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Traditional bone tissue engineering techniques require the extraction and proliferation of seed cells,
followed by prolonged in vitro culture to form bone tissue constructs. In contrast, in situ mineralization
bone tissue engineering utilizes alkaline phosphatase within the body's microenvironment to induce
scaffold mineralization. This approach promotes further proliferation and differentiation of osteoblasts
and the formation of bone tissue constructs, thereby simplifying the traditional bone tissue engineering
process. This study uses electrospinning technology to prepare a novel biologically active scaffold for
bone tissue engineering using poly(lactic-co-glycolic acid) (PLGA) and calcium glycerophosphate. The
morphology and composition of the scaffolds were characterized using SEM, EDS, and XRD, revealing
well-defined fibrous structures and the successful incorporation of calcium glycerophosphate into the
PLGA fibers. In vitro simulation of the bone microenvironment using alkaline phosphatase effectively
catalyzed the in situ mineralization of calcium glycerophosphate within the scaffold. SEM observations
showed substantial mineral aggregation on the surface of the fibrous membranes, and XRD
characterization confirmed that the diffraction peaks of the minerals correspond to hydroxyapatite. The
cytotoxicity, cell proliferation, and osteogenic differentiation assessments on MC3T3-E1 pre-osteoblasts
cultured on the prepared scaffolds indicate that the scaffolds are non-toxic to cells and possess good
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1 Introduction

The skeletal system is crucial in supporting and protecting the
human body." Accidents, diseases, tumors, and other causes
can all lead to bone defects, and treating this problem still
presents significant challenges. Bones can regenerate and
repair themselves to a certain extent. Still, large areas of bone
defects cannot heal on their own,** and require external inter-
vention and assistance to promote bone regeneration in the
affected area.* Clinical methods used for bone tissue regener-
ation include autografts, allografts, demineralized allografts,
and artificial bone substitutes.> Autografts are currently
considered the gold standard for treating bone defect
diseases.”” But autologous bone transplantation is derived
from the patients themselves, and the source is limited. Xeno-
graft bone transplantation can reduce unnecessary trauma for
patients and does not carry the risks of immune rejection or
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broad prospects for application in bone defect repair.

disease transmission. However, xenograft materials, such as
deproteinized bovine bone matrix, often lack osteoinductive
and osteogenic properties.®

In recent years, tissue engineering has provided a new
approach to treating bone defects.** Tissue engineering
approaches involve pre-fabricating scaffolds, which are then
seeded with cells and growth factors. After a period of in vitro
cultivation, these constructs are transplanted in vivo to accel-
erate bone regeneration at defect sites.">™**

The preparation of tissue engineering scaffolds mainly
involves technologies such as electrospinning, 3D printing, and
the sol-gel method. Electrospinning is a commonly employed
method for fabricating nanofibrous scaffolds for tissue engi-
neering. This technique utilizes electrostatic forces to draw
polymer solutions into fibers, which are subsequently collected
to form the desired fibrous membrane scaffolds.*>* This tech-
nique offers the advantage of controlling fiber diameter,
morphology, and surface characteristics, resulting in fibrous
scaffolds with excellent porosity and structural features. These
properties facilitate cell adhesion, proliferation, and tissue
regeneration.''

In tissue engineering for bone defect repair, cells need to be
cultured in vitro and then implanted into the body for bone
regeneration, which requires a more extended period. In
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addition, there are many uncertainties in the in vitro culture of
seed cells, all of which limit the clinical translation of bone
tissue-engineered scaffolds.*

The in situ mineralization method, which has recently
attracted considerable attention as a bone repair technique, has
generated widespread interest due to its unique mechanism
and potential advantages. Zhang et al.*® developed an in situ
mineralized composite hydrogel, utilizing endogenous bone
alkaline phosphatase to catalyze the in situ conversion of
calcium glycerophosphate and calcium carbonate incorporated
within the hydrogel into hydroxyapatite nanocrystals. This
composite hydrogel exhibits excellent biocompatibility and can
be utilized for tooth restoration as well as the regeneration of
complex tissues. Liu et al.** proposed an in situ mineralized
PLGA/PSBMA hydrogel composite scaffold capable of efficiently
releasing rhBMP-2. Their research demonstrated that this
scaffold effectively facilitated the robust healing of critical-sized
non-condylar bone defects in rats. Additionally, researchers
have investigated an osteoinductive hybrid hydrogel membrane
for in situ bone regeneration in hyperglycemic patients. This
study involved incorporating a biomineralized calcium source
onto the surface of the hybrid hydrogel, creating an osteoin-
ductive microenvironment through the release of calcium ions.
The results demonstrated that this membrane stimulated
angiogenesis in a diabetic model and accelerated the effective
repair of bone defect areas.?

The in situ mineralization method primarily simulates the
natural bone mineralization process, aiming to fully utilize the
physiological processes within the body and induce minerali-
zation at the site of injury to promote the growth and repair of
bone tissue, thereby reducing the need for external interven-
tion.*® This method not only reduces the patient’s pain but also
has the potential to shorten the recovery time and reduce the
need for surgery and other exogenous treatments.> This
method has many potential advantages, such as not requiring
cell culture in vitro and directly implanting the prepared scaf-
fold into the body. It utilizes the components of the in vivo
microenvironment to induce bone cell growth, which can
reduce unnecessary risks and provide a more innovative and
effective option for bone tissue repair.

