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Innovative wound management: creating dynamic
Alg-Mg/SF hydrogels for controlled Mg®* release in
wound healingf
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Guicai Li,® Qinzhi Xiao,**® Yahong Zhao*? and Yumin Yang (2 *@

Antibacterial hydrogels have gained considerable attention for soft tissue repair, particularly in preventing
infections associated with wound healing. However, developing an antibacterial hydrogel that
simultaneously possesses excellent cell affinity and controlled release of metal ions remains challenging.
This study introduces an antibacterial hydrogel based on alginate modified with bisphosphonate, forming
a coordination complex with magnesium ions. The hydrogel, through an interpenetrating network with
silk fibroin, effectively controls the release of magnesium ions and enhances strain resistance. The Alg-
Mg/SF hydrogel not only demonstrates outstanding biocompatibility and broad-spectrum antibacterial
properties but also stimulates macrophages to secrete anti-inflammatory factors. This advanced Alg-Mg/
SF hydrogel provides a convenient therapeutic approach for chronic wound management, showcasing

rsc.li/rsc-advances

Introduction

Among various pathogenic agents, bacterial infection of bio-
logical scaffolds and implanted devices, such as artificial grafts,
catheters, endotracheal tubes, and prosthetic joints, poses
a serious public health problem.' Infection with pathogenic
microorganisms can greatly reduce wound healing and tissue
repair,* even to the point of non-healing and non-repair.> In
addition, the misuse and overuse of common antibiotics have
accelerated the spread of drug-resistant bacteria, which makes
it difficult to control a variety of infectious diseases.® Therefore,
there is an urgent need for a solution to the problem of anti-
microbial resistance.” The development of multifunctional and
easily-synthesized effective antibacterial scaffolds has
bloomed.?

Alternative antimicrobial agents with unique bioactivities,
excellent biocompatibility and more efficient antimicrobial
performance against a broad range of pathogens would be
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its potential applications in wound healing and other relevant biomedical fields.

greatly preferable in this aspect.” Nowadays, hydrogels have
a wide range of applications from biological scaffolds to
medical devices due to their distinguished merits, including
environmental friendliness, resource regeneration, low cost,
etc.'™" Currently, the most crucial factors in designing anti-
bacterial hydrogel wound dressings are the selection of raw
materials and crosslinking methods.”” Generally, commonly
used raw materials for hydrogels include natural, synthetic, and
semi-synthetic materials. Based on raw materials, antibacterial
substances, and antibacterial mechanisms, antibacterial
hydrogel wound dressings can be classified into three cate-
gories: (i) intrinsic antibacterial hydrogel wound dressings; (ii)
antimicrobial agent-releasing hydrogel wound dressings; (iii)
environmentally responsive antibacterial hydrogel wound
dressings. Hydrogels with different crosslinking networks can
be categorized into (i) dynamic physically crosslinked hydro-
gels, including electrostatic interactions, hydrogen bonds,
crystallization, host-guest interactions, and cation-m interac-
tions; (ii) chemically crosslinked hydrogels, relying on robust
covalent bonds to construct the three-dimensional network of
the hydrogel; (iii) hydrogels with mixed networks, where phys-
ical and covalent bonds cooperate to build the hydrogel
network.” Structurally dynamic hydrogels emulate the dynamic
structural properties of natural extracellular matrix (ECM) and
can better mimic the dynamics and functions of ECM, thereby
enhancing the effect of biofunctionalization.” The dynamic
hydrogels can sense and respond to localized physicochemical
forces and biological signals, which possess inherent bioactiv-
ities that mediate the desired behaviors of the cells. Natural
polymers are among the convenient additives for hydrogels

© 2024 The Author(s). Published by the Royal Society of Chemistry
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because they meet many of these criteria such as antimicrobial,
antiviral, and antifungal features."

Silk fibroin (SF), a fibrous protein derived from the cocoons
of domestic silkworm Bombyx mori, exhibits low immunoge-
nicity, remarkable biocompatibility and unique mechanical
properties, thus emerging as a promising biomaterial. Despite
SF is lack of inherent antibacterial activity, different processing
procedures and chemical modifications have been devoted to
confer SF scaffolds with antibacterial properties. The many
outstanding properties of SF that qualify it for a wide range of
applications in combination with other biomaterials.

Alginate is a naturally-occurring, linear anionic poly-
saccharides consisting of B-p-mannuronate (M-blocks) and o-1-
guluronate (G-blocks) residues linked by B-glycosidic bonds.*®
The units can be arranged in either blocks or segments of
various lengths in a MM, MG and GG pattern depending on the
extraction procedure.” ™ Molecule structure of the alginate
allows electrostatic interactions and a high degree of coordi-
nation with ions, resulting in the construction of ionically cross-
linked dynamic hydrogels for various biomedical applications.>
Several studies have demonstrated the potential application of
alginate hydrogel in antibacterial scaffolds, which was attrib-
uted to the effects of alginate on weakening the pathogenic
biofilm structures.'®** The physicochemical, antimicrobial, and
antioxidant properties of alginate hydrogels can be extended by
incorporating synthetic or natural active compounds.*

Inorganic metal ions (Ag, Zn, Au, Cu, Mg) and their metal
oxide nanoparticles exhibit broad-spectrum antibacterial
properties.”* Silver, with its long history as an antibacterial
material, possesses excellent bactericidal capabilities. However,
the effective concentration range and safe concentration range
for antibacterial action of silver ions are relatively narrow, and
excessively high concentrations may pose toxicity to human
cells. Magnesium (Mg) and its alloys exhibit good biocompati-
bility, anti-bacterial effect, anti-inflammation and anti-tumor
function properties.”® Recent attempts using Mg alloys as
potential biomaterials and promising alternatives for medical
implants have demonstrated their ability in biomedical appli-
cations.>* Mg ions (Mg >*) are formed upon Mg degradation are
one of the most important cofactors of many enzymes. The oral
administration of Mg>" has been reported to correlate with the
magnesium transporter genes, regulate inflammatory response
and promote peripheral nerve regeneration. Moreover, the
application of Mg after traumatic brain injury or stroke
improves functional recovery. Mg”>* is reported to not only
regulate cellular behaviors but can also act directly on bacteria,
affecting the membranes of the bacterial cells.>> Mg metal fila-
ments placed inside a nerve guide conduit have been reported
to improve the rate and extent of regeneration across a short
nerve injury gap. However, they showed unsatisfactory effects
for the larger nerve defects due to fast degradation of magne-
sium resulting in the local accumulation of Mg>" ions. There-
fore, the development of biomaterial vehicles systems are
required for controlled delivery of Mg>" release. In our previous
research, we successfully achieved controlled release of
magnesium ions to avoid excessive accumulation while
promoting nerve regeneration.”® Considering the outstanding
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biological effects of magnesium ions, it is essential to develop
a hydrogel capable of sustained release of magnesium ions for
application in the field of wound healing.

In this study, we developed a novel adaptable hydrogel.
Owing to highly dynamic interactions between bisphosphonate-
modified alginate (Alg-BP) and Mg>*, the obtained hydrogels
exhibited remarkable dynamic properties, and the thiol-ene
click reaction between glutathione (GSH) and methacryloyl
(MA) groups on SF created the interpenetrating polymer
network (IPN). This IPN hydrogel, while enhancing the
mechanical properties of physically cross-linked hydrogels,
achieves prolonged broad-spectrum antibacterial capability
through controlled release of magnesium ions. Due to its
simple preparation and excellent biocompatibility of individual
components, Alg-Mg/SF not only exhibits outstanding antibac-
terial performance but also maintains excellent biocompati-
bility. Additionally, the presence of magnesium ions stimulates
M1 macrophages to secrete more anti-inflammatory factors,
thus counteracting inflammatory responses. In short, this study
proposes a contact-active antibacterial hydrogel with an effi-
cient bactericidal mechanism, which may play a crucial role in
accelerating soft tissue repair and protecting wounds from
bacterial infections.

Materials and methods
Synthesis of bisphosphonated-alginate (Alg-BP)

The bisphosphonated-alginate (Alg-BP) was synthesised as
described previously26. Briefly, pamidronate disodium was
dissolved in MES buffer. Then, Alg (Mingyue, Chian) was added
into the above solution, followed by the addition of N-hydrox-
ysuccinimide (NHS, Sigma, USA) and 1-(3-
dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride
(EDC, Sigma, USA) in turn. The reaction was proceeded for 24
hours at room temperature, followed by dialyze against NaCl
gradient solution for 3 days, frozen at —80 °C temperature,
lyophilized and stored at 20 °C powder form.

Preparation of silk fibroin stock solution

Then, glutathione (GSH, Sigma, USA) was added to a final
concentration of 2 g 17" into the above mixture. The reaction is
carried out for 1 h at room temperature, and the unreacted GSH
in the solution were removed by dialysis. To gain the highly
concentrated SF-GSH solution, the aqueous SF-GSH solution
was subjected to airflow at 4 °C to evaporate the water and
prevent the SF-GSH from self-crosslinking. The SF methacryloyl
(SF-MA) was purchased from Yongqginquan (China) and dis-
solved in DI water at 10 mg ml ™.

Preparation of the Alg/SF hydrogels

Alg-BP was dissolved in HEPES buffer (pH = 7.4), followed by
mixing with the concentrated solution of SF-GSH and SF-MA.
The hydrogels were cast by rapidly mixing the Alg-BP/SF solu-
tion with a CaSO4 or MgCl, slurry via two syringes and ejecting
the mixture between two glass plates, where it gelled over 0.5 h.
Four different hydrogels were designed, i.e., Alg hydrogel, Alg-
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Mg hydrogel, Alg/SF hydrogel, and Alg-Mg/SF hydrogel, respec-
tively (Table S17).

SEM characterization

The microscopic morphology of the cross-section of the
hydrogel was observed by scanning electron microscopy. After
being frozen by liquid nitrogen and lyophilized, the hydrogel
specimens were cut in half, fixed on a stage, and sprayed with
a thin layer of gold. Images were acquired at an accelerating
voltage of 30 kv, and at least 50 pores in each sample were
measured randomly to analyze the pore size of the hydrogels.

Mechanical properties

The compressive mechanical properties of the Alg/SF IPN
hydrogels were tested with an electronic universal testing
machine (C43.104Y, MTS SYSTEMS Co. Ltd). The Cylindrical
Alg/SF IPN hydrogels with 2 mm length and 10 mm diameter
were placed on the pedestal and the universal testing machine
was set in compression mode. After that, the data were zeroed
and compressed at 2 mm min~" with loading force of 50 N, and
the data was continuously recorded until a deformation rate of
50% was achieved. All tests were carried out in ambient envi-
ronment (25 °C temperature, =45% humidity) with three
repeat specimens. After the test, the stress-strain curve was
obtained. The elasticity modulus of the samples was obtained
by calculating the slope of the stress—strain curve.

Hydrophilicity test

The hydrophilicity of the hydrogel samples was evaluated using
contact angle measurements. Prior to analysis, any excess
surface water was carefully removed from the hydrogel. The
samples were then precisely positioned on a level measurement
platform. A meticulously controlled, single drop of distilled
water was gently deposited onto the surface of each hydrogel
sample. The angle of contact formed between the water droplet
and the hydrogel surface was then accurately measured. This
process was repeated for a minimum of three independent
measurements per sample, ensuring the reliability and repro-
ducibility of the results.

Quantification of the release of magnesium ions from
hydrogels

The Alg-Mg or Alg-Mg/SF hydrogels were immersed in HEPES
buffer (pH = 7.4, containing 2 mM Ca®") under 37 °C. 100 pl of
supernatant was collected at each preset time point followed by
the addition of 100 pl of fresh buffer or solution. All samples
were in triplicate (n = 3). The supernatant samples were
analyzed by magnesium colorimetric assay kit (Nanjing Jian-
cheng) according to manufacturer’s protocol.

Cell viability

L929 was cultivated in Dulbecco's modified Eagle’'s medium
(DMEM) supplemented with 10% fetal bovine serum (FBS) at
37 °Cin a 5% CO,. The Alg/SF IPN hydrogels were extracted with
the above DMEM medium at a volume ratio of 1:10 for 24 h.
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After being planted into a 96-well plate with a density of 5000
per well, L929 cells were cultured in hydrogel extracts culture
medium (100 pl) and normal medium as controls. After incu-
bation for 1 and 3 d, the culture medium in the well plates was
discarded, and 200 pl of Cell Counting Kit-8 (CCK-8) solution
was added to the experimental wells and blank wells and
incubated for another 4 h. Then, the absorbance of culture
medium was measured by a microplate reader (Bio-Tek,
Winooski, VT, USA) at 450 nm. In each group, five indepen-
dent samples were investigated and then averaged.

Trypan blue test

L929 cell line was detached from the hydrogel matrix using
a pancreatic enzyme solution. The cell suspension was then
subjected to centrifugation at 1000 rpm for 5 minutes to facil-
itate cell sedimentation. The cell pellet was resuspended in 1 ml
of culture medium using a micropipette to obtain a homoge-
neous single-cell suspension. An aliquot of 100 pl was extracted
from the suspension to create equal test samples. To these, 100
ul of a 0.4% Trypan Blue (TB) solution was added, achieving
a final dilution of 1: 2. The mixture was allowed to incubate for
5 minutes, enabling the Trypan Blue to stain dead cells.
Following the incubation, cell viability was assessed by counting
the stained (non-viable) and unstained (viable) cells using
a hemocytometer and optical microscope.

In vitro antibacterial activity

The hydrogels were soaked and washed with sterilized ddH,O
for 24 hours to remove bacteria. S. aureus and E. coli were used
to evaluate the antibacterial activity of the hydrogels. The
bacterial suspension (10 ul) in sterilized PBS (106 CFU ml ™)
was spread onto each hydrogel surface in the 24-well culture
plate and incubated for 3 h and 6 h at 37 °C. And the specimens
without hydrogel were set as blank group. Following incuba-
tion, all surviving bacteria in each well were resuspended with
1 ml sterilized PBS and incubated for 24 h at 37 °C. The CFU was
determined in the Petri dish. Tests were repeated three times
for each group.

Hemolysis assay

The hemocompatibility of Alg/SF IPN hydrogel was character-
ized by using a spectrophotometer. The New Zealand white
rabbits were approved by the Laboratory Animal Center of
Nantong University and complied with institutional and inter-
national guidelines (Approval ID: SYXK [SU] 2017-0046). Firstly,
the red blood cells were collected from the central artery of New
Zealand white rabbit ears. Then, EDTA was added to the
collected blood cells to prevent blood coagulation, and they
were purified by centrifugation at 1500 rpm min~'. Next, the
purified red blood cells were dispersed in cold PBS and incu-
bated with Alg/SF IPN hydrogels in PBS at 37 °C for one hour.
After incubation, the incubated samples were centrifuged at
1500 rpm min~" for 5 min. 100 pl of the supernatant fluid was
transferred into a 96-well culture plate and measured at 545 nm
in a Bio-Rad microplate reader (n = 5). The morphology of red
blood cells was observed by optical microscopy. Water and

© 2024 The Author(s). Published by the Royal Society of Chemistry
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saline were served as the positive control and negative control
groups, respectively. The absorbance of the resulting superna-
tant was then measured at a wavelength of 540 nm. The rate of
hemolysis was calculated using the formula:

Hemolysis rate (%) = (45 — A,)/(Ap — An) x 100%

where ‘Ay’ represents the absorbance of the sample, ‘A,’ is the
absorbance of the negative control, and ‘4’ is the absorbance of
the positive control.

ELISA

The RAW 264.7 cells were cocultured with Alg/SF IPN hydrogels
at the density of 50 000 ml~" in 24-well plates and cultured for
different times. Subsequently, the cell culture medium was
collected after culturing for 3 days. Tumor necrosis factor alpha
(TNF-a), interleukin-4 (IL-4), interleukin-6 (IL-6) and inter-
leukin- 10 (IL-10) in the culture medium were extracted and
quantified according to the instructions of the TNF-a, IL-4, IL-6
and IL-10 ELISA kit (Multiscience). The absorbance at 450 nm

A
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was measured using a microplate reader and then the cytokine
release level was calculated based on the OD value.

Statistical analysis

All data are presented as the means + standard deviations
(SDs).

Statistical differences were determined by performing a one-
way factorial analysis of variance and Tukey's post hoc test.
GraphPad Prism 8 (GraphPad Software) was used for statistical
analysis. Tests were conducted with a 95% confidence interval
(e < 0.05), and statistical significance was set at p < 0.05.

Results
Fabrication of hydrogels and characterization

We designed the hydrogel dressings by optimizing the stock
solutions of Alg-BP, SF-GSH, SF-MA, and Ca>"/Mg”", resulting in
the formation of the hydrogel network. Briefly, the electrostatic
interaction and dynamic coordination between Alg-BP and
cations led to the swift formation of the primary hydrogel

The formation of metal
coordination bonds

mg» V¥
_/- Mgb
Mg2+
Mg2+
M 2+
-—/- ﬁ d ﬁ Mg?*
Mgz+
Alg-BP Dynamic hydrogel
Alginate BP Mgz Magnesium ion

Oh

o

b

3h 12h

Fig. 1 Schematic illustration of the fabrication and morphological diagram of self-assembled Alg-BP-Mg?* nanocomposite hydrogels. (A) The
gelation mechanism of Alg-BP-Mg?*. (B) Demonstrations of dynamic properties of the Alg-BP-Mg?* nanocomposite hydrogels.
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network, while the thiol-ene click reaction between GSH and
MA groups on SF created the interpenetrating polymer network
(IPN). Due to the dynamic nature of the metal coordination
bonds between BP and magnesium ions (Fig. 1A), Alg-BP-Mg
hydrogels can facilitate efficient ion diffusion within the 3D
hydrogel network (Fig. 1B).

The observation of hydrogels using scanning electron
microscopy (SEM) revealed that the pore size of Alg/SF and Alg-
Mg/SF-IPN hydrogels is significantly smaller than that of Alg
and Alg-Mg hydrogels (Fig. 2B and C).
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Subsequently, contact angle measurements were utilized to
assess the hydrophilicity of the hydrogels. The results indicated
that all the hydrogel samples had relatively low contact angles.
Notably, the contact angle for Alg-Mg was higher, at approxi-
mately 17° surpassing the other three groups. The Alg, Alg-Mg/SF,
and Alg/SF hydrogels showed lower contact angles, around 10° or
below, reflective of their greater hydrophilicity (Fig. 2B and D).

Furthermore, we assessed the incorporation of Mg>" in Alg-
Mg hydrogels and Alg-Mg/SF-IPN hydrogels. The results indi-
cate that in the two-week release study, the presence of SF
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Fig.2 Fabrication and characterization of the cell-adaptable Alg-Mg/SF hydrogel. (A) The plasticity of Alg-Mg/SF hydrogel; scale bar =5 mm. (B)
SEM characterization and photographs of water contact angles of the Alg-Mg/SF hydrogel; scale bar = 50 um. (C) Pore size analysis of the Alg-
Mg/SF hydrogel (n = 6). (D) Water contact angles of the Alg-Mg/SF hydrogel (n = 5). (E) Cumulative release profile of Mg®* from the Alg-Mg/SF
hydrogel in PBS over 14 days (n = 5); **p < 0.01. (F) The stress—strain curves of different hydrogel groups. (G) The Young's modulus of hydrogels
from each group was determined through compression testing (n = 3). (H) Strain sweep from 0.01% to the crossover point of G’ and G” at

a constant shear frequency of 1 Hz.
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further slowed down the release of Mg®" in Alg-Mg/SF hydrogel
groups (Fig. 2E).

By conducting compression tests to determine the Young's
modulus of various groups of hydrogels. The stress-strain
curves for each group of hydrogels are shown in Fig. 2 F, Alg
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hydrogel exhibited the highest Young's modulus, with a value of
1.7 kPa (Fig. 2G). In contrast, the Young's modulus of Alg-Mg
hydrogel was slightly lower at 1.2 kPa, while the Young's
modulus of Alg-Mg/SF hydrogel and Alg/SF hydrogel were
measured at 1.1 kPa and 0.9 kPa, respectively.

Alg-Mg/SF

Alg/SF

A\

S. aureus E. coil
100
o PBS 100 o PBS
80 -o- Alg 80 a\é"{—g - Alg
= w0 o Alg-Mg = o Alg-Mg
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(3
g 40 > o Alg-Mg/SF & 40 o Alg-Mg/SF
1°]
20 20
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oh 3h 6h oh 3h 6h

Fig. 3 Antibacterial activity of Alg-Mg/SF hydrogel. (A) Survival E. coli clones and S. aureus clones on agar plate after contacting with hydrogels.
(B) Surface antibacterial activity of hydrogels for E. coli. (C) Surface antibacterial activity of hydrogels for S. aureus.
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In the strain sweep oscillatory experiments (Fig. 2H), all
hydrogels consistently exhibited higher G’ than G” at 1% strain,
maintaining stability. Beyond the linear region, G’ starts to
decline, indicating the onset of yield stress and plastic defor-
mation in the system. Hydrogel with higher yield stress and G/
values show greater resistance to deformation. It is noteworthy
that Alg-SF and Alg-Mg/SF hydrogels did not reach their yield
points even at 100% strain. At 10% strain in the Alg and Alg-Mg
hydrogel groups, the crossover point of G’ and G” suggests that
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Alg and Alg-Mg hydrogels have relatively lower deformation
resistance compared to the other groups.

In vitro antibacterial efficiency

Gram-positive Staphylococcus aureus and Gram-negative
Escherichia coli are two common pathogenic bacteria. There-
fore, we evaluated the antibacterial performance of various
hydrogel groups against these two strains. The bacteria were

directly in contact with the hydrogels for 3 hours and 6 hours at
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Fig. 4 Excellent biocompatibility of Alg-Mg/SF hydrogel. (A) Photograph of red blood cells co-incubated with negative control, Saline, and Alg-
Mg/SF hydrogels for 1 h. (B) Hemolysis ratio of different groups. (C) Typical hemolysis images of different treatment groups; scale bars, 50 pm in
the upper row and 100 um in the lower row, respectively. (D) Bright-field images of L929 cells co-cultured with Alg-Mg/SF hydrogel for 1 day and
3 days under toluidine blue staining; scale bars = 100 um. (E) The survival rates after co-cultivation with L929 cells differ among various hydrogel

groups.
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37 °C. As shown in Fig. 3A, after 3 hours of direct contact with
various hydrogels, all hydrogel groups exhibited inhibitory
activity against both bacterial strains. However, under the
conditions of direct contact for 6 hours, Alg-Mg/SF hydrogel
showed the highest inhibition rate against Staphylococcus
aureus (70%), followed by the Alg-Mg hydrogel group with
magnesium ions (60%). The inhibition rates for Alg and Alg-Mg
hydrogel groups without magnesium ions were only 35%. For
Escherichia coli, the inhibition rates for Alg and Alg/SF hydrogel
groups were only around 20%, while hydrogels containing
sustained-release magnesium ions, Alg-Mg, and Alg-Mg/SF,
achieved antibacterial rates exceeding 95% (Fig. 3B and C).
These results clearly indicate that Alg-Mg and Alg-Mg/SF
hydrogels with sustained-release magnesium ions demon-
strate continuous and efficient antibacterial capabilities.

