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Diabetes mellitus, an epidemic with a rapidly increasing number of patients, always leads to delayed wound
healing associated with consistent pro-inflammatory M1 polarization, decreased angiogenesis and increased
reactive oxygen species (ROS) in the microenvironment. Herein, a poly (lactic-co-glycolic acid) (PLGA)-based
microneedle patch loaded with magnesium hydride (MgH2) (MN-MgHy) is manufactured for defeating diabetic
wounds. The application of microneedle patch contributes to the transdermal delivery and the prolonged release
of MgH, that can generate hydrogen (H,) and magnesium ions (Mg?") after reaction with body fluids. The
released Hy reduces the production of ROS, transforming the pathological microenvironment induced by diabetes
mellitus. Meanwhile, the released Mg2+ promotes the polarization of pro-healing M2 macrophages. Conse-
quently, cell proliferation and migration are improved, and angiogenesis and tissue regeneration are enhanced.
Such intelligent microneedle patch provides a novel way for accelerating wound healing through steadily pre-
serving and releasing of H, and Mg?* locally and sustainably.

1. Introduction wounds. Therefore, new treatments aiming to enhance pro-healing M2

macrophage polarization and angiogenesis and to reduce ROS produc-

The population diagnosed with diabetes has seen a mounting prev-
alence in the past decades [1], and the mortality and disability con-
cerning diabetes are experiencing an astounding increase [2-5].
Diabetic foot ulcer (DFU) is one of the most common risks of compli-
cations, affecting 15-25% of patients with diabetes mellitus [6].
Particularly, hyperglycemic microenvironment including consistent
pro-inflammatory M1 macrophage polarization [7,8], deteriorating
blood vessels [9-11] and accumulated reactive oxygen species (ROS)
[12-14] resulting from diabetes mellitus would delay the wound healing
process and even lead to gangrene amputation [15]. Despite recent
developments in hypoglycemic drugs [16], glucose monitoring tech-
niques and insulin pumps [17], only limited approaches have been
established to manage the hyperglycemic microenvironment of diabetic
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tion in the hyperglycemic microenvironment are in urgent need for
accelerating diabetic wound healing.

Hydrogen (Hj) has been proved to be therapeutic effective and non-
cytotoxic. Hy as an antioxidant is capable of resisting the oxidative stress
posed on tissue and cells without disturbing normal metabolic oxidation
or cell signaling system [18]. With its efficacy in reducing ROS pro-
duction, Hy would be a promising therapeutic agent to alter the in-
flammatory microenvironment induced by diabetes mellitus.
Previously, the inhalation of Hy has been applied as an antioxidant
therapy for treating brain injury [18], vascular diseases, and cancers
[19]. However, Hy is characterized by high diffusivity, low aqueous
solubility and dose-dependent effect [20], leading to the limited thera-
peutic efficacy of inhalation therapy. To overcome these challenges,
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stimuli-responsive nanomaterials, such as photoactivated nanocatalysts
[21-23] and acid-responsive Hjy prodrugs [24,25], were developed for
site-specific delivery and release of Hy with enhanced therapeutic effi-
cacy through subcutaneous or intravenous injection. Yet, it is still
difficult to achieve long-term release of Hy for the optimal therapeutic
impact.

Magnesium (Mg) metal, as a strong reductive metal, could react with
H,0 and spontaneously generate Hy gas. Mg and its alloys have been
widely used as biodegradable implants for tissue repair/regeneration in
clinics, but only until recently have researchers utilized their Hy gen-
eration capability for disease treatments [26]. For example, poly (lac-
tic-co-glycolic acid) (PLGA) microparticles containing Mg powder were
intra-muscularly close to the osteoarthritis knee to tackle inflammation
through Hj therapy [27]. Nevertheless, the reaction rate between Mg
and H,0 is relatively slow, leading to the insufficient Hy evolution.
Meanwhile, Mg powder is intrinsically flammable [28], which raises
safety concerns during the sample preparation process. In a most recent
work, researchers reported a Mg-based galvanic cell made by decorating
platinum on the surface of Mg rods for Hy therapy of cancer [29]. Such
galvanic cell could generate Hy more efficiently than Mg powder.
However, as a medical device, it needed to be implanted into the lesions,
which might cause surgical risks including implantation failure, infec-
tion, and pain.

Herein, we developed a PLGA-based microneedle patch loaded with
magnesium hydride (MgH5) macroparticles (MN-MgH>) for transdermal
delivery and prolonged release of Hy and Mg ions (Mg>") for treating
diabetic wounds in a minimally invasive manner (Fig. 1). MgH> is a
conventional Hy storage material for mobile applications. Compared to
Mg powder, MgH, can store/generate a larger amount of Hy and is much
more stable at room temperature. However, the application of MgHj in
H, therapy has been rarely explored yet. Moreover, the resulted Mg?*
could facilitate macrophages phenotype alteration [30-32] into
pro-healing M2 macrophages and enhance angiogenesis [33] for atten-
uating microvascular lesions caused by the hyperglycemic microenvi-
ronment. Thus, MgH, potentially could be a promising therapeutic agent
for diabetic wound healing. Meanwhile, as the subcutaneous drug de-
livery efficacy of microneedle patches has been widely demonstrated
before [34,35], the usage of PLGA-based microneedle patch also enables
transdermal delivery of MgH; with minimal invasiveness, protects MgH,
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from contacting water to prolong its lifetime and allows sustainable
release of MgH, into the physiological microenvironment. Additionally,
the dissolved PLGA and its degradation products (lactic acid and glycolic
acid) increased the local acidity and thus promote the release of Mg?*
from Mg(OH),. As a result, the enhanced wound healing process with
reduced ROS production, promoted M2 polarization, enhanced cell
proliferation and migration, as well as improved angiogenesis and tissue
regeneration were achieved both in vitro and in vivo by applying
MN-MgH,.

2. Results and discussion
2.1. Synthesis and characterizations of MN-MgH,

MgH, was loaded into a PLGA-based microneedle patch for pro-
tecting it from water and realizing slow-releasing of Hp and Mg**
Briefly, MgH, was immersed in 1, 4-dioxane together with PLGA to
fabricate MN-MgH, (Fig. 2a). The microneedle patch containing only
PLGA, as a control material, was also fabricated and named as MN-
PLGA. MgH, was synthesized through plasma-assisted evaporation
combined with in-situ hydrogenation technology. ICP-MS was applied
for testing the MgH, purity which proved that the content of Mg element
reached 99.9% (Fig. S1). Meanwhile, SEM images revealed the relatively
uniformed spherical morphology of MgH, with an average diameter of
8.1 pm (Fig. 2b). XRD was utilized to further verify the high purity of
MgH,, and the result confirmed that MgHj, possessed a rather high de-
gree of crystallinity with quite a small percentage of it being Mg
(Fig. 2¢). In addition, thermogravimetric (TG) and differential scanning
calorimetry (DSC) characterizations of MgH, were also carried out to
investigate its chemical stability. Results of both TG and DSC indicated
that MgH, remained stable until the temperature reached above 403 °C
(Fig. 2d), which ensured that the fabrication process (40 °C) of MN-
MgH> would not change the characteristics of MgH,. Fig. 2e demon-
strated the photographic image of MN-MgH, which was composed of a
10 x 10 array. Furthermore, SEM images of MN-MgH, from different
angles and under different magnifications revealed the rectangular
pyramid shape of the needle tips with a 200 pm x 200 pm x 500 pm (W
x L x H) dimensions. Photographic and confocal images of MN-PLGA
were also presented in Fig. S2, which showed the same dimensions as

MgH,+ 2 H,O — Mg(OH), + 2 H,

Mg(OH), + H* — Mg? +2 H,0
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Fig. 1. Schematic illustration of microneedle patch containing MgH, (denoted as MN-MgH,) and its functional mechanism.
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Fig. 2. Synthesis and characterizations of MgH,, MN-PLGA and MN-MgH,. a) Schematic illustration of the fabrication process of MN-MgH,. b) SEM images of MgH»
with its particle size analysis. ¢) XRD results of Mg and MgH». d) TG and DSC results of MgH,. ) Photographic images of MN-MgH,. f) SEM images of MN-MgH,
under different magnifications. g) Schematic illustration of the test methods for measuring Mg>" and H, released from MN-MgH,. h) Release profiles of H, from
MgH, powder and MN-MgH, immersed in pure water (pH = 7). i) Release profiles of Mg?" from MgH, powder and MN-MgH, immersed in pure water (pH = 7).

the MN-MgH,.

After successfully fabricating the MN-MgH,, the release profiles of Hy
and Mg?" from MgH, powder and MN-MgH, were studied (Fig. 2g).
When being immersed in pure water, the MN-MgH> produced 3.50 times
more Hy than the MgH; powder on day 7 under the same experimental
condition (Fig. 2h). Meanwhile, the amount of free Mg?* generated by
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the MN-MgH, was 5.52 times more than that by the MgH, powder on
day 7 (Fig. 2i). We hypothesized that the hydrolysis reaction of MgH;
was hindered by the formation of a Mg(OH), layer on the surface of
MgH, particles, while the PLGA and its acidic degradation products in
MN-MgH, was able to dissolve the Mg(OH) layer and thus accelerated
the Hy as well as the soluble Mg?* generation (MgH, + Hy0 — Mg(OH),
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+ Hy, Mg(OH), + HT — Mg?* + H,0). To validate our hypothesis, we
first demonstrated that the hydrolysis of PLGA in water indeed led to a
significant pH decrease (Fig. S3a). Then, we further investigated the
effect of pH on the Hy production by putting MgH,> powders in different
pH solutions (Fig. S3b). It is found that the amount of H increased as the
pH value decreased, indicating that the acidic pH facilitated the Hy
production. Next, we characterized the formation of the Mg(OH);, layer
on MgH, particles. According to the elemental mapping results, the
pristine MgH, contained negligible oxygen (O) element but after
reacting with water for 7 days there was noticeable O on MgH, particles,
confirming the formation of Mg(OH), layer (Fig. S3c). Last but not the
least, after hydrolysis the particle size of MgH> in the microneedle was
much smaller than that of the MgH, powder in water, which also sup-
ported the hypothesis that the PLGA destructed the Mg (OH), layer and
facilitated the reaction between MgH, and water (Fig. S3d). Collec-
tively, we have proven that enhanced production of Hp and soluble Mg?*
are likely due to the presence of PLGA which resulted in an acidic
environment.

2.2. MN-MgH, reduced ROS production in vitro

After validating the advantage of MN-MgHj in the prolonged release
of Hy, we then studied whether it could enable ROS reduction in vitro.
First, lipopolysaccharide (LPS) was added into one well of Raw264.7
cells to induce ROS overproduction, and cells were seeded in 6-well-
plates and cocultured with MN-PLGA extract, MN-MgH, extract, MgH>
solution (1 pg mL~Y) or normal cell culture medium (control group).
After cocultivation for 24 h, Raw264.7 cells were stained with ROS
staining assay (DCFH-DA, in green) and then imaged with a fluorescence
microscope. The representative images of each group demonstrated that
the application of MgH2 solution or MN-MgH, extract noticeably
decreased ROS levels, and the MN-MgH, extract led to the most obvious
ROS reduction (Fig. 3a). To quantify the decline in ROS production, the
stained Raw264.7 cells were collected for flow cytometry analysis
(Fig. 3b). The data obtained from flow cytometry was quantified and
presented in Fig. 3c. The results showed that MgH, solution and MN-
MgH> extract reduced the production of ROS to 70.77% and 50.24%,
respectively, confirming the superiority of MN-MgH> in reducing ROS
levels.

2.3. MN-MgH; induced M2 polarization in vitro

After validating the advantages of MN-MgH; in ROS reduction
through H, therapy, we then studied its function in inducing macro-
phage cellular phenotype alteration due to the release of Mg?*. In
contrast to the control (no treatment) or MN-PLGA extract-treated
Raw264.7 cells, the SEM images showed that cells treated with MgH,
solution (1 pg mL™!) or MN-MgH, extract developed unambiguous
morphologies (Fig. 3d), indicating the Mg?" induced polarization of
macrophages. For a more detailed investigation, real-time RT-PCR (RT-
qPCR) was performed with Raw264.7 cells that treated MN-MgH;
extract for 24 h. Cells without any treatment were applied as the control
group. The expressions of M1 macrophages biomarkers (IL-6, IL-1f,
iNOS) and M2 macrophages biomarkers (Arg-1) at mRNA level were
evaluated through RT-qPCR (Fig. 3e). The results show that the
expression of IL-6, IL-1p and iNOS had statistically significant decreases
in MN-MgH,, extract groups, proving that the polarization to M1 was
suppressed after the treatments. While the expression of Arg-1 was
significantly increased in MN-MgH, extract group, indicating the
simultaneously increased M2 repolarization after the treatments. The
primer sequences used in RT-qPCR were summarized in Fig. S4. In
conclusion, MN-MgH facilitated the polarization of pro-inflammatory
M1 macrophages into the pro-healing M2 macrophages.
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2.4. MN-MgH, enhanced cell proliferation and migration in vitro

CCK-8 assay was used to investigate the impacts of MgH, and MN-
MgH, on cell viability and proliferation. Fig. 4a demonstrated that after
72 h-treatment, the cell viability of fibroblasts had no significant dif-
ference between the MN-PLGA extract group and the control group,
while there was a statistically significant increase in MN-MgH, extract
group, indicating that MN-PLGA had no noticeable cytotoxicity to fi-
broblasts while MN-MgH; would further promote the proliferation of
fibroblasts. Meanwhile, the optimal concentration of MgH, for the
proliferation of fibroblasts was determined to be 1 pg mL~! (Fig. 4b).
Therefore, 1 pg mL~* MgHj solution was used in the following experi-
ments unless otherwise mentioned. Besides, the results were also
confirmed by live/dead double staining experiments, and similar con-
clusions were obtained (Fig. S5).

Then, the impact of MN-MgH, on cell migration capability was
studied. The nuclei of migrated HUVECs were stained with Hoechst, and
the representative confocal images were presented in Fig. 4c. Quanti-
tatively, there was no difference be between the MN-PLGA extract and
control group, but there was a significant increase in cell mobility after
treatment of MgHj solution or MN-MgH> extract (Fig. 4d). Particularly,
the cell mobility of MN-MgH, extract group was 1.30 times higher than
that of MgHj solution, which was likely due to the higher Mg?* gener-
ation. Furthermore, the cell migration capability of fibroblasts was also
evaluated using an in vitro wound healing scratch assay. The promoted
wound closure was observed by using MgH, solution or MN-MgHj
extract (Fig. 4e). Quantitatively, the gap closure ratio of the MgHj so-
lution and MN-MgH; extract group was 1.28-fold and 1.94-fold higher
than that of the control group, respectively (Fig. 4f). In addition, the
tube formation experiment was performed (Fig. 4g). HUVECs were
incubated with either normal cell culture medium (control group), or
MgH, solution or MN-MgH, extract for 4 h. Nodes and tube lengths of
different groups were quantified and presented in Fig. 4h. The treatment
of MN-MgH, extract improved the nodes and tube length by 3.54-fold
and 2.22-fold. Taken together, the advantage of MN-MgHj for promot-
ing cell proliferation and migration was validated in vitro, and it is ex-
pected to promote angiogenesis and tissue regeneration in vivo.

2.5. MN-MgH; promoted wound healing in vivo

The in vivo wound healing efficacy of MN-MgH, was further evalu-
ated on living diabetic mice bearing cutaneous wounds (Fig. 5a). Basi-
cally, the mouse model was established by creating 6 mm round wounds
on the back of diabetic (db/db) mice. After the surgery, all mice were
randomly divided into 3 groups which were applied with PBS (control
group), MgHz powder or MN-MgH,. The morphology of the MN-MgH,
after insertion was recorded over time (Fig. S6), and it shows that the
patch became whiter and more and more small bubbles appeared on
MN-MgH, over time, as Hy gas was released. Meanwhile, photographic
images of the wound area on mice with different treatments were taken
ondayO0, 3,5, 7, 10, 12, and 14 (Fig. 5b). On day 10, wounded areas of
mice in the MN-MgH, group had almost healed, while the wounds in the
other groups remained unhealed. The percentages of wound areas on
different days were quantified with Image J (Fig. 5¢). Compared to the
control group and MgH, powder group, MN-MgH, group demonstrated
a statistically significant improvement in minimizing the wound areas.

2.6. MN-MgH, reduced ROS production in vivo

The ROS reduction efficacy of MgH, was tested in vivo through ROS
staining. Skin samples of diabetic mice in different groups were taken on
day 3 and 7, and was stained with dihydroethidium dye (DHE, in red).
The representative images of different groups at different time points
were presented in Fig. 6a. The fluorescence intensity quantification
result obtained on day 3 demonstrated that the treatment of MgH,
powder and MN-MgHj decreased the ROS production by 1.65-fold and
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Fig. 3. In vitro ROS reduction and M2 polarization induced by MN-MgH,. a) ROS assay of Raw264.7 cells after 24-h treatment with MN-PLGA extract, MN-MgH,
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1.95-fold, respectively (Fig. 6b). It is worth noting that the ROS reduc-
tion induced by MN-MgH, was 1.18 times more significant than that by
MgH; powder. Normally, days 1-5 post-injury is the inflammatory phase
[36] when the extensive ROS accumulate in the wound area [37].
Hence, the control group showed a slight decrease on ROS reduction on
day 7. Yet, the ROS production after the treatments of MgH; powder and
MN-MgH, was still statistically decreased by 1.32-fold and 1.64-fold,
respectively, on day 7. Meanwhile, there was still a statistically signifi-
cant difference between MgH; powder and MN-MgH, group (Fig. 6b). In
conclusion, the treatment of MN-MgH), significantly decreased the pro-
duction of ROS in vivo and therefore promoted the wound healing.

