the comparison of the visual pictures of the three
groups exhibited in Fig. 5A, HA-JK1 treated wounds presented ac-
celerated wound repair process. Especially, on the last day of the ob-
servation, we could barely see the wound area of the HA-JK1 group,
instead thicker hair was covered on the wound. The im-
munohistochemical staining of keratin of the tissue harvested on day 20
in Fig. 5A (a-c) which indicated the structure of epidermis and hair
follicles in a microscopic scale gave a clearer demonstration of the
wound closure underneath the covering newborn hair. In consistent
with the visual healing outcome, the HA-JK1 group achieved almost
complete wound regeneration with an indistinctive wound edge,
thicker epidermis and better hair follicle growth in the wound center.
Furthermore, wound area percentages on each time point of each group
were calculated and shown in Fig. 5B. On day 10, the wound area of the
control (43.8 ± 9.6%) and HA group (34.6 ± 16.9%) were sig-
nificantly larger than HA-JK1 group (28.3 ± 8.2%). And on day 20,
HA-JK1 treated wounds achieved a nearly complete heal with an
average wound area of 2.71 ± 3.13%. The dynamic healing process
was traced in the schematic diagram in Fig. 5C to show much clearer of
this healing process.
Hematoxylin-eosin (HE) staining and Masson's trichrome staining

were next performed to observe granulation tissue regeneration on day
20 (Fig. 6A). The control wounds exhibited thinnest regenerative tissue
in the wound center, which was thinner than the HA group, while HA-
JK1 applied wounds were apparently thicker and more flat. The
average lengths of the wound edge indicated by black arrows were
2.1 ± 0.4mm for the control group and 1.1 ± 0.2mm for the HA
group, which indicated slower closure rates when compared with the
HA-JK1 group (0.6 ± 0.2mm) (Fig. 6B). Magnified pictures of Mas-
son's trichrome staining were shown in Fig. 6C to assess collagen de-
position in terms of collagen arrangement and density of the newly

Fig. 6. Histological analysis of wound tissue
sections on day 20 post treatment. (A)
Representative pictures of HE staining of
the control group, HA hydrogel group and
HA-JK1 hydrogel group on day 20. Black
arrows indicated microscopic wound edges.
Scale bar: 1mm. (B) Measurement of
wound edges of the three groups on day 20,
n= 3. (C) Magnified pictures of Masson's
trichrome staining of the three groups on
day 20. E: epidermis. D: dermis. Scale bar:
300 μm. (D) Statistical data of the collagen
density of the three groups, n = 3.
Statistical differences were performed using
one-way analysis of variance (ANOVA).
**P < 0.01, *P < 0.05.
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regenerated wound. Among all the groups, compared to the light blue
collagen of control and HA hydrogel group, HA-JK1 group showed the
densest and most orderly collagen bundles around with mature skin
appendages close to uninjured skin. Quantitatively, according to sta-
tistics in Fig. 6D, HA-JK1 achieved an increase of collagen density [IOD:
(7.2 ± 1.0)× 103] by 2 fold and 5 fold compared with the HA [IOD:
(3.6 ± 0.4)× 103] and control group [IOD: (1.4 ± 0.6)× 103], re-
spectively. These results further revealed that with the addition of JK1,
the main wound matrix of granulation and collagen formation were
enhanced upon the wound.
In order to further confirm that the healing efficiency was ac-

celerated by HA-JK1, we performed additional animal experiments and
added free JK1 (0.04M) and another H2S donor NaHS (0.04M) as a
positive control in the early stage of wound repair (on day 7). Wound
healing efficiency as shown in Fig. S3, HA-JK1 exhibited fastest mac-
roscopic healing rate (46.1 ± 4.6% wound area) compared with free
JK1 and NaHS, suggesting the potent pro-healing function of incubation
of JK1 to HA hydrogel system. Except promoting M2 macrophage po-
larization by JK1, still JK1 needs a perfect system to help carry and
sustained release versatile H2S. Free JK1 and NaHS alone without
biomaterials delivery system won't help with acute wound repair,
which may due to the uncontrollable or burst release of H2S. Once
again, we demonstrated the significance of cooperative biomaterials
with specific drug.
Further immunohistochemical staining of a H2S-generating enzymes

(Cystathionine-γ-lyse, CSE) was performed to detect the specific role of

H2S as a gasotransmitter from NaHS or HA-JK1. Exogenous adminis-
tration of H2S would enhance proangiogenic of wound by regulating the
expressions of CSE, leading to improved wound regeneration [66]. Fig.
S4 showed that compared with control and HA, there existed significant
increase of CSE expressions of HA-JK1 along with NaHS, confirming the
specific releasing of H2S from HA-JK1 contributing to the wound
healing.