In summary, this study proposed an in situ mineralized,
highly biocompatible bone tissue engineering scaffold. This
scaffold utilizes bone-alkaline phosphatase in the in vivo
microenvironment to catalyze the in situ mineralization of
calcium sources within the bone tissue engineering scaffold. It
achieves degradation and in situ mineralization of the scaffold
while constructing an environment conducive to the growth of
osteoblasts with high mechanical strength and similar micro-
structures as bone tissue, promoting bone induction and
conduction.

2 Materials and methods
2.1 Materials

Polylactic acid—glycolic acid copolymer (PLGA 75:25, Jinan
Daisan Biological Engineering Co., Ltd); hexafluoroisopropanol
(HIFP, 99.5%, Aladdin); calcium glycerophosphate (CaG, 98%,
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Shanghai Yuanphen Biotechnology Co., Ltd); glycerin (ACS,
=99.5%, Aladdin); alkaline phosphatase (ALP, activity > 1000 p
mg ', bovine intestinal, Shanghai Yuanphen Biotechnology
Co., Ltd); Phosphate Buffered Saline (PBS, 0.2 mol L', pH 9.0,
Shanghai Yuanphen Biotechnology Co., Ltd).

2.2 Scaffold fabrication

2.2.1 Preparation of electrospinning solution. 0.8 g of
PLGA was added to 9.2 g of HIFP, and the mixture was
magnetically stirred at room temperature for 30 minutes until
complete dissolution of PLGA occurred. The resulting solution,
with a mass/volume ratio of 8% for PLGA, was designated as
PLGA-8.

Then, the CaG powder was added to glycerin, heated, and
stirred at 90 °C until the solution was dissolved entirely and
became transparent, resulting in a series of CaG solutions with
varying concentrations. One of the roles of glycerol is to
promote the dissolution of calcium glycerophosphate, enabling
its even distribution in the spinning precursor solution.

A specific volume of PLGA-8 solution was mixed and stirred
with CaG solution to generate a series of PLGA/CaG composite
solutions. The final composite solutions contained CaG addi-
tions of 0 wt%, 7.2 wt%, 15.8 wt%, 20.1 wt%, 23.8 wt% and
27.3 wt% (the mass percentage of CaG in the composite solu-
tion). The sample with a CaG addition of 0 was prepared as the
control group for subsequent cell experiments.

2.2.2 Electrospinning. This study used electrospinning
technology to prepare PLGA bone tissue engineering scaffolds.
The electrospinning equipment comprises a high-voltage power
supply, a collector, and an injection pump. The needle is con-
nected to the positive pole of the high-voltage power supply,
while the negative pole is connected to the collector to create
a high-voltage electric field. Electrospinning takes place in an
enclosed environment.>

The PLGA/CaG mixed solution was first stirred in the vortex
again. Then, the prepared electrospinning solution was drawn
into a 10 mL disposable syringe with a needle diameter of 0.8
mm. The syringe was left to stand for 5 minutes and lightly
tapped to expel bubbles in the tube. After that, electrospinning
was performed under a series of constant parameters: flow rate
at 1 mL h™", adjusting the distance between the needle tip and
the collector, controlling the voltage, and performing at room
temperature. Using aluminum foil as a collector, the collected
fiber membrane is vacuum-dried for at least 24 hours to remove
residual solvents. For subsequent characterization and analysis,
the fibrous membranes were prepared from PLGA/CaG
composite solutions with CaG concentrations of 0 wt%,
7.2 wt%, 15.8 wWt%, 20.1 wt%, 23.8 wt%, and 27.3 wt% were
respectively designated as PLGA/CaG-0, PLGA/CaG-7.2, PLGA/
CaG-15.8, PLGA/CaG-20.1, PLGA/CaG-23.8, and PLGA/CaG-27.3.

2.3 Characterization of the scaffolds

2.3.1 Scanning electron microscope (SEM) and energy-
dispersive X-ray spectroscopy (EDS). The morphology of the
samples was observed using a field emission scanning electron
microscope (FE-SEM, TESCAN MIRA LMS) with an accelerating
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voltage of 15 kV and a working distance of 10.2 mm. Cut the
fiber membrane into 1 cm x 1 cm pieces, attach them directly
to the conductive adhesive on the metal sample holder, and
then spray them with gold for observation. Scan the sample
while conducting elemental spectroscopic analysis (EDS) on it.

2.3.2 X-ray diffraction (XRD). The phases of the fiber scaf-
fold were studied using the Rigaku/SmartLab SE diffractometer
and a Cu radiation source by XRD. The scanning range of the
2theta angle is from 5 to 90°, and the scanning speed is 10° per
minute. The peak identification of crystal phases refers to the
International Center for Diffraction Data (ICDD).

2.4 Invitro degradation

To evaluate the in vitro degradation of the PLGA/CaG-23.8 fiber
scaffold, it was immersed in a phosphate-buffered saline (PBS)
solution at 37 °C and pH 7.4. Place the fiber scaffold in
a vacuum-drying oven and dry it to a constant weight. Record
the initial mass as m,. These pieces were placed in a 24-well
plate containing PBS, replacing the solution every 5 days. After
7, 14, and 21 days of immersion, the samples were removed,
rinsed three times with deionized water, dried, and weighed to
obtain the final mass m;. The mass loss rate was calculated
using the formula: mass loss rate = (my, — m,)/my x 100%.2°

2.5 In vitro simulation of in situ mineralization

2.5.1 Preparation of ALP solution. Prepare (0.1 mol L™ ", pH
9.0) PBS phosphate buffer solution. According to the method of
Chen et al.,”” 2 mg of ALP was dissolved in 10 mL of PBS buffer
solution and gently shaken to dissolve the ALP in the buffer
solution completely. The prepared enzyme solution was sealed
and stored in the refrigerator and should be used within 3
hours.

2.5.2 In situ mineralization. In vitro simulation of in situ
mineralization was conducted using PLGA/CaG-23.8 fiber
membranes. The experiment will be conducted on a 24-well
plate. First, the 24-well plate was cleaned three times with a PBS
buffer solution (0.1 mol L™, pH 9.0). The PLGA/CaG-23.8 fiber
membrane was cut into pieces measuring 1 cm x 1 cm and
placed in the 24-well plate. The fiber membrane was washed
three times with the buffer solution to remove any residual
solvent. In a 24-well plate containing a fiber membrane, 2 mL of
enzyme solution was added, and the plate was placed in an
incubator at 37 °C for 1 d, 3 d, 5 d, and 7 d. The membrane was
washed with PBS buffer solution three times and dried in
a drying oven for 12 hours. Subsequently, the mineralized fiber
membrane was labeled A-1, A-3, A-5, and A-7, respectively, and
stored at room temperature for subsequent characterization
and in vitro cell experiments.

2.6 Mechanical properties

In a room-temperature environment, the compressive
mechanical properties of the mineralized fiber scaffolds were
characterized at a compression rate of 0.5 mm min ' with
a mechanical load of 100 N. Mechanical tests were performed
on PLGA/CaG-23.8 scaffolds mineralized for 3 and 7 days. All

samples were cut into rectangular specimens measuring 6 mm
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x 5 mm x 4 mm, with three parallel groups for each scaffold

type.

2.7 Evaluation of biocompatibility

We used MC3T3-E1 mouse embryonic osteoblasts to evaluate
the fiber scaffold's cytotoxicity, adhesion, and proliferation
properties. Prepare DMEM high-glucose culture medium (10%
fetal bovine serum and 1% penicillin-streptomycin solution),
revive MC3T3-E1 cells (mouse embryonic osteoblast progenitor
cells), and culture them in a 37 °C incubator with 95% relative
humidity and 5% CO, for subculture. The experiment had four
groups: the PLGA/CaG-23.8 group, the PLGA-8 group, the
control group, and the blank medium group. PLGA/CaG-23.8
and PLGA-8 fiber membranes were punched into 6 mm diam-
eter discs using a punch and then sterilized with UV light for 2
hours. They were placed in 96-well plates as the PLGA/CaG-23.8
group and the PLGA-8 group. Take a certain amount of cell
suspension and adjust the cell concentration to 8 x 10 cells per
mL. Add 100 pL of the cell suspension to each group of PLGA/
CaG-23.8, PLGA-8, and the control group. Add an equal
volume of cell complete culture medium to the blank medium
group. Place all samples in the incubator.

2.7.1 Cell toxicity test. After 48 hours of culture for each
group, cytotoxicity was assessed using the Cell Counting Kit-8
(CCK-8) assay. The optical density (OD) of the samples was
measured at 450 nm using a microplate reader. Each experi-
ment was repeated three times. The toxicity of the material was
evaluated based on the relative growth rate (RGT) of the cells.?®
The calculation formula is RGT = [A(experimental) — A(blank
medium)]/[A(control) — A(blank medium)] x 100. The classifi-
cation of cytotoxicity is shown in Table 1.

2.7.2 Cell proliferation and adhesion properties. Each
group was cultured for 1 d, 7 d, and 14 d separately. After the
culture was completed, the original culture medium was aspi-
rated, and the cells were washed with sterile PBS three times.
Each well was added with 100 pL of 4% paraformaldehyde to fix
the cells, and the fixation time was 10 minutes. The sample is
washed with PBS thrice, each for 30 seconds. Add a 0.5%
solution of Triton X-100 (Wuhan Saiwei Biological Technology
Co., Ltd) to permeabilize the cells, incubate at room tempera-
ture for 5 minutes, and wash the sample with PBS three times,
each time for 30 seconds. Take 50 uL of the freshly prepared
TRITC-Phallodin staining working solution and add it onto the
surface of the sample membrane. Incubate at room tempera-
ture in the dark for 30 minutes. Wash the sample with PBS three
times, each for 30 seconds; Add 50 pL of DAPI solution (Solarbio

Table 1 Cytotoxicity grading criteria

Relative cell

Cellular toxicity grade  proliferation rate (%) Evaluation

0 =100 Noncytotoxic

1 75-99 Mild cytotoxicity

2 50-74 Moderate cytotoxicity
3 =49 Severe cytotoxicity

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Biotechnology Co., Ltd, 100 nM) and incubate in the dark for 1
minute to counterstain the cell nuclei. Wash the sample with
PBS three times, each time for 30 seconds. After culturing the
cells for 1 day, the scaffold was treated with platinum spray, and
cell proliferation was observed using SEM. Cell morphology on
the membrane was observed using a fluorescence microscope
after culturing for 1 d, 7 d, and 14 d.

2.8 Evaluation of in vitro osteogenic performance

The MC3T3-E1 mouse embryonic osteoblasts were used to
evaluate osteoblasts' in situ mineralization and differentiation
on the fiber scaffold. The cell culture method is described in
section 2.5. The experiment had three groups: PLGA/CaG-23.8
group, PLGA-8 group, and A-7 group.

2.8.1 Qualitative and quantitative assessment of ALP. After
7 d, 14 d, and 21 d of cell culture, the culture medium was
aspirated, and the cells were gently washed with sterile PBS
three times. Then, each well was treated with 100 uL of 4%
paraformaldehyde to fix the cells for 30 minutes before being
washed with PBS three times. 50 pL of the freshly prepared
BCIP/NBT staining working solution is added to each well. The
tubes are incubated in the dark at room temperature for 20
hours. The staining working solution is then aspirated, and the
wells are washed twice with ultrapure water to terminate the
staining reaction. Finally, the tubes are allowed to air dry, and
the colonies are observed and photographed using
a stereomicroscope.

After 7 d, 14 d, and 21 d of cell culture, the culture medium
was aspirated, and the cells were gently washed with sterile PBS
three times. Each well was then incubated with 55 pL of cell lysis
solution for 3 minutes to lyse the cells. Subsequently, 50 uL of
the lysate was transferred to a blank 96-well plate, and standard
and blank wells were set up. Following Table 2 instructions,
each well was sequentially added with the following reagents,
and the OD value at 520 nm was measured using a microplate
reader.

2.8.2 Qualitative and quantitative analysis of calcific
nodules. After 7 d, 14 d, and 21 d of cell culture, the culture
medium was aspirated, and the cells were gently washed with
sterile PBS three times. Then, each well was treated with 100 pL
of 4% paraformaldehyde to fix the cells for 30 minutes before
being washed with PBS three times. Add 50 uL of alizarin red
dye to each well and incubate at room temperature for 10
minutes. Remove the stained working solution and wash it with
ultrapure water several times to eliminate any remaining

Table 2 Reagent additive for quantification of ALP activity
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alizarin red dye. Allow it to air dry at room temperature, and
observe and photograph the specimen using an optical micro-
scope for qualitative detection data.

In each well, add 120 pL of the 10% chloro-hexadecyl-
pyridinium chloride solution prepared immediately, and incu-
bate the plate at 37 °C in a thermo-shaker for 10 minutes.
Remove 100 pL of the solution from each well and transfer it to
a blank well. Use a microplate reader to measure the absor-
bance at 562 nm for quantitative detection data of cellular
calcium nodules.

2.8.3 Osteogenic-related protein detection. After 7 d, 14 d,
and 21 d of cell culture, OCN, OPN, and Runx2 expression were
detected through immunofluorescence staining. After cell
culture, the cells were fixed according to Method 2.6.2. Then,
10% bovine serum albumin (BSA) solution was added to each
well and incubated for 2 hours. The wells were washed with PBS
three times, each for 3 minutes. Add the diluted primary anti-
body, incubate at 4 °C overnight, and wash three times with PBS
containing Tween-20 (10%) for 3 minutes each time after
incubation. Add the diluted FITC-labeled secondary antibody,
incubate at room temperature in the dark for 12 hours, and
wash three times with PBS containing Tween-20 (10%) for 3
minutes each time. Add DAPI solution and incubate in the dark
for 5 minutes to counterstain the cell nucleus. Wash with PBS
three times. A fluorescence microscope was used to observe the
expression of OCN, OPN, and Runx2 in MC3T3-E1 cells.

2.9 Statistical analyses

In this study, each experimental section was repeated three
times, and the result of each study was expressed as mean £
standard deviation. One-way analysis of variance (ANOVA) was
used to analyze statistical differences between the experimental
groups. The difference was considered to be statistically
significant when P < 0.05.

3 Results and discussion

The process of preparing and in situ mineralizing the scaffold is
illustrated in Fig. 1. Firstly, a precursor solution is prepared by
adding a certain amount of calcium phosphate and thoroughly
stirring to ensure complete dissolution throughout the solu-
tion. Secondly, we utilized electrospinning technology to fabri-
cate fiber scaffolds. By applying a high-voltage electric field, the
solution is drawn into a filament and collected on the corre-
sponding collector. The voltage and the distance between the

Blank Standard PLGA/CaG-23.8 PLGA-8 A7
Double-distilled water (uL) 5
0.1 mg per mL phenol standard 5
application (puL)
Buffer solution (pL) 50 50 50 50 50
Thoroughly mix the solution in a water bath at 37 °C for 15 minutes
A chromophore (pL) 150 150 150 150

Measure the absorbance at 520 nm using a microplate reader

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Preparation and in situ mineralization process of bone tissue
engineering scaffold.

needle tip and the collector are adjusted to regulate the
morphology and diameter of the fibers. The prepared scaffold is
implanted into the body, and ALP catalyzes the mineralization
of the scaffold in the bone microenvironment, ultimately facil-
itating bone defect repair.

3.1 Scanning electron microscope (SEM) and energy-
dispersive X-ray spectroscopy (EDS)

3.1.1 The effect of CaG concentration on the morphology
of fiber membrane. SEM characterization was performed to
investigate the surface morphology of nanofiber membranes
obtained from 8 wt% PLGA blend solutions with different CaG
additions (7.2 wt%, 15.8 wt%, 20 wt%, 23.8 wt% and 27.3 wt%),
under the same electrospinning conditions. The results indi-
cated that the PLGA/CaG composite nanofibers exhibited
a three-dimensional porous network formed by randomly non-
oriented, filamentous electrospun fibers creating inter-
connected pores. This structure is consistent with the fiber
architecture prepared by Wang et al>* The SEM images in
Fig. 2(al1)—(e1) clearly demonstrate that when the CaG concen-
tration in the scaffold is low, the fibers are uniform in diameter
and free from adhesion. As the CaG concentration decreases,
the fibers become finer. With an increase in concentration, the
fibers thicken, and a slight stringing phenomenon appears on
the scaffold surface. Moreover, as the concentration increases
further, there is a decrease in the uniformity of fiber diameter
and an increase in adhesion between fibers (as shown in
Fig. 2(e1)). This indicates that CaG concentration significantly
affects the morphology of electrospun scaffolds.

The EDS analysis (Fig. 2(a2)-(e2)) was conducted to detect
the elements C, O, P, and Ca within the fibers. The EDS results
indicate that the Ca content increases with an increase in CaG
addition. The fiber morphology is relatively better when the Ca
content is 5.48 wt% or lower, but once it reaches 6.28 wt%,
a sticky phenomenon occurs on the fiber surface. During the
adhesion process, fibers can form irregular aggregates, result-
ing in significant variations in fiber diameter across different
regions. This increases the range of fiber diameter distribution
and leads to the formation of non-uniform pores. A broad fiber
diameter distribution and uneven pore structure can hinder cell

22424 | RSC Adv, 2024, 14, 22420-22433
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attachment and spread on the scaffold, affecting cell prolifera-
tion.** Furthermore, the non-uniform pore structure can
impede the transport of nutrients, limiting cell growth.**
Therefore, we selected the PLGA/CaG-23.8 fiber scaffold in this
study, which exhibited higher CaG concentration and better
morphology, for subsequent experiments.

3.1.2 The effect of distance on the fiber scaffold
morphology. When preparing fiber scaffolds, the distance
between the needle tip and the receiver can impact the shape of
the fiber scaffold.**** This study controlled the addition rate of
CaG at 23.8 wt% and the high-pressure voltage at 12.5 kV. It
investigated the influence of distance parameters on the
morphology of the final fiber scaffold. The experimental results,
shown in Fig. 3(al)-(el), indicate that the distance change
directly affects the electrospun fibers' morphology and struc-
ture. At shorter distances (Fig. 3(al)), the fibers exhibit uneven
thickness and irregular shapes, with a noticeable cross-linking.
As the distance increases, the spinning liquid is more likely to
split in the air evenly, forming independent fiber structures.’® At
a distance of 20 cm, the fiber morphology presents its optimal
state, with an average fiber diameter of 2.4 £ 0.25 um. However,
when the distance was further increased to 29 c¢m, the fibers
received by the collector became sparse. This may be attributed
to the fact that the needle tip was too far away from the
collector, resulting in ineffective reception of some fibers.

The diameter distribution of fibers at different distances is
shown in Fig. 3(a2)-(e2), and it is observed that the diameter of
fibers decreases as the distance increases. The average diameter
of the fibers is maximum at 2.7 £+ 0.72 um when the distance
between the needle tip and the collector is 13 cm. However,
when the distance is increased to 29 cm, the average diameter of
the fibers reduces to 1.8 £ 0.50 pm. Among them, at a distance
of 20 cm, there is a minor standard deviation of fiber diameter
(0.25 um), indicating that the fibers are more uniform in
diameter at this distance. Therefore, it can be concluded that an
optimal distance between the needle tip and collector would be
20 cm.

3.1.3 The influence of voltage on fiber morphology. The
voltage of the electric field is an essential factor that affects the
morphology of the fibers in the electrospinning process.*® In
this study, the CaG addition rate was controlled at 23.8 wt%, the
distance from the nozzle to the collector was set at 20 cm, and
the voltage was adjusted within the range of 8.5-16.5 kV to
investigate the effect of voltage on electrospun fiber
morphology. The experimental results demonstrate that
changes in voltage significantly impact the morphological
characteristics of electrospun fibers. The fibers exhibit less
regular morphology and uneven distribution, as shown in
Fig. 4(a1)—(e1) at lower voltages, and the fiber diameter is rela-
tively larger. For instance, when the voltage is 8.5 kV, the
average diameter reaches 2.9 + 0.57 pm (Fig. 4(a2)), and fiber
diameters are uneven. Fibers may also show flat and non-
fiberized features between voltages of 8.5 and 10.5 kV;
however, finer fiber structures are formed at higher voltage
conditions (such as the fibers at a voltage of 16.5 kV with an
average diameter of 1.2 + 0.25 pum), exhibiting more regular
morphology and even distribution. When the voltage is set to

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (al)—(el) Shows SEM morphological images of fiber scaffolds with CaG additions at concentrations of 7.2, 15.8, 20.1, 23.8, and 27.3 wt%;
(a2)-(e2) displays EDS energy dispersive spectra corresponding to different CaG concentrations of the fiber scaffolds.

12.5 kv, the fiber morphology improves significantly with 3.2 In vitro degradation
a relatively uniform diameter averaging at 2.2 £ 0.16 pm
without bead-like phenomena observed. Therefore, a voltage of
12.5 kV is selected as the optimal choice.

The degradation performance of the PLGA/CaG-23.8 fiber
membrane was evaluated in this study. As shown in Fig. 5, the
fiber membrane exhibited a mass loss of 7.21% after 7 days of
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Fig. 3
diameter distribution of fibers at different distances.

degradation in PBS. As time progressed, the degradation rate
increased, with a mass loss of 10.36% at 14 days and 15.48% at
21 days, indicating significant degradation and dissolution of
the molecules within the scaffold. In the early stages of degra-
dation, the mass loss rate was not particularly high. However, as
degradation continued and small, soluble molecules were
produced, the mass loss rate significantly accelerated.
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(@1)—(el) Show SEM images of fibers spun at distances of 13 cm, 17 cm, 20 cm, 25 cm, and 29 cm, respectively; (a2)—(e2) show the

3.3 In vitro simulation of in situ mineralization

3.3.1 SEM morphological characterization. The SEM image
of the PLAG/CaG-23.8 fiber membrane utilizing ALP to induce
simulated in situ mineralization is shown in Fig. 6. By adjusting
the mineralization time (1 d, 3 d, 5 d, 7 d), we can investigate the
growth and morphology of calcium phosphate compounds on

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4
show the diameter distribution of the fibers at different voltages.

the fiber membrane after mineralization. As shown in
Fig. 6(a1)-(d1), the mineralization forms a granular structure,
gradually growing on the fiber surface and eventually
completely wrapping the fiber, which is consistent with the
morphology of the fiber membrane obtained in previous studies
after mineralization.”?” As shown in Fig. 6(a2)-(d2), the high-
resolution SEM images of the mineralized tissue exhibit
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(al)—(el) Show the SEM images of the electrospun fibers at different voltages of 8.5 kV, 10.5 kV, 12.5 kV, 14.5 kV, and 16.5 kV; (a2)-(e2)

a honeycomb-like distribution and irregular shape, which is
more conducive to cell adhesion and proliferation.**** The
duration of mineralization has a significant impact on the
growth of mineral deposits.*® As shown in Fig. 6(a1), only a tiny
amount of mineralization was observed on the fibers after 1 day,
and the filamentous structure of the fibers was clearly visible.
With the prolongation of mineralization time, the amount of
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Fig. 5 The mass loss rates of the PLGA/CaG-23.8 fiber scaffold after
degradation in PBS for 7, 14, and 21 days.

[n)

3 days
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910 pm
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Fig. 6 Shows SEM images of enzyme-induced mineralization of fiber
scaffold structures: (al) and (a2) represent mineralization after 1 day;
(b1) and (b2) represent mineralization after 3 days; (cl) and (c2)
represent mineralization after 5 days; and (d1) and (d2) represent
mineralization after 7 days.

mineralization gradually increased, as shown in Fig. 6(d1).
Eventually, it completely wrapped around the fibers, leaving
only granular mineralization on the fiber surface, making it
difficult to recognize the original fiber structure.
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The results mentioned above indicate that enzymatic catal-
ysis can facilitate the mineralization of calcium phosphate
within the fibers. The quantity of mineral deposits and the
fibrous membrane's morphology can be controlled by extending
the mineralization time. With sufficient enzyme content, pro-
longed mineralization time leads to an increased amount of
mineral deposits on the fiber surfaces, thereby enhancing the
mechanical strength of the bone tissue engineering scaffold.*
As the scaffold degrades, the fibrous membrane is gradually
replaced by mineral deposits, forming a structure composed
entirely of minerals.

3.3.2 XRD characterization of minerals. We characterized
the minerals using EDS and XRD to analyze the properties of the
minerals formed after the mineralization of the fibrous scaffold.
The structure diagram of the PLGA/CaG fiber scaffold is pre-
sented in Fig. 7(a). Fig. 7(b) shows the morphology of the
mineralized material on the fiber scaffold, which appears as
granules or microspheres with a honeycomb surface. Fig. 7(c)
presents the EDS energy spectrum analysis of the minerals,
detailing the content of C, O, P, and Ca elements. The results
indicate that the minerals contain a substantial amount of Ca,
with a mass percentage reaching 26.65 wt%, comparable to the
Ca content in HAP obtained after the hydrolysis of CaG.

We conducted an XRD analysis to analyze the mineralization
properties further, as shown in Fig. 7(d). Some characteristic
peaks appeared at 26 angles of 31.773° and 45.305°, consistent
with the standard diffraction peaks of HAP (JCPDS 09-0432).*
This result confirms that the mineralization is composed of
hydroxyapatite.

Based on the above results, it can be concluded that APL can
catalyze the mineralization of CaG added to the fiber, ultimately
forming a component similar to hydroxyapatite found in bones.
This process helps promote bone induction and conduction.*

3.4 Mechanical properties testing

The mechanical properties of fiber scaffolds are crucial for bone
tissue repair. In this study, the compressive mechanical

(b)

(d)

Intensity(a.u)

PDFW9-0432

2 4 6 8 10 2 " 10 20 30 10 50 60 70 80
Energy hev] 2Theta(®)

Fig. 7 (a) PLGA/CaG fiber scaffold; (b) SEM image of the mineral; (c)
EDS analysis of the mineral; (d) XRD analysis of the mineral.
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Fig. 8 Compressive stress—strain curves for PLGA/CaG fiber scaffolds
after 3 and 7 days of mineralization.

properties of the mineralized PLGA/CaG-23.8 fiber scaffold were
evaluated. The stress-strain curves are presented in Fig. 8.
Compared to scaffolds mineralized for 3 days, those mineral-
ized for 7 days exhibited significantly higher compressive
strength and modulus. Specifically, after 3 days of mineraliza-
tion, the compressive strength and modulus were 3.23 MPa and
8.06 MPa, respectively. These values increased to 3.64 MPa and
8.45 MPa after 7 days of mineralization. As confirmed by
previous SEM and EDS analyses, this improvement can be
attributed to the increased deposition of hydroxyapatite on the
fiber surfaces, forming a more robust structural network that
distributes the load more effectively.

