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Abstract

For craniofacial bone regeneration, how to promote vascularized bone regeneration is still a
significant problem, and the controlled release of trace elements vital to osteogenesis has attracted
attention. In this study, an ion co-delivery system was developed to promote angiogenesis and
osteogenesis. Magnesium ions (Mg?*) and lanthanum ions (La*") were selected as biosignal
molecules because Mg?™ can promote angiogenesis and both of them can enhance bone
formation. Microspheres made of poly(lactide-co-glycolide) were applied to load La;(COs3)s3,
which was embedded into a MgO/MgCOj3-loaded cryogel made of photocrosslinkable gelatin
methacryloyl to enable co-delivery of Mg** and La®*. Evaluations of angiogenesis and

osteogenesis were conducted via both in vitro cell culture using human bone marrow mesenchymal
stromal cells and in vivo implantation using a rat model with calvarial defect (5 mm in diameter).
Compared to systems releasing only Mg?* or La’T, the combination system demonstrated more
significant effects on blood vessels formation, thereby promoting the regeneration of vascularized
bone tissue. At 8 weeks post-implantation, the new bone volume/total bone volume ratio reached a
value of 40.1 £ 0.9%. In summary, a properly designed scaffold system with the capacity to release
ions of different bioactivities in a desired pattern can be a promising strategy to meet vascularized

bone regeneration requirements.

1. Introduction

Oral and maxillofacial tumors, bone infections and
trauma can cause bone defects and interruption of
the local blood supply, and a functional network of
blood vessels is necessary for provision of oxygen and
nutrients to promote osteogenesis [1]. Thus, thera-
peutic targeting of the angiogenic response is essential
to enhance bone regeneration [2]. A lack of neovascu-
larization lead to delayed healing and even cause the
ultimate failure of osteogenesis [3].

In bone tissue engineering, delivery systems of
growth factors are often applied to promote the
regeneration of vascularized bone tissue [4, 5].

© 2021 IOP Publishing Ltd

Studies have shown that compared to simultaneous
release, the co-delivery of vascular factors and bone
growth factors has a better effect on bone formation
[4, 6, 7]. When vascular endothelial growth factor
(VEGF) is released at a faster rate in the early stage, it
can promote angiogenesis; while the sustained release
of BMP-2 in the later stage can promote vascularized
bone regeneration [8, 9]. However, the short half-
life and high synthesis costs of growth factors limit
their application [10]. Loading trace elements is an
efficient approach for promoting bone regeneration
[11]. Some trace elements play functional roles in
the physiological cellular environment and have the
potential to promote angiogenesis and osteogenesis
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[12, 13]. What’s more, they are stable during scaffold
preparation and have high efficiency even at low con-
centrations [14].

Magnesium is the second most abundant metal
element in natural bone besides calcium, and it is an
important component taking part in bone develop-
ment and maturation [15]. Magnesium ions (Mg*™)
are directly involved in many biological mechanisms;
for example, they play important roles in regulation
of ion channels and stimulation of cell growth and
proliferation [16]. Numerous studies have shown that
approximately 10 mM Mg?™ can promote angiogen-
esis [17-19]. Mg** can promote the proliferation
and migration of capillary endothelial cells [20, 21]
and make them sensitive to migration signals, thereby
inducing key events in angiogenesis [22]. Addition-
ally, Mg*" can promote mesenchymal stromal cell
(MSC) proliferation and induce osteogenic differen-
tiation [23, 24]. To fabricate Mg** -releasing scaffolds
for bone tissue engineering, Mg metal [25] or Mg-
containing compounds have been loaded into bio-
degradable polymers [26]. Because the degradation
rate of Mg metal is fast and produces hydrogen gas
that is not so welcomed for in vivo application [27],
the mixture of Mg-containing compounds such as
MgO and MgCO:s is likely selected by researchers to
achieve controlled release of Mg?™ due to their dif-
ferent solubility [24].

Apart from Mg?", in recent years, lanthanides
have also been discovered to have significant effects
on bone formation [28, 29]. Lanthanides are func-
tional simulators of calcium ions (Ca?T) that have
similar ionic radii and almost the same coordination
numbers of protein binding sites [30]. La** can pro-
mote osteogenic differentiation at concentrations as
low as 107°-10~7 M [29, 31], and this concentration
is much lower than that of Ca?* as it being effect-
ive in regulating cell behaviors [32]. Lanthanides have
strong interactions with inorganic phosphates such as
hydroxyapatite [33], and they are considered as guid-
ing elements of bone tissue that can regulate the dif-
ferentiation of osteoblasts and osteoclasts [34]. For
example, the release of La’* from chitosan-based
scaffolds has been found to promote bone regener-
ation in a rat skull defect model [35]. The mechanical
properties of the scaffold were even improved with the
incorporation of La-containing compounds such as
La,(CO3)3, which might be an extra merit for bone
repair [36].

Due to the diverse functions of different elements,
a co-delivery system designed for the controlled
release of different trace elements is an attractive
option for achievement of satisfactory regeneration of
vascularized bone tissue [37, 38]. Co-delivery of bio-
active factors is preferred for promotion of angiogen-
esis and subsequent enhancement of osteogenesis
[39]. Scaffolds fabricated with designs such as core—
shell structures or using the composite strategy (e.g.
hydrogel-microsphere systems) were readily able to
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obtain co-delivery by embedding the compounds
in different parts of the scaffolds [40—-42]. As well
known, the hydrophilic matrix would bring a faster
release rate for hydrophilic compounds, while a
hydrophobic matrix would retard the release. Herein,
it was proposed to incorporate MgO/MgCO;s into a
porous cryogel-type scaffold with La,(COs3)s-loaded
microspheres being introduced simultaneously, from
which, the fast release of Mngr and subsequent release
of La>* were expected. Following our previous report
[24], the weight fraction of MgO/MgCO3 was set as
1:1 to obtain a desirable Mg?* release behavior.
Photocrosslinkable gelatin-methacryloyl (GelMA)
was used to produce the cryogel because of the pop-
ularity of GelMA in various biomedical applica-
tions [43-45]. Cryogels are highly porous scaffolds
with interconnected pores, favoring cell infiltration,
attachment, and proliferation [40]. Cells could eas-
ily interact with Mg?** released from cryogels to
accelerate angiogenesis [46]. FDA-approved bio-
degradable poly(lactide-co-glycolide) (PLGA) was
applied to prepare La,(COs3);-loaded microspheres
[47], and the gradually released La’>* would con-
tribute to osteogenesis at a later stage, meeting the
rhythm of vascularized bone regeneration [48, 49].
With these designs, comprehensive characteriza-
tions were conducted on the composite scaffolds in
terms of Mg®*/La’" release test, cell viability and
angiogenic/osteogenic differentiation responses of
human bone marrow MSCs (hBMSCs) in relation
to the Mgz"'/LaS‘|r concentrations, in vitro/in vivo
blood vessel formation via Matrigel culture and sub-
cutaneous implantation in mice, and finally neo-bone
formation in rat calvarial defect model. The positive
hypothesis of this study was that, a scaffold with the
capacity to co-delivery Mg?>*/La*>" in an optimized
manner would be able to significantly enhance the
regeneration of vascularized bone tissue.