4.5. Cell proliferation and angiogenesis were both enhanced by HA-JK1
hydrogel

The regeneration phase is a critical step for wound healing, invol-
ving various cells participating in such as keratinocytes, fibroblasts and
endothelial cells. Previous studies demonstrated that H2S had pro-
proliferation effects on fibroblasts and vascular endothelial cells in vitro.
[37,67] In order to investigate the effect of H2S exerting on the pro-
liferation of cells within the wound site in vivo, Ki67 immuno-
fluorescence staining was performed, which is a recognized marker of
proliferating cells located in nucleus [68]. It could be visualized in
Fig. 7A that on day 7, a large amount of Ki67 positive cells expressing
red fluorescence existed in the dermis of the regenerating wounds. By
calculating and comparing the levels of Ki67 positive cells, we found
that in the control wounds, there were less cells undergoing prolifera-
tion. In contrast, the HA treatment promoted the proliferation of cells in
the wounds, while significantly, the HA-JK1 group exhibited a highest
density of proliferating cells (Fig. 7B), indicating the positive role of

Fig. 7. HA-JK1 hydrogel enhanced cell proliferation and angiogenesis at wound site on day 7 post treatment. (A) Representative pictures of Ki67 immuno-
fluorescence staining of the control group, HA hydrogel group and HA-JK1 hydrogel group on day 7. Scale bar: 50 μm. (B) Statistical data of Ki67 positive cells levels
of the three groups, n≥ 5. (C) Representative pictures of CD31 immunofluorescence staining of the control group, HA hydrogel group and HA-JK1 hydrogel group on
day 7. Figure a–c share the scale bar of 100 μm, magnified pictures of 50 μm. (D) Statistical data of the capillary density of the three groups, n = 5. Statistical
differences were performed using one-way analysis of variance (ANOVA). ***P < 0.001, **P < 0.01, *P < 0.05.
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H2S released from JK1 on the proliferation of healing-associated cells,
which was the very basis of the regeneration process of wound healing
to promote new structure and tissue formation such as granulation
tissue.
During wound healing, angiogenesis is an indispensable step with

endothelial cells migrating from the unwounded sites and forming new
vessels, carrying oxygen and nutrients to the wound site in support of
Besides, H2S was previously reported to promote angiogenesis in vivo.
[69,70] H2S also plays a part in maintaining the angiogenic function of
endothelial progenitor cell (EPC) [13]. The newly formed vessels in the
wounds were stained with CD31, a marker for vascular endothelial
cells. The representative pictures of immunofluorescence staining in
Fig. 7C and the count of capillary densities in Fig. 7D exhibited sparsely
distributed vessels in the control wounds with the density of
106.7 ± 85.5 capillaries/mm2. After treated with HA and HA-JK1
hydrogels, capillaries of significantly higher density were regenerated
in the dermis which were 297.8 ± 48.2 capillaries/mm2 and
497.8 ± 233.9 capillaries/mm2, respectively. Taken together, H2S re-
leased from HA-JK1 took additional effects on the process of cell pro-
liferation and angiogenesis during dermal wound healing, together
promoting wound closure.

4.6. HA-JK1 hydrogel decreased inflammation and induced in vivo
macrophage polarization

Among the wound healing process, the inflammation phase initiates
the whole healing process and overlaps with the subsequent regenera-
tion phase which is of great importance to the healing outcome. To
assess the inflammatory level of the wounds undergoing different
treatment, TNF-α was chosen to be an indicator for inflammatory re-
sponse and CD68 for macrophages. Macrophages expressing TNF-α in
the subcutaneous layer of the wounds on day 7 post wounding were
immunofluorescence stained and showed in Fig. 8A. The levels of TNF-
α were relatively high in the control group [(1.9 ± 0.3)× 104] and

