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Abstract

The challenge of developing scaffolds to reconstruct critical-sized calvarial defects
without the addition of high levels of exogenous growth factor remains relevant. Both
osteogenic regenerative efficacy and suitable mechanical properties for the temporary
scaffold system are of importance. In this study, a Mg alloy mesh reinforced polymer/
demineralized bone matrix (DBM) hybrid scaffold was designed where the hybrid
scaffold was fabricated by a concurrent -electrospinning/electrospraying of
poly(lactic-co-glycolic acid) (PLGA) polymer and DBM suspended in hyaluronic acid
(HA). The Mg alloy mesh significantly increased the flexural strength and modulus
of PLGA/DBM hybrid scaffold. In vitro results demonstrated that the Mg alloy mesh
reinforced PLGA/DBM hybrid scaffold (Mg-PLGA@HA&DBM) exhibited a stronger
ability to promote the proliferation of bone marrow stem cells (BMSCs) and induce
BMSC osteogenic differentiation compared with control scaffolding materials lacking
critical components. In vivo osteogenesis studies were performed in a rat critical-sized
calvarial defect model and incorporated a variety of histological stains and immuno-
histochemical staining of osteocalcin. At 12 weeks, the rat model data showed that
the degree of bone repair for the Mg-PLGA@HA&DBM scaffold was significantly
greater than for those scaffolds lacking one or more of the principal components.
Although complete defect filling was not achieved, the improved mechanical proper-
ties, promotion of BMSC proliferation and induction of BMSC osteogenic differentia-
tion, and improved promotion of bone repair in the rat critical-sized calvarial defect
model make Mg alloy mesh reinforced PLGA/DBM hybrid scaffold an attractive
option for the repair of critical-sized bone defects where the addition of exogenous

isolated growth factors is not employed.
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1 | INTRODUCTION

Critical-sized bone defects, those that cannot be repaired without
externally derived factors, may result from trauma, primary tumours,
congenital diseases, and other causes (Hokugo et al., 2004). The
repair of critical-sized calvarial defects remains challenging in terms
of achieving adequate osteogenic regenerative efficacy and reaching
suitable mechanical properties (Cuthbert et al., 2013; Dimitriou,
Mataliotakis, Calori, & Giannoudis, 2012). Common approaches
applied to regenerate bone in this setting include autologous bone
grafting and the use of alloplastic implants, but both techniques
have disadvantages (Amini, Laurencin, & Nukavarapu, 2012). Autolo-
gous tissue is subject to limited availability, donor site morbidity,
and infection risk. Allografts bring risks for immunoreactivity and
the transmission of infectious agents (Amini et al., 2012; Henkel
et al, 2013). Alternatively, bone tissue engineering approaches
based on scaffolds have shown promise in the repair of large bone
defects.

A broad variety of scaffolds aimed at improving osteogenic
regenerative capacity have been developed, including porous
ceramics/bioactive glasses (e.g., calcium phosphate [Zhang et al,
2015], magnesium phosphate [Kim, Lim, Naren, Yun, & Park, 2016],
and calcium silicate bioactive ceramics [El-Rashidy et al, 2017;
Nommeots-Nomm et al., 2017]), membranes (multilayered graphene
hydrogel composite membranes [Lu et al., 2016], nanocomposite
membranes [Zhang, Zhang, et al., 2016], and others), hydrogels
(nanosilver/nanosilica hydrogels [Zhang, Guo, et al., 2016; Zhang,
Liu, et al., 2016; Zhang, Xu, et al., 2016; Zhang, Zhang, et al., 2016],
chitin nanofibre/calcium phosphate hydrogels [Kawata et al., 2016],
and chitosan/hydroxyapatite hybrid hydrogels [Li, Wang, et al,
2015]), composites (chitosan-copper scaffolds [D'Mello et al., 2015],
porous polymer/hydroxyapatite composites [Fujihara, Kotaki, &
Ramakrishna, 2005; Zhang, Guo, et al., 2016; Zhang, Liu, et al.,
2016; Zhang, Xu, et al., 2016; Zhang, Zhang, et al, 2016]),
nanofibrous scaffolds (Li, Chu, et al., 2015; Li, Wang, et al., 2015; Li,
Zhou, et al., 2015; Zhu et al., 2017), and others (Inzana et al., 2014;
Shi, Wang, et al., 2017; Seo, Koh, & Song, 2017). Among these
options, nano/micro fibrous scaffolds are readily fabricated using
electrospinning technology that has been explored extensively in
the biomaterials literature over the past decade (Shin, Purevdorj,
Castano, Planell, & Kim, 2012). The nano- to sub-micron fibre struc-
ture can provide topographical ques and a connective porous net-
work, which is beneficial for promoting bone cell adhesion,
proliferation, migration, and nutrient transfer (Holzwarth & Ma,
2011). Further, osteogenic differentiation can be induced from such
scaffolds by adding bioactive particles or providing for the controlled
release of pharmacologic agents.

