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A B S T R A C T   

Chronic diabetic wounds are the most common complication for diabetic patients. Due to high oxidative stress 
levels affecting the entire healing process, treating diabetic wounds remains a challenge. Here, we present a 
strategy for continuously regulating oxidative stress microenvironment by the catalyst-like magnesium-gallate 
metal-organic framework (Mg-GA MOF) and developing sprayable hydrogel dressing with sodium alginate/ 
chitosan quaternary ammonium salts to treat diabetic wounds. Chitosan quaternary ammonium salts with 
antibacterial properties can prevent bacterial infection. The continuous release of gallic acid (GA) effectively 
eliminates reactive oxygen species (ROS), reduces oxidative stress, and accelerates the polarization of M1-type 
macrophages to M2-type, shortening the transition between inflammation and proliferative phase and main-
taining redox balance. Besides, magnesium ions adjuvant therapy promotes vascular regeneration and neuronal 
formation by activating the expression of vascular-associated genes. Sprayable hydrogel dressings with anti-
bacterial, antioxidant, and inflammatory regulation rapidly repair diabetic wounds by promoting neurovascular 
network reconstruction and accelerating re-epithelialization and collagen deposition. This study confirms the 
feasibility of catalyst-like MOF-contained sprayable hydrogel to regulate the microenvironment continuously and 
provides guidance for developing the next generation of non-drug diabetes dressings.   

1. Introduction 

Diabetes has been ranked as one of the top 10 deadly diseases 
worldwide, posing a serious threat to human health [1]. Chronic dia-
betic wounds that are difficult to heal millions of diabetic patients, 
typically diabetic foot ulcers. Oxidative stress and low-grade inflam-
mation are important features of diabetes that affect wound healing [2]. 
Compared with the normal wound healing process in the four over-
lapping stages, including hemostasis, inflammation, proliferation, and 
maturation, chronic diabetic wounds always prolong or stagnate in the 
inflammatory phase and hardly transit to the proliferative phase. The 
high-intensity oxidative stress environment triggered by excess free 

radicals, including reactive oxygen species (ROS) and reactive nitrogen 
species (RNS), is the key factor enhancing the inflammatory response in 
the early stage of injury repair and causing oxygen damage to inhibit cell 
behavior and tissue regeneration in the later stage [3–5]. Therefore, 
excess ROS/RNS scavenging is one of the effective strategies to accel-
erate wound repair in chronic diabetes. 

Low concentrations of ROS produced by cellular metabolism are 
essential for physiological processes [6,7]. However, oxygen damage 
from excess ROS adversely affects cell viability and behavior, which 
delays wound healing [2]. In the early stage of damage repair, ROS 
enhances the expression of proinflammatory factors, such as tumor ne-
crosis factor (TNF-α), Interleukin-1β (IL-1β), and Interleukin 6 (IL-6), 

Peer review under responsibility of KeAi Communications Co., Ltd. 
* Corresponding author. State Key Laboratory of Advanced Technology for Materials Synthesis and Processing, Wuhan University of Technology, Wuhan, 430070, 

China. 
** Corresponding author. 

E-mail addresses: turong@whut.edu.cn (R. Tu), daihonglian@whut.edu.cn (H. Dai).  

Contents lists available at ScienceDirect 

Bioactive Materials 

journal homepage: www.keaipublishing.com/en/journals/bioactive-materials 

https://doi.org/10.1016/j.bioactmat.2024.04.028 
Received 27 January 2024; Received in revised form 19 April 2024; Accepted 23 April 2024   

mailto:turong@whut.edu.cn
mailto:daihonglian@whut.edu.cn
www.sciencedirect.com/science/journal/2452199X
http://www.keaipublishing.com/en/journals/bioactive-materials
https://doi.org/10.1016/j.bioactmat.2024.04.028
https://doi.org/10.1016/j.bioactmat.2024.04.028
https://doi.org/10.1016/j.bioactmat.2024.04.028
http://creativecommons.org/licenses/by-nc-nd/4.0/


Bioactive Materials 38 (2024) 181–194

182

etc., amplifies the initial chronic low-grade inflammatory response, 
which is conducive to the M1 polarization of macrophages [3]. Active 
M1 macrophages enhance ROS accumulation, forming a vicious cycle 
and inducing the risk of bacterial infection. On the other hand, poor skin 
cells behavior under oxidative stress, including endothelial cells, fibro-
blasts, and epidermal cells, directly suppresses the transition from 
inflammation to proliferation. In the proliferation and maturation stage, 
the formation of blood vessels or neural networks is crucial in skin 
repair. However, excess ROS can activate matrix metalloproteinases, 
leading to extracellular matrix degradation and weakening adhesion, 
migration, and cell signaling of vascular and neuron-associated cells, 
thereby limiting the regeneration rate and function of blood vessels or 
neural networks [8]. Therefore, it is necessary to rapidly reduce oxida-
tive stress levels in the early stage and maintain redox balance until the 
wound is repaired. 

Although excess ROS can be defended by endogenous antioxidant 
enzymes (superoxide dismutase (SOD), catalase (CAT), and NADPH, 
etc.) and exogenous antioxidants (Vitamin E, vitamin C, etc.) [9]. The 
balance between antioxidants and ROS in the diabetic 

microenvironment is disrupted due to the decreased function of anti-
oxidant enzymes [10]. To solve this phenomenon, inorganic nanozymes 
represented by ferric oxide [11], cerium dioxide [12,13], manganese 
oxide [14–16], etc., are used to regulate ROS levels due to their 
enzyme-like catalytic function. Compared with the potential biotoxicity 
and undesirable degradability of inorganic nanoenzymes, natural poly-
phenols are considered to be good biocompatible antioxidants and 
anti-inflammatory agents due to the free radical scavenging properties 
of phenolic hydroxyl groups [17]. Phthalic polyphenols such as tannins 
(TA) [18], epigallocatechin gallate (EGCG) [19], and gallic acid (GA) 
[20] are well-known as anti-oxidative reagents to develop biomaterials. 
However, the stability of phenolic hydroxyl groups makes it difficult for 
these molecules to achieve a sustainable antioxidant process when used 
alone. 