2.7. MN-MgH; induced M2 repolarization in vivo

To verify the function of MN-MgH, in M2 repolarization, in vivo

468

immunofluorescence staining of pan macrophage marker (CD68, in red),
M1 macrophages marker (iNOS, in green) and M2 macrophages marker
(CD206, in green) was performed on wound tissues from different
groups. Normally, the M1 macrophages would be the predominant
macrophage phenotype from day 1 to day 3, while the M2 macrophages
usually peak on day 7 after injury. On day 3, the representative images
of CD68/iNOS double-staining (Fig. 7a) and the quantification of
CD681INOS™ cells number (Fig. 7b) indicate that MgH, powder and
MN-MgH, treatment decreased M1 polarization by 3.08-fold and 6.69-
fold, respectively, compared to the control group. On day 7, the MN-
MgH, group continued to show a statistical decrease on M1 macro-
phages by 7.60-fold, while the MgH, powder group only decrease it by
3.00-fold, compared to the control group (Fig. 7b). Furthermore, the
MN-MgHj, still lowered the M1 polarization by 7.06-fold on day 14,
while the MgH; powder group only decrease it by 1.67-fold (Fig. 7b).
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Overall, we have demonstrated that MN-MgH, led to more significant
reduction in M1 macrophages in vivo, compared to the control and MgH,
powder groups. Next, the analysis of CD68/CD206 double-staining was
applied to investigate the M2 repolarization. The results indicated that
the treatment of MgH, powder and MN-MgH, increased the M2 repo-
larization by 2.04-fold and 2.31-fold, respectively, on day 3 (Fig. 8a, b),

469

compared to the control group. On day 7, MgH, powder and MN-MgH»
groups increased M2 repolarization by 1.71-fold and 1.93-fold, respec-
tively (Fig. 8b). On day 14, the treatment of MgH, powder and MN-
MgH; consistently enhanced the repolarization by 1.32-fold and 1.54-
fold (Fig. 8b). Compared with MgH; powder group, MN-MgH, group
increased M2 repolarization by 1.12-fold and 1.15-fold on day 7 and day
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14, indicating the enhanced Mg?" release from MN-MgH,.

Although, theoretically, both MgHs powder and MN-MgH; can
generate Mg(OH), and release Mg?' to promote the repolarization of
M2, the dissolved PLGA and its acidic degradation products in MN-MgH>
group would neutralize the alkaline and constantly promoted the Mg?*
releasing. Therefore, MN-MgH; demonstrated significantly decreased
M1 polarization and increased M2 repolarization on day 3, day 7 and
day 14, compared to the treatment of MgH; powder. In conclusion, it has
been demonstrated that the applications of MN-MgH, reduced M1 po-
larization and promoted M2 repolarization in vivo.

2.8. MN-MgH, promoted tissue regeneration, collagen fibre repair and
angiogenesis in vivo

H&E staining was used for observing granulation tissue formation
and measuring organization level, in order to investigate the epithelial
formation process (Fig. 9a, first column). The results show that the
epithelial tissue in the MN-MgH, group was completely formed after 10
days of treatment. In comparison, epithelial tissues in the control group
and MgH, powder group still had several fat cavities which were circled
with orange lines, reflecting the incomplete healing. Furthermore,
Masson’s trichrome staining was used to detect and distinguish collagen
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fibres from muscle fibres in animal tissues by staining collagen fibres
into blue (or green), muscle fibre into red, and cell nuclei into blue
(Fig. 9a, second column). Tissues in the MN-MgH, group obtained the
best collagen deposition and oriented arrangement, indicating better
wound healing and tissue remodeling outcomes.

Moving forward, anti-CD31 (Fig. 9b) and anti-Ki67 (Fig. 9¢) immu-
nofluorescence stainings were utilized to assess cell proliferation and
capillary formation in vivo after different treatments. The staining region
of CD31 and Ki67 in the skin tissue was indicated in Fig. S7. Quantified
capillary density (in dermis) in each group by counting the number of
regenerative capillaries is shown in Fig. 9d, which suggests that the
treatment of MN-MgH> resulted in a 2.48-fold increase in the capillarity
compared with the control group and it was 1.48 times more than that of
the MgH, powder group. The proliferated cells in the epidermis layer
and dermis layer were also quantified separately. Although both MgH,
powder and MN-MgH, treatments promoted the proliferation of cells in
the epidermis (Fig. 9e), the treatment of MN-MgH, led to a 5.2 times
more significant proliferation than that of control group in the dermis
layer and particularly, it was 1.5 times more than that of the MgH,
powder group (Fig. 9f). In conclusion, capillary formation and cell
proliferation of the control group and MgH, powder group were mainly
observed on the surface of tissues, while the MN-MgH, group achieved
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Fig. 7. Immunofluorescence staining for M1 polarization. Pan macrophage was stained with CD68 (red), M1 macrophage was stained with iNOS (green), and nucleus
was stained with DAPI (blue). a) Representative images of CD68 and iNOS double staining of the wound tissues in the control, MgH, powder and MN-MgH, groups
after 3, 7 and 14 days of treatment, respectively. b) Quantification of the percentage of CD68TiNOS™ cells in each group after 3, 7 and 14 days of treatment,

respectively. n = 3, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
more regenerative capillaries and cells in the dermal tissue layer due to
the merit of microneedle delivery.

3. Conclusion

In summary, MN-MgH, combined the therapeutic effects of Mg>"
and Hs and functioned in the deep layer of tissues for wound healing.
The introduction of a multifunctional MN-MgH, optimized therapeutic
efficacy by i) sustainable and accelerated release of Mg?*and Hy; ii) ROS
reduction enabled by Hj therapy; iii) enhanced polarization of M2
macrophages phenotype enabled by Mg?". The multiple functions of
MN-MgH, were systematically investigated both in vitro and in vivo, and
proved to be effective in anti-inflammatory, cell proliferation and
migration, angiogenesis and tissue regeneration. This MN-MgH, that
integrated various therapeutic functions provides a novel approach for
improving diabetic wound healing.
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4. Materials and methods
4.1. Materials and cell culture

PLGA was purchased from Sigma-Aldrich. MgH, was fractured by
Center of Hydrogen Science, Shanghai Jiao Tong University. Micro-
needle patch molds were made up of polydimethylsiloxane (PDMS)
purchased from Micropoint Technologies Pte. Ltd. (Singapore). Every
microneedle patch had a 10 x 10 array, the size of which was 200 pm x
200 pm x 500 pm (W x L x H). High-glucose DMEM cell culture me-
dium and Fetal Bovine Serum (FBS) were purchased from Gibco (UK).
Cell lines including fibroblasts, HUVECs and Raw264.7 cells were
cultured with a complete medium (high-glucose DMEM cell culture
medium with 10% FBS) in an incubator (37 °C, 5% CO5).

4.2. Fabrications of PLGA, MN-PLGA and MN-MgH,

10 wt% PLGA solution was used, which was formed by dissolving
100 mg PLGA in 1 mL 1, 4-dioxane and stirring for 30 min [38]. 10 mg
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Fig. 8. Immunofluorescence staining for M2 polarization. Pan macrophage was stained with CD68 (red), M2 macrophage was stained with CD206 (green), and
nucleus was stained with DAPI (blue). a) Representative images of CD68 and CD206 double staining of the wound tissues in the control, MgH, powder and MN-MgH,
groups after 3, 7 and 14 days of treatment, respectively. b) Quantification of the percentage of CD68"CD206 " cells in each group after 3, 7 and 14 days of treatment,

respectively. n = 3, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.

MgH, was added and uniformly distributed into the PLGA solution to
achieve a PLGA-MgH; solution. The PLGA-MgH; solution was then
added to the microneedle models and centrifuged at 3000 rpm for 5 min
to ensure that the solution fully filled the tips of the microneedle model.
Every microneedle model contained a 300 pL PLGA-MgH, solution
which was then placed into a dryer for 40 °C. After 12 h, the microneedle
rigidified and was demolded to get the MN-MgH,. MN-PLGA was made
by using the same fabrication procedure.

4.3. Invitro release profiles of Mg®* and Hy from MgH, powder and MN-
MgH>

To test the release profile of Hy from MgH; powder and MN-MgH, in
vitro, 3 mg MgH; powder or one patch of MN-MgH; was placed and
immediately sealed in a penicillin bottle (the volume was 15 mL) con-
taining 10 mL pure water (pH = 7.0). 1 mL gas was taken at different
time points (0 h, 5 min, 10 min, 30 min, 1 h, 3h, 6 h, 12 h, 1 day, 2 days,
3 days, 5 days and 7 days) and the amount of Hy was measured by a gas
chromatograph (Agilent 7890 B, USA).
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The release profiles of Mg?* from MgH, powder and MN-MgH, were
also tested in pure water (pH = 7.0). 30 mg MgH, powder or ten patches
of MN-MgH;, were immersed in 10 mL pure water, and placed in a
dialysis bag. The bag was then placed in a beaker with 100 mL pure
water. ICP-OES testing (Optima 7000DV, Perkin Elmer, USA) was taken
at different time points (0 h, 5 min, 10 min, 30 min, 1 h,3h,6h, 12h, 1
day, 2 days, 3 days, 5 days and 7 days) to quantify the amount of Mg?".

The changes of pH value were tested in pure water. 3 mg MgH,
powder, one patch of MN-PLGA or one patch of MN-MgH, was immersed
in 15 mL pure water (pH = 7.0) and the pH values of different groups
were measured at different time points (0 h, 5 min, 10 min, 30 min, 1 h,
3h,6h,12h, 1 day, 2 days, 3 days, 5 days and 7 days).

The release profile of Hy from MgHj at different pH values was tested
via placing 3 mg MgH, powder in 10 mL pure water with different pH
values (pH = 2, 3, 4, 5, 6, 7) for 3 days. Then, 1 mL gas was taken and the
amount of Hy was measured by a gas chromatograph (Agilent 7890 B,
USA).

The formation of the Mg(OH), layer on MgH, particles was also
characterized with SEM and elemental imaging. After immersing in the
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Fig. 9. In vivo investigation on the tissue regeneration, collagen fibrils repair, cell proliferation and angiogenesis efficacy of MN-MgH,. a) H&E and Masson’s tri-
chrome staining of wound tissues in control, MgH, powder and MN-MgH, groups after 14 days of treatment. Green lines indicate fat cavitation. b) Representative
images of anti-CD31 (red) immunofluorescence staining of dermis layer in wound area in control, MgH, powder and MN-MgH, groups after 14 days of treatment.
Nucleus was stained with DAPI (blue). c¢) Representative images of anti-Ki67 (red) and immunofluorescence staining of dermis layer in wound area in control, MgH,
powder and MN-MgH,, groups after 14 days of treatment. Nucleus was stained with DAPI (blue). d) Quantification of the capillary density of dermis layer in wound
area in each group. e) Quantification of the cell proliferation rate of wound tissues in the epidermis in each group. f) Quantification of cell proliferation rate of wound
tissues in the dermis in each group. n = 3, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.

pure water (pH = 7.0) for 7 days, one patch of MN-MgH, was removed Afterwards, the distribution of Mg and O was tested with an Energy

from the bottle and dissolved in 1,4-dioxane to collect the post-reaction Dispersive Spectrometer. MgH» powder treated with pure water (pH =
MgH, powder, which was then photographed with High Resolution 7.0) for 7 days or without any treatment was also tested using the same
Scanning Electron Microscope (APREO S, Thermo scientific). procedure.
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4.4. CCK-8 assay

Every patch of MN-PLGA or MN-MgH, was immersed in 5 mL PBS for
3 days to get the extracts. Fibroblasts were seeded into 96-well plates at
3000 cells per well and divided into 3 groups, namely the control group,
MN-PLGA extract group and MN-MgH, extract group. After fibroblasts
were cultured with 100 pL high-glucose DMEM for 12 h, they were
cocultured with 90 pL complete medium mixed with 10 pL PBS or 10 pL
extract of MN-PLGA or MN-MgH, for 3 days. On the third day, a com-
plete medium with 10% of CCK-8 solution was added into every well to
interact with living cells. After being placed in an incubator for 2 h, 96-
well plates were analyzed with a microplate reader (SpectraMAX iD3,
Molecular Devices. LLC., USA). For the concentration dependence
experiment, Fibroblasts were cultured with high-glucose DMEM for 12
h, and then cocultured with different concentrations of MgH, solution
(dissolved in complete medium) (0, 0.5, 1, 2, 3, 4,5 ug mL 1) for 3 days.
Then, the cell viability was tested by using the CCK-8 assay following the
same technical progress above.

4.5. Living/dead cell double staining

HUVECs were divided into 3 groups and seeded in confocal dishes
with 40 x 10* cells per dish. Cells in different groups was either
cocultured with one patch of MN-PLGA, MN-MgH, or cultured with only
normal cell culture medium (control group) for 1 or 3 days. At the
appointed time, the culture medium was removed and 300 pL Calcein-
AM/PI assay which was fractured according to the manufacturer’s
protocol was added into every dish. After being incubated for 15 min
(37 °C, 5% COy), cells in different groups were photographed with a
confocal microscope (Leica SP5, Leica Camera AG, Germany) to record
the representative images.

4.6. Tube formation analysis

First, every 50 pL Materigel was placed into one well of a 96-well
plate according to the manufacturer’s protocol. Then, HUVECs were
isolated into DMEM and placed in 96-well plate with a density of 2 x 10*
per well. Afterwards, HUVECs were divided into 3 groups and incubated
with either normal cell culture medium (control group), MgH, solution
(1 pg mL™) or MN-MgHS, extract for 4 h, and then the representative
images of each group were taken.