From a biologically derived materials perspective, extracellular
matrix (ECM)-based materials, such as demineralized bone matrix
(DBM), are of great relevance as a bone healing material, possessing a
variety of bioactive factors, but lacking the mechanical properties
needed in load-bearing applications. DBM is generated from allograft
bone that has been processed to remove most of the inorganic min-
erals, providing an organic collagen-rich matrix, including type | and
some type IV and X collagens, growth factors (BMP-2 and BMP-7),

and other bioactive entities, which are known to facilitate
osteoconduction and osteoinduction (Gruskin, Doll, Futrell, Schmitz,
& Hollinger, 2012).

As a support material, magnesium-based alloys have shown great
potential in bone repair applications in many preclinical and, more
recently, clinical reports (Zhao et al., 2017). The attractiveness of these
alloy systems is based on several features. Most obviously, such alloys
can be designed to experience oxidation and complete degradation in
situ (Witte, 2015), avoiding secondary removal surgeries and their
associated costs and morbidities. Second, the oxidative products from
Mg alloy degradation are generally safe (Dziuba et al., 2013) and com-
mon in bone. Indeed, the release of Mg ions can promote calcitonin
gene-related polypeptide-a-mediated osteogenic differentiation,
which can be of therapeutic value (Zhang, Guo, et al., 2016; Zhang,
Liu, et al., 2016; Zhang, Xu, et al., 2016; Zhang, Zhang, et al., 2016).
Third, the mechanical properties of Mg alloys, particularly Young's
modulus, can be similar to cortical bone, helping to minimize stress
shielding that occurs with stiffer metallic implants (Zheng et al,,
2014). However, substantial advances must still be made for Mg-
based materials to find routine use. The corrosion rate for many
applications may be too rapid, leading to premature loss of mechanical
properties and potentially the build-up of hydrogen gas pockets
associated with the reduction reaction (Wang, Witte, et al., 2015).
Many strategies are being reported in efforts to slow or delay the cor-
rosion process, particularly surface modification and microstructure
control (Agarwal, Curtin, Duffy, & Jaiswal, 2016; Willbold et al.,
2015; Wu, Ibrahim, & Chu, 2013; Yu et al., 2013). Related to the inves-
tigation of Mg alloys as the basis for orthopaedic fixation devices,
there have been more recent efforts to incorporate Mg alloy compo-
nents that would work in concert with other degradable (or non-
degradable) elements to facilitate better healing outcomes. These
approaches leverage the bone-stimulating ability that has been
recognized in association with Mg degradation (Li et al., 2017; Li,
Chu, et al., 2015; Li, Wang, et al., 2015; Li, Zhou, et al., 2015; Shi,
Pei, et al.,, 2017; Shi, Wang, et al., 2017; Wu, Ibrahim, et al., 2013;
Wu, Li, et al,, 2013).

In considering the design features desirable for a device
intended to facilitate calvarial defect regeneration, the following
properties are considered most salient: (a) biodegradability to avoid
secondary surgeries, (b) suitable mechanical properties, especially
bending stress and bending modulus matched with surrounding tis-
sue to reduce stress and strain imbalances, and (c) bioactivity to pro-
mote bone cell adhesion, proliferation, migration, and secretion of
ECM proteins for subsequent calcification. The objective of this
study was to design a composite device to incorporate these
features by leveraging a Mg alloy mesh for strength, form, and bioac-
tivity, DBM for broad bioactive component incorporation, and
poly(lactic-co-glycolic acid) (PLGA) as a binding matrix for DBM. This
hybrid scaffold was fabricated by concurrent electrospinning/
electrospraying of a PLGA polymer and DBM onto a Mg alloy mesh
(Figure 1a). The mechanical properties, including flexural stress and
modulus, in vitro osteogenic differentiation capacity, and in vivo
osteogenesis in a rat calvarial defect model, were assessed for the
designed scaffold system as well as for control scaffolds lacking key

elements of the developed composite.
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FIGURE 1

(a) Fabrication of Mg alloy mesh embedded with a poly(lactic-co-glycolic acid)/demineralized bone matrix (PLGA/DBM) composite

scaffold and (b) schematic diagram of the scaffolds implanted into 8-mm calvarial defect for 12 weeks [Colour figure can be viewed at

wileyonlinelibrary.com]

2 | EXPERIMENTAL

21 |

A rectangular sheet (200 x 500 mm, 250 um thick) of AZ31 magne-
sium alloy was purchased from Goodfellow USA. According to the

Magnesium mesh fabrication

vendor, the alