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A B S T R A C T   

Diabetic wounds, resulting from skin atrophy due to localized ischemia and hypoxia in diabetic patients, lead to 
chronic pathological inflammation and delayed healing. Using electrospinning technology, we developed mag
nesium ion-chelated nanofiber membranes to explore their efficacy in antibacterial, anti-inflammatory, and 
angiogenic applications for wound healing. These membranes are flexible and elastic, resembling native skin 
tissue, and possess good hydrophilicity for comfortable wound bed contact. The mechanical properties of 
nanofiber membranes are enhanced by the chelation of magnesium ions (Mg2+), which also facilitates a long- 
term slow release of Mg2+. The cytocompatibility of the nanofibrous membranes is influenced by their Mg2+

content: lower levels encourage the proliferation of fibroblasts, endothelial cells, and macrophages, while higher 
levels are inhibitory. In a diabetic rat model, magnesium ion-chelated nanofibrous membranes effectively 
reduced early wound inflammation and notably accelerated wound healing. This study highlights the potential of 
magnesium ion-chelated nanofiber membranes in treating diabetic wounds.   

1. Introduction 

Nearly 500 million people worldwide are estimated to suffer from 
diabetes mellitus (DM), with the expected number rising alarmingly in 
the coming years. In the United States alone, diabetes accounts for over 
$300 billion annually in medical costs and lost workdays [1,2]. 
Approximately 20 % of diabetic patients are likely to develop chronic 
non-healing wounds, such as diabetic foot ulcers, in their lifetime. These 
ulcers have high recurrence rates, with 40 % recurring within one year 
and 65 % within five years. Unfortunately, there is no effective treat
ment for diabetic foot ulcers [3,4]. Two main events effectively promote 
wound healing including the inflammatory response and the migration 
of cells (keratinocytes, fibroblasts, and endothelial cells), but these are 
dysregulated for diabetic patients [5]. There is a significant reduction in 
fibroblast proliferation, function, and differentiation into 

myofibroblasts. DM also disrupts re-epithelialization and protein syn
thesis and inhibits the migration and proliferation of keratin-forming 
cells and fibroblasts [6–9]. Additionally, DM results in dysregulated 
expression of several keratin-forming cell proteins associated with re- 
epithelialization, including cytoskeletal keratin proteins (K2, K6, and 
K10), which are essential for keratin-forming cell differentiation and 
epithelial cell binding to the basement membrane [10]. Subsequently, 
the reduction in keratin-forming cell proteins affects the survival and 
differentiation of those effector cells, resulting in impaired wound re- 
epithelialization [11]. 

Clinical management of chronic wounds includes skin perfusion 
restoration, infection treatment, metabolic control, treatment of coex
isting conditions, and local wound care [12]. Despite the significant 
progress of wound dressing materials in recent years, challenges remain 
for diabetic wound treatments. Traditional treatments, mainly involving 
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dressings, are lengthy, risk secondary injuries, and cause psychological 
and physiological stresses to diabetic patients. Additionally, diabetic 
wounds often require extended healing periods due to persistent 
inflammation, bacterial infection, and dysregulated growth factor 
degradation or expression [13]. Chronic hyperglycemia hinders capil
lary formation, limiting oxygen and nutrient access to wound sites [14]. 
These necessitate multifunctional dressing materials that are biologi
cally active in anti-inflammatory and antibacterial to enhance diabetic 
wound healing. 

Electrospinning represents one of the simplest technologies to 
generate nanofiber membranes with structures similar to the native 
extracellular matrix. Electrospun nanofiber membranes can effectively 
cover and protect wounds owing to their softness and compliance 
[15–17]. To reduce infection and promote wound healing, therapeutic 
agents have been incorporated into electrospun nanofibers. Commonly 
used antibacterial agents and growth factors include antibiotics [18], 
antibacterial peptides [19], inorganic nanoparticles [20], and trans
forming growth factors [21]. Among these therapeutic agents, inorganic 
nanoparticles have attracted increasing attentions due to their unique 
antibacterial capacity and/or bioactivity. Current inorganic nano
particles used for wound healing include silver [22–24], gold, copper 
[25], magnesium oxide (MgO), and bioactive glass [14,26–30]. MgO 
nanoparticles are unique in promoting wound healing due to their 
unique anti-inflammatory and antibacterial activities. Our previous 
studies have shown that MgO-incorporated nanofiber membranes were 
beneficial for wound healing [31–34]. However, there was an inherent 
limitation for MgO-incorporated nanofiber membranes associated with 
the burse release of inorganic nanoparticles, which alter the local pH of 
wounds and lead to short-term toxicity to the body. In addition, the 
aggregation of MgO nanoparticles within nanofibers compromises the 
mechanical properties of electrospun membranes. 

In this study, we proposed a method to prepare magnesium ion- 
chelated nanofiber membranes and investigated their capacity as dres
sing materials for diabetic wound treatment. MgO nanoparticles were 
converted into magnesium acetate (MgAC) during the preparation of 
electrospun solutions, where appropriate amounts of acetic acid were 
added into polycaprolactone (PCL)/gelatin solutions. This conversion 
allowed the homogenous distribution of MgAC within nanofibers and 
significantly improved their physicochemical properties and biological 
performance. Physicochemical properties of these MgAC-incorporated 
membranes were characterized and their cytocompatibility, bioac
tivity, and hemostatic properties in vitro, as well as antibacterial activity, 
were assessed. Finally, PCL/gelatin/MgAC nanofiber membranes were 
used as dressings in a diabetic rat model to assess their capacity to 
promote diabetic wound healing. 

2. Materials and methods 

2.1. Materials 

PCL (Mn 80 kDa) and type A gelatin (~300 g Bloom) were purchased 
from Sigma-Aldrich. Glacial acetic acid, 2,2,2-trifluoroethanol (TFE), 
and magnesium oxide nanoparticles (MgO, ~50 nm diameter) were 
obtained from Shanghai Aladdin Bio-Chem Technology Co., LTD. 
Streptozotocin (STZ) and sodium citrate were provided by Shanghai 
Macklin Biochemical Co., Ltd. All chemicals were used as received 
without purification. 

2.2. Preparation of MgAC-incorporated electrospun membranes 

PCL and gelatin were dissolved in TFE at the polymer concentration 
of 10 % (wt/v) with a PCL/gelatin ratio of 8:2, as described elsewhere 
[34]. Various amounts (0.5 % to 2 %, wt/v) of MgO nanoparticles were 
added to the as-prepared PCL/gelatin solutions and sonicated for 30 min 
to fully disperse the nanoparticles. Subsequently, excess acetic acid was 
added to electrospun solutions and stirred at room temperature for 24 h. 

The molar ratio of acetic acid/MgO was 2.5:1 to completely convert 
MgO nanoparticles into MgAC. The PCL/gelatin/MgAC solutions were 
fed at 2 mL/h and electrospun at a high voltage of 16 kV and collected by 
a mandrel (100 rpm) at a distance of 10 cm. Electrospun nanofiber 
membranes prepared from formulations by adding 0.5 %, 1 %, and 2 % 
(wt/v) MgO nanoparticles in PCL/gelatin solutions were denoted as 
MgAC-0.5, MgAC-1, and MgAC-2, respectively. Electrospun membranes 
made from PCL/gelatin solutions without the addition of MgO nano
particles but with acetic acid (0.2 %, v/v) were denoted as PCL/gelatin 
and served as a control. 

2.3. Characterization of MgAC-incorporated electrospun membranes 

Surface morphology and chemical compositions of electrospun 
membranes were analyzed by a scanning electron microscope (SEM, 
Hitachi, TM-1000, Japan) with an ESM spectrometer. Fiber diameters of 
electrospun membranes were measured from SEM images using ImageJ. 
The chemical structure and crystalline phase of electrospun membranes 
were determined by Fourier transform infrared spectroscopy (FTIR) and 
X-ray diffraction (XRD), respectively. Briefly, attenuated total reflection 
mode of a Nicolet-760 FITR spectrometer was used to collect the 
wavelength of electrospun membranes at the range of 4000 cm− 1–400 
cm− 1. For XRD analysis, a Bruker AXS D8 Discover X-ray diffractometer 
was used to detect the crystalline phase of electrospun membranes at a 
2θ degree between 10◦ and 60◦. Thermogravimetric analysis (TGA) of 
electrospun membranes was conducted using a Libra 209F1 TGA (Selb, 
Germany) at a scan rate of 20 ◦C/min from 100 ◦C to 700 ◦C under an 
inert atmosphere. 

The surface hydrophobicity of electrospun membranes was assessed 
by an SL200A contact angle analyzer (Solon Tech., Shanghai, China). A 
droplet of 5 μL deionized water was dropped onto the membrane surface 
and videoed until the droplet disappeared. Images at 5 s were retrieved 
and used to calculate the contact angle for each sample. A tangent line of 
the droplet on the sample surface was made to determine the contact 
angle of MgAC-incorporated electrospun membranes (n = 3). The pH 
changes and cumulative release of Mg2+ from MgAC-incorporated 
membranes were tested by incubating samples in saline at 37 ◦C. The 
dissolution rate of the electrospun membrane was evaluated by 
measuring the water absorption of the electrospun membrane. The pH 
values of electrospun membrane incubations were measured using a 
digital pH meter (n = 4). At predesigned time points, the incubation 
solution was collected for analysis and an equal volume of fresh saline 
was added. The concentration of magnesium ions in each group of 
samples (n = 4) was determined by an inductively coupled plasma 
atomic emission spectroscopy (ICP-AES) (Prodigy Plus, Teledyne Lee
man Labs, USA). To better mimic the body fluid pH microenvironment 
of normal and diabetic rats, we also evaluated the magnesium ion 
release rate from nanofiber membranes in solutions at pH of 5 and 8. 
Simultaneously, we evaluated the degradation rates of nanofiber 
membranes in solutions with pH 5 and 8. 

Electrospun membranes were tailored into strip specimens (10 × 40 
mm) and incubated in saline at 37 ◦C for 12 h for uniaxial tensile tests. 
Specimens were mounted in the grips of a universal materials testing 
machine (Instron 5567, Norwood, MA) with a 200 N load cell and were 
tested at a crosshead speed of 10 mm/min until failure. Ultimate tensile 
strength (UTS) was determined by the maximum tensile strength before 
the sample breaks and Young's modulus was calculated as the slope of 
the initial 5 % linear portion from the stress-strain curve (n = 6). 

2.4. Cytocompatibility and cell behaviors 

Cytocompatibility of electrospun membranes was assessed with key 
cells participating in would healing process. Human umbilical vein 
endothelial cells (HUVECs) and human foreskin fibroblast (HFF) were 
provided by the Stem Cell Bank, Chinese Academy of Sciences 
(Shanghai). Electrospun membranes were punched to discs and 
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disinfected with 70 % ethanol for 1 h and then irradiated under UV (12 h 
for each side) before cell seeding. Cells were seeded on the surface of 
membranes at various densities for different studies. Cell-seeded mem
branes were maintained in high glucose Dulbecco's Modified Eagle 
medium (DMEM) supplemented with 10 % fetal bovine serum and 1 % 
penicillin/streptomycin antibiotics in a 37 ◦C incubator with 95 % hu
midity and 5 % CO2. The medium was refreshed every other day. HUVEC 
and HFF were seeded at a density of 5.0 × 104 cells/well in 48-well 
plates. Cell viability and proliferation on electrospun membranes in 48 
well plates were assessed by live/dead staining and CCK-8 assay, 
respectively. At days 1, 4, and 7, cell-seeded membranes were stained 
with calcein-AM and propidium iodide for 30 min at 37 ◦C and visual
ized using a fluorescence microscope (DMi 8, Leica, Germany) (n = 3). 
For proliferative assessment, cell-seeded membranes were incubated 
with CCK-8 assay at 37 ◦C for 2 h, and then 100 μL supernatant of each 
well was read at 450 nm using a plate reader (Multiskan MK3, Thermo, 
USA) (n = 4). Cell-seeded membranes were rinsed with PBS, fixed with 
4 % paraformaldehyde, dehydrated with graded ethanol, dried at room 
temperature, sputtered with gold, and observed by SEM. 

To determine vascular endothelial growth factor (VEGF) accumula
tion, HUVECs were seeded at a density of 1 × 105 cells/well on elec
trospun membranes in 24-well plates. At day 7, cell culture medium was 
collected to measure accumulated VEGF using ELISA kit (Invitrogen) 
following manufacturer's instructions (n = 4). Fibroblasts were seeded 
on electrospun membranes at a density of 3 × 105 cells/well in a 12-well 
plate to quantify the amounts of cell-secreted transforming growth 
factor-β1 (TGF-β1). Accumulated TGF-β1 was measured by ELISA kit 
(Invitrogen) following manufacturer's instructions (n = 4). 

2.5. Blood clotting and hemolysis ratio 

A dynamic whole blood coagulation assay was used to evaluate the in 
vitro hemostatic ability. Electrospun membranes were punched to 14 
mm discs and pre-warmed at 37 ◦C for 10 min. Then, 100 μL fresh 
anticoagulant rabbit whole blood solution (0.2 M CaCl2, 10 mM in the 
blood) was dropped onto the surface of membranes and incubated in a 
shaker (50 rpm) at 37 ◦C to allow interaction between blood and 
nanofibers. Then 10 mL deionized (DI) water was slowly added to 
release the unbound blood without interfering with the clot and incu
bated in a shaker (50 rpm) at 37 ◦C for 5 min to collect the free eryth
rocytes. The absorbance of 100 μL fresh anticoagulant rabbit whole 
blood solution in 10 mL DI water was used as the negative control. The 
commercial gauze was used as a control group. 100 μL hemoglobin so
lution of each sample was read at 540 nm using a plate reader (Mul
tiskan MK3, Thermo, USA) (n = 3). The blood-clotting index (BCI) was 
calculated using the equation: 

BCI (%) = [(Is − Io)/(Ir − Io) ] × 100%  

where Is represents the absorbance of the sample, Ir represents the 
absorbance of the negative control group and Io represents the absor
bance of the reference value. 

The whole blood clotting time was tested according to previous 
studies [35]. Briefly, 2 mL of whole blood (containing 10 % sodium 
citrate) was added into a sample tube containing 10 mg of each mem
brane and 60 μL of CaCl2 (0.25 mol/L) solution. Clotting time for each 
sample was recorded (n = 3). 

The in vitro hemolysis rate was tested with 2 % (v/v) erythrocytes 
suspension. Briefly, fresh anticoagulated whole blood (2 mL) diluted in 
saline (5 mL) was taken and centrifuged at 3000 rpm for 10 min. The 
obtained erythrocytes were further diluted to 2 % (v/v). Various equal- 
mass membranes were pre-warmed in normal saline at 37 ◦C for 30 min, 
and then the diluted erythrocyte suspension (0.2 mL) was dropped into 
the above samples. After incubation at 37 ◦C for 1 h, supernatant was 
collected through centrifugation at 3000 rpm. The absorbance of the 
supernatant at 540 nm was measured using a microplate reader (n = 3). 

The diluted red blood cell suspensions were added to saline and 
deionized water and served as negative and positive controls, respec
tively. The hemolysis ratio was calculated using the equation: 

Hemolysis ratio (%) = [(As − An)/(Ap − An) ]× 100%  

where As, An, and Ap represent the absorbance of the supernatant of the 
experimental group, negative control group, and positive control group, 
respectively. 

2.6. Erythrocyte and platelet adhesion assays 

Interfacial interactions between erythrocytes, platelets, and nano
fiber membranes were assessed. Electrospun membranes were punched 
into 14 mm discs and incubated in PBS at 37 ◦C for 1 h. Platelet-rich 
plasma (PRP) was obtained by centrifuging whole blood at 3000 rpm 
for 10 min. One mL of PRP was dropped onto the surface of nanofiber 
membranes and placed at 37 ◦C for 1 h. Membranes were washed with 
PBS to remove unadhered erythrocytes or platelets and fixed with 2.5 % 
glutaraldehyde for 2 h. Finally dehydrated with graded ethanol and 
observed by SEM. PT and APTT assays were performed to assess the 
coagulation activation pathway of the prepared membranes. Citrate 
whole blood (9:1 whole blood and 3.8 % sodium citrate) was centrifuged 
at 3000 rpm for 15 min to obtain platelet-poor plasma (PPP). Various 
equal masses of nanofiber membranes were mixed with 100 μL of PPP. 
Clotting times were determined using the PT kit and the APTT kit 
(Ellagic acid, Shanghai Sun Biotech Co., LTD), respectively, following 
the manufacturer's instructions (n = 4). 

2.7. Antibacterial activity 

Antibacterial activity of electrospun membranes was evaluated 
against commonly used bacteria: Gram-negative bacteria Escherichia coli 
(E. coli, ATCC 25922) and Gram-positive bacteria Staphylococcus aureus 
(S. aureus, ATCC 25923) and Staphylococcus epidermidis (S. epidermidis, 
ATCC 12228). Electrospun membranes were disinfected with 70 % 
ethanol for 1 h and then irradiated under UV (12 h for each side) prior to 
the introduction of bacteria. Bacteria were cultivated in broth (Mueller- 
Hinton) in a 37 ◦C shaker for 12 h. Add 100 μL of germy inoculum (105 

CFU/mL) dropwise to the surface of each sample and incubate at 37 ◦C 
for 24 h. The bacterial culture membranes were transferred to sterile PBS 
with agitation for 15 min, then diluted to the desired concentration (103 

CFU/mL) and spread evenly on Luria-Bertani agar plates (Hopebio; 
HB0129). The colonies were counted after incubation at 37 ◦C for 24 h. 
Tissue culture plate (TCP) polystyrene was used as a control group. 

2.8. Assessment of diabetic wound healing 

According to our previous study [31], the diabetic rat model (blood 
glucose > 14 mmol/L) was created by administering a single dose of STZ 
to Sprague Dawley (SD) rats (~180 g, Shanghai JSJ Lab Animal Center) 
for 10 consecutive days. Electrospun membranes were punched into 10 
mm discs and sterilized by UV irradiation prior to animal studies. Sur
gery was performed under sterile conditions. Diabetic rats were anes
thetized by intraperitoneal injection of 2 % pentobarbital sodium (0.2 
mL/100 g). Symmetrical circular full-thickness wounds were created 
(10 mm in diameter) on the back using a scalpel. Six wounds were made 
along the midline on the back of each rat. The wounds were then treated 
with different dressings: commercial bandages (3 M Adhesive Ban
dages), PCL/gelatin, MgAC-0.5, and MgAC-1 membranes. The wounds 
covered with commercial bandages served as a control. For each 
endpoint, four rats were used per group. Fifty-four rats were used for the 
study. To assess the wound healing process, the wound was observed 
and photographed at regular intervals. The area of unhealed wounds 
was measured by using Image J (n = 4 wounds per group) and wound 
healing curves were plotted. 

M. Liu et al.                                                                                                                                                                                                                                      



International Journal of Biological Macromolecules 259 (2024) 129283

4

Animals were sacrificed for analysis 7, 10, 14, and 21 days after 
surgery. Each wound area is excised from the skin. Tissues of wounds 
from each group were randomly taken and stored in liquid nitrogen for 
quantitative real-time polymerase chain reaction (qRT-PCR) (n = 9 
wounds per group), and the remaining tissues were fixed with 4 % 
paraformaldehyde, embedded in paraffin, and sectioned into serial 
slides for histological and immunofluorescence staining. Detailed 
methods are provided in Supplementary Information. 

2.9. Statistical analysis 

Data were expressed as means ± standard deviations. All data were 

analyzed by one-way ANOVA with Tukey's post hoc tests. Statistical 
significance was considered at p < 0.05. 

3. Results 

3.1. Properties of electrospun membranes 

We used TFE with 0.2 % acetic acid to solubilize PCL and gelatin as a 
control, as previous reports indicated that this formulation increased the 
miscibility between PCL and gelatin, resulting in smooth nanofiber 
morphology and improved mechanical strength of electrospun mem
branes [33,34]. In this study, we added an excess of acetic acid to ensure 

Fig. 1. Nanofiber structure and elemental analysis of electrospun membranes. SEM image shows that the electrospun membrane has a similar dense fibrous structure 
(A). The diameter distribution plot (B) shows that fiber diameter increases with increasing MgAC content in the electrospinning solution. The elemental plot shows 
that the density of magnesium (C) within the electrospun membrane increases with the amount of incorporated MgAC. Chemical reaction equation between acetic 
acid and magnesium oxide (D). Charge phenomena of gelatin at different pH values (E). A schematic of the formation of a chelate complex between gelatin and 
Mg2+ (F). 
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complete reaction with MgO nanoparticles and generate MgAC, which 
showed profound effects on the subsequent electrospinning process 
(Fig. 1D). Acetic acid is a weak acid that is incompletely ionized in TFE 
solution. The addition of MgO nanoparticles to PCL/gelatin led to a 

rapid reaction between MgO and acetic acid, accelerating the ionization 
of acetic acid, which in turn promoted the reaction between MgO 
nanoparticles and acetic acid. Gelatin is a widely available and inex
pensive degradable biomaterial for natural proteins. Both ––O and –NH 

Fig. 2. Physiochemical properties of electrospun membranes. FTIR spectra show that MgAC have a typical peak at 660 cm− 1, which could be found in the MgAC- 
containing nanofiber membranes (A). Similarly, the XRD pattern shows two major diffraction peaks of PCL at 2θ = 21.40◦ and 23.79◦ (B). TGA analysis showed that 
the membranes containing MgAC had lower initial degradation temperatures than the PCL/gelatin membranes, indicating that the addition of MgAC reduced the 
thermal stability of the membrane (C). The pH of the PCL/gelatin/MgAC nanofiber membrane changed from acidic to neutral (D). Cumulative magnesium ion release 
(E) of membrane incubations. The water absorption capacity (F) of PCL/gelatin/MgAC electrospun membranes was higher than that of PCL/gelatin electrospun 
membranes. The contact angle (G) of nanofiber membrane decreases gradually with the increase of MgAC content. Tensile mechanical properties of nanofiber 
membranes in the wet state. The MgAC-O.5 membrane shows a higher stress-strain curve (H) with greater UTS (I) and Young's modulus (J) and comparable breaking 
strain (K) compared with the PCL/gelatin membrane. One-way ANOVA with Tukey's post hoc test, n = 3–4, * indicates p < 0.05. 
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groups carrying lone electron pairs on the amide bond in gelatin mole
cules provided lone electron pairs to form coordination bonds for Mg2+

(Fig. 1E). Therefore, chemical cross-linking between nanofibers can be 
achieved through the formation of chelate complexes between magne
sium ions and gelatin (Fig. 1F). 

SEM images revealed the dense nanofiber structure of electrospun 
membranes consisting of continuous and smooth nanofibers (Fig. 1A). In 
general, PCL/gelatin/MgAC membranes had relatively uniform fiber 
diameter (Fig. 1B) and relatively smooth surfaces compared to the PCL/ 
gelatin membrane. EDS images showed the absence of Mg within the 
PCL/gelatin membrane, whereas Mg was uniformly distributed in the 
MgAC-incorporated membranes (Fig. 1C). The elemental density of 
magnesium increased proportionally from MgAC-0.5 to MgAC-2 
membranes. 

FTIR spectra of electrospun membranes are shown in Fig. 2A. The 
peak at 660 cm− 1 belonged to the characteristic peak of magnesium 
acetate. The amide I, II, and III bands of gelatin in PCL/gelatin mem
branes were at 1723 cm− 1, 1647 cm− 1, and 1365 cm− 1, respectively. In 
the infrared spectrum of MgAC-incorporated membranes, the amide II 
band sharply decreased, indicating that the influence of magnesium 
acetate on the amide group was in the amide II band, which is a coupling 
peak generated by the N–H in-plane bending vibration and the C–H 
stretching vibration. It can be speculated that this is due to the coordi
nation between the amide groups of gelatin and the ions of magnesium 
acetate, which inhibits the normal vibration of the amide group [36]. 
Fig. 2B shows the XRD pattern. Electrospun membranes showed two 
main diffraction peaks of PCL at 2θ = 21.40◦ and 23.79◦. There is no 
diffraction peak in MgAC, which indicates that MgAC exists in the 
nanofiber membranes in an amorphous form. The thermal stability of 
electrospun membranes was assessed by TGA (Fig. 2C). The PCL/gelatin 
membrane had an initial degradation temperature that was much higher 
than all MgAC-incorporated electrospun membranes. These results 
indicate that the incorporation of MgAC into PCL/gelatin decreases the 
thermal stability. 