4.7. In vitro migration and wound healing analysis

750 pL complete medium was placed in every well of 24-well plates.
Every 2 x 10* HUVECs were suspended in 200 pL high-glucose DMEM
and seeded in one well of 24-well Transwell plates (Corning Incorpo-
rated, USA). Wells of 24-well Transwell plates have different processing
factors according to different groups including interacting either with
100 pL extract of MN-PLGA, MN-MgH,, MgH, solution (1 pg mL™1), or
normal cell culture medium. After interacting for 24 h, cells were first
fixed with paraformaldehyde for 15 min, then stained with Hoechst
(Beyotime, China) according to the manufacturer’s protocol. Cells inside
Transwells were wiped up, and the remained migratory cells were
recorded with a confocal microscope (Leica SP5, Leica Camera AG,
Germany). Fibroblasts were divided into 4 groups, after obtaining
scratches with spreadheads in the middle of wells, cocultured with MN-
PLGA extract, MN-MgH, extract, MgHj solution (1 pg mL™1), or normal
cell culture medium. The pattern of cell migration was recorded with an
optical microscope after being cocultured for 0, 6, 12 and 20 h.

4.8. In vitro macrophage polarization analysis
For SEM analysis, 5 x 10% Raw264.7 cells were seeded into one well

of a 24-well plate which contained a piece of sterilized silicon slice. After
cocultured with MN-PLGA extract, MN-MgH; extract, MgH> solution (1
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pg mL™Y) or normal cell culture medium for 24 h, silicon slices with
Raw264.7 cells were removed from plates and fixed with 2.5% glutar-
aldehyde for 30 min and dehydrated in an alcohol concentration
gradient (30% for 5 min, 50% for 5 min, 70% for 10 min, 80% for 10
min, 95% for 15 min, 100% for 15 min). Each group was photographed
with SEM (Nikon ECLIPSE E 100, Nikon Corporation, Japan) afterwards.
For RT-qPCR analysis, Raw264.7 cells were divided and cocultured with
MN-MgH, extract or normal cell culture medium as above for 24 h.
Afterwards, the RNA was entirely isolated and the RNA expression of IL-
6, IL-1B, iNOS and Arg-1 were quantified while using GAPDH as a
housekeeping gene.

4.9. Invitro flow analysis of ROS production

For flow analysis, Raw264.7 cells were first seeded in 6-well plates
that contained 2 pg LPS (purchased from Sigma-Aldrich), then divided
into 4 groups to cocultured with either 1 mL extract of MN-PLGA, MN-
MgH; and MgHj solution (1 pg mL™!) or normal cell culture medium (2
mL normal cell culture medium, control group). After 24 h cocultivation,
Raw264.7 cells were stained with ROS assay kit (Beyotime, China) based
on the manufacturer’s protocol. Stained cells were first photographed
with a fluorescence microscope, then collected and analyzed with flow
cytometry (Beckman Coulter, US).

4.10. In vivo establishment of diabetic wound model and wound healing
efficacy test of MgH2 powder and MN-MgH

Diabetic (db/db) mice (8-week-old) (Nanjing University-Nanjing
Biomedical Institute, China) were used for establishing a chronic
wound model. A circle wound with a diameter being 6 mm was created
on the back of every mouse after the mouse was anesthetized and
shaved. Afterwards, 39 mice were randomly grouped to undertake
different treatments (control group, MN-MgH; group and MgH, powder
group). The control group had no treatment while mice in MN-MgH,
group was treated with one patch of MN-MgH> which was not removed
until it came off naturally and mice in MgH, powder group were treated
with 3 mg MgH, powder. Mice were reared in separate cages with suf-
ficient food and water. Images of wound areas were taken at 0, 3, 5, 7,
10, 12 and 14 days after treatment.

4.11. Invivo wound healing, ROS reduction and macrophage polarization
analysis

After 3, 7 and 14 days of treatments, mice were sacrificed with an
overdose of 4% chloraldrate. The skin tissues of the wound area were
first removed and immersed in 4% paraformaldehyde for 24 h. After
being embedded in wax blocks, samples were sliced with 5 pm thickness
for the following staining. For testing the wounding healing process,
hematoxylin and eosin (H&E), Masson trichrome staining and immu-
nofluorescence staining using anti-CD31 (1:500) and anti-Ki67 (1:500)
antibodies were applied. For testing the rate of ROS reduction in control
group, MN-MgH, group and MgH, powder group, DHE were applied
here. For testing the macrophage polarization, antibodies targeting
CD68, CD206 and iNOS were utilized.

4.12. Statistical analysis

All data were collected in triplicate or quadruplicate and reported as
mean and standard deviation. The comparison of two conditions was
evaluated by the unpaired t-test. Except for the data of wound areas,
angiogenesis and immunofluorescent intensity were analyzed with
Image J, all data was evaluated with GraphPad. *p < 0.05, **p < 0.01,
**¥*p < 0.001, ****p < 0.0001 were considered statistically significant
differences, and ns indicates no significant difference.
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