Biocompatibility of hydrogels

The hemocompatibility of the alginate-based hydrogel variants
was quantified utilizing a standardized hemolysis assay.
Observations of erythrocyte morphology under the microscope
revealed that red blood cells maintained their structural integ-
rity across all samples, with no evident hemolysis when con-
tacted with the hydrogels (Fig. 4A and C). Statistical analysis of
the hemolysis assay revealed minimal red blood cell lysis by the
Alg, Alg-Mg, Alg-Mg/SF, and Alg-SF hydrogels, with hemolysis
percentages comfortably residing within acceptable range of
biosafety (Fig. 4B). This low level of hemolysis corroborates the
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non-disruptive interaction between the hydrogels and erythro-
cytes, signifying the hydrogels' suitability as biomaterials in
antimicrobial applications.

Biocompatibility stands as a fundamental criterion ensuring
the safe application of medical devices. To assess the cell
biocompatibility of the hydrogels, a CCK8 assay was performed
using L929 fibroblast cells. As depicted in Fig. S1,T all groups of
hydrogels exhibited cell viabilities exceeding 85%, thus affirm-
ing the non-toxic nature of these materials.

Fibroblasts is One of the most crucial cellular components in
the dermis of the skin. Therefore, trypan blue test was con-
ducted to assess the cell viability under the contact of hydrogels
with L929 cells. In this experiment, viable cells remain
unstained, while dead cells appear light blue. As shown in
Fig. 4D, the results indicate that after co-cultivation with various
hydrogel groups, over 95% of L929 cells remain unstained,
maintaining their normal morphology and luster (Fig. 4E). Only
a small number of cells appear light blue and swollen, losing
their luster. This suggests that the contact between hydrogels
and L929 cells is safe for the majority of cells, preserving their
normal state. Only a small fraction of cells appears light blue,
swollen, and lacking luster.

Immunological analysis of Alg-Mg/SF hydrogel for early
induction of macrophage polarization

Anti-inflammatory properties are pivotal in antimicrobial

materials, as they significantly reduce infection-related
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Fig. 5 The Alg-Mg/SF hydrogel promotes the secretion of anti-inflammatory factors by macro. (A) Lipopolysaccharide stimulation can induce
the transformation of macrophages from MO to the M1 phenotype. Following co-cultivation with different hydrogel groups, the concentrations
of pro-inflammatory and anti-inflammatory factors secreted by macrophages were assessed using Elisa. (B) After 3 days of co-cultivation, the
concentrations of pro-inflammatory factors TNF-a and IL-6, as well as anti-inflammatory factors IL-10 and IL-4 (n = 3); *p < 0.05, **p < 0.01,

***p < 0.001, ****p < 0.0001.
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inflammation, thereby enhancing wound healing. Raw264.7
cells were induced to transform into M1-type macrophages
through lipopolysaccharide stimulation, followed by co-
cultivation with hydrogels from different groups for 3 days
(Fig. 5A).

Quantitative ELISA assays were utilized to measure the
concentrations of cytokines IL-6, TNF-a, IL-10, and IL-4.
Observations revealed a suppressed expression of the pro-
inflammatory cytokines IL-6 and TNF-a in the Alg-SF/Mg and
Alg-Mg hydrogel groups. Conversely, the levels of the anti-
inflammatory cytokines IL-10 and IL-4 were elevated in these
groups when compared to the Alg and Alg/SF controls. Notably,
the Alg-Mg/SF hydrogel composition presented the most
significant elevation in IL-10 concentration, suggesting an
enhanced anti-inflammatory potential (Fig. 5B).

Discussion

Wound infection typically leads to prolonged healing time,
implant failure, and can result in other serious complications,
even death. The preparation method of hydrogel wound dress-
ings determines their fundamental performance. Due to
differences in bond energy, chemically cross-linked hydrogels
generally exhibit high strength; however, irreversible damage
occurs when covalent bonds are disrupted under external
forces. On the other hand, ionically cross-linked hydrogels
usually demonstrate weaker mechanical properties. In this
study, we prepared Alg-Mg/SF hydrogels with an intertwined
network of magnesium ions and silk fibroin protein. The Alg-
Mg/SF hydrogel, compared to Alg and Alg-Mg single-network
hydrogels, showed higher strain resistance, indicating a more
stable hydrogel network. This enhanced strain resistance is
attributed to the intertwined network formed by SF-GSH and SF-
MA through click chemistry, followed by the formation of
a network with sodium alginate. This design not only enhances
the mechanical performance of Alg-Mg/SF hydrogel but also
facilitates its response to potential complexities in antibacterial
experiments, particularly in its application in animal.?”