2. Materials and methods

2.1. Material preparation

MgO, MgCO;, La,(COs); and gelatin (type A,
from porcine skin, ~300 g Bloom) were pur-
chased from Sigma-Aldrich (USA). Methacrylic
anhydride and 2-hydroxy-4’-(2-hydroxyethoxy)-2-
methylpropiophenone (12959) were purchased from
Aladdin (China). PLGA (lactide:glycolide = 75:25,
MW = 50000) was purchased from Shandong Phar-
maceutical Sciences Pilot Plant (China). All other
reagents and solvents used were of analytical grade
and supplied by Beijing Chemical Reagent Co. Ltd
(China).

2.1.1. Preparation of La,(CO3)s-loaded PLGA
microspheres

Lay(CO3)3-loaded PLGA microspheres were pre-
pared by the (S/O)/W emulsion technique®* [50].
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PLGA (1 g) was dissolved in 20 ml of dichlorometh-
ane (CH,Cl,). After 8 h of magnetic stirring, Span 80
(20 mg) and La,(COs3)3 (100 mg) were added to the
solution. Then, the suspension was added to 200 ml
of 1% wt/vol poly(vinyl alcohol) (PVA) solution con-
taining Tween 60 (20 mg) under stirring (300 rpm).
After 4 h of solvent evaporation at room temperature,
the microspheres were collected, washed, and then
lyophilized for further use.

2.1.2. Synthesis of GelMA

GelMA was synthesized as reported [45]. Gelatin
(20 g) was dissolved in 200 ml of PBS thermostatically
maintained at 50 °C, into which, 20 ml of methac-
rylic anhydride was dripped under constant stirring.
The reaction was continued for 4 h at 50 °C to obtain
GelMA, which was purified by dialysis and then lyo-
philized for later use.

2.1.3. Preparation of Mg>* /La®" co-delivery
cryogel-type scaffold

GelMA (1 g) was dissolved in 10 ml of deionized water
with 0.2 wt/vol% 12959 (photoinitiator) added. The
mixed powder of MgO/MgCOs3 (1:1 in weight) was
blended with the GelMA solution at different mass
fractions (0 wt%, 2 wt%, 5 wt%) in relation to the dry
weight of the GelMA. The suspensions (200 ml) were
transferred into the wells of 24-well plates, frozen at
—20 °C for 24 h, and exposed to 365 nm ultraviolet
light for 10 min (40 mW cm™?) to initiate photo-
crosslinking. Then, the systems were submitted to lyo-
philization to obtain Mg-containing GelMA cryogels,
which were termed as M0, M2 and M5 for simplifica-
tion. Based on the MO cryogel, La-containing GelMA
cryogels were prepared similarly, with La;(CO;3);-
loaded PLGA microspheres being added at 10 wt%
and 20 wt% fractions into the GelMA solution before
cryogel formation; the resulting cryogels were accord-
ingly termed as P10 and P20 for simplification. For
the preparation of Mg?t/La’>" co-delivery GelMA
cryogels (figure 1), 10 wt% La,(COs3)3-loaded PLGA
microspheres were introduced into M2 and M5 cryo-
gels to obtain M2P10 and M5P10 scaffolds.

2.2. Characterizations

After the samples were fabricated and freeze-dried,
the morphology of microspheres and cryogels was
observed under a scanning electron microscope
(SEM, SU8010, HITACH]I, Japan). The mean diamet-
ers of microspheres and the mean pore sizes of cryo-
gels were estimated by measuring 300 microspheres
or pores from SEM images using Image] software.
Elemental mapping was performed with the same
parameters as SEM observation.

2.3. Degradation studies

For degradation studies, cryogels (D = 10 mm,
H = 1 mm) were weighed (W;) and then immersed
in 2 ml of PBS (n = 4). The systems were placed in
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a 37 °C water bath for 12 weeks with refreshment
of the PBS every week. Samples were collected at 6
and 12 weeks, washed with deionized water, freeze-
dried and weighed (W4) before SEM observation.
Elemental mapping was performed with the same
parameters as SEM observation. Weight loss (%) was
calculated as (Wy — Wy4)/W, x 100.

2.4.Mg>* and La*>" release test

To evaluate the release behaviors of Mg?t and La’*,
cryogels (D = 10 mm, H = 1 mm) were immersed in
PBS (2 ml for each piece) and kept at 37 °C for 28 d,
each cryogel group had 4 replicate samples (n = 4).
Onday 3,7, 14,21 and 28, 1 ml of sample medium was
collected for each sample; at the same time, 1 ml of
fresh PBS was added to the system, and the release test
was continued. The pH value of the retrieved medium
was measured with a pH meter (Hanna, Italy). The
retrieved medium was then diluted to 20 ml with
fresh PBS and analyzed by inductively coupled plasma
optical emission spectrometry (Perkinelmer, Optima
7000DV, USA).

2.5. Extract preparation for cell culture

According to the International Organization for
Standardization (ISO10993-12), extracts from differ-
ent cryogels were prepared for subsequent cell cul-
ture studies. The cryogels were sterilized by soaking
in 75% ethanol with ultraviolet irradiation for 4 h
and washed in PBS overnight. Each piece of cryogel
(D = 10 mm, H = 1 mm) was immersed in 2 ml
of a-modified Eagle medium (a-MEM, Gibco, USA)
to culture hBMSCs or Medium 199 (M199, Gibco,
USA) to culture human umbilical vein endothelial
cells (HUVEGs) at 37 °C for 24 h, and then extract
was collected to prepare the cell culture medium
(extract containing 10% FBS) or osteoinduction
medium (extract containing 15% FBS (Gibco, USA),
50 mg ml~! L-ascorbic acid, 10 mM S-glycerol and
100 mmol L~! dexamethasone (Sigma, USA)).

2.6. Cell proliferation

The HUVECs and hBMSCs used in this study were
purchased from CHI Scientific, Inc. (China). To
evaluate the influence of released Mg?*, La’* and
Mg?*/La>* together on cell proliferation, 5 x 10°
hBMSCs were seeded into each well in 96-well plates
and cultivated in @-MEM medium (100 pl) con-
taining 10% FBS for 24 h to enable cell attachment
(n = 5). After that, the medium in each cell was
replaced with extracts prepared from different cryo-
gels using a-MEM to continue the cell culture, dur-
ing which the extract was refreshed every two days.
To measure the proliferation of cells after 1,4 and 7 d,
Alamar blue (Solarbio, China) was used to incubate
the cells at 37 °C in the dark for 2 h, and then the
fluorescence value of the solution was measured with
a microplate reader.



10P Publishing

Biomed. Mater. 16 (2021) 065024

La-PLGA

(@) j (b)

Laz(CO3)3

R Luo et al

(C) 365nm

MgO/MgCO3 ultraviolet Iighltb/{/
< D/

Frozen at -20°C

for 24 hours & . .

-loaded PLGA =——> ; / £
| /\ “ i . L]
GelMA .

Figure 1. Schematic diagram of composite scaffold preparation. (a) Preparation of La; (CO3)3-loaded microspheres by a modified
(S/0)/W emulsion method. (b) Fabrication of the composite scaffolds. (c) Schematic of the composite scaffolds.

2.7. Cell viability

To evaluate the compatibility of the scaffolds, the
viability of cells was observed by live/dead staining
and phalloidin-Hoechst/DAPI staining. Each cryogel
group (D = 10 mm, H = 1 mm) was placed into
a 48-well plate, sterilized by soaking in 75% ethanol
with ultraviolet irradiation for 4 h, washed in PBS
and immersed in a-MEM overnight. Subsequently,
1 x 10* hBMSCs were seeded onto the surface of the
scaffold in each well. After 1, 4, and 7 d, a calcein-
AM/PI double staining kit (Solarbio, China) was used
to evaluate cell viability, and fluorescence images
were obtained with a confocal laser scanning micro-
scope (CLSM, TCS-SP8 STED 3X, Leica, Germany).
For cell morphology evaluation, actin was stained
with 100 nm TRITC-phalloidin (Yeasen, China), and
nuclei were counterstained with 10 ug ml~! DAPI
(Solarbio, China). Fluorescence images were captured
with the CLSM. Five visual fields (0.7 x 0.7 mm) were
randomly selected for observation under microscope,
and the five visual fields were statistically analyzed by
Image] software (n = 5).

2.8. Cell migration

Transwell migration assays were used to verify the
effects of released ions on cell migration ability. Each
group of samples (D = 10 mm, H = 1 mm) was
placed into the lower chamber (Corning, USA), and
2 x 10* HUVECs were added to each upper cham-
ber. Next, 500 ul of M199 was added to each well.
After 10 h of incubation at 37 °C, the upper cham-
ber was taken out and put into 4% paraformalde-
hyde fix solution for 20 min. The cells on the upper
surface were wiped with a cotton swab, and crys-
tal violet staining was conducted to observe the cells
that migrated through the membrane’s pores. Five
visual fields (0.9 x 0.6 mm) were randomly selected
for observation under microscope, and the five visual
fields were statistically analyzed by Image] software
(n=>5).

2.9.In vitro osteogenesis assay
For the in vitro osteogenic differentiation experi-
ment, cryogels (D = 10 mm, H = 1 mm) were
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placed in 24-well plates and sterilized, and 5 x 10*
hBMSCs were seeded onto the surface of each scaf-
fold, the cells were directly seeded on the tissue cul-
ture polystyrene (TCPs) as control. Osteoinduction
medium (a-MEM containing 50 mg ml~! L-ascorbic
acid, 10 mM f-glycerol and 100 mmol L=! dexa-
methasone) was added to each well and refreshed
every two days. Alkaline phosphatase (ALP) staining
(Beyotime, China) was performed on the 7th day of
culture to observe ALP activity. The cells were fixed
with 4% paraformaldehyde fixative for 30 min, and
then incubated with Alkaline Phosphatase Assay Kit
(Beyotime, China) for 10 min in the dark, and then
photographed for observation. The formation of cal-
cium nodules was observed by alizarin red staining
(ARS) on the 14th day of culture. The cells in each
well were immersed in Alizarin red working solution
(1% wt/vol) for 10 min. The cryogels of each group
without cell seeding were stained under the same con-
ditions to eliminate the influence of dye adsorption by
the cryogels. After staining with alizarin red solution,
the samples were washed with PBS and incubated
with 10% cetylpyridinium chloride solution (Sigma,
USA) for 30 min to determine solution absorbance
for the quantitative analysis of ARS.

For the quantitative polymerase chain reaction
(qPCR) assay, on the 7th and 14th days of osteoin-
duction culture, total RNA was extracted by adding
300 ul of Trizol to each well, and then reverse tran-
scription was performed for PCR analysis (n = 4).
Four genes, GAPDH, ALP, osteocalcin (OCN) and
collagen I (COL-I), were evaluated by real-time qPCR
(ABI7500, Thermo Fisher Scientific, USA), the Ct val-
ues of different groups was analyzed by the 2744
method, and their specific primers were designed as
listed in table. S1.

2.10. In vitro angiogenesis assay

In vitro tube formation was examined using a Matri-
gel (Corning) assay. Matrigel was added to a 24-well
plate at a volume of 300 pl per well and incubated at
37 °C for 30 min. HUVEGCs (5 x 10*) were cultured
in each well with extracts made from different cryo-
gels using M199 for 9 h to observe vessel formation
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under an optical microscope (TE2000-U, Olympus,
Japan), the cells were cultured in the «-MEM as con-
trol. The images were analyzed with AngioTool soft-
ware to measure the lengths of the formed tubes.

For the qPCR assay, cryogels (D = 10 mm,
H = 1 mm) were placed in 24-well plates and steril-
ized, and HUVECs (5 x 10* per well) were seeded on
the surface of each cryogel and cultured for 7 and 14 d,
the cells are directly seeded on TCPs as control. At
predetermined intervals, the cell samples were lysed
with Trizol to extract RNA for analysis of the expres-
sion of VEGF in relation to GAPDH using qPCR
(n=4).

2.11. In vivo angiogenesis assay

All animal experiments (rats, mice) were approved
by the Ethics Committee of Peking University School
of Medicine (China, approval number: LA2019325).
Cryogels (D = 6 mm, H = 1 mm) were transplanted
subcutaneously into the backs of 6 week-old male Bal-
b/C nude mice. The experimental groups were the
MO, M2P10 and M5P10 groups, with three mice in
each group. At 4 weeks post implantation, the nude
mice were decapitated, and the subcutaneous samples
were fixed in 10 wt% neutral formalin for 24 h. The
samples were then dehydrated, embedded in paraffin,
sectioned for hematoxylin—eosin (HE) and Masson’s
trichrome staining (Solarbio, China), and observed
under an inverted microscope (Olympus IX-70, NY,
USA). Immunohistochemical analysis was conducted
for CD31 to assess angiogenesis in vivo. CD31 was
detected by applying anti-CD31 (Abcam, UK, cat. no.
ab182981) primary antibodies at 1:500 dilutions with
Antibody Diluent (ZSGB-BIO, China).

Fertilized eggs were used for chick embryo chori-
oallantoic membrane (CAM) assay. On the 7th day
of incubation in an environment of 37.5 °C and 60%
relative humidity, the eggs were placed on the ultra-
clean workbench, a circular incision with a diameter
of 2 cm above the air chamber was made with a
scalpel, then the surface film was removed with oph-
thalmic forceps, and 200 pl of each group of extracts
were added into different eggs. The blank control
group was added with 200 pl PBS, and the positive
group was added with 200 ul HUVECs suspension.
After 5 d incubation, we removed the parafilm, pre-
pared the fixative by mix isoacetone and acetone in
a ratio of 1:1 and added the fixative to the CAM for
15 min, and placed them on a glass slide for micro-
scope observation. The number of blood vessels were
analyzed by Image].

2.12. Critical-sized calvarial defect model

A model of calvarial defect (5 mm in diameter) was
established in 7 week-old male standard deviation
(SD) rats. In short, the rats were shaved and anesthet-
ized with 1% pentobarbital sodium. The 5 mm critical
defect was prepared with a trephine bur on both sides
of the midline of the calvarium. The three groups
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were the blank control, MO and M2P10 groups. After
each group of samples was packed into the defect site,
the skin was sutured with a 5-0 absorbable surgical
suture. Six rats were randomly selected from each
group for analysis at 4 and 8 w (n = 6); a total of 36
rats were observed at the two time points. The rats
were sacrificed at each time point by carbon dioxide
inhalation, and the calvarium of each rat was collec-
ted and fixed in 10 wt% neutral formalin buffer for
48 h for further evaluations.

The calvarium was scanned and analyzed by
micro-CT (Inveon, Siemens, Germany) and the
three-dimensional (3D) visualization software
Inveon Research Workplace to detect the formation
of new bone. The bone volume fraction (BV/TV) and
bone mineral density (BMD) of the selected region of
interest were quantitatively analyzed after 3D recon-
struction. After micro-CT scanning analysis, decalci-
fication treatment was carried out with 17% EDTA at
37 °C. The solution was changed every two days. After
one month, the skulls were dehydrated and embedded
in paraffin. Histological and immunohistochemical
analyses were performed after sectioning. Histolo-
gical analysis included HE staining and Masson tri-
chrome staining. Immunohistochemical analysis was
conducted for CD31 to assess angiogenesis and OCN
to assess osteogenesis in vivo. CD31 and OCN were
detected by applying anti-CD31 (Abcam, UK, cat. no.
ab182981) and anti-OCN (Proteintech, UK, cat. no.
23418-1-AP) primary antibodies at 1:500 dilutions
with Antibody Diluent (ZSGB-BIO, China). Sections
were then treated with an anti-rabbit secondary anti-
body (ZSGB-BIO, China, PV9001) and visualized
with 3,3-diaminobenzidine (DAB kit, ZSGB-BIO,
China).

2.13. Statistical analysis

The results are presented as the mean =+ SD. Statistical
analysis was performed using one-way ANOVA with
Tukey’s post hoc test to assess differences between
groups. P < 0.05 was considered to indicate signi-
ficance. For data at a single time point, One-way
ANOVA was used to analyze single factor variance; for
data at multiple time points, Two-way ANOVA was
used for double factors variance analysis.

3. Results

3.1. Microstructure of Mg?* /La** -loaded
composite cryogels

The preparation of the Mg?*/La** co-loaded com-
posite cryogels included two steps, i.e. the prepar-
ation of La,(COs3)3-loaded PLGA microspheres and
the formation of the GelMA cryogel. The micro-
spheres were prepared using an (S/O)/W emul-
sion method, in which, La,(CO;); powder was
homogeneously dispersed in PLGA/CH,Cl, solu-
tion, followed by dispersing the suspension into
water phase to obtain the products after solvent
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A La-loaded PLGA

and (c) M5 cryogels.

Figure 2. Morphological observation and confirmation of the loading of Mg/La elements in prepared microspheres and cryogels.
(A) SEM images of (a) La;(CO3)3-loaded PLGA microspheres, (b) the MO cryogel (the simple cryogel) and (c) the M2P10 cryogel
(a) representative composite scaffold. (B) Elemental mapping images of (a) La;(CO3)3-loaded PLGA microsphere and the (b) M2

evaporation. As shown in figure 2(A)(a), the micro-
spheres displayed a slightly rough surface with a
diameter of 92.3 + 24.87 pm. The element map-
ping image showed that La was evenly distributed
within the microsphere without apparent aggrega-
tion (figure 2(B)(a)). Cryogel with interconnected
pores was prepared via freezing of the GeIlMA solu-
tion and subsequent photocrosslinking under frozen
conditions followed by removal of ice crystals via
lyophilization. As shown in figure 2(A)(b), the MO
cryogel displayed a porous structure with a pore dia-
meter of 95 £ 31.7 um. The M2 and M5 cryogels
were prepared by introducing MgO/MgCOjs into the
GelMA solution before the freezing step, and strong
signals in the elemental mapping images revealed the
presence of Mg throughout the cryogels in differ-
ent amounts. Finally, the La,(COs3)3-loaded PLGA
microspheres were dispersed into the GelMA cryo-
gels, as shown in figure 2(A)(c), the microspheres
were embedded well within the cryogel, but their loc-
ations did not destroy the overall pore structure of the
cryogel.

3.2. Release behaviors of Mg?* and La3™

The results for Mg®™ release from the M2 and M5
cryogels are shown in figures 3(a) and (b). The M2
cryogel released approximately 30-50 mg L~! Mg?*
at the initial stage, while the M5 cryogel released 50—
150 mg L~! Mg?* within the first 1-7 d. The dif-
ference in Mg?™ release between the two cryogels
was consistent with the MgO/MgCOj3 loading of the
respective cryogels, and an initial burst release was
observed due to the hydrophilic feature of GelMA.
The results for La*t release from the P10 and P20
cryogels are shown in figures 3(c) and (d). The
La** release rate was slower than the Mg?* release
rate. On the first day, only 5-10 and 20 pg L™}
La** ions were released from the P10 and P20 cryo-
gels, respectively. The release rates of La’" gradu-
ally increased with increasing soaking time, and the
cumulatively released La’>" reached values of over
100 or 200 ug L' for the P10 and P20 cryogels.
In comparison, the release of La*" lagged behind
that of Mg?>". This phenomenon was likely due
to the hydrophobicity of PLGA and the shielding
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Figure 4. SEM images showing morphological changes (a) and cumulative weight loss (b) in different cryogels along with
degradation in PBS for 6 and 12 w. *(p < 0.05), ** (p < 0.01), *** (p < 0.001).
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effect of the GeIMA cryogel on the microspheres.
From figure 3(e), it was identified that the release of
Mg?*/La** from M2P10 and M5P10 cryogels were
comparable to corresponding M2/M5 and P10 cryo-
gels. With the release of Mg**/La’", as shown in
figure 3(f), the pH value of the soaking medium ini-
tially increased rapidly and then declined gradually
as the medium was diluted with fresh PBS at every
sample collection timepoint. The pH value was higher
in the M5P10 group than in the M2P10 group, which
was ascribed to the higher amounts of Mg?*/La** in
the former case because MgO/MgCOj3 and La; (CO3);
are alkaline substances. The cumulative release per-
centage of Mg?™ in the M2 group reached 79.4%, and
that in the M5 group reached 66.9%. The cumulative
release percentages of La>T in the P10 and P20 groups
were nearly 0.5%.

3.3. Degradation behaviors
A degradation study was conducted on the MO,
M2P10 and M5P10 cryogels in PBS. As shown in

figure 4(a), the porous structure of the MO cryogel
remained similar to the original morphology after 6 w
of soaking, while it began to become rougher and
collapsed at 12 w. The morphological change in the
cryogel matrix in the M2P10 sample was compar-
able with that in the MO cryogel. Alongside degrada-
tion, the appearance of the PLGA microspheres also
changed that the formation of pores on the micro-
sphere surface was evident at 6 w, and a deformed
spherical shape was observed at 12 w. The results
of quantitative analysis of the sample weight loss
are plotted in figure 4(b). The weight loss increased
for all the samples as the immersion time in PBS
increasing. The highest weight loss was found for
the M5P10 cryogel, followed by the M2P10 and M0
cryogels. As shown in figure 3, the results sugges-
ted that the release of Mg?"/La** (mainly Mg**)
contributed to sample weight loss in addition to
GelMA and PLGA degradation. The increased load-
ing of the inorganic components led to the accel-
erated weight loss of the corresponding cryogels

7
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Figure 6. Assays on the cytotoxicity of different cryogels via (a) live/dead staining and (b) phalloidin-Hoechst/DAPI staining
observed under a CLSM for hBMSCs cultured on the cryogels for 4 d. (c) Average fluorescence intensity of living cells in each
group in live/dead staining. *(p < 0.05), ** (p < 0.01), *** (p < 0.001).

due to the gradual dissolution of MgO/MgCO3 and
La,;(CO3)s.

As shown in figure S1 (available online at
stacks.iop.org/BMM/16/065024/mmedia), the ele-
mental fluorescence intensity of both Mg+ and La**
gradually decreased as the degradation proceeding.
The fluorescence intensity of Mg?" decreased sig-
nificantly at 6 w compared to the sample of 0 w,
indicating that most of the Mg?™ had been released
at 6 w. Alongside the degradation of PLGA micro-
spheres, sustained release of La>* was also detected as
its fluorescence intensity gradually decreasing from 0
to 12 w.

3.4. Cell viability and migration

To evaluate the potential cytotoxicity of different
cryogels, extracts were made to culture hBMSCs, and
cell proliferation was determined. The extracts were
obtained by soaking cryogels in culture medium for
24 h. As shown in figure 3, it was estimated that
the Mg?* concentrations were approx. 30-50 mg L~!
for the M2 and M2P10 extracts and approx. 50—
150 mg L™! for the M5 and M5P10 exacts, while
the La®>* concentrations were approx. 50-100 pg L™}
and 100-200 pg L~! for the P10 and P20 extracts,
respectively. Compared to the control, figure 5(a)

shows that the M2 extract significantly promoted
cell proliferation, while the M5 extract exerted some
adverse effects on cell growth. Both the P10 and
P20 extracts enhanced cell proliferation, but the P10
extract showed a better result (figure 5(b)). Reas-
onably, as shown in figure 5(c), the M2P10 extract
accelerated the growth of hBMSCs the most markedly
among all the groups, moreover, it exerted a syner-
gistic effect. For the M5 and M5P10 samples, the res-
ults suggested that the elevated ion concentrations
and pH values of the extracts (pH > 9) inhibited cell
proliferation.

To verify material biocompatibility, hABMSCs were
seeded on the surface of the material. On the 4th
day, live/dead staining and phalloidin-Hoechst/DAPI
staining were performed to observe cell viability with
a CLSM. As shown in figure 6(a), green fluorescence
was visible on the surface of the scaffold, indicating
that hBMSC:s survived on the surface in each group,
and some red fluorescence was seen in the M5 and
M5P10 groups, which indicated the presence of dead
cells. The green fluorescence was the most widely dis-
tributed in the M2P10 group, which was consistent
with cell proliferation results. Live/dead staining for
hBMSCs cultured on the cryogels for 1, 4, 7 d showed
that cells in M2P10 group proliferate faster than those
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Figure 7. Transwell migration assays for HUVECs cultured in the presence of different cryogels in the lower chambers for 10 h via
crystal violet staining: (A) (a) a-MEM, (b) M2, (c) M5, (d) P10, (e) M2P10, and (f) M5P10. (B) Quantitative analysis results for
the cell migration numbers based on panel (A). *(p < 0.05), ** (p < 0.01), *** (p < 0.001).

in M5P10 group (figure S2). As shown in figure 6(c),
the fluorescence intensity of living cells in M2 and
M2P10 groups was the highest. There is less red
fluorescence in the visual field, which indicated that
the material does not cause apoptosis, but it would
affect the proliferation rate. As shown in figure 6(b),
phalloidin-Hoechst/DAPI staining showed that each
group had blue fluorescence, indicating nuclei, with
different fluorescence intensities. Red fluorescence
was superimposed on blue fluorescence to indicate
the cytoskeleton. The greatest blue and red fluores-
cence distribution was observed in the M2 group and
M2P10 group. As shown in figure 6(c), the green
fluorescence intensity of M2 and M2P10 groups was
significantly higher than that of other groups.

HUVECs were used in Transwell migration assays
to verify the effects of the scaffold materials on
cell migration. The results of crystal violet stain-
ing showed that the M2P10 group had the highest
number of migrated cells, followed by the M2 group
(figure 7). The number of migrating cells in the M2
group was significantly higher than those in the M5
and P10 groups, suggesting that the M2 group pro-
moted cell migration.

3.5. In vitro osteogenesis

The expression of three osteogenic genes, ALE, COL-I
and OCN, was detected by qPCR on the 7th and 14th
days of osteoinduction. As shown in figures 8(a)—(c),
the expressions of the ALP, COL-I and OCN genes
were higher on the 14th day than on the 7th day.
After 7 and 14 d of culture, the hBMSCs in the M2
group achieved higher expressions of the three osteo-
genic genes than the cells in the M5 group. The gene
expression of the P10 group was higher than that of
the MO group, and the difference was more obvious
after 14 d of culture than after 7 d of culture. The
gene expression of the M2P10 group was signific-
antly higher than those of the M2 and P10 groups. As
shown in 8(e), Images of ALP staining at 7 d showed

9

that the M2P10 group displayed the deepest staining.
As shown in 8(f), images of ARS at 14 d showed that
the M2P10 group had the richest mineral deposits.
The ALP and ARS of the cryogel without cell seeding
showed only a small amount of staining. Quantitative
analysis of ARS showed that there was a significant
difference between the cryogels without cell seeding
and the cryogels with seeded cells.

3.6. Angiogenesis in vitro and in vivo

Matrigel tube formation assays verified the ability of
Mg’T to promote tube formation in vitro. ImageJ
software was used to analyze the node numbers and
total segment lengths as shown in figures 9(a)—(c).
The number of nodes formed by the cells in the M2
group was greater than that in the M5 group, and the
total segment length formed by the cells in the P10
group was the smallest among groups. Both of these
results showed that the M2P10 group had the most
apparent vascular effect.

The expression of the angiogenic gene VEGF
was detected by qPCR on the 7th day, as shown in
figure 9(d). The expression of VEGF in the M2 group
was approximately three-fold that in the M5 group
and 1.5-fold that in the P10 group. The expression in
the M2P10 group was higher than that in the M2 and
P10 groups. And the expression level in the M2P10
group was six times higher than that in the M5P10
group.

Subcutaneous transplantation in nude mice was
used to observe the ability of the scaffold materials to
promote angiogenesis in vivo. According to the con-
clusions drawn from in vitro experiments, the M2P10
cryogel was selected for the experiment using the MO
and M5P10 cryogels as the controls. The overview
showed that many blood vessels grew into the cryogel
of the M2P10 group, while only a few blood vessels
grew into the cryogels of the MO group and M5P10
group (figure S3). As shown in figures 10(a) and (b),
the HE and Masson-stained histological sections that
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Figure 8. Evaluation of the osteogenic differentiation of hBMSCs cultured on different cryogels via analysis of the relative
expression of three gene markers related to osteogenic differentiation: (a) ALP, (b) COL-I, and (c) OCN. (d) Quantitative analysis
of alizarin red calcium nodule staining. (e), (f) ALP staining and ARS images of hBMSCs cultured on different cryogels to
illustrate the extent of their osteogenic differentiation. *(p < 0.05), ** (p < 0.01), *** (p < 0.001).

were collected at 4 w post implantation showed that
there was a large amount of blood vessels extending
into the pores of the M2P10 cryogel. Figure 10(c)
also showed that CD31 were highly expressed in the
M2P10 group, which indicated that vascularization
occurred in the M2P10 group. In comparison, fewer
blood vessels grew in the M5P10 cryogel, and almost
no blood vessel grew in the MO cryogel in the obser-
vation field. At a higher magnification, only a small
number of blood vessels could be found in the M0
group and M5P10 group. Quantitative analysis of the
number of blood vessels had been provided as figure

S4. As for CAM assay, the CAM in M2P10 group also
formed the most blood vessels compared with other
groups (figure S5).

3.7. Critical-sized calvarial defect model

A model of calvarial defect (5 mm in diameter) was
established, and the M0 and M2P10 cryogels were
implanted to enable exploration of their effects on
osteogenesis in vivo. The micro-CT reconstruction
image as shown in figure 11 shows that at 4 and 8 w,
new bone had scarcely formed at the defective area in
the control group. At 4 w, the new bone in the M0 and
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Figure 9. Assays on in vitro angiogenesis ability. (a)—(c) HUVECs seeded on Matrigel were cultured for 9 h with the extracts to
observe (a) the tube formation in each group. The corresponding AngioTool software was used for imaging and to analyze (b) the
number of nodes and (c) the relative total segment length level of the tubes. (d) Evaluation of angiogenic differentiation of
HUVECs cultured on different cryogels for 7 d via analysis of the relative expression of VEGE. *(p < 0.05), ** (p < 0.01),

M2P10 groups began to grow from the periphery to
the inside, and the M2P10 group formed more new
bone than the M0 group. At 8 w, a small amount
of new bone was formed in the M0 group compared
with the 4 w group, while the new bone in the M2P10
group had grown to the center of the defect.