3.5 Biocompatibility assessment

3.5.1 Cytotoxicity. The activity and migration of cells on
biomaterials are crucial for the subsequent bone repair process.
In this study, the growth of MC3T3-E1 cells on the non-
mineralized scaffold was assessed using the CCK-8 assay kit.
The experimental results showed that after co-culturing cells
with the scaffold for 48 hours, the cell survival rates of the
control group, PLGA/CaG-23.8 group, and PLGA-8 group were
100 £ 6.02%, 99.08 £ 7.05%, and 93.38 £ 8.55%, respectively
(Fig. 9). Among these groups, the cell survival rate of the PLGA/
CaG-23.8 group was significantly higher than that of the PLGA-8
group and very close to the survival rate of the control group. By
comparing cell viability with the cytotoxicity classification table,
the results showed that the viability of cells cultured on both
PLGA/CaG-23.8 and PLGA-8 exceeded 90%. Therefore, intro-
ducing CaG did not induce toxicity, and the fibrous membranes
maintained excellent biocompatibility.

3.5.2 Cell proliferation and adhesion properties. The cell
adhesion was observed using SEM, and the results are shown in
Fig. 9. As depicted in Fig. 10(a), cells on the PLGA-8 fibrous
scaffold mainly exhibited a spherical shape, indicating incom-
plete adhesion to the scaffold surface. In contrast, significant
differences were observed in the SEM images of the PLGA/CaG-
23.8 scaffold compared to the PLGA-8 scaffold, as shown in

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 Cell viability results of MC3T3-E1 cells cultured on PLGA/CaG-
23.8 and PLGA-8 scaffolds.

Fig. 10(b), a large number of honeycomb structures formed on
the surface of the fibers, which is consistent with the structures
formed during in vitro mineralization using ALP. This
phenomenon may be attributed to the secretion of ALP by
MC3T3-E1 cells during culture, which catalyzes the minerali-
zation of CaG within the scaffold.** Additionally, the arrows in
Fig. 10(b) clearly indicate areas where cell spreading is evident.
These results suggest cells can adhere to the PLGA/CaG-23.8
scaffold and catalyze its in situ mineralization.

The scaffolds were stained to evaluate cell adhesion and
spreading on the PLGA-8 and PLGA/CaG-23.8 fibrous scaffolds.
The experimental results are shown in Fig. 11. After 48 hours of
cell culture, cells were observed to spread well on both the
PLGA-8 and PLGA/CaG-23.8 scaffolds. Compared to the PLGA-8
scaffold, the PLGA/CaG-23.8 scaffold exhibited a higher cell
density and more extensive cell distribution. These results
indicate that the PLGA/CaG-23.8 scaffold provides a more
favorable environment for cell adhesion.

3.6 Evaluation of in vitro osteogenic performance

3.6.1 Qualitative and quantitative assessment of ALP. ALP
is an early product of cell osteogenic differentiation.*® During
the experiment, we used ALP activity assays to quantitatively
and qualitatively evaluate the osteogenic differentiation poten-
tial of PLGA/CaG-23.8, A-7, and PLGA-8 scaffolds.*® In the
qualitative assay, cells were stained with ALP at 7 d, 14 d, and

$UB600 360KV, 1 3.4m 2600 LO.

Fig. 10 SEM images of MC3T3-E1 cells after culturing on the scaffold,
(a) PLGA-8, (b) PLGA/CaG-23.8.
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Fig. 11 Shows fluorescence staining images of the nucleus and cytoskeleton of MC3T3-E1 cells cultured on PLGA/CaG-23.8 and PLGA-8 for 48

hours.

(a) PLGA/CaG-238 A7 PLGA8  (b)
) 600
1’4 ~ (> o
z [ PLGA/CaG-23.8 k¥
= so0{ [ A7 ErE
~ = [ prcas
50 pm 50 um 50 jim 2 —
. £ 4004

§ -9
@ o
>
= 2 300+
_ z i
= 2 {2
™= 3 S0 pum =~ I~ 50 pm 50 pm S 2001

= d Lt i T = KKK

; ok

w -
i ; 100 r I——’ -
= 7 0 |
] s N 3 . 4
N k. ,_: Y:M : 50 pm 50 pm 7days 14days 21days

Fig. 12 Shows (a) ARS staining images and (b) quantitative analysis of calcium nodules in MC3T3-E1 cells cultured on PLGA/CaG-23.8, A-7, and
PLGA-8 scaffolds for 7, 14, and 21 days (**p < 0.01, ***p < 0.001).

21 d. A transparent purple reaction was observed in Fig. 12(a),
especially in the PLGA/CaG-23.8 fiber scaffold. Over time, the
color intensity increased, indicating ALP activity in MC3T3-E1
osteoblasts across all three scaffold groups. Notably, the

Table 3 The ALP and OD values of cells cultured on different scaffolds
at days 7, 14, and 21

ALP (UL 0D562
7d PLGA/CaG-23.8 93.613 & 17.211 0.161 % 0.004
A7 52.493 + 3.154 0.128 + 0.005
PLGA-8 46.952 + 8.315 0.119 + 0.004
14d PLGA/CaG-23.8 97.113 + 16.692 0.206 + 0.006
A7 81.365 + 11.374 0.211 £ 0.003
PLGA-8 81.656 + 5.955 0.222 + 0.010
21d PLGA/CaG-23.8 437.445 + 41.564 0.450 % 0.008
A7 275.591 + 26.086 0.344 + 0.019
PLGA-8 161.884 £ 25.301 0.347 % 0.007

22430 | RSC Adv, 2024, 14, 22420-22433

PLGA/CaG-23.8 fibrous scaffold exhibited higher ALP activity
compared to the others.

Table 3 and Fig. 12(b) present the ALP values after culturing
cells in different groups for 7, 14, and 21 days, clearly demon-
strating the differences among the groups over time. ALP
enzyme activity levels were measured in cells cultured for 7 d, 14
d, and 21 d, and it was found that the enzyme activity value in
the PLGA/CaG-23.8 group was significantly higher than that in
the PLGA-8 and A-7 groups. This indicates that the PLGA/CaG-
23.8 scaffold is more conducive to promoting early osteoblast
differentiation.

3.6.2 Qualitative and quantitative analysis of calcific
nodules. Calcified nodules are indicative of osteoblast matura-
tion, and observing these nodules is a commonly used method
for studying osteoblast differentiation.” MC3T3-E1 cells were
cultured on PLGA/CaG-23.8, A-7, and PLGA-8 for 7 d, 14 d, and
21 d, respectively. Afterward, they were stained with Alizarin

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 13 Shows (a) ALP staining images and (b) quantitative analysis of ALP activity in MC3T3-E1 cells cultured on PLGA/CaG-23.8, A-7, and PLGA-

8 scaffolds for 7, 14, and 21 days (**p < 0.01, ***p < 0.001).

Red S (ARS) to measure the material's absorbance at a wave-
length of 562 nm. The results are presented in Fig. 13.

Fig. 13(a) displays the qualitative results of calcium nodule
formation, indicating that the PLGA/CaG-23.8 group exhibits
a broader range of pink calcium nodules formed at 7 d, 14 d,
and 21 d. The staining becomes more pronounced as the cell
culture time increases. The results indicate that the osteogenic

PLGA/CaG-23.8

DAPI/OPN DAPI/OCN

DAPI/RUNX2

cells in the PLGA/CaG-23.8 scaffold have a stronger minerali-
zation ability. In comparison, there are fewer calcified nodules
and lighter staining in the PLGA-8 and A-7 groups. Table 3 and
Fig. 13(b) present the quantitative analysis results of calcium
nodule content, which show that the calcium nodule content of
the PLGA/CaG-23.8 scaffold at 7 d and 21 d is significantly
higher than that of the PLGA-8 and A-7 groups. This result

PLGA-8

Fig. 14 Shows immunofluorescence staining images of OCN, OPN, and Runx2 in MC3T3-E1 cells cultured on PLGA/CaG-23.8, A-7, and PLGA-8

scaffolds for 7 days. Scale bar = 100 um.
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further confirms that osteogenic cells in the PLGA/CaG-23.8
scaffold have a stronger mineralization ability.

3.6.3 Osteogenic-related protein detection. Osteocalcin
(OCN), osteopontin (OPN), and Runx2 are essential markers for
bone cell differentiation and the formation of bone tissue.*®
This experiment demonstrates the osteogenic performance of
the fiber scaffold by assessing the expression of these proteins.
Fig. 14 displays immunofluorescence images of OCN, OPN, and
Runx2 at 7 days after cell culture, indicating that the fluores-
cence intensity of OCN, OPN, and Runx2 on the PLGA/CaG-23.8
scaffold is significantly stronger compared to that on the A-7
scaffold and PLGA-8 scaffold. Only a minimal amount of
OCN, OPN, and Runx2 fluorescence can be observed on the A-7
scaffold and PLGA-8 scaffold, suggesting that cells cultured on
the PLGA/CaG-23.8 scaffold express a higher level of bone-
related proteins. This result indicates that the PLGA/CaG-23.8
scaffold is more beneficial for promoting osteoblast differenti-
ation and achieving in situ mineralization.

4 Conclusions

In this study, we successfully prepared PLGA/CaG-23.8 in situ
mineralized bone tissue engineering scaffolds using electro-
spinning technology and demonstrated their in situ minerali-
zation properties. The addition of CaG to the scaffolds
influenced the fiber morphology, with lower concentrations of
CaG resulting in finer and more uniform fibers. The optimal
amount of CaG added to the scaffolds was determined to be
23.8 wt% as it exhibited the best fiber morphology. EDS energy
spectrum analysis detected a high mass percentage of calcium
(5.48 wt%). During the spinning process, the best fiber
morphology was achieved at a voltage of 12.5 kv and a tip-to-
receiver distance of 20 cm.

In vitro, simulated mineralization experiments showed that
a large number of mineralized products formed on the surface
of the scaffold after ALP mineralization. XRD analysis indicated
that the diffraction peaks of the mineralized products were
consistent with those of HAP. The results from MC3T3-E1 cell
experiments showed excellent cell compatibility for the PLGA/
CaG-23.8 scaffold, with a survival rate of 99.08 + 7.05%, and
well-spread cells on the scaffold. ALP activity, calcium nodule
formation, and bone-related protein detection indicated that
the PLGA/CaG-23.8 scaffold significantly promoted osteogenic
differentiation, with MC3T3-E1 cells secreting a large amount of
ALP during their growth on the scaffold, catalyzing in situ
mineralization of CaG to form honeycomb-like structures
consistent with HAP.

In summary, the PLGA/CaG-23.8 scaffolds prepared in this
study have adjustable morphology, good biocompatibility,
strong osteogenic differentiation ability, and the potential to
play an essential role in bone defect repair, providing a feasible
material for treating bone defects.
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However, detailed descriptions and summaries of the data are
available within the article. Further inquiries can be directed to
the corresponding author.
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