The release of metal ions (Ag, Zn, Au, Cu, Mg) to achieve
antibacterial effects has gained attention. Metal or metal oxide
particles can bind with active enzymes inside bacterial cells,
directly attacking DNA, proteins, and other active substances,
leading to oxidative stress and eventual bacterial death.?®*.
However, uncontrolled rapid release of metal ions can lead to
accumulation and toxicity. In this study, we modified sodium
alginate with bisphosphonates (BPs) using the carbodiimide
chemistry method. The Alg-Mg/SF hydrogel, formed by cross-
linking with magnesium ions through the coordination bonds
of bisphosphonates, exhibited stable release of magnesium
ions for up to two weeks, avoiding a cascade release. In anti-
bacterial experiments, Alg-Mg/SF and Alg-Mg hydrogels
demonstrated excellent contact-active antibacterial activity. The
outstanding antibacterial performance is attributed to the
controlled release of magnesium ions in the hydrogel, achieving
broad-spectrum antibacterial activity. In contrast, Alg and Alg/
SF hydrogels, lacking magnesium ions, showed limited anti-
bacterial capabilities.
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Developing a hydrogel with both excellent cell affinity and
outstanding antibacterial capabilities is a challenging task.
The unique properties of sodium alginate are particularly
noteworthy as a natural polysaccharide with excellent
biocompatibility.* In our previous studies, Alg-Mg/SF hydrogel
showed outstanding biocompatibility in the field of neural
tissue engineering. Importantly, after 3 days of co-cultivation
with various hydrogel groups in this study, L929 cells exhibi-
ted a survival rate as high as 95%. All hydrogel groups also
demonstrated good blood compatibility. This clearly indicates
that Alg-Mg/SF hydrogel not only maintains its excellent anti-
bacterial ability but also ensures superior biocompatibility
with cells.

In the field of wound healing and repair, the design of
biomaterials should not only focus on excellent antimicrobial
performance but also pay attention to the regulation of
inflammatory responses during wound healing. Excessive
inflammation responses may bring additional suffering to
patients. Magnesium ions have a significant impact on the
regulation of immune cells, prompting the immune system to
respond to external stimuli in a more balanced and harmonious
manner. This balance helps avoid excessive inflammatory
responses, reducing the risk of tissue damage. Similarly, the
Alg-Mg/SF hydrogel designed in our study can regulate macro-
phages to secrete more anti-inflammatory factors IL-10 and IL-
4. This suggests that Alg-Mg/SF hydrogel may help balance the
inflammation process at the wound site and contribute to
maintaining a stable wound microenvironment, ultimately
alleviating inflammation-induced tissue damage.

Conclusion

In summary, we have presented an antibacterial intertwined
Alg-Mg/SF hydrogel, achieving a synergistic combination of
effective antibacterial capability and outstanding cell affinity.
The metal coordination between bisphosphonates and magne-
sium ions in the hydrogel imparts long-lasting and effective
antibacterial properties. This not only avoids many issues
associated with antibiotic use, including high costs, short half-
life, bacterial resistance, and burst release but also provides
a new solution for balancing antibiotics. Moreover, the release
of magnesium ions can regulate macrophages to secrete
abundant IL-10 and TGF-B, inhibiting inflammation. This is
anticipated to contribute to tissue repair, remodeling, angio-
genesis, and maintaining homeostasis. In conclusion, this
study introduces a novel strategy for forming active antibacte-
rial hydrogels, offering promising support for future medical
treatments and tissue engineering research.
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