Quantitative analysis of the BV/TV ratios and
BMD values was carried out based on the micro-
CT data. The BV/TV value of the M2P10 group
was the highest at 8 weeks, reaching 40.1 + 0.9%
at 8 w post implantation, and the BMD value
reached 434.77 + 15.89 mg cm—>. The BV/TV and
BMD values of the M0 group were 23.7 £ 2.7%
and 238.6 £ 17.89 mg cm ™3, respectively, and
those of the control group were 13.9 £ 0.8% and
136.8 & 12.36 mg cm 2, respectively.

As shown in figure S6, the supplementary
provides three parallel control groups of the HE-
stained histological sections at 8 w, and finally we
integrated all the characteristics to select a group of
representative results. As shown in the figure 12, HE
and Masson staining showed that the most signific-
ant osteogenesis occurred in the M2P10 group. In the
tissue sections of the control group at 4 and 8 w, it
was observed that only a small amount of new bone
was formed at the defect boundary, and the defect
area was surrounded by fibrous connective tissue.
At 4 w, new bone was formed in the M2P10 group,
and there was residual cryogel around the new bone,
with many blood vessels around it. The cryogel could
be seen in the MO group, but the new bone forma-
tion was less than that in the M2P10 group. At 8 w,
more new bone was formed in the M2P10 group

than in the MO group, and the bone tended to grow
to the center of the defect, while only scattered new
bone was formed in the M0 group. Immunohisto-
chemical staining in figure 13 also showed that CD31
and OCN were highly expressed in the M2P10 group,
which indicated that vascularization and osteogenesis
occurred in the M2P10 group.

4. Discussion

Angiogenesis plays a vital role in bone tissue repair.
Ions co-delivery systems are expected to achieve
successful bone regeneration by firstly promoting
angiogenesis [51]. In this study, we applied a GelMA
cryogel and PLGA microspheres as the matrixes to
co-delivery of Mg?t and La®* in order to stimulate
angiogenesis and osteogenesis in bone defects.

The GelMA cryogel fabricated with large pore
sizes can enable oxygen and nutrients to be provided
in the core of the scaffold, thus contributing to suf-
ficient angiogenesis [52]. Moreover, Mg?" loaded
in the cryogel can be released in the early stage
because the cryogel is hydrophilic. Since MgO dis-
solves faster than MgCQOs, it can achieve a moderate
release effect to promote vascularized bone regenera-
tion in the early stage [24]. La,(CO3); was wrapped
in PLGA microspheres, which are often used as car-
riers to control the release of drugs or metal ions
[53]. Loading the microspheres into the GeIMA cryo-
gel can further delay the release of La’" and enable
dual delivery of the two metal ions in chronolo-
gical order. During the process of gradual degrada-
tion of the cryogel, the PLGA microspheres degrade
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Figure 10. Histological evaluations of angiogenesis upon subcutaneous transplantation of M0, M2P10 and M5P10 cryogels in
nude mice for 4 w: (a) HE staining, (b) Masson’s trichrome staining and (c) CD31 staining. The red arrows in (a) and the yellow

M5P10

relatively slowly, which can also play a supporting
role. From 0 to 12 w, the intensity of La’" signal
in mapping images continously decreased, indicat-
ing the sustained release of La** alongside scaffold
degradation. Since the complete degradation of PLGA
might take about 6 months [54], it was suggested
that the long-term release of La** would favor new
bone formation at later stage. Studies have shown

that the accumulation of a small amount of lanthan-
ide elements in bones can and inhibit bone degrad-
ation [30], therefore, even a burst release of La*t
occurred after the complete degradation of PLGA, it
would not cause significant adverse effect to the body
since the total amount of the introduced La,(CO3)3
was not high (5 mg cryogel contains 0.05 mg
Lay(CO3)s) .
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Figure 11. (a) Reconstructed 3D micro-CT images of rat craniums collected from different groups at 4 and 8 w after surgery.
(b), (¢) Quantitative analysis of regenerated bone in terms of (b) BV/TV ratios and (c) BMD values for the different groups.
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The combined results of the ion release assay and
the Alamar blue assay indicated that the cell prolif-
eration in the M2 group was faster than that in the
M35 group. Studies have shown that Mg?* concentra-
tions within 10 mM can promote cell proliferation
and migration [55]. In the M5 group, cell prolifera-
tion was inhibited at the early stage, and the cell pro-
liferation rate was increased on the 7th day. This may
be because the medium pH value of the M5 group was
relative high during the early burst release [56]. With
the continuous release of ions, the pH value gradu-
ally decreased due to dilution by new PBS, and the cell
proliferation was accelerated at later stage. The num-
ber of migrating cells in the M2 group was signific-
antly higher than that in the M5 group, indicating that
the Mg’ concentration of the M2 extract showed
stronger ability in promoting cell migration than that
of the M5 extract, and the M2 cryogel might be con-
ducive to cell migration in the early stage of injury
[57]. At a proper concentration, Mg?>™ can enhance
cell motility, which is an essential part of angiogen-
esis, inflammation, normal development and tissue
repair [58].

With regard to angiogenesis, the results of the
Matrigel tube formation assay indicated that more
tubes formed in the M2 group than in the M5 group
and P10 group. Furthermore, the angiogenic gene
expression levels led to the same conclusion. Mg>™
can promote angiogenesis by simulating hypoxic

conditions and contributing to the transcription of
VEGF [18, 59]. Altogether, the above three in vitro
experiments proved that Mg?"t can promote cell
migration and promote angiogenesis in the early
stage. To further prove the vascularization effects of
the scaffolds, we performed subcutaneous transplant-
ation and observed the effects on vascularization.
HE and Masson staining of tissue slices indicated
that the MO group did not exhibit much vascular-
ization. In contrast, the M2P10 group had greater
promotion of blood vessels, and more blood vessels
grew into the cryogels in the M2P10 group than in
the MO group. Activation of endothelial cells dur-
ing angiogenesis requires cell diffusion and migra-
tion. Studies have shown that Mg?" can be recog-
nized by endothelial cells [60]. Mg*" can stimulate
proliferation and make microvascular cells sensitive
to migration signals, thereby inducing angiogenesis
[61]. Lai et al found that PLGA/S-tricalcium phos-
phate/Mg scaffolds can promote the inward growth
of new blood vessels at 4 w and that large numbers of
newly formed blood vessels were present at 8 w in a
segmental ulnar bone defect model [62].