When incubated in saline at 37 ◦C, the pH of solutions with elec
trospun membranes was 5–6, probably due to residual acetic acid 
(Fig. 2D). It became neutral after 24 h. Continued release of Mg2+ from 
electrospun membranes was observed throughout the incubation pro
cess (Fig. 2E). Generally, Mg2+ was slowly released from electrospun 
membranes. However, the rate of Mg2+ release was pH-dependent. 
Mg2+ showed a relatively slower release rate in an acidic environment 
at pH 5 compared with the release rate in an alkaline environment at pH 
8 (Fig. S1). Under alkaline conditions, sodium hydroxide (NaOH) breaks 
the equilibrium of Mg2+ chelated with gelatin, and NaOH reacts with 
MgAC to form magnesium hydroxide precipitate. it leads to faster 
degradation of MgAC-incorporated membranes under alkaline condi
tions than under acidic conditions (Fig. S2). The presence of magnesium 
acetate significantly improved the water absorption capacity (Fig. 2F) 
and wettability (Fig. 2G) of electrospun membranes. The contact angles 
of electrospun membranes gradually decreased with the increase of 
MgAC content. These results suggest that the presence of MgAC makes 
the electrospun membranes more hydrophilic. 

Wound dressings readily absorb wound exudate, therefore we eval
uated tensile properties of electrospun membranes in the wet state. 
Electrospun membranes showed typical curves with different tensile 
strengths and strains at break in the wet state (Fig. 2H). The presence of 
MgAC improved the tensile strengths of electrospun membranes. Spe
cifically, the MgAC-0.5 membrane had a UTS of 16.9 ± 0.1 MPa, which 
was significantly higher than that of the PCL/gelatin (5.5 ± 0.3 MPa), 
MgAC-1 (10.7 ± 1.7 MPa), and MgAC-2 membranes (6.1 ± 0.9 MPa) 
(Fig. 2I). The tensile moduli of electrospun membranes showed a similar 
trend in response to the incorporated MgAC, specifically, it first 
increased and then decreased with the increasing amount of MgAC 
(Fig. 2J). The tensile modulus of MgAC-0.5 is 26.3 ± 1.7 MPa, which is 
significantly higher than other electrospun membranes. The breaking 
strains of electrospun membranes (Fig. 2K) were not so profoundly 

affected by incorporated MgAC. One exception was that the MgAC-2 
membrane had a significantly higher breaking strain than the other 
membranes. 

3.2. Cytocompatibility of electrospun membranes 

Fibroblasts are not only a commonly used cell line for evaluating 
cytocompatibility but also the master cells for extracellular matrix 
production during wound healing. As shown by live/dead staining 
(Fig. 3A) and SEM images (Fig. 3B), HFFs adhered well to electrospun 
membranes and exhibited a spindle shape. Compared to the PCL/ 
gelatin, MgAC-1, and MgAC-2 membranes, HFFs showed more viable 
cells (Fig. 3A, green staining) and greater coverage (Fig. 3B) on the 
MgAC-0.5 membrane. This is consistent with significantly higher pro
liferation rates of HFF cells on the MgAC-0.5 membrane as determined 
by the CCK-8 assay (Fig. 3C) (p < 0.05). In addition, the MgAC-0.5 
membrane promoted pro-healing growth factor TGF-β1 secretion 
which was three-fold as high as the PCL/gelatin membrane (Fig. 3D). 

Similarly, HUVECs exhibited higher activity on membranes incor
porated with MgAC (Fig. 3E). SEM images indicate that HUVECs showed 
the greatest coverage on the MgAC-0.5 membrane (Fig. 3F). Cytokine 
production by HUVECs activated by membranes incorporating MgAC 
was dose-dependent (Fig. 3G). both MgAC-0.5 and MgAC membranes 
promoted VEGF production, while MgAC-2 membranes significantly 
inhibited VEGF expression in comparison to MgAC-0.5 and MgAC 
membranes (Fig. 3H). 

3.3. Blood coagulation and hemocompatibility performance 

A dynamic whole blood clotting model was used to assess the in vitro 
hemostatic behaviors (Fig. 4A). There were more blood clots on the 
surface electrospun membranes than the gauze. The gauze control group 
showed a clear rise in red color after rinsing with water, indicating a 
lower blood clotting capacity of the gauze. For the PCL/gelatin mem
brane, most of the blood was coagulated, leaving reddish-flushing water. 
Instead, the blood was completely coagulated on the MgAC-0.5 mem
brane, and the supernatant was clear and transparent. With increasing 
levels of MgAC, the red color of electrospun membranes and superna
tants gradually deepened. This is likely because higher MgAC causes cell 
membrane disintegration. The absorbance value of the hemoglobin so
lution produced by uncoagulated red blood cells was used to compute 
the coagulation index (BCI) [37]. The higher the absorbance value of the 
hemoglobin solution, the slower the clotting rate. The highest BCI value 
(87.7 ± 4.5 %) was found for the MgAC-2 membrane group, indicating 
its slowest clotting rate (Fig. 4B). In addition, the BCI value of MgAC-0.5 
membrane (21.9 ± 4.4 %) was lower than that of other membranes 
(43.2 ± 3.3 %) and commercial agents (23.7 ± 4.6 %), suggesting its 
greatest coagulation ability. Blood clotting time measurements were 
used to assess hemostatic characteristics. After adding blood for a 
certain time, all samples were capable of producing blood clots (Fig. 4C). 
The coagulation rate of the MgAC-0.5 nanofiber membrane (136 ± 4 s) 
was significantly faster than other membranes and the gauze (Fig. 4D). 
The hemocompatibility was evaluated using an in vitro hemolysis test as 
previously reported [35]. Fig. 4E shows the macroscopic hue of the 
supernatants of electrospun membranes. The rate of hemolysis increased 
as the amounts of MgAC increased (Fig. 4F). Both the PCL/gelatin and 
MgAC-0.5 membranes showed hemolysis rates of <5 %, but the MgAC-1 
and MgAC-2 membranes had hemolysis rates of 10 %–30 %. 

Fig. 5 depicts the surface adherence and morphologies of erythro
cytes and platelets on the nanofibers. A small number of erythrocytes 
and platelets were observed adhering to the PCL/gelatin membrane, 
whereas the number of aggregated erythrocytes and platelets was 
significantly higher on the MgAC-incorporated membranes. Activated 
partial thromboplastin time (APTT) (Fig. 5C) and prothrombin time (PT) 
(Fig. 5D) assays were used to calculate the effects of various substances 
on the intrinsic and extrinsic coagulation pathways, respectively [38]. 