Incorporating small molecule polyphenols into the biological metal- 
organic framework (bio-MOF) is a novel and effective way to improve 
catalytic efficiency and bioavailability. Introducting the antioxidant 
small molecules directly as ligands for MOF and releasing them through 
the in vivo degradation avoids additional toxic side effects caused by the 

Scheme 1. Schematic Illustrations of (A) Synthesis of Mg-GA MOF, (B) Synthesis of sprayable hydrogel dressing containing Mg-GA MOF, and (C) Mechanism for 
promoting chronic diabetes wound repair. 

C. Lian et al.                                                                                                                                                                                                                                     



Bioactive Materials 38 (2024) 181–194

183

degradation of nonactive ligands during drug delivery via MOF pore size 
loading [21–23]. At the same time, bioactive metal ions are used as 
central ions to confer more biological effects on bio-MOF. Representa-
tive, bioactive ions (such as Mg2+, Si4+, and Cu2+) have been greatly 
studied in vascular or nerve regeneration [24–27]. Using gallic 
acid-based bio-MOF as an antioxidant platform to maintain low levels of 
oxidative stress while enhancing vascular and neurological function by 
bioactive ions adjuvant therapy is a good new strategy for the treatment 
of chronic diabetic wounds. 

Herein, we propose a new antibacterial sprayable hydrogel dressing 
(Gel/MOF) containing magnesium-gallate metal-organic framework 
(Mg-GA MOF) with enzyme-catalytic function to achieve chronic dia-
betic wound repair. (Scheme 1). Mg-GA MOF with stable performance 
and uniform morphology can be obtained using microwave-assisted 
synthesis technology. In the early stage of wound repair, the GA 
released by Mg-GA MOF rapidly achieves ROS-scavenging, reducing 
oxidative stress levels and anti-inflammatory effectively. Mg-GA MOF 

continuously releases GA and Mg2+ during biodegradation to maintain 
redox balance and enhance vascular and nerve regeneration in the late 
stages of wound repair. The sprayable hydrogel is formed by fast 
crosslinking between atomized sodium alginate (SA) and high- 
concentration calcium ion solution. Moreover, chitosan quaternary 
ammonium salt (HACC), an effective antibacterial component, was 
added to the sprayable hydrogel to realize the inhibition and elimination 
of bacteria, which is also a major factor affecting the recovery of chronic 
diabetic wounds. This Gel/MOF significantly regulates the microenvi-
ronment and promotes chronic diabetic wound repair by enhancing 
neurovascular network reconstruction, collagen deposition, and re- 
epithelialization. 

Fig. 1. Mg-GA MOF with controlled morphology releases gallic acid continuously. A) Representative SEM micrographs of i) Mg-GA MOF morphology prepared under 
different DMF/aqueous solvent systems and ii) the morphology of Mg-GA MOF after degradation in phosphate buffer (PBS, pH 7.4). B) X-ray diffraction (XRD) 
patterns of Mg-GA MOFs. C) The release profiles of GA from Mg-GA MOF prepared under different DMF/water systems in PBS (pH 7.4). D) The release behavior of 
Mg-GA MOFs synthesized at 60 % DMF/water system in deionized water, PBS (pH 7.4), and cell culture medium. E) Mechanism of DMF regulating crys-
tal morphology. 

C. Lian et al.                                                                                                                                                                                                                                     



Bioactive Materials 38 (2024) 181–194

184

2. Results and discussion 

2.1. Mg-GA MOF releases gallic acid continuously 

The magnesium-gallate metal-organic framework (Mg-GA MOF) was 
prepared using microwave-assisted synthesis technology, which was 
further optimized based on the reported synthesis method [28]. N, 
N-dimethylformamide (DMF)/water (v/v) binary solvent system and 
microwave-assisted hydrothermal method were employed to shorten the 
synthesis time and obtain a monodisperse morphology. The results of 
scanning electron microscopy (SEM) showed that the Mg-GA MOF pre-
pared with N, N-dimethylformamide (DMF)/water (v/v) solvent system 
were uniform (~5 μm) and monodisperse compared with the traditional 
hydrothermal synthesis method and the pure water system (Fig. 1A-i 
and Figs. S1A–B). With the increase of DMF content, the morphology of 
Mg-GA MOF changed. Mg-GA MOFs were double cones under the 20 % 
DMF/water system, which gradually changed into cubes as the con-
centration of DMF increased to 60 % and finally changed into spheres 
under the 80 % DMF/water solvent system. Further increasing the DMF 
content would make it difficult to form a stable Mg-GA MOF, obtaining 
only a few products. The corresponding energy-dispersive X-ray spec-
troscopy (EDS) of the Mg-GA MOF prepared under the 60 % DMF/water 
shows uniform distribution of elemental (Fig. S2). The X-ray diffraction 
(XRD) results showed that the Mg-GA MOF prepared under the 
DMF/water system still had the main sharp characteristic peaks and 
resembled the simulated patterns of Mg-GA MOF (Fig. 1B). It means that 
changing the solution system does not change the structure of the 
Mg-GA MOF. However, the diffraction intensity of the strongest peak 
decreased with the DMF concentration increased to 80 %. The ther-
mogravimetric analysis results showed that the Mg-GA MOF prepared 
under the DMF/water system was Mg(H2gal)⋅2H2O (Figs. S3A–D) [28]. 
The results showed that the uniform and monodisperse Mg-GA MOFs 
could be obtained quickly using the improved method, and the presence 
of DMF had little effect on crystallinity. 

Compared with the traditional hydrothermal reaction that requires a 
long time (12–24 h) at high temperatures (>120 ◦C), microwave- 
assisted synthesis transfers uniform and high-density energy to the re-
action system in a relatively short time. A large number of products can 
be obtained after the reaction at 90 ◦C for 30 min. The presence of DMF 
enhances the polarity of the solvent so that the transition state during 
the reaction process is easy to be solvated, the free enthalpy is reduced, 
and the reaction speed is accelerated. Meanwhile, DMF is hydrolyzed to 
produce formic acid and dimethylamine as regulators and deprotona-
tion, respectively [29]. On the one hand, the binding energy of for-
mate-Mg2+ is similar to that of gallate-Mg2+ (the binding energy of them 
are ~ -370 mol/kJ in the ideal state, verified by materials studio sim-
ulations), formate can coordinate with Mg2+ in crystal synthesis to 
stabilize the structure. On the other hand, dimethylamine deprotonates 
gallic acid, accelerating the binding of ligands to central ions (Fig. 1E). It 
realized energy-saving and stable large-scale production. Moreover, 
DMF could regulate the morphology of the product and enhance the 
stability of the monodisperse particles in addition to enhancing disper-
sion as a solvent. 

To investigate the effects of different crystal morphologies on the 
degradation of Mg-GA MOF and the release of gallic acid (GA), Mg-GA 
MOFs were dispersed in phosphate-buffered saline (PBS, pH 7.4) and 
shaken at 37 ◦C. The morphology of Mg-GA MOFs after the release of GA 
for 24 h was shown in Fig. 1A-ii and the release profiles of GA were 
presented in Fig. 1C. Among them, the morphology of Mg-GA MOF 
synthesized under the 60 % DMF/water system was still relatively 
complete, and cubic morphology was still clearly visible. The Mg-GA 
MOF prepared under the 20 or 40 % DMF/water system had a few 
block structures. However, the Mg-GA MOF prepared under the 80 % 
DMF/water system had only fragments and could not be distinguished as 
individual particles. Meanwhile, the higher the DMF content of the re-
action system (not higher than 60 %), the slower the release rate of GA 

from Mg-GA MOF during the first 5 h. However, the release rate of GA 
from Mg-GA MOF increased abruptly when DMF content increased to 
80 %. The results showed that the content of DMF in the solvent system 
affected the stability of Mg-GA MOF. Mg-GA MOF prepared under the 
60 % DMF/water solvent system had the highest stability, and that 
prepared in the 80 % DMF/water had a higher degradation rate than 
other systems due to the relatively low crystallinity and extreme insta-
bility in the solution. Moreover, the GA release rate of Mg-GA MOF 
prepared under 60 % DMF/aqueous system is only 66 % after 12 h, 
which is 30 % lower than that of the traditional hydrothermal method 
(Fig. S1C). 

Further, to observe the release behavior of Mg-GA MOFs in different 
solutions, the Mg-GA MOFs synthesized at 60 % DMF/water solvent 
system were preferred and dispersed in deionized water, PBS (pH 7.4), 
and cell culture medium. Mg-GA MOF released ~30 % GA in water after 
12 h but more than 50 % in PBS and medium for only 10 h (Fig. 1D). The 
release profiles showed that the GA release rate in water was signifi-
cantly lower than in PBS and medium. Due to the hydrophilicity of gallic 
acid and the affinity between the phosphate ions and Mg2+, Mg-GA MOF 
in PBS and medium degraded relatively faster than in water, which has a 
certain affinity for degradable Mg-GA MOFs in organisms and will 
effectively release GA [30]. 

Bio-MOF materials have been widely studied and applied, but their 
instability in water is a key factor limiting their development. In general, 
stable MOF structures have broader application potential. Optimizing 
the synthesis method of Mg-GA MOF can improve the stability in water 
which would help to improve the catalytic performance. 

2.2. Enzyme-catalytic function of Mg-GA MOF to scavenge ROS 

For chronic diabetic wounds, excess ROS are the most critical me-
diators affecting the rate of wound healing. To determine whether the 
Mg-GA MOF has the ability to mimic enzymatic catalysis, a series of 
ROS-scavenging experiments were performed, including the typical 
representatives such as superoxide anions (O2⋅-), hydrogen peroxide 
(H2O2), hydroxyl radicals (⋅OH), and 1,1-diphenyl-2-picryl-hydrazyl 
radical (DPPH⋅). Since the catalytic reduction of ROS by Mg-GA MOF 
is mainly related to ligand GA and the surface-active sites of MOF, in this 
section, we compare Mg-GA MOF with GA and the common antioxidant 
ascorbic acid (vitamin C), an effective antioxidant in the body, to 
evaluate the ability of Mg-GA MOFs to scavenge various free radicals. 

Superoxide dismutase (SOD) is an enzyme that catalyzes O2⋅- to H2O2 
and O2 by dismutation in eukaryotes. The SOD-like activity of Mg-GA 
MOF was determined by detecting the inhibition of nitroblue tetrazo-
lium (NBT) reduction. The results showed the low absorption peak at 
560 nm for Mg-GA MOF groups, indicating the SOD-like ability of Mg- 
GA MOF. Meanwhile, with the increased concentration, the SOD-like 
ability of Mg-GA MOF obviously improved (Fig. 2B and Fig. S4A). 
However, when the dose of Mg-GA MOF was increased to 5 mg/mL, 50 
% of O2⋅- could not be removed. For superoxide radicals, the scavenging 
ability of Mg-GA MOF and AA has no significant gap. The ability of Mg- 
GA MOFs to scavenge O2

⋅- is mainly due to the release of ligands GA. 
Ascorbic acid (AA) is a dibasic acid, AA− is more stable than AA2− and 
AA, and AA− reacts faster with O2

⋅- than AA directly, therefore, AA 
scavenging superoxide radicals is mainly due to AA dehydrogenation to 
produce ascorbate (AA− ) [31]. The O–H bond dissociation energy (BDE) 
is one of the indicators to evaluate the scavenging of ROS by poly-
phenolic antioxidants (hydrogen atom transfer mechanism) [32,33]. 
The lower the BDE, the stronger the antioxidant effect. However, the 
BDE of O–H in GA is much lower than the first-order dissociation energy 
of AA, so the efficiency of GA in scavenging superoxide radicals is much 
faster than that of AA. 

H2O2 is one of the common reactive oxygen molecules in the body, 
mainly produced by SOD enzyme catalytic production and degraded by 
catalase (CAT). The CAT-like capacity of Mg-GA MOF was confirmed by 
using titanium sulfate colorimetry. Fig. S4B shows that the absorption at 
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405 nm was significantly reduced after incubating with Mg-GA MOF. 
The H2O2-scavenging rate increased significantly with the increase of 
Mg-GA MOF concentration (Fig. 2C). The result showed that 42.9 % of 
H2O2 was eliminated after being incubated with Mg-GA MOF (CMg-GA 

MOF = 500 μg/mL). Mg-GA MOF has the CAT-like catalytic ability to 
scavenge H2O2 and is not significantly different from AA. But the reac-
tion rate is greater than the same amount of GA contained in Mg-GA 
MOF, which may be due to the adsorption of H2O2 by Mg-GA MOF to 
accelerate the reaction rate, or related to its surface active site. Notably, 
the dose-dependence for the CAT-like ability of Mg-GA MOF was less 
than that of SOD-like activity. 

The •OH are the most oxidative endogenous free radicals. Highly 
active •OH can directly cause irreversible oxygen damage to lipids, 
proteins, and DNA [34]. Significantly, •OH is produced through the 
iron-dependent Fenton reaction, which attacks all biomolecules at a 
diffusion-controlled rate and often initiates a chain reaction, but any 
specific antioxidant enzyme can not scavenge it [35]. The •OH -scav-
enging ability of Mg-GA MOF was evaluated by salicylic acid indicator. 
As Figure S4C and Fig. 2D showed, the absorption peak at 510 nm in the 
Mg-GA MOF group decreased significantly compared with the control 
group. And the higher the concentration of Mg-GA MOF, the more the 
decrease. The half-inhibitory concentration (IC50) of Mg-GA MOF for 
⋅OH was approximately 885 μg/mL, and the scavenging effect was 
similar to that of GA. The phenolic hydroxyl group on GA can provide 

electrons to scavenge •OH or block the Fenton reaction [36]. However, 
it is significantly lower than ascorbic acid. It is because the addition 
reaction between the C3 position of AA and •OH is barrier-free, and the 
final addition product is also stable [37]. So AA can quickly scavenge 
•OH. Moreover, the •OH-scavenging efficiency is also 
concentration-dependent with Mg-GA MOF, and its concentration 
dependence is between SOD-like and CAT-like. 

Reactive nitrogen radicals (RNS) are considered to be special ROS, 
nitrogen-containing radicals produced by the reaction of nitric oxide 
(NO) with active substances in the body [38]. RNS is closely related to 
the inflammatory response because of the high expression of inducible 
nitric oxide synthase (iNOS) in M1-type macrophages, resulting in NO 
accumulation [39]. DPPH⋅ is a very stable nitrogen-centered free radical 
widely used as the RNS-scavenging model. After Mg-GA MOF incubating 
with DPPH⋅ solution at 37 ◦C for 30 min, the decrease in the absorption 
peak at 517 nm was measured by UV–Vis spectrophotometer. The IC50 
of Mg-GA MOF for DPPH⋅ was 25.84 μg/mL. In comparison, traditional 
antioxidant ascorbic acid required 41.02 μg/mL to achieve the effect of 
scavenging half of the DPPH, both of which were better than that of GA⋅ 
(Figure S4D and Fig. 2E). The results demonstrated Mg-GA MOF has a 
scavenging effect on DPPH free radicals due to the 
single-electron/proton transfer of the phenolic hydroxyl group in gallic 
acid, which was better than traditional antioxidants ascorbic acid. 

In conclusion, Mg-GA MOF with enzyme-catalytic ability could 

Fig. 2. Mg-GA MOF has the enzyme-catalytic function to scavenge ROS. A) Mechanism of ROS and RNS scavenging from Mg-GA MOF. ROS-scavenging ratio of Mg- 
GA MOF including B) O2

•-, C) H2O2, and D) •OH. E) DPPH•-scavenging ratio of Mg-GA MOF. 
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Fig. 3. Mg-GA MOF could be anti-inflammatory and antioxidant in vitro. A) Brightfield and ROS fluorescence merge images and B) intracellular ROS fluorescence 
intensity of RAW 264.7. Scale bars: 50 μm. C) Representative SEM images and immunofluorescence images for CD86+ and CD206+ of RAW 264.7 after LPS and Mg- 
GA MOF treatment (purple for M0 type; blue cells for M1 type; orange cells for M2 type). D) The results of RAW 264.7 flow cytometry and E-G) semi-quantitative 
analysis of CD86+ and CD206+. H–K) Mg-GA MOF protects hUVEC, L929, and HaCaT cells from oxygen damage and intracellular ROS fluorescence intensity analysis. 
Scale bars: 50 μm. 
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scavenge various reactive oxygen radicals to maintain redox homeo-
stasis. It is worth noting that the activities of SOD-like and CAT-like for 
Mg-GA MOF have potential advantages in O2⋅--scavenging and H2O2- 
scavenging for cascade catalytic reactions. Moreover, the dose- 
dependence of CAT-like for MG-GA MOF is less than that of SOD-like 
and OH-scavenging, effectively avoiding the accumulation of H2O2 
caused by SOD-like catalysis and the formation of ⋅OH by additional 
Fenton reaction. In addition, the efficient RNS-scavenging performance 
with low-dose Mg-GA MOF breaks the accumulation of peroxynitrite 
anion (ONOO-), an RNS with stronger oxidation than NO and produced 
by further reactions of NO and O2⋅-. It avoids nitrosation stress, as this 
RNS can easily cause DNA fragmentation and lipid peroxidation. 

2.3. In vitro anti-inflammatory and antioxidant abilities of Mg-GA MOF 

The inflammatory response plays a key role in the repair of chronic 
diabetic wounds [40,41]. In the process of diabetic wound repair, the 
key to rapid wound repair is to reduce the level of oxidative stress and 
shorten the inflammatory phase in the early stage. Firstly, to verify the in 
vitro anti-inflammatory activity of Mg-GA MOF, we induced RAW264.7 
cells with lipopolysaccharides (LPS) to establish an inflammation model. 
Before that, it is necessary to investigate whether the material is toxic to 
RAW264.7 cells. Mg-GA MOF was non-cytotoxic, and the cell viability 
increased on the 3 days of culture, and the cell morphology changed 
from stereospherical to spindle-shaped (Figs. S5A–B). LPS triggers 
macrophage inflammation response while increasing the ROS level [42, 
43]. To investigate whether Mg-GA MOF can reduce oxidative stress in 
inflammatory environments, the reactive oxygen species fluorescent 
probe 2,7- dichlorodi-hydrofluorescein diacetate (DCFH-DA) was used 
to detect intracellular ROS content. Fig. 3A and B showed that while flat 
pancake-shaped cells (M1 type) in the LPS group with strong green 
fluorescence, the control group had less ROS content, and the LPS +
Mg-GA MOF treatment group transformed into long spindle-shaped cells 
(M2 type) and ROS+ green fluorescence intensity was significantly 
reduced in them. It suggests that LPS stimulates the RAW264.7 in-
flammatory response while producing a large amount of intracellular 
ROS and increasing the level of oxidative stress. Mg-GA MOF regulates 
the polarization of macrophages by reducing intracellular ROS levels 
and improving inflammatory mediators. 

SEM images of RAW 264.7 after LPS and Mg-GA MOF treatment 
again verified macrophage polarization (Fig. 3C). Compared with the 
untreated group, the LPS-induced cells changed from stereo spherical- 
shaped (purple cells, M0 type) to flat pancake-shaped (blue cells, M1 
type), and then changed to long spindle-shaped (orange cells, M2 type) 
after Mg-GA MOF treatment. Furthermore, M1 and M2 macrophages 
respectively labeled with CD86+ and CD206+, respectively, were 
analyzed for phenotypic transformation by immunofluorescence stain-
ing and flow cytometry. Fig. 3C-Gand Fig. S6 shows the immunofluo-
rescence images and the results of flow cytometry and semi-quantitative 
analysis. The content of CD86+ cells increased significantly after LPS 
stimulation, indicating that RAW264.7 cells differentiated towards the 
M1 type. Subsequently, the content of CD206+ cells increased signifi-
cantly after Mg-GA MOF incubation, indicating that RAW264.7 cells 
were polarized from M1 to M2, transforming proinflammatory to anti- 
inflammatory state. At the same time, the value of CD86+/CD206+ of 
cells was significantly lower than that in control and LPS groups after 
LPS+Mg-GA MOF treatment. The results showed that Mg-GA MOF could 
promote the polarization of M1 to M2 in RAW264.7 cells and had in vitro 
anti-inflammatory activity. 

Furthermore, the related proteins of RAW264.7 cells were detected 
by western blotting (WB). As Fig. S7 showed, the result verified that the 
expression of M1 macrophage-related protein (TNF-α, IL-6, iNOS) was 
increased after LPS stimulation, and the expression of M2 macrophage- 
associated protein (ARG-1, IL-10, TGF-β) was increased in the group 
induced by the addition of Mg-GA MOF. It is similar to the results of 
previous experiments and further validates the ability of Mg-GA MOF to 

induce M1 polarization to M2 in Vitro. 
Under oxidative stress, ROS inhibited cell survival and proliferation, 

resulting in slow tissue regeneration [44]. The continuous maintenance 
of low levels of ROS and the protection of skin-related cells from oxygen 
damage during tissue regeneration are the guarantees for the function of 
regenerating skin. To evaluate whether Mg-GA MOF could protect cells 
from oxygen damage, we used different cells, including vascular endo-
thelial cells (hUVEC), mouse fibroblast (L929), and human keratinocytes 
(HaCaT). Figs. S8A and B demonstrate Mg-GA MOFs below 50 μg/mL are 
almost no cytotoxicity to hUVEC cells and L929 cells and even promote 
the proliferation of HaCaT cells. Morever, the cells survival were 
significantly improved by pro-protecting of Mg-GA MOF before expo-
sure to excess ROS, compared with the untreated group (H2O2 treatment 
only). Considering the tolerance of different cells to different concen-
trations of material extracts, 50 μg/mL Mg-GA MOF was determined as 
the material intervention group for related experiments. To further 
verify the protective effect of Mg-GA MOF on different skin cells, we 
used reactive oxygen fluorescent probes DCFH-DA to detect intracellular 
ROS levels. High-intensity green fluorescence was observed in group 
cells directly exposed to H2O2 without pro-protection, confirming that 
intracellular ROS levels increased significantly after oxygen damage (p 
< 0.0001). However, the fluorescence intensity in the group 
pre-cultured of Mg-GA MOF was comparable to the control group, 
indicating that the cells were not damaged by oxygen (Fig. 3H–K). 
Therefore, Mg-GA MOF exhibited excellent performance in resisting 
H2O2 attacks and avoiding cellular oxygen damage, attributed to the 
antioxidation of gallic acid [20]. 

For chronic diabetic wounds, persistent oxidative stress and the 
impaired immune environment are the keys to hinder wound healing. 
Mg-GA MOF can protect the immune cells in oxidative environment, 
accelerating the transition from M1 to M2. In addition to early immune 
regulation, the rapid reaction with high-intensity ROS in the inflam-
matory environment could decrease the level of oxidative stress. The 
prolonged degradation of Mg-GA MOF also realized long-term mainte-
nance of oxidative stress balance, which directly relates to the efficiency 
of damage repair in the later stage and functional reconstruction of 
damage repair in the later stage. 

2.4. In vitro endothelial cell migration and the tubule formation enhanced 
by Mg-GA MOF 

Angiogenesis plays a key role in tissue regeneration, depending on 
the migration of vascular endothelial cells and vascular network for-
mation [45,46]. To confirm the promotion effect of Mg-GA MOF on 
angiogenesis, a scratch assay was first performed to investigate the 
migration effect of hUVEC cells. Fig. 4A showed that the hUVEC cells 
migration range of the 50 μg/mL Mg-GA MOF-treated group was 
significantly larger than that of the untreated group. After 24 h of 
treatment, the mobility rate of the Mg-GA MOF group reached 71.45 %, 
while that of the control group was only 58 % (Fig. 4C). This result 
insinuated that Mg-GA MOF could promote endothelial cell migration, 
attributed to the Mg2+ released by Mg-GA MOF [47]. 

Furthermore, the tubule formation assay was performed on hUVEC 
cells in vitro to evaluate the tubulogenic effect of Mg-GA MOF. As shown 
in Fig. 4B, after 3 h of incubation, only a few cells tended to form tubes in 
the control group, but the tubules in the Mg-GA MOF group were already 
observed clearly. After another 3 h, the tubule formation effect of the 
control group was only slightly enhanced, which was still significantly 
lower than that of the Mg-GA MOF group. It was observed that hUVECs 
cultured with Mg-GA MOF could significantly improve tubule formation 
at both treatment times compared to the untreated control group. Semi- 
quantitative statistical statistics further confirmed this result. After 3 h 
of incubation, the number of branches and the length of tubes in the Mg- 
GA MOF group were 4-fold higher than that of the control group. After 6 
h of treatment, although increasing in the control group, it was far less 
effective than the tube-forming effect in the Mg-GA MOF group (Fig. 4D 
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Fig. 4. Angiogenesis effect of Mg-GA MOF. Representative images of the effect of Mg-GA MOF on hUVEC cell migration A) and cell mobility rate C) were evaluated 
by scratch assay from 0 to 24 h. B) Mg-GA MOF promotes in vitro tube formation of endothelial cells. Representative brightfield images after 3 h and 6 h treatment 
and semi-quantitative statistical of D) the number of branches and F) the length of the tubes. Scale bars: 100 μm. 

Fig. 5. Sprayable hydrogel dressings containing Mg-GA MOF are effective in bacterial inhibition. A) Schematic diagram of the preparation of sprayable hydrogel 
dressing. B) Spraying of the Gel/MOF hydrogel dressing. C) Hydrogel dressing molding image. Representative image D) of Mg-GA MOF and GA inhibition against 
S. aureus and the inhibition rate F) were determined by colony forming units (CFU). E and G) The zone of inhibition test was evaluated against the S. aureus effect of 
Gel, Gel/GA, and Gel/MOF hydrogel dressing (PBS for Gel without GA and MOF, MOF for Gel with MOF, GA for Gel with GA). H) Diagram of the mechanism of Gel/ 
MOF antibacterial effect. 
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and E). 
In summary, the results demonstrated that Mg-GA MOF could 

significantly promote endothelial cell migration and enhance tubule 
formation in vivo, which has a potential and critical role in 
revascularization. 

2.5. Mg-GA MOF-based sprayable antibacterial gel dressing 

To efficiently deliver Mg-GA MOF in diabetic wounds, we synthe-
sized a sprayable hydrogel dressing with Mg-GA MOF (Gel/MOF). The 
sol-gel transformation of the hydrogel dressing was achieved by mutual 
spraying of A and B solutions, where A solution is an aqueous solution of 
sodium alginate (SA), and B is a calcium ion solution of chitosan- 
quaternary ammonium salt (HACC) containing Mg-GA MOF. The 
atomized SA and calcium ion solution were rapidly crosslinked in about 
tens of seconds (Fig. 5A–C). 

To explore the antibacterial property of the hydrogel dressings, we 
first evaluated the antimicrobial performance of Mg-GA MOF and GA by 
colony forming unit (CFU) assay. Gallic acid, the ligand of Mg-GA MOF, 
has a unique antibacterial efficacy and has been widely studied as an 
antimicrobial agent [20,48]. After gram-positive Staphylococcus aureus 
(S. aureus, BNCC 186335) was incubated with Mg-GA MOFs for 24 h, the 
CFU assay and semi-quantification result showed that with the con-
centration of Mg-GA MOF or GA increasing, the inhibition effect for 
S. aureus was enhanced, and the half inhibit concentration (IC 50) of 
Mg-GA MOF against S. aureus was lower than GA (Fig. 5D and F). Mg-GA 
MOF and GA have similar effects on the inhibition of Escherichia coli (E. 
coli, BNCC336902) (Fig. S9). It is worth noting that the antibacterial 
effect of gallic acid and its derivatives is not obvious, and the minimum 
inhibitory concentration of most of them is > 2000 μg/mL [49,50]. It 
means Mg-GA MOF could inhibit and eliminate bacteria, but this 
property highly depended on concentration. It is the general property of 
natural polyphenols and the disadvantage of Mg-GA MOF alone as an 
antibacterial agent. 

As cationic antibacterial agents, quaternary ammonium salts can 
adsorb to the surface of negatively charged bacteria and change the 
membrane permeability of bacteria to achieve bactericidal purpose [51, 
52]. Quaternary ammonium salts modified chitosan introduced to 
Gel/MOF can improve the antibacterial sensitivity of the hydrogel 
dressing. The zone of inhibition test was evaluated against the S. aureus 
effect of gel dressing. Fig. 5E and G showed the zone of inhibition and 
the bacteriostatic circle diameters after incubation of Gel/MOF, Gel/GA, 
and Gel (hydrogel dressing without MOF) for 24 h. Gel, Gel/GA, and 
Gel/MOF could both inhibit the growth of S. aureus. Gel/MOF exhibited 
a stronger inhibitory effect on the growth of S. aureus with an inhibition 
circle diameter of 3.66 ± 1.05 mm, which was significant improved to 
that of Gel and Gel/GA (inhibition circle diameter was 1.89 ± 0.12 mm 
and 3.14 ± 0.08 mm). In the control group without the addition of 
chitosan quaternary ammonium salt, no obvious antibacterial effect was 
observed even with the addition of GA or MOF (Figure S10 A-B). For 
E. coli, the Gel contained with chitosan quaternary ammonium salt did 
not have a good inhibitory effect, mainly due to the poor antibacterial 
ability of chitosan quaternary ammonium salt against gram-negative 
bacteria [53]. It is worth noting that most wound infections are 
mainly caused by S. aureus, and this complex hydrogel still has a certain 
therapeutic effect on wound infections. 

In summary, the poor antimicrobial effect of gallic acid itself and its 
need to be released in solution may be the main reason for the lack of 
obvious antibacterial effect. The continuous release of gallic acid from 
Mg-GA MOF in the hydrogel dressing after the adsorption of bacteria by 
quaternary ammonium salts. The synergistic effect of the gallic acid and 
quaternary ammonium salts achieves a better antibacterial effect. 
Therefore, Gel/MOF has a potential advantage in inhibiting bacteria 
proliferation in wounds and preventing bacterial growth in the long 
term. 

2.6. Sprayable hydrogel dressing accelerated diabetic wound healing in 
vivo 

To verify whether sprayable hydrogel dressing accelerates diabetic 
wound repair, we evaluated Gel/MOF on full-thickness skin defect with 
a diameter of 6 mm in db/db diabetic mice (Fig. 6A). As Fig. 6B–D 
showed, there was no significant gap between the groups in the first 
three days after surgery. On the fourth day, the wound area of Gel/MOF 
had been reduced to 57.95 ± 4.45 %. It was significantly smaller than 
that of the control group and the Gel group. After the 8 days, the Gel- 
treated groups decreased wound area compared with the control 
group but still had a significant gap with Gel/MOF group. Notably, the 
healing rate of the Gel/MOF group accelerated significantly from eight 
days after surgery. It may have transformed from the inflammatory to 
the proliferative phase, which benefited from the positive regulation of 
macrophages and the reduction of ROS levels by the released GA. On the 
other hand, GA and Mg2+ improved the wound microenvironment and 
guaranteed subsequent wound healing. On day 12, the wound area in 
the Gel/MOF group had been reduced to 2.86 ± 1.18 %, compared with 
only 7.12 ± 0.60 % in the Gel group and 9.75 ± 1.58 % in the control 
group on day 16. 

Histological section staining of regenerated skin tissue on day 16 was 
performed to evaluate the effect of Gel/MOF on diabetic wound healing 
histologically. The H&E staining results were showed in Fig. 6E–F. 
Although the thickness of the regenerated epidermis had not differed 
much from the control group after treatment with Gel and Gel/MOF, the 
control group could clearly identify the location of the wound. Mean-
while, compared with the basic wound healing in the Gel group, the 
wound in the Gel/MOF group was completely healed and almost iden-
tical to the surrounding skin tissue, and more blood vessels, hair folli-
cles, and sebaceous glands were visible (the arrows in the figure 
indicated). Meanwhile, the control group was mainly germ tissue. It 
demonstrated that Mg-GA MOF could accelerate wound reconstruction 
by promoting the regeneration of the skin tissue appendages. 

The epidermis is a complex multilayer squamous epithelium, and the 
formation of functional keratin is the key to epidermal differentiation. 
During the terminal differentiation of epidermal keratinocytes from the 
basal keratocytes to the spinous keratocytes, proliferation-specific 
cytokeratin 14 (K14) is gradually replaced by differentiation-specific 
cytokeratin 10 (K10) [54]. To evaluate the effect on 
re-epithelialization, we specifically marked using K14 and K10 to stain 
tissue sections on day 16. Compared with the Gel group, the total 
amount of cytokeratin increased significantly in the group treated with 
Gel/MOF, and the content in the epidermis of K10 and K14 increased 
from 80.76 % to 90.36 % and from 59.85 % to 62.27 %, respectively 
(Fig. 6J and K). It is worth noting that the control group had excessive 
secretion of K10 under the low K14 level, accompanied by the 
not-obvious stratum granulosum boundary and thickening of the stra-
tum granulosum and stratum spinosum (Fig. 6H). The results suggested 
abnormal cytokeratin secretion and the possibility of hyper-
keratinization in the control group. Besides epidermal proliferative basal 
cells, K14 is also expressed in sebaceous glands and the outer root sheath 
of hair follicles [55,56]. Fig. S11 showed a significantly strong fluores-
cence and increase in K14 level at the hair follicles compared to the 
control group, which strongly confirms the H&E results. 

The collagen deposition of regenerated tissue is detected by Masson 
staining (Fig. 6E and G). It observed the Gel and Gel/MOF groups 
exhibited significantly more collagen deposition than the control group, 
and the Gel/MOF group was ~1.18-fold higher than the Gel group. The 
type of collagen deposition was further analyzed by picrosirius red 
staining (Fig. 6I and L). On day 16, the collagen in the control group was 
showed yellow-green, and it was changed to orange-yellow and bright 
red after Gel and Gel/MOF treatment. The Gel/MOF group had a higher 
collagen I/III ratio than the control and Gel groups. Type I and type III 
collagen play an important role in skin repair, mainly expressing type III 
collagen in the early stage and then gradually replaced with type I 
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Fig. 6. Sprayable hydrogel dressing accelerated diabetic wound healing in vivo. A) Schematic illustration of the sprayable hydrogel dressing treatment in the db/db 
mice wound model. B) Representative photograph of db/db mice wounds, C) wound trace superimposed images, and D) wound area with or without Gel and Gel/ 
MOF treatment on 1, 4, 8, 12, and 16 days after surgery. E) H&E and Masson staining of regenerating skin on day 16. Scale bars: 500 μm and 100 μm. Semi- 
quantitative analysis of F) the epithelial thickness of regenerated tissue in H&E staining and G) the total collagen deposition in Masson staining. H) Cytokeratin 
10 (K10, red) and Cytokeratin 14 (K14, green) immunofluorescent staining and J-K) semi-quantitative analysis in the regenerated epithelium on day 16. Scale bars: 
50 μm. I) Distribution of types I and III collagen in regenerated skin on day 16 by Sirius red staining. Scale bars: 50 μm. L) Quantification of collagen I/III ratio. 
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collagen. Type I collagen has a very strong promoting effect on the 
adhesion and migration of keratinocytes [57]. It indicated Gel/MOF 
promotes collagen deposition and regulates type I and III collagen 
expression to promote wound healing. 

2.7. Gel/MOF inhibited oxidative stress and regulated the inflammatory 
response in diabetic wound 

A series of experiments were performed to verify that Gel/MOF could 
accelerate the inflammation-proliferative transition in vivo by reducing 
oxidative stress and regulating the inflammatory response. First, Gel and 
Gel/MOF treatment significantly reduced the total intracellular ROS 
content (Fig. 7A and B). On day 8, the density of ROS+ cells was 
extremely significantly reduced after Gel and Gel/MOF treatment 
compared to the control group. Particularly, the ROS+ cell density of 
Gel/MOF was significantly lower than that of the Gel group (p < 0.01), 
demonstrating that the presence of MOF increased ROS-scavenging and 
greatly relieved the microenvironment of oxidative stress in diabetic 
wounds. 

Second, RT-qPCR was used to detect inflammation-related genes in 
regenerated skin tissues on day 8. In the early stage of inflammation, M1 
macrophages secrete proinflammatory factors represented to activate 
the inflammatory response. In the late stage of inflammation and the 
early stage of proliferation, the M1 macrophages transform into the M2 
[58–60]. Tumor necrosis factor (TNF-α), Interleukin-10 (IL-10), and 
Interleukin-4 (IL-4) were selected as representative proinflammatory or 

anti-inflammatory factors to evaluate the inflammatory regulation of 
Gel/MOF in the early repair of diabetic wounds. The results showed that 
although the TNF-α gene expression in the Gel/MOF group was not 
significantly reduced, the expression of anti-inflammatory factors IL-10 
and IL-4 in the Gel/MOF group was significantly higher than that in the 
control and Gel groups (Fig. 7C–E). 

Further, the inflammation-associated proteins were extracted from 
the Gel and Gel/MOF group and then detected using cytokine protein 
arrays (Fig. 7F and G). The proinflammatory cytokines Interleukin-1α 
(IL-1α), Interleukin-16 (IL-16), C–C motif chemokine ligand 3 (CCL3), C- 
X-C motif chemokine ligand 2 (CXCL2), and C-X-C motif chemokine 
ligand 3 (CXCL3) were reduced in the gel/MOF group, while the anti- 
inflammatory factor IL-1ra increased. The results demonstrated that 
adding MOF to gel dressings enhanced the polarization of M1 macro-
phages to M2 type and actively regulated the inflammatory microenvi-
ronment for promoting wound healing. 

2.8. Gel/MOF accelerated neurovascular network reconstruction 

The oxidative stress microenvironment directly affects vascularity 
and neurogenesis [61,62]. To investigate whether inhibited oxidative 
stress by MOF could positively affect vascular regeneration during the 
proliferative phase, we detected the regenerated tissue for 
vascular-associated genes (Fig. 8A–C). On day 8, the hypoxia-inducible 
factor 1-α (HIF-1α) expression increased significantly after Gel/MOF 
treatment. At the same time, the expression of vascular endothelial 

Fig. 7. Sprayable hydrogel dressing containing Mg-GA MOF regulated inflammatory cytokine expression and inhibited oxidative stress in diabetic wounds. A) 
Immunofluorescence staining of H2DCFDA (red) and B) ROS+ cell density on day 8. Scale bars: 50 μm. Relative gene expression of C) tumor necrosis factor (TNF-α), 
D) interleukin-10 (IL-10), E) and interleukin-4 (IL-4) in the diabetic wounds on day 8. F) and G) Cytokine array and analysis of the inflammation-related factor levels 
after Gel and Gel/MOF treatment on 8 days. 
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growth factor (Vegf) and platelet-derived growth factor (Pdgf) genes 
increased, and the relative expression of Pdgf in the Gel/MOF group was 
significantly higher than that in control (p < 0.0001) and Gel group (p <
0.001). The expression of HIF-1α after Gel/MOF treatment was similar to 
that of TNF-α. The high metabolic activity of inflammatory cells and 
vasoconstriction caused by inflammatory factors formed a hypoxic 
environment and activated the expression of HIF-1α, which mainly 
targets Vegf gene [ [63,64]. Meanwhile, Mg2+ released by Mg-GA MOF 
could upregulate the expression of Vegf and Pdgf [65]. Under dual ac-
tion, the proliferation and migration of vascular endothelial cells and the 
formation of new blood vessels are promoted. It is the key factor in 
quickly ending the inflammatory phase and entering the proliferative 
phase. 

Further, CD31, β3-tubulin, and NF200 were used to mark the 

vascular and neuronal of the regenerated skin tissue at 8 and 16 days 
(Fig. 8D–H and Fig. S12). On day 8, the control group showed a few 
CD31+. In contrast, Gel and Gel/MOF showed a large number of CD31+. 
The semi-quantitative results showed that the blood vessel density of the 
control group (p < 0.0001) and Gel (p < 0.01) group was significantly 
lower than that of the Gel/MOF group. On day 16, CD31+ increased 
compared to day 8, but the blood vessel density of the control group was 
still significantly lower than that in the Gel/MOF group (p < 0.05). At 
the same time, the Gel/MOF group showed a large continuous strip- 
shaped β3-tubulin+ coloring, most of which were around CD31+, while 
the control group showed only faint β3-tubulin+ and fewer in the Gel 
group. The nerve density of the Gel/MOF group was significantly higher 
than that in the control group (p < 0.01) and the Gel group (p < 0.05). It 
means that the nascent neural network existed in the regenerated skin 

Fig. 8. Sprayable hydrogel dressing containing Mg-GA MOF accelerated neurovascular network reconstruction. A-C) Relative gene expression of hypoxia-inducible 
factor 1-α (HIF-1α), vascular endothelial growth factor (Vegf), and platelet-derived growth factor (Pdgf) in the diabetic wounds on day 16. D) Immunofluorescence 
double staining of CD31 (red) and β3-tubulin (green) on day 16. Scale bars: 50 μm. E) Immunofluorescence staining of NF200 on day 16. Scale bars: 50 μm. F) Blood 
vessel and G) neuron density on day 16 after treatment with or without Gel and Gel/MOF. H) NF200+ density in immunofluorescence staining. I) Heatmap analysis of 
multiple indicators of diabetic regenerated wounds. 
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after Gel/MOF treatment. NF200 immunofluorescence staining once 
again confirmed this result, which had similar results to β3-tubulin+. The 
NF200 fluorescence intensity in the Gel/MOF group was significant 
higher than in the control and Gel groups on day 16. It is worth noting 
that most of the new nerves and blood vessels exist in the form of 
companions, suggesting a better repair effect and stronger functional 
potential for the skin after Gel/MOF treatment. 

The comprehensive analysis of multiple indicators of skin regener-
ation is in Fig. 8I. With inflammation positively regulated, ROS levels 
decreased, and angiogenesis-associated cytokine HIF-1α, Vegf, and Pdgf 
were secreted after Gel and Gel/MOF treatment. GA and Mg2+ released 
continuously by Mg-GA MOF maintained low ROS levels in the later 
stage of inflammation, effectively protected the activated vascular- 
related genes, and rapidly formed neovascularization. When blood 
vessels grew rapidly during proliferation, relatively complete neurons 
were also regenerated. It may be attributable to the fact that Pdgf acti-
vated neural-related activities as neurotrophic factors at the same time 
[66]. The concomitant regeneration of blood vessels and nerves is the 
foundation for skin remodeling, followed by collagen deposition and 
re-epithelialization to achieve the repair of chronic diabetic wounds. 

3. Conclusion 

Mg-GA MOF was successfully prepared and used as a microenvi-
ronment regulator for treating chronic diabetic wounds by loading into a 
sprayable hydrogel dressing with antibacterial properties. Compared 
with traditional synthesis methods, the preparation of Mg-GA was ach-
ieved in large-scale production with single dispersion and adjustable 
morphology by microwave-assisted synthesis. Mg-GA MOF with 
enzyme-like catalytic activity can quickly remove ROS and maintain 
redox balance by degrading to release GA, effectively regulating the 
microenvironment of chronic diabetic wounds. In the later stages of 
wound repair, bioactive magnesium-ions adjuvant therapy enhances 
neurovascular network reconstruction, while antibacterial hydrogel 
dressing prevents bacterial infections. This simple and convenient 
sprayable hydrogel dressing offers a new strategy for chronic diabetic 
wounds without drug treatment. 

4. Experimental section/methods 

Detailed protocols are presented in supporting information. 
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