The cell proliferation of the P10 group was
significantly higher than that of the control and
P20 groups. In the P10 group, the release of La**
increased from the 4th day and reached a peak
at 7-14 d at approximately 100 pg L~'. Previ-
ous studies have shown that a La** concentration
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Figure 12. Histological evaluations of bone regeneration at 4 and 8 w for the control, M0 and M2P10 groups. (a) HE staining,
(b) Masson’s trichrome staining were performed. Arrows: the newly formed blood vessels. HB, host bone; NB, newly formed

of 107°—107"M can promote cell proliferation
[63]. When the La*t concentration is elevated,
it can inhibit cell proliferation and differentiation
[31]. Therefore, the P10 group was selected as the
experimental group for subsequent experiments. In
P10 group, osteogenic differentiation of cells was

promoted in vitro, and the expression of bone-related
genes in the P10 group was significantly higher than
that in the MO group. Low concentrations of La’T can
upregulate ALP, OCN and COL-I gene expression in
hBMSCs [64]. Moreover, the results of ALP and ARS
also confirmed this effect. La*>* in composite scaffolds
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Figure 13. Immunohistochemical evaluations of bone regeneration at 4 and 8 w for the control, M0 and M2P10 groups. (a) OCN
staining, and (b) CD31 staining were performed. HB, host bone; NB, newly formed bone.

T

may play a significant role in promoting osteogenic
differentiation [65]. The effect of La*t on osteo-
blast activity is concentration-dependent and time-
dependent. Low concentrations of La’>T stimulate
the expression of osteoblast-specific genes; increase
ALP activity, OCN secretion and matrix mineraliza-
tion; and promote the differentiation of osteoblasts

in vitro [66].

The Alamar blue assay, live/dead staining and
phalloidin-Hoechst/DAPI staining all showed that the
M2P10 group had the best cell proliferation, and
the cryogel in this group had good biocompatibil-
ity. In the in vitro osteogenic differentiation exper-
iment, we observed that the M2P10 group had the
best effect with the highest expressions of osteogenic
genes; the expression in this group was approximately
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twice that in the M2 group and P10 group. Moreover,
the expression of VEGF in the M2P10 group was sig-
nificantly higher than those in the M2 group and
P10 group. The combined results of osteogenic and
angiogenic gene expression indicate that Mg?* and
La®>* may have synergistic effects on vascularization
and bone formation. Altogether, the in vitro experi-
ments proved that the co-delivery of Mg** and La*>*
had better angiogenic and osteogenic effects than the
delivery of either ion individually. The in vitro differ-
entiation data was analyzed by the method presented
in the figure S7. When Popgerved > Pexpected> @ Syner-
gistic effect for the two ions is achieved rather than
an additive effect. According to the heat map ana-
lysis (figure S8), compared with the M2 and P10
groups, M2P10 has a synergistic effect in promoting
cell proliferation, promoting angiogenesis and pro-
moting osteogenesis.

As stated above, compared to single-ion systems,
we have confirmed that the M2P10 group has the best
osteogenic capability compared to the M2 and P10
group. Therefore, according to the welfare require-
ments of experimental animals to reduce the num-
ber of animals, we selected M2P10 group with the
best effect on promoting angiogenesis and osteogen-
esis in vitro as the experimental group in vivo. As for
in situ osteogenesis experiment, at 8 w, the BV/TV
value of the M2P10 group was 16.4 + 1.9% higher
than that of the M0 group, and the BMD value of
the M2P10 group was 196.1 + 2 mg cm ™ higher
than that of the MO group, indicating that loading
of Mg?" and La®>" can enhance osteogenesis. In the
tissue sections, there were more blood vessels around
the new bone of the skull defect in the M2P10 group
than in other groups. In the M0 group, small amounts
of blood vessel formation and new bone formation
could also be observed, indicating that the MO cryo-
gel has limited capacity in promoting bone regenera-
tion. In a previous study with good experimental res-
ults, when magnesium was incorporated into calcium
silicate, the BV/TV was 35% at 12 w for a 5 mm bone
defect and was approximately 10% higher than that
of the calcium silicate group [67]. Li et al found that
when MgO was loaded into polymethylmethacrylate
(PMMA), the BV/TV achieved in the MgO/PMMA
group (12.70 £ 1.85%) was significantly greater than
that in the PMMA group (9.61 =+ 2.66%) at 12 w for
a 5 mm bone defect [68]. In another study, Hu et al
found that when La,(COs3)3; was incorporated into
chitosan, the BV/TV value of the La-loaded group was
12.02 £ 0.47% higher than that of the simple chitosan
group at 12 w for a 5 mm bone defect [35]. According
to our results, apart from the influences of the mater-
ials on osteogenesis, Mg>" and La*' can promote
vascularization better than either ion acting alone.
In the long-term process of bone reconstruction, the
persisting supply of low dose of La** may achieve
a durable effect on promoting osteogenesis. On the
other hand, only about 0.05 mg of La,(CO3); was
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added into each hole of the rat skull defect. Even as the
PLGA microspheres totally degraded at 6-12 months
post-implantation to release the residual La’* in a
sudden at the later stage [54], it would not cause sig-
nificant adverse effect as studies have shown that the
accumulation of a small amount of lanthanide ele-
ments in bones can stimulate bone formation and
inhibit bone degradation, without causing toxicity to
the body [30]. Combined with the conclusions drawn
from in vitro experiments, the co-delivery of Mg?**
and La>T has a synergistic effect on promoting vas-
cularization and bone regeneration. Given these find-
ings and those of the in vivo experiments, we can con-
clude that Mg?>* and La** have a synergistic effect
on the regeneration of vascularized bone tissue bene-
fiting from their co-delivery pattern via using the
GelMA cryogel-PLGA microsphere system.

5. Conclusion

In this research, we successfully prepared an ion
co-delivery system. MgO and MgCO; were directly
mixed into GelMA cryogel at a ratio of 1:1, which
allowed Mg?* to be released firstly. La,(COj3); was
wrapped in PLGA microspheres and then mixed
into the GelMA cryogel to achieve a slow-release of
La’t. According to the experimental results, we found
that Mg?" and La*' can promote bone regenera-
tion through the controlled release. The co-delivery
of Mg** and La** have a synergistic effect in pro-
moting vascularized bone formation, suggesting the
GelMA cryogel-PLGA microsphere system to be a
promising strategy for the purpose. In future, the
mechanism/signaling pathway by which Mg** and
La** promote vascularization and bone formation
will be explored with more details via cellular and
molecular assays.
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