M. Liu et al.                                                                                                                                                                                                                                      



International Journal of Biological Macromolecules 259 (2024) 129283

7

(caption on next page) 

M. Liu et al.                                                                                                                                                                                                                                      



International Journal of Biological Macromolecules 259 (2024) 129283

8

The MgAC-incorporated membranes had lower ATPP values than the 
PCL/gelatin membrane. However, there was no significant difference in 
PT values among these membranes. The results indicate that MgAC- 
incorporated membranes could activate the intrinsic coagulation 
pathway. 

3.4. In vitro antibacterial activity 

The antibacterial activity of MgAC-incorporated membranes against 
E. coli, S. aureus, and S. epidermidis was tested. Fig. 6A-C shows bacterial 
colonies after co-culture with MgAC-incorporated membranes. 
Compared to the TCP control, the PCL/gelatin membrane had compa
rable bacterial colonies, indicating that it does not have antibacterial 
activity. MgAC-incorporated membranes showed much fewer bacterial 
colonies, indicating that they had some antibacterial activity against 
E. coli (Fig. 6D), S. aureus (Fig. 6E), and S. epidermidis (Fig. 6F), albeit 
with different efficiencies. Although MgAC-incorporated membranes 
did not kill all bacteria, the number of bacteria incorporated on the 
MgAC membrane was much lower relative to the PCL/gelatin 

membrane. In addition, the number of colonies corresponding to the 
different strains of bacteria in each sample was calculated, with the same 
trend as the inhibition rate (Fig. S3). 

3.5. Diabetic wound healing and gene expression 

Full-thickness skin wounds with a diameter of 10 mm were excised in 
diabetic rats to evaluate the effect of electrospun membranes on diabetic 
wound healing. Wound healing was observed at 7, 10, 14, and 21 days 
after surgery (Fig. 7A). Wounds of the control, PCL/gelatin membrane, 
and MgAC-1 membrane groups developed the common complications of 
wound infection of chronic diabetic wounds at day 7, which decreased 
to about 60 % of their original size by day 21 (Fig. 7B). In contrast, 
closure rate was significantly accelerated for the MgAC-0.5 membrane- 
treated wound, which reduced to 20 % of its original size by day 21. 

Expression levels of the pro-inflammatory genes IL-1β and TNF-α and 
the pro-healing genes TGF-β1 and α-SMA were determined by qRT-PCR 
10 days after surgery (Fig. 7C–F). The expression levels of pro-healing 
genes in the wounds of the PCL/gelatin membrane group were 

Fig. 3. Cytocompatibility and bioactivity of electrospun membranes in vitro. Live/dead assay revealed that the HFFs are of spindle-shape and exhibit higher viability 
on the MgAC-0.5 membrane (A). The HFFs are attached and spread well on the MgAC-0.5 membrane, and the cell area is larger as shown in the SEM images (B). 
Similarly, live/dead staining (E) shows that the HUVECs are predominantly viable (green) on MgAC-0.5 membranes. On the other hand, MgAC-1 and MgAC-2 
membranes exhibit greater proportion of dead cells (red). SEM images (F) show that the HUVECs are well-spread with large cell area on MgAC-0.5 membranes 
than that of the MgAC-1 and MgAC-2 membranes. CCK-8 assay of HUVECs (C) and HFFs (G) shows that the MgAC-0.5 membrane supports significantly higher cell 
proliferation rate compared to the other membranes, which further corresponded to the highest TGF-β1(D) secretion and VEGF production (H) in these membranes 
than the other membranes. One-way ANOVA with Tukey's post hoc test, n = 4, * indicates p < 0.05. (For interpretation of the references to color in this figure legend, 
the reader is referred to the web version of this article.) 

Fig. 4. In vitro hemostatic capacity and hemocompatibility evaluation. (A) A dynamic whole-blood clotting model is employed to evaluate the in vitro hemostatic 
property. (B) The corresponding BCI values of electrospun membranes. (C) Photographs of blood clotting formation process. (D) The in vitro hemostatic properties of 
MgAC-incorporated membranes are evaluated by measuring the blood clotting time. (E) Photographs from hemolytic activity assay of the MgAC-incorporated 
membranes using normal saline as negative control and water as the positive control. (F) The hemolysis ratio of MgAC-incorporated membranes. One-way 
ANOVA with Tukey's post hoc test, n = 4, * indicates p < 0.05. 
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comparable to those in the control group (p > 0.05), but the expression 
levels of pro-inflammatory genes were slightly higher than those in the 
control group. In contrast, MgAC-incorporated membranes significantly 
up-regulated the expression levels of the pro-healing genes TGF-β1 and 
α-SMA (p < 0.05) and down-regulated the expression level of the pro- 
inflammatory genes IL-1β and TNF-α compared with the PCL/gelatin 
membrane and control groups (p < 0.05). These results demonstrate that 
the MgAC-incorporated membranes accelerate the closure rate of dia
betic wounds by modulating inflammation. 

3.6. Histological assessments of healing wounds 

Structural and functional regeneration of diabetic full-thickness 
wounds was examined by histological staining (Fig. 8). H&E-stained 
images showing full-thickness wound infection in diabetic rats (Fig. 8A). 
H&E images show that the MgAC-0.5 membrane-treated wound had no 
evident biofilm formation on the wound beds. However, wounds of 
other groups showed moderate to severe inflammation with different 
degrees of infection as revealed by biofilm formation and inflammatory 
cell accumulation underneath the dense purple bacterial layer. At day 
21, MgAC-0.5 membrane-treated wounds closed with moderate 
epidermal hyperplasia, with epithelialization overlying granulation 
tissue. Regenerated tissue showed mature epidermis and hair follicles. In 
contrast, wounds of other groups did not heal at day 21. Furthermore, 
Masson's trichrome staining (Fig. 8B) showed that wounds treated with 

MgAC-0.5 membranes had more mature collagen fiber bundles, indi
cating good wound healing. 

3.7. Immunofluorescence staining of healing wounds 

Immunofluorescence staining was used to assess inflammation, 
angiogenesis, and functional recovery in the full-thickness wound skin 
of diabetic rats (Fig. 9). Compared with other groups, CD31-positive 
cells of the MgAC-0.5 membrane-treated wound were densely distrib
uted in the regenerated skin tissue, while these cells were sparsely 
present in the granulation tissue of the control and PCL/gelatin groups. 
Similarly, CD68-positive cells were weakly expressed in the MgO-0.5 
membrane-treated wound relative to the control and PCL/gelatin 
groups (Fig. 9A). CD86/CD206 staining was used to mark macrophage 
differentiation. At day 10, M2 macrophages were predominantly present 
in the adjacent tissue around the wound in diabetic rats (Fig. 9B). A 
significant increase in the M2 macrophage subset was found in the re
generated skin of the MgAC-0.5 group, suggesting its promotive role in 
tissue regeneration. 

Full-thickness wound epithelialization in diabetic rats on days 14 
and 21 was assessed by K10 (epidermal differentiation marker)/K14 
(epidermal basal cell marker) staining (Fig. 9C). At day 14, the MgAC- 
0.5 membrane-treated wound had already started to epithelialize, 
while the other groups did not. MgAC-0.5 membrane-treated wounds 
showed mature epidermis on day 21 (Fig. 9D). In contrast, wounds in the 

Fig. 5. In vitro hemocompatibility evaluation. SEM images of red blood cells (A) and platelets (B) adhered to the surface of electrospun membrane. PT (C) and APTT 
(D) values. One-way ANOVA with Tukey's post hoc test, n = 4, * indicates p < 0.05. (For interpretation of the references to color in this figure legend, the reader is 
referred to the web version of this article.) 
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control group, PCL/gelatin group, and MgAC-1 showed partial coverage 
of K10-positive epidermis and a weaker basal layer of K14 epidermis, 
suggesting the immature state of regenerating epidermis. 

4. Discussion 

In our previous studies, we have demonstrated that the incorporation 
of MgO nanoparticles into electrospun membranes improves the physi
cochemical properties and bioactivity of electrospun membranes. 
Despite this, we observed limitations associated with incorporated MgO 
nanoparticles: burse release of magnesium ions and significantly 
elevated pH of the surrounding local environment due to MgO hydro
lysis. To overcome these problems, we sought to replace MgO nano
particles with magnesium chloride or magnesium acetate particles for 
electrospinning but failed for several reasons. Herein we reported an 
effort of converting MgO into magnesium acetate during the preparation 
of electrospun solution and demonstrated that it could solve these 
problems. Our results show that MgO nanoparticles completely trans
formed into MgAC in the electrospun solution by adding excess acetic 
acid. The absence of particles and the uniform distribution of elemental 
magnesium in the SEM image (Fig. 1) indicate that magnesium oxide has 
completely reacted to form MgAC, uniformly incorporated within the 
electrospun membrane. 

The tensile mechanical properties of MgAC-incorporated membranes 
were found to be much higher than the PCL/gelatin membranes 
(Fig. 2H). Interestingly, the MgAC-0.5 membrane had the highest tensile 
mechanical strength, while the MgAC-2 membrane showed good flexi
bility with a larger fracture strain (Fig. 2J). We speculate that the reason 
for this phenomenon is related to the presence of MgAC. It is reported 
that Mg2+ can form chelate rings with carboxyl and amino groups 
ligated on the surface of gelatin [36]. FTIR spectra show a significant 
reduction in amide II band owing to the formation of coordination bonds 
between the amide group in gelatin and Mg2+ in magnesium acetate, 
and the nucleation of magnesium acetate at this site inhibits the normal 
vibrations of the amide group (Fig. 2A). Similarly, XRD spectra reveal 
the absence of sharp diffraction peak of MgO (2θ = 42.82◦) [34], which 
also proves that the MgO nanoparticles have been completely converted 
to MgAC and are present in the nanofiber membranes in ionic form 
(Fig. 2B), confirming the formation of chelates between gelatin and 
Mg2+ in the nanofibers. This allows the formation of chemical crosslinks 
within and between the nanofibers thus enhancing the mechanical 
properties of the nanofiber membrane (Fig. 1I). However, MgAC-1 and 
MgAC-2 membranes had lower UTS in comparison to the MgAC-0.5 
membrane, indicating that increased amount of MgAC within the 
nanofibers could disrupt chelate rings. 

The conversion of MgO into MgAC also gives other benefits. First, it 

Fig. 6. In vitro antibacterial properties of MgAC-incorporated membranes. Macroscopic images show E. coli (A), S. aureus (B), and S. epidermidis (C) colonies grown on 
broth agar plates after treating with PCL/gelatin/MgAC nanofiber membranes. Quantitatively, MgAC-incorporated membranes significantly inhibit bacterial growth 
with respect to the PCL/gelatin membrane and TCP control in a dose-dependent manner. Obviously, MgAC-incorporated membranes are more powerful in inhibiting 
the growth of E. coli (D) when compared with their inhibitory effects on S. aureus (E) and S. epidermidis (F). One-way ANOVA with Tukey's post hoc test, n = 4, * 
indicates p < 0.05. 
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Fig. 7. Assessments of full-thickness defect wound healing in a STZ diabetic rat model. Gross appearance of diabetic wounds with MgAC-incorporated membranes 
treatments for 14 days (A). The MgAC-incorporated membrane effectively suppresses bacterial infection and reduces wound swelling. Wound closure curves (B) 
demonstrate that MgAC-incorporated membranes significantly accelerate the healing process of diabetic wounds compared with the PCL/gelatin membrane and 
control groups. Two-way ANOVA with Tukey's post hoc test, n = 3, * indicates p < 0.05. qRT-PCR analysis indicates that MgAC-incorporated membrane significantly 
downregulates the gene expression levels of TNF-α (E) and IL-1β (F). Simultaneously, it significantly upregulates the pro-healing gene expression levels of TGF-β1 (C) 
and α-SMA (D). Two-way ANOVA with Tukey's post hoc test, n = 3, * indicates p < 0.05. 
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circumvents the MgO-hydrolysis caused increase of pH in local envi
ronment (Fig. 2D). This makes the MgAC-incorporated membranes safer 
for in vivo use. Secondly, it prolongs the Mg2+ release from nanofibers in 
comparison to MgO-incorporated nanofiber membranes. This is attrib
uted to chelate rings between Mg2+ with carboxyl and amino groups 
ligated of gelatin. Prolonged and slower release of Mg2+ therefore might 
not only be beneficial for diabetic wound management but also for other 
biomedical applications. Lastly, the presence of MgAC makes electro
spun membranes more hydrophilic (Fig. 2G) with strong water absorp
tion capacity (Fig. 2F), making them more attractive for wound dressing 
application. However, the conversion of MgO into MgAC leads to lower 
antibacterial activity in both in vivo and in vitro studies (Figs. 6 and 7) 
compared with the MgO-incorporated membranes [34]. This result 
suggests that oxidize-related antibacterial capacity is likely the primary 
contribution of the antibacterial activity of the magnesium-based 
materials. 