HA group [(1.6 ± 0.2)× 104] compared with the HA-JK1 applied
wounds [(0.5 ± 0.01)× 104] which showed a significant decrease of
TNF-α fluorescent intensity of only 24.84% and 28.44% of that of the
control and HA group (Fig. 8B). In Fig. S5, immunohistochemical
staining results of IL-6, another inflammation indicator, also demon-
strated that HA-JK1 treatment significantly lowered the level of pro-
inflammatory cytokines upon wound bed. These results were due to the
limitation of inflammation of the HA-JK1 hydrogel by effective H2S
release, which exerted prominent effects of anti-inflammation.
Since macrophages are the major type of inflammatory cells during

the early healing process and their mainly two polarization directions
towards M1 or M2 phenotype were intensively studied to have opposite
biological effects. Besides, our in vitro study has already demonstrated
that JK1 exerted obvious M2 polarization promoting effects on mac-
rophages. Therefore, we further tested the in vivo of M2 polarization of
macrophages to confirm the function of H2S released from HA-JK1. To
investigate the effects of HA-JK1 to promote M2 polarization in vivo,
CD206/CD68 immunofluorescence staining was performed on 7-day
wound tissue sections. CD206 was chosen as an surface marker of M2
macrophages [71], and CD68 for macrophages of all the subsets. As
shown in the representative fluorescent pictures in Fig. 8C, in the
subcutaneous layer on the wounds, the single HA group showed fewer
CD206 positive cells while the HA-JK1 group exhibited a more widely
distribution of CD206 positive cells. It signified that H2S released from
HA-JK1 hydrogels generated higher level of M2 macrophages in the
wound sites, which was 1.9 fold more than the HA group (Fig. 8D).
Moreover, M2 macrophages was necessary for cell proliferation, which
could partly explain the cell proliferation promoting effects of HA-JK1
on wound healing in vivo (Fig. 7A–B). And more M2 macrophages in-
duced by JK1 secreted more VEGFs, a major contributor to angiogenesis
in wound healing [56,72], which in part contributed to the neovascu-
larization in the wounds applied with HA-JK1 hydrogel (Fig. 7C–D).
Also, we detected iNOS (a classical M1 marker) expression at wound
sites on day 7 using immunohistochemical staining (Fig. S6), which

Fig. 8. HA-JK1 hydrogel alleviated inflammation level and drove more M2 macrophages polarization on day 7 post treatment. (A) Representative pictures of CD68/
TNF-α immunofluorescence staining of the control group, HA hydrogel group and HA-JK1 hydrogel group on day 7. Figure a–c share the scale bar of 20 μm,
magnified pictures of 10 μm. (B) Statistical data of the TNF-α fluorescence intensity of the three groups, n ≥ 5. (C) Representative pictures of CD206/CD68
immunofluorescence staining of HA hydrogel group and HA-JK1 hydrogel group on day 7 post wounding. Scale bar: 20 μm for a and b, 10 μm for i and ii. W: wound
area. (D) Statistical data of the percentage of M2 macrophages of the three groups, n ≥ 5. Statistical differences were performed using one-way analysis of variance
(ANOVA). ***P < 0.001, **P < 0.01, *P < 0.05.
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indicated a lower level of M1 macrophages in the HA-JK1 treated group
compared with the control and the HA group. In summary, reparative
M2 polarization induced by H2S further magnified the pro-healing
function of H2S releasing HA-JK1 through playing an important role in
anti-inflammation, cell proliferation and angiogenesis during the
healing process.

5. Conclusion

In this study, a pH controllable H2S donor JK1 was tested to show
the capability to promote M2 (anti-inflammatory) phenotype of mac-
rophages with more active pro-healing potential. The HA hydrogel
could effectively encapsulate JK1, which showed pH regulated H2S
releasing behavior and comparatively slower releasing rate compared
to JK1 alone. The in vivo study of full-thickness removal wound healing
model showed that this HA-JK1 hybrid hydrogel dressing system ex-
hibited significant enhanced dermal regeneration efficacy compared
with HA only, likely due to the cyto-protective characteristics of H2S.
Finally, we found that the excellent healing effect of HA-JK1, as a novel
H2S donor doped matrix, could be attributed to the enhanced cell
proliferation, angiogenesis as well as macrophage polarization towards
M2 phenotype in vivo. The M2 polarization of H2S toward macrophage
could not only reduce inflammation response but also promote next
regeneration process. We believe our HA-JK1 dressing could further be
applied to delayed diabetic wound healing and other biomedical ap-
plications not only in skin tissue engineering.
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