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Strontium-doped mesoporous bioglass
nanoparticles for enhanced wound healing with
rapid vascularizationt
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Tissue engineered skin and its substitutes have a promising future in wound healing. However, enabling
fast formation of blood vessels during the wound healing process is still a huge challenge to the
currently available wound substitutes. In this work, active mesoporous bioglass nanoparticles with a high
specific surface area and doped with strontium (Sr) were fabricated for rapid microvascularization and
wound healing. The as-prepared bioglass nanoparticles with Sr ions significantly promoted the
proliferation of fibroblasts and microvascularization of human umbilical vein endothelial cells in vitro. Silk
fibroin sponges encapsulating the nanoparticles accelerated wound healing by promoting the formation
of blood vessels and epithelium in vivo. This work provides a strategy for the design and development of
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1. Introduction

Wound healing is a complex process, which involves four stages:
hemostasis, inflammation, proliferation and remodeling."™ Apart
from proper management of inflammation, fast vascularization is
crucial to rapid and high-quality healing. Currently, the wound
dressing market is dominated by the conventional dressing
materials (e.g:, alginate foams, hydrogels, hydrocolloids and col-
lagen), which are mainly for extrudate and infection management,
with limited function for promoting tissue regeneration.’
Therefore, it is urgently needed to develop more effective dressing
materials that can promote rapid healing of wounds. To this end,
excellent biocompatibility, suitable microstructure and effective
cell inductivity of the materials are the key requirements.®™®
Furthermore, to facilitate wound healing, the materials should
be able to induce rapid angiogenesis, as sufficient blood vessels
are needed to effectively transport nutrients and oxygen, recruit
tissue cells, and metabolize tissue waste.”
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active biomaterials for enhancing wound healing by rapid vascularization and epithelial reconstruction.

Currently, the most effective factors for promoting angio-
genesis include vascular endothelial growth factor (VEGF),
epidermal growth factor (EGF), fibroblast growth factor (FGF),
and Arg-Glu-Asp-Val (REDV Peptide).> However, maintaining
the biological activity of these biological molecules is a big
challange, and suitable encapsulating materials are generally
needed to control their release into the wounds. Bioactive glass
(bioglass), originally developed and extensively used for bone
repair,’*™® has demonstrated a positive role in wound healing
in recent years."®” A multitude of research studies have
demonstrated that bioglass holds promise as a wound healing
promoter due to its remarkable potential to significantly
enhance and activate the cellular behaviors of inflammatory
cells, fibroblasts, and endothelial cells, as well as their intricate
interplay."”'® Human umbilical vein endothelial cells
(HUVECs) and fibroblasts are the main types of cells involved
in wound healing. Studies have demonstrated that bioglass
can regulate endothelial cell behavior, stimulate its mitotic
response, and promote angiogenesis to improve wound
healing.'® Bioglass has been shown to exert its wound healing
effects by facilitating cell contact and modulating the wound
microenvironment, which results in the regulation of various
wound factors and promotion of the expression of vascular
factors, including VEGF and FGF, etc. The release kinetics of
bioactive ions is controlled by the degradation of bioglass
which eliminates the necessity to use additional encapsulating
materials, and the activity of bioglass can be maintained in
long-term under ambient conditions, due to its inorganic
nature.'® Nevertheless, the traditional bioglass that basically

This journal is © The Royal Society of Chemistry 2023
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contains the elements of silicon (Si), calcium (Ca), sodium (Na)
and phosphor (P) are not sufficiently active to promote angiogen-
esis rapidly.® To enhance the bioactivity of bioglass, elements
doping, in particular copper (Cu) and magnesium (Mg), has been
generally used.”””> However, the toxicity of these elements, in
particular Cu, is a major concern. In addition, non-porous bio-
glass particles (micro-meter sized bioglass powders) have been
largely used.”*® Those particles with a low specific surface area
and hence a slow degradation rate are not optimal for the
regeneration of soft tissues, which takes a shorter time than hard
tissues. Apart from bioglass particles, bioactive ions, obtained
by dissolution of bioglass, have also been used for tissue
engineering.”” Nevertheless, some matrix materials such as hydro-
gels have to be designed to control the release of the ions.>®

Mesoporous bioglass materials have unique advantages in
biomechanics and biocompatibility, especially in various tissue
repair applications.>®*° Many studies have shown that regulat-
ing the chemical composition and microstructure of bioglass
could promote not only the growth of cells, but also the
regeneration of various tissues in particular hard tissues (e.g.,
bones).>'?* These recent developments have inspired the
design and development of new tissue engineering materials.
In this work, mesoporous bioglass nanoparticles with a multi-
channel pore structure and a large specific surface area (hence
faster degradation than non-porous bioglass powders) were
developed. The function of bioglass was further enhanced by
incorporation of bioactive strotium (Sr) ions. Sr has demon-
strated very positive effects on rapid vascularization and has
been generally used in engineering of hard tissues.'®**™’
Compared to other doping element such as Cu, Sr is more
biocompatible.**** The Sr-doped mesoporous bioglass nano-
particles demonstrated excellent biocompatibility and pre-
vascularization (tube formation) in vitro. A full-thickness circular
skin replacement model (rats) was used to examine the efficiency
of the bioglass nanoparticles for in vivo wound healing. The
nanoparticles were loaded into silk fibroin (SF) sponges, obtained
by freeze-drying of silk fibroin solution, as a wound dressing
material. The sponges were not crystallized so it degraded quickly
to release the bioglass particles into wounds. The use of this
dressing material was based on the excellent biocompatibility of
SF.****7 The bioglass nanoparticles released into the wounds were
then degraded/dissolved to release the bioactive ions. It was
observed that the Sr doping significantly improved the efficiency
of the bioglass nanoparticles for wound healing through rapid
vascularization and epithelial reconstruction.

2. Materials and methods
2.1. Materials

B. mori silk cocoons were purchased from Titan Technology
Co., Ltd (Shanghai, China). Cetyltrimethyl Ammonium Bro-
mide (CTAB, 99.0%), triethanolamine (TEA, 99.0%), CaNOj;
(98.0%), tetraethyl orthosilicate (TEOS, >99.0%), hexamethy-
lene (99.9%), triethyl phosphate (TEP, >99.8%) and SrNOj;
(98.0%) were purchased from Sigma-Aldrich.
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Cells (NIH-3T3 and human umbilical vein endothelial cells
(HUVECs)) were purchased from Shanghai Institute of Bio-
chemistry and Cell Biology (SIBCB, CAS, China). Dulbecco’s
modified Eagle’s medium (DMEM), fetal bovine serum (FBS),
and antibiotic-antibacterial medicine (penicillin/streptomycin)
were obtained from Hyclone Trading Co., Ltd (Shanghai,
China). Additionally, phosphate-buffered saline (PBS) and cell
counting kit (CCK-8) was obtained from Solarbio® Life Science
(Beijing, China). Matrigel was obtained from Corning Incorpo-
rated Co., Ltd (#356234, USA). For in vivo studies, the Sprague
Dawley (SD) rats (8 weeks old, 250 g) were purchased from
Chedun Animal Experimental Center in Shanghai.

2.2. Preparation of mesoporous bioglass nanoparticles

The mesoporous bioglass nanoparticles were prepared following
a reported method with modifications.®® 3.6 g of CTAB was
dissolved in deionized (DI) water (40 mL) in a flask. 0.1 mL of
TEA was used to adjust the pH of the solution to alkaline. After
stirring for 30 min, 0.6 g of CaNO; and TEP were added into the
flask and stirred for 1 h. In the meantime, 1 mL of TEOS was
dissolved into an appropriate volume of cyclohexane, and homo-
genized by magnetic stirring. The TEOS/cyclohexane mixture was
then added to the flask and reacted at 60 °C for 48 h. The
samples were then centrifuged at 12000 rpm, washed with
ethanol three times, and then freeze-dried. Then, the samples
were calcinated in a muffle furnace at 550 °C for 3 h (to remove
CTAB) to get target mesoporous bioglass (rMBG) nanoparticles.
To prepare Sr-doped rMBG (rMBG/Sr) nanoparticles, SINO; was
added to the mixture after TEP was added.

2.3. Preparation of porous SF-bioglass sponges

SF was extracted from B. mori silk cocoons following a reported
method.>**® Regenerated SF was obtained by degumming,
dialysis and freeze-drying. Briefly, B. mori silk cocoons were
boiled in a 0.5% Na,CO; solution for 30 min and washed with
deionized water to remove the sericin coating of the silk fibers.
This process was repeated three times. The resultant SF fibers
were dried overnight in an oven at 60 °C. Then, the fibers were
dissolved in 9.3 M LiBr solution for 4 h at 60 °C. The resultant
SF solution was dialyzed against deionized water for 3 days and
freeze-dried to obtain regenerated SF. After that, SF was dis-
solved in DI water to prepare a clear aqueous solution with a SF
concentration of 4%. 10 mL of the SF solution was then mixed
with 10 mL of rMBG or rMBG/Sr dispersions in DI water (particle
concentration 200 pg mL "), and the mixtures were freeze-dried
for 48 h to obtain sponges (SF/rMBG and SF/rMBG/Sr). Sponges
without rMBG or rMBG/Sr were also prepared as controls.

2.4. Characterization of mesoporous bioglass nanoparticles
and sponges

The morphology of bioglass nanoparticles were characterized
with transmission electron microscopy (TEM, JEM-2100F, JEOL,
Japan). The bioglass samples were diluted with ethanol to a
concentration of 5 pg mL~" and aliquots of the dispersions
were dropped onto copper grids, which were then placed at
room temperature to allow ethanol to evaporate before TEM
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characterization. The morphologies of SF sponges without
and with bioglass were characterized with a scanning electron
microscope (SEM, JSM-5600, JEOL, Japan). Furthermore, the
chemical compositions (C, N, O, Si, P, Ca, Sr) of the bioglass
nanoparticles were determined by energy dispersive spectro-
scopy (EDS), attached to a scanning electron microscope (S-
4800, Hitachi).

The mesoporous structure of bioglass nanoparticles was
characterized by a high-performance multi-channel automatic
specific surface and porosity analyzer (Tristar II 3020, Micro-
meritics, America). By analyzing the N, adsorption-desorption
curve of the bioglass nanoparticles, the specific surface area,
average pore size and size distribution of the nanoparticles
were calculated. The size distribution of the bioglass nano-
particles was characterized by a particle size & zeta potential
analyzer (Zetasizer NanoZS, Malvern, England).

2.5. Degradation properties of bioglass nanoparticles

Briefly, 100 mg of rMBG or rMBG/Sr was dispersed into a
phosphate buffer saline (PBS) solution (10 mL, pH = 7.4) in a
beaker which was sealed and placed in a shaker (100 rpm) at
37 °C. Aliquots of the mixtures were taken at different time
intervals, centrifuged, and freeze-dried to obtain the degrada-
tion products, which were then examined by TEM and SEM.

2.6. Invitro cell activity of bioglass nanoparticles

2.6.1. Effect of rMBG and rMBG/Sr concentration on cell
proliferation. The biocompatibility of bioglass nanoparticles to
NIH-3T3 cells was evaluated. The nanoparticles were dispersed
in a DMEM complete medium and filtered through a 0.45 pm
filter membrane for sterilization. To study the cytotoxicity of
the nanoparticles, dispersions of rMBG and rMBG/Sr in DMEM
at three concentrations, which were 50, 100 and 150 pug mL ",
were prepared. NIH-3T3 were cultured in 24-well plates with
1.5 x 10* cells per well. Cell viability was quantitatively eval-
uated by CCK-8 after 1, 3 and 5 days. After culture for 5 days, the
cells were stained with phalloidine (for F-actin) and DAPI (for
nuclei) and observed with an inverted fluorescence microscope
(CKX53, Olympus, Japan). The nuclear shape index (NSI) of
cells was measured by Image] and cell viability was evaluated.
In brief, NSI was the nuclear diameter ratio of cells. The closer
the NSI of a cell is to 1, the rounder it is, which represents the
lower cell activity.

2.6.2. Effect of rMBG and rMBG/Sr concentration on cell
migration activity. The cell migration activity at different con-
centrations of rMBG and rMBG/Sr was examined. NIH-3T3
cells were inoculated into 24-well cell culture plates at a density
of 5 x 10" per well and then cultured in an incubator at 37 °C
under a 5% CO, atmosphere. When cell density reached above
80%, scratches were made with a ruler and a spear tip. The
cell surface was then cleaned by the PBS buffer three times
to remove the deciduous cells. Subsequently, the cell culture
medium was replaced with a medium containing different
concentrations of bioglass nanoparticles and the cells
were cultured in the incubator at 37 °C. Quantitative statistical
analysis was conducted on migration distance, migration
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area and migration rate after incubation for 12 h by
Image]. The cell migration rate ((4p — A)/Ap x 100%) was
calculated from the initial scratch area (4,) and the area after
migration (A).

2.6.3. Effect of bioglass nanoparticles on HUVECS viability.
As 100 pg mL ™" of bioglass nanoparticles demonstrated superior
activity for proliferation and migration of NIH-3T3 cells, this
concentration was selected for further examination of the bio-
compatibility of the nanoparticles on the human umbilical vein
endothelial cells (HUVECS). Briefly, primary HUVECs were resus-
citated and added into 24-well cell culture plates at a density of
2 x 10" cells per well. Then, 500 pL, particle/DMEM mixed medium
(particle concentration 100 pg mL™ ") was added to each well, and
the culture plates were placed in the cell incubator. After 48 h and
72 h, the cells were fixed with 4% paraformaldehyde. Calcein and
propidium iodide (PI) were utilized to stain live and dead cells.

2.7. Tube formation assay

The influence of bioglass nanoparticles on the degree of vascu-
larization was tested by HUVECs tube formation assay.'®*'
Briefly, 48-well plates were pre-cultured with Matrigel (100 pL
per well) at 0 °C. The plates were kept in the incubator for
30 min. Then, HUVECs were seeded into plates at a density of
3 x 10" cells per well and co-cultured with the samples (control/
blank, rMBG and rMBG/Sr). After 8 h, the cells were stained with
calcein and observed with the inverted fluorescence microscope.
Tubular length and branch points were measured with Image].

2.8. Effect of bioglass nanoparticles on wound healing

A rat wound model was designed to evaluate the effect of
bioglass nanoparticles on wound healing. All animal operations
were approved by the Animal Ethics Committee of the Sixth
People’s Hospital affiliated to the School of Medicine, Shanghai
Jiao Tong University (Shanghai, China) (The ethics approval
number: SYXK2021-0028).

A full-thickness circular skin replacement model was
adopted in this work.*>*? Firstly, the rats were anesthetized
with isoflurane (5%) (inhalation) and their back hair was
shaved. A scalpel was used to create a circular skin wound
(d = 12 mm) on the dorsal side of each rat. Then, the artificial
wound surfaces were covered with gauze (control) or SF
sponges (pure silk, silk/rMBG and silk/rMBG/Sr). The wound
dressings were changed every two days. Photos of the wound
area were taken at 3, 7, 10, and 14 days, and the wound area
ratio (S/S, x 100%) was calculated as the percentage of the
healed wound area (S) relative to the original wound area (S,).

Tissue samples were taken on days 7 and 14 after transplan-
tation and fixed with 4% paraformaldehyde. The samples were
stained through hematoxylin eosin (HE), and Masson stain.
They were the commonly used histological staining techniques
in pathology and biomedical research.** Additionally, as col-
lagen I (Col I) is the main component of the skin, specific
staining of Col I was performed to evaluate the regeneration of
collagen during wound healing.*> For fluorescence staining,
CD31 (red) and o-SMA (green) were performed to evaluate
wound angiogenesis.” The numbers of new blood vessels on

This journal is © The Royal Society of Chemistry 2023
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7 and 14 days were calculated from the CD31/a-SMA staining
images using Image].

2.9. Statistical analysis

All the tests were performed in triplicates and the data were
expressed as mean + standard deviation. The significance of
differences was analyzed by one-way analysis of variance
(ANOVA). Difference with p < 0.05 was considered to be statis-
tically significant, * stands for p < 0.05, ** stands for p < 0.01,
and *** stands for p < 0.001.

3. Results and discussion

The primary goal of wound healing therapy is to make the
wound close quickly. The regeneration of capillary system is an
important factor in the rapid healing of skin tissue.’”***® The
regeneration of capillaries can improve the function of cells
under hypoxic condition and improve the feeding condition of
the whole traumatic tissue.***” Based on this, this study pre-
pared mesoporous bioglass particles with multi-channel pore
structure and rapid vascularization function, which could
recruit cells during the wound healing process, accelerate the
angiogenesis process and promote wound repair (Fig. 1).
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3.1. The surface properties of bioglass nanoparticles

The morphology of the rMBG was tuned by controlling the
reaction durations (24-72 h). Fig. 2A is a digital photo of rMBG
particle powder obtained after 48 h of reaction. The corres-
ponding micro/nano morphologies of the rtMBG and rMBG/Sr
are shown in Fig. 2B and C, respectively. Both the rMBG and
rMBG/Sr clearly show a radially dendritic structure and the
radial slit mesopores on their surface compared with those
prepared under other reaction conditions (i.e., 24 and 72 h, Fig.
S1, ESIt). They have an obvious radial and dendritic structure,
and with an extension of reaction time, the dendritic structure
was more branched, leading to formation of smaller pores. The
dendritic radiation morphology of rMBG-24 h and rMBG-48 h
was obvious, and the radial slit mesoporous structure on the
surface of the nanoparticles was clearly visible. The particles
were well dispersed with a uniform particle size distribution,
with most of the particles having a diameter of 200 and 270 nm,
respectively. With an increase of reaction time to 72 h, the
particles became larger (most particles were more than 300 nm)
and less uniform in diameter, the radial morphology of
the nanoparticles was less obvious and porous structure was
less discernible due to the high degree of branching. The
TEM image of both rMBG and rMBG/Sr demonstrates that

Radial mesoporous
bioglass (rMBG)

rMBG solution

Wound repair

Rapid vascularization

Fig. 1 A schematic diagram of wound healing using biofunctionalized mesoporous bioglass nanoparticles.
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Fig. 2 Characterization of bioglass nanoparticles. (A) A photo of rMBG powders; (B) and (C) TEM morphologies of rMBG and rMBG/Sr, respectively;
(D) EDS mapping of rMBG/Sr; (E) N, absorption—desorption isotherms, (F) pore diameter distribution and (G) particles size distribution of rMBG and rMBG/

Sr, respectively.

the addition of Sr did not change the morphology (branching
density and particle size) of rMBG significantly.

EDS analysis shows that rMBG contains six elements, which
are C, N, O, Ca, P and Si (Fig. S2, ESIT). Apart from these six
elements, the presence of Sr in rMBG was demonstrated
(Fig. 2D, the elements of C, N, and P in rMBG/Sr are shown
in Fig. S3, ESIY), suggesting that Sr was successfully doped into
rMBG. According to previous research, Sr could promote the
formation of vascular networks by enhancing the expression of
a variety of vascularized genes, which was very important for
accelerating tissue repair.**>° Fig. 2E-G shows the mesoporous
structure and size distribution of rMBG and rMBG/Sr nano-
particles. Both the N, adsorption and desorption curves of
rMBG and rMBG/Sr (Fig. 2E) belong to type IV isotherms and
have type H3 hysteresis rings, indicating that they both have a
narrow mesoporous structure, which is consistent with the
morphology shown in the TEM images (Fig. 2B and C). Calcu-
lated from the N, adsorption and desorption curves, rMBG/Sr
has a specific surface area of 692 m> ¢~ ' and an average pore
size of 17.14 nm while traditional meso-porous silicon has only
about 400 m® g~ *.>»*? The rMBG/Sr had no significant difference
in specific surface area compared with the rMBG (713 m* g™ ).
However, the pore size of the rMBG/Sr (17.14 nm) had a
significant increase compared with the rMBG (9.76 nm). The

7368 | J Mater. Chem. B, 2023, 1, 7364-7377

sizes of rMBG and rMBG/Sr nanoparticles are quite homoge-
neous, as shown by their narrow size distributions, with an
average particle size of 270 and 290 nm, respectively. Addition-
ally, Fig. S4A (ESIt) exhibited the morphology of SF sponges
without and with bioglass nanoparticles. Obviously, the pore
structure of SF sponge without the loading of nanoparticles was
random. With the addition of rMBG and rMBG/Sr, the sponges
show lamellar stacking, and the nanostructure is more regular
than that of pure SF sponge. EDS analysis further proved
that rMBG/Sr was loaded in SF/TMBG/Sr sponges successfully
(Fig. S4B, ESIY).

3.2. The degradation properties of bioglass nanoparticles

Bioglass can be biodegraded to release ions in the in vivo
environment by a series of chemical reactions with body fluids,
which can promote the repair process of defect tissue.>*>*
Therefore, the degradation speed of bioglass can affect its
bioactivity. Fig. 3 shows morphological characteristics of the
samples after being incubated in PBS buffer at 37 °C for
different periods of time. Before degradation, the morphologies
of rMBG and rMBG/Sr nanoparticles were uniform, and their
boundaries were clear. After being incubated for 3 days, the
boundaries of rMBG and rMBG/Sr nanoparticles began to blur
and the microstructure of the nanoparticles became fluffier

This journal is © The Royal Society of Chemistry 2023
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(Fig. 3A). After 7 days, the morphological changes were more
obvious, and the dendritic structure started to collapse. After
14 days, the profiles of the nanoparticles were completely lost
and they clumped together.

As shown in Fig. 3B, the SEM results were consistent with
the TEM results. Both rMBG and rMBG/Sr showed a regular
spherical shape, and their profiles were very clear before
degradation. However, the size of the nanoparticles was smaller
after 3 days of incubation, indicating that some nanoparticles
were degraded. After 7 days, the surface patterns of the nano-
particles began to collapse and decompose, leading to a fluffier
nanostructure. Most rMBG/Sr were degraded after 14 days, and
only a small number of nanoparticles remained their morphology.
The results proved that the bioglass nanoparticles prepared in this
study were degradable. When used for the repair of damaged
tissues in vivo, the bioglass particles can be degraded to release
bioactive ions that promote the growth of cells and tissues.

3.3. Influence of bioglass nanoparticles on in vitro cell viability

Many studies have shown that the ions released from bioactive
glass can stimulate cell growth and the expression of related
factors, and thus promote the regeneration of tissues.>** In this
study, the in vitro biological activity of the as-synthesized bio-
glass nanoparticles was evaluated. Here, three concentrations,

Original
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ie., 50, 100 and 150 pg mL ™', of rtMBG were used and were
denoted as rMBG-50, rMBG-100 and rMBG-150, respectively.
Fig. 4A shows the cell morphology with different concentra-
tions of rMBG after 5 days of culture. The rMBG enhanced the
cell activity and most of the cells presented obvious pseudopodia
even at a low rMBG concentration (50 pg mL ™" or 100 pg mL ™).
Furthermore, the cells cultured with rMBG (50 and 100 ug mL ™)
well-spread, bridged and interacted with each other, while
compared with the blank group (without nanoparticles).
However, when the concentration of the rMBG was increased
to 150 ug mL ™", some cells presented round profiles with less
pseudopodia compared to those at lower concentrations (50 or
100 pg mL "), suggesting that rMBG-150 was not favorable to cell
growth. Fig. 4B gives the cell viability at 1, 3 and 5 days. When
different concentrations of the rMBG were co-cultured with cells,
significant difference was not observed in cell viability at the
initial stage (day 1). One day 5, the cell viability, particularly with
the rMBG-150, was significantly lower than those with lower
concentrations of the rMBG and the control. This indicates that
the rapid accumulation of a larger amount of ions released by
bioglass might not be beneficial to cell growth. The results were
further confirmed by the NSI analysis of cells, which was done
through the fluorescence images of cells on day 5 (Fig. 4C). The
lower the NSI value, the more fusiform or polygonal cells tend to

>

rMBG

rMBG/Sr

rMBG @

rMBG/Sr

W31

W3S

Fig. 3 Morphological characterization of rMBG and rMBG/Sr after degradation for 3, 7 and 14 days. (A) TEM images. (B) SEM images.
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Fig. 4 Proliferation of cells co-cultured with rMBG at different concentrations. (A) Immunofluorescent staining of NIH-3T3 after cultured for 5 days;
(B) the viability of NIH-3T3 cells in the medium supplemented with different concentrations of rMBG; (C) nuclear shape index (NSI); (D) images of cell
migration with bioglass nanoparticles at different concentrations; (E) migration distance, (F) migration area and (G) migration rate. * p < 0.05.

be, indicating the higher cell viability. The results revealed that
the NSI of cells incubated with the rMBG-150 was much higher
than those of cells incubated with the rMBG at lower concentra-
tions. Based on these results, 50 pg mL ™' and 100 pg mL ™" of the
rMBG were used in the migration studies.

Fig. 4D-G shows the migration activity of NIH-3T3 after
different culture times. Compared with the control group
(without bioglass), the blank areas of the culture plates with
the rMBG or rMBG/Sr were significantly reduced, confirming
they promoted cells to grow into the blank area. Fig. 4D showed
that the cells with bioglass, either rMBG or rMBG/Sr, at a
concentration of 100 pg mL~" had higher migration activity than
cells with the bioglass at a lower concentration (50 pug mL™%).
Compared with the undoped rMBG, Sr doping significantly
improved the migration activity, with the rMBG/Sr-100 group
showing the smallest blank area after 12 h of culture. Fig. 4E-G
summarizes the migration distance, migration area and migrate

7370 | J Mater. Chem. B, 2023, 11, 7364-7377

rate, respectively. Fig. 4E demonstrated that the migration dis-
tance of cells with rMBG-50 and rMBG-100 was about 2 mm. The
migration distance was significantly larger when the bioglass
nanoparticles were doped with Sr, and it reached 7.5 mm when
the rMBG/Sr concentration was 100 pg mL~". The migration area
(Fig. 4F) and migration rate (Fig. 4G) of cells with rMBG/Sr were
larger than those incubated with rMBG. The results confirmed
that the introduction of Sr could significantly improve the
activity of bioglass, which would enable it to recruit cells in
the process of tissue repair, and provide a microenvironment
more suitable for cell growth.

According to the cell proliferation activity, rMBG led to
better cell viability at a concentration of 100 ug mL™*, and
thus, this concentration was selected for further in vitro evalua-
tion of the effects of Sr. As shown in Fig. 5A, the rMBG or rMBG/
Sr was co-cultured with NIH-3T3 cells to evaluate their influ-
ence on the cellular behavior. Cells with rMBG displayed the
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similar pseudopodia and cell morphology to the control,
while cells with rMBG/Sr were agglomerated and multiple
cytoskeletons overlapped with each other. This may be
explained by the fact that the release of Sr could promote the
expression of cell-related genes and thus enhance intercellular
connectivity, paracrine and other interactions, leading to
fast growth and proliferation of cells.”>*® Cluster growth is
beneficial to cell proliferation and function recovery.”” The
observations indicated that doping of Sr enhanced the bioac-
tivity of the rMBG.

Fluorescence staining was used to evaluate further the
influence of Sr on the viability of HUVECs (one of the most
important cell lines in wound repair), with the concentration of
rMBG and rMBG/Sr being fixed at 100 ug mL~* (Fig. 5B and
C).%® Cell live/dead staining results demonstrated that the cells
in control, rMBG and rMBG/Sr groups maintained high viability
after 3 days of culture, demonstrating the excellent cytocompat-
ibility of the rMBG and rMBG/Sr. Further, a large number of cell
pseudopodia were observed in the rMBG and rMBG/Sr groups,
which were not seen clearly in the control group after 2 and 3
days of culture, as shown in the fluorescence images (Fig. 5C).
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Quantitative statistical analysis of pseudopodia of NIH-3T3
and HUVECs are shown in Fig. 5D and E, respectively. It is well
known that pseudopodia are very important for the change of
cell polarity, improvement of cell growth, and division ability.*®
Generally, a high number and better morphology of pseudo-
pods is an indicator of the higher viability of a cell.® According
to the statistical results, the number of pseudopods of cells
cultured with rMBG/Sr was much bigger than those of the
control group and the cells with rMBG, and the NSI of cells
with the rMBG/Sr was lower. These results indicated that cells
with the rMBG/Sr group had better morphology and higher
viability. To further verify the effect of Sr on cell growth and
behavior, the extension direction and length of pseudopodia of
HUVECs were calculated at different time points (Fig. 5F). The
results showed that the length of cell pseudopodia increased
with a longer culture time. At the initial stage of culture, the
pseudopodia of the three groups tended to grow in the same
direction, rather than extending uniformly in all directions.
However, with an increase in the culture time, cell pseudopodia
spread more evenly in both rMBG and rMBG/Sr groups.
This indicated that rMBG and rMBG/Sr could promote cell
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Fig. 5 Morphology of NIH-3T3 cells and HUVECs co-cultured with rMBG and rMBG/Sr. (A) Fluorescence images of NIH-3T3 co-cultured for 12 h with
rMBG or rMBG/Sr, all the scale bars represent 100 um; (B) live/dead cell staining of HUVECs after culture for 3 days, all the scale bars represent 200 um;
(C) fluorescence images of HUVECs co-cultured for 48 h and 72 h, all the scale bars represent 50 pm; (D) number of cellular pseudopod and NSI of
NIH-3T3 co-culture with control, rMBG and rMBG/Sr; (E) number of cellular pseudopod of HUVECs; (F) The extension direction and length of
pseudopodia of HUVECs co-culture with control, rMBG and rMBG/Sr. * p < 0.05, ** p < 0.01.
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spreading and be more conducive to cell growth through cell
endocytosis effect (Fig. S5, ESI1).°>%"

3.4. Tube formation in vitro

It is very important to promote the microvascularization for
essential nutrient supply for fast wound healing. Tube formation
assay (Fig. 6) reflects the early process of microvascular for-
mation and is a primary indicator of endothelial cell function
invitro.°>® Fig. 6A shows that, compared with the control group,
the rMBG and rMBG/Sr groups showed more tube-like struc-
tures, where cells formed a network with an increase in the
culture time. Notably, many tube-like structures were clearly
observed in the rMBG/Sr group after only 2 h of culture. After
8 h of culture, the networks of tube-like structures were observed
clearly, especially in the rMBG/Sr group (Fig. 6B). The results
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o
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demonstrated that Sr promoted the HUVEC microvasculariza-
tion, which is very important for the healing of wounds.

The quantitative statistics of tube formation further con-
firmed the observations above (Fig. 6C-E). The tube area and
tube length of both bioglass groups, in particular the rMBG/Sr
group, were larger compared with the control group. The area
of tube formation in the rMBG/Sr group was around 93% after
8 h of culture. Notably, cells with the rMBG/Sr showed more
branch sites of tubes, suggesting that the rMBG/Sr might
provide more active sites to promote endothelial cell recruit-
ment during the wound repair process in vivo.

3.5. In vivo wound healing assay

With the potential for promoting in vitro microvascularization
demonstrated above, the ability of the bioglass nanoparticles to
promote wound healing was examined using a full-thickness
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Fig. 6 Effect of bioglass on tube formation of HUVECs. (A) Images of tube formation of cells with different culture time; (B) immunofluorescent staining
of HUVECs tube formation after culturing for 8 h; (C) quantitative analysis of tube formation area; (D) quantitative analysis of HUVECs tube length and

(E) number of branch sites. * p < 0.05, ** p < 0.01, ***p < 0.001.
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skin defect model, where the bioglass nanoparticles was loaded
into SF porous sponges for preparation of wound dressings.
The healing process of wounds within 14 days was shown in
Fig. 7. The wound area of each group gradually decreased over
time, and the SF/rMBG/Sr had the smallest wound area with
thinnest scab on days 3, 7, 10 and 14, indicating the fastest
healing rate (Fig. 7A and C). With the rapid degradation of SF
sponge, bioglass nanoparticles were released into the wounds
to accelerate the healing process. On day 14, the ratio of
unclosed wound area was less than 5% in the SF/rMBG/Sr
group, and there was no significant difference between the
regenerated skin on the wound and the surrounding skin
(Fig. 7A, C and Fig. S6, ESIt). In contrast, the SF/TMBG group
showed a smaller unhealed wound area on days 7, 10 and 14,
compared to the control and SF groups. These results demon-
strated the important role of loaded rMBG in promoting wound
healing, and the introduction of Sr into the rMBG could
significantly accelerate the healing process.

Wound healing consists of multiple stages including hemo-
stasis, inflammation, proliferation and remodeling.®* %
Hematoxylin and eosin (HE) staining, one of the most widely
used histological techniques, was utilized in this study to
observe wound repair and evaluate the ability of the bioglass
nanoparticles to promote tissue regeneration (Fig. 7B). On day
7, there were a large number of inflammatory cells (indicated by
the dark purple color) and thick layers of fibroblasts in the
control and SF groups. It is noteworthy that there was no
obvious inflammatory cell infiltration in both SF/rMBG and
SF/rMBG/Sr groups, indicating that they had transitioned from
the inflammatory stage to the proliferation stage and the cuticle
began to form. On day 14, the wounds in all groups had scab
healed and the upper cortex tended to be complete. For the SF/

B
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rMBG/Sr group, the regenerated epithelium of the wound site
was more regular than those of the other groups, and the
regeneration rate of defect epithelium was up to around
100% (Fig. 7B). In addition, the epithelium thickness of SF/
rMBG/Sr was similar with an autogenous tissue (Fig. S6, ESIT),
further confirming the effective repair of wounds. Fig. 7C and D
show the proportion of the wound area and the regenerated
wound epithelium at different times. The results in Fig. 7
demonstrated that the SF/rMBG/Sr enabled the fastest repair
and the best epidermis regeneration at different time points,
and thus, have a great potential for wound healing application.
This could be attributed to the bioactive ions, in particular Sr**
released from the biodegraded bioglass.

The formation and arrangement of collagen are crucial to
wound repair.”® The collagen of regenerated tissues in the
wound sites was evaluated by Masson and immunohistochem-
ical staining in this study, where collagen was stained in blue
(Fig. 8). As shown in Fig. 8A and B, the deposition of collagen
was observed in the SF/rMBG/Sr group while it was not clear in
the other groups on day 7. After 14 days, the deposition of
collagen was clearly shown in all groups, whereas more typically
packed collagen fibers with ordered arrangement were pre-
sented in the SF/rMBG/Sr group. Quantitative statistics also
showed that an increase in the collagen volume fraction (CVF)
with incorporation of bioglass, and the SF/rMBG/Sr group
presented the highest CVF, significantly different from the
other groups. As the most important collagen type in skin,
Col I is the main structural protein of skin tissue, accounting
for more than 80% of the total collagen. The deposition of Col I
is an important indicator of the wound repair process.®®¢”
Fig. 8C and D showed the immunohistochemical staining
results and qunatitative statistics of Col I, respectively. Clearly,
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Fig. 8 Collagen staining of tissues for epithelialization analysis. (A) Masson’s trichrome staining of the untreated defects (control) and the defects treated
with SF, SF/rMBG and SF/rMBG/Sr at 7 and 14 days, the images on each row are on the same scale. (B) Quantitative statistics of collagen volume fraction
(CVF) at day 7 and 14. (C) Immumohistochemical staining (Col I) of the untreated defects (control) and the defects treated with SF, SF/rMBG and SF/rMBG/
Sr at 7 and 14 days, the images on each row are on the same scale. (D) Quantitative statistics of Col | at day 7 and 14. * p < 0.05, ** p < 0.0L.

the collagen content increased with time, and the Col I arrange-
ment in the SF/rTMBG/Sr group was similar to that of autologous
tissues after 14 days (Fig. S7, ESIT), which proved that Sr had a
positive effect on tissue repair.

Vascularization is an important process of wound repair,
and promoting rapid vascularization plays a crucial role in
wound healing.®® In this study, the formation of vascularization
marker CD31/a-SMA was observed by fluorescence staining
to evaluate the effect of the rMBG/Sr on angiogenesis (Fig. 9).
At the early stage of remodeling, granulation tissue and epidermal
cells will appear hyperplasia and transition with the degradation
of rMBG/Sr, and the number of capillaries in the damaged tissue
will increase rapidly.”'® Fig. 9A shows the new capillaries of
regenerated tissue in the wound site on days 7 and 14. The growth
of new blood vessels in the SF/rMBG/Sr group was the most dense
compared with other groups. In addition, the size of blood vessels
increased significantly on day 14 compared with that on day 7,
and the morphology of blood vessels was more prominent. These
differences are likely due to the release of a large amount of VEGF
from inflammatory cells in the early stage of wound healing,
which accelerated the division and proliferation of endothelial

7374 | J. Mater. Chem. B, 2023, 1, 7364-7377

cells and forms lumen. As a result, the degree of hypoxia in the
wound tissue would be relieved with capillary angiogenesis,
and endothelial cells would reconnect and reshape the new
blood vessels.

After 14 days, apart from the gauze control group, the number
of blood vessels in other groups was significantly reduced com-
pared with that of on day 7 (Fig. 9B and C). This is probably
because the rapid vascularization process during the proliferative
period had been completed. The wound healing entered the
remodeling stage after 7 days, and the number of blood vessels
gradually stabilized during this process. Moreover, the vascular
morphology of the SF/rMBG/Sr group was more like that of
autologous normal tissue (Fig. 9B), which proved the ability of
Sr to promote angiogenesis.

4. Conclusions

This work explored the potential of a new type of functional
mesoporous bioglass nanoparticles for wound healing applica-
tions. The morphology and physicochemical properties of
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Fig. 9 Immunofluorescence staining of tissue for angiogenesis analysis. (A) Immunofluorescence staining for CD31/a-SMA after implantation on day 7
and 14. (B) Immunofluorescence staining of normal tissue. (C) Quantitative statistics of vessel area and number after implantation on day 7 and 14. The
yellow arrows point to the micro blood vessel. * p < 0.05, ** p < 0.01, ***p < 0.001.

mesoporous bioglass nanoparticles were manipulated by
controlling the reaction conditions. In vitro cell studies demon-
strated that a low concentration of the bioglass nanoparticles
could promote cell growth, while Sr doping further improved
the biological activity of the nanoparticles. Silk fibroin sponge
carrying the bioglass nanoparticles, especially those doped with
Sr, significantly promoted the deposition of collagen, regenera-
tion of blood vessels and epithelial reconstruction, and thus,
accelerated the healing of wounds. This work provides a
strategy for the design and development of functional bioactive
dressings for wound healing.
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