The first stage of wound healing is the hemostasis phase, which refers 
to the body first promoting the contraction of vascular smooth muscle 
cells through a neuroreflex mechanism, leading to the rapid contraction 
of damaged blood vessels and triggering hemostasis [39]. Then, platelets 
accumulate in the wound to form a clot and begin hemostasis [40], this 
requires dressing materials to have good hemostatic capacity. Gelatin 
and its blends with other biomaterials show excellent hemostasis ca
pacity and have been widely used as hemostats [41]. Previously, our 
group had reported an electrospun sponge composed of gelatin and 
demonstrated that the amino group of gelatin can rapidly induce coag
ulation by promoting platelet aggregation [35]. Magnesium has been 
found to exhibit pro-coagulant activity in vivo and plays a role in regu
lating inflammatory factors [42,43]. Given these advantages, incorpo
rating magnesium into gelatin-containing nanofiber membranes shows 
interest for this application. Our results show that gelatin and Mg2+ have 

a synergic hemostatic effect, enabling MgAC-incorporated membranes 
with improved coagulation (Fig. 4) and hemostatic capacity in vitro 
(Fig. 5). 

Diabetic wound is simultaneously a chronic, deep, infected, and ul
cerated trauma, characterized by high levels of inflammatory cytokines, 
matrix metalloproteinases (MMPs) and reactive oxygen species (ROS), 
poor angiogenesis, and persistent infection [44–47]. A hallmark impact 
of these dysregulated expressions in diabetic wounds is the inhibited 
expression of pro-angiogenic factor VEGF and pro-healing factor TGF- 
β1. Our date show that the MgAC-incorporated membranes are capable 
of promoting the expression of these factors both in in vitro (Fig. 3) and in 
vivo (Fig. 9) studies. In in vitro study, we observed that nanofiber 
membranes with low Mg2+ content significantly enhanced the prolif
eration of fibroblasts and HUVEC, while those with high Mg2+ content 
inhibited their growth (Fig. 3) in line with our previous reports 
[32–34,48,49]. Consequently, for treating wounds in diabetic rats, we 
selected MgAC-0.5 and MgAC-1 nanofiber membranes. 

The improved wound healing observed for the MgAC-incorporated 
membrane-treated diabetic wound is attributable to the anti- 
inflammatory and pro-angiogenic effects of magnesium ions (Figs. 7 
and 8). In the late phase of inflammation in normal trauma, macro
phages change from pro-inflammatory M1 macrophages to repair- 
promoting M2 macrophages, accelerating the wound healing process. 
However, it is difficult for macrophages to transit from M1 to M2 in 
diabetic trauma, leading to the production of pigment epithelium- 
derived factors and inhibits angiogenesis [47]. Diabetic wounds are in 
a prolonged inflammatory phase, which continues to produce high 
expression of inflammatory cytokines and significantly reduced 
expression of growth factors such as transforming growth factor-β, 
hindering the proliferation and migration of keratin-forming cells and 
slowing down the process of re-epithelialization [50–52]. Our data 

Fig. 8. Histological analyses of healing wounds at days 7, 10, 14 and 21 by H&E (A), Masson's Trichrome (B) staining. At day 3, all wounds show full-thickness 
defects without healing tissue. The MgAC-0.5 and MgAC-1 membrane-treated wounds show collagen deposition as revealed by Masson's Trichrome staining (B), 
while the other groups have scarce collagen deposition. 
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Fig. 9. Representative immunofluorescence images of wound tissue sections stained with CD31/CD68 (A) and CD206/CD86 (B) at day 10. Epidermal differentiation 
marker and epidermal basal cell marker of wounds at days 14 (C) and 21 (D) are immunofluorescent stained with K10 and K14, respectively, to assess 
epidermis maturation. 
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suggest that MgAC-incorporated membranes play a crucial role in 
restoring phenotypic transition in dysfunctional macrophages. It stim
ulates macrophage differentiation toward the M2 pro-healing phenotype 
and attenuates the inflammatory response, as evidenced by immuno
fluorescence staining results in diabetic rat wounds: CD86 (M1) fluo
resces less area while CD206 (M2) has more fluorescence area (Fig. 9B). 
In addition, we show that the MgAC-0.5 membrane promotes rapid 
wound epithelialization. The MgAC-0.5 membrane-treated wound 
showed mature epidermis and the regenerated skin was completely 
covered by a K10-positive epidermal lining over the K14-positive 
epidermal basal layer (Fig. 9C-D). This is also associated with its anti- 
inflammatory activity (Fig. 9B) as observed in this study and our pre
vious reports [32,33]. 

There are some limitations in the current study. Despite the good 
anti-inflammatory capacity of MgAC-incorporated membranes in this 
study and MgO-incorporated membranes in our previous reports 
[34,49], signaling pathways of this anti-inflammatory effect remains 
unknown. In addition, although STZ-induced diabetic rodents have been 
widely used to investigate diabetic wound healing, their repeatability 
and reliability remain unsure. Clinically relevant models of diabetic 
wounds would be better for the assessments in future studies. 

5. Conclusions 

Complete reaction of MgO nanoparticles with excess acetic acid to 
form MgAC significantly improved the physicochemical properties and 
bioactivity of the resulting electrospun membranes. This improvement is 
primarily owing to the chelate ring formed by the coordination of Mg2+

with gelatin. Although the MgAC-incorporated membranes show a slight 
compromise in antibacterial capacity, this method greatly increases the 
hydrophilicity and water adsorption capacity and tensile properties and 
prolongs Mg2+ release, as well as circumvents the MgO-hydrolysis 
caused pH elevation. The MgAC-incorporated membranes show good 
bioactivity in in vitro studies. In a diabetic rat full-thickness skin defect 
model, MgAC-incorporated membranes mitigated the inflammatory 
response, facilitated the M1 to M2 conversion of macrophages, and 
promoted granulation and mature epidermal tissue formation, 
enhancing diabetic wound healing. Future works of electrospun MgAC- 
incorporated membranes should focus on the elucidation of the 
signaling pathways underlying the magnesium-related immunomodu
latory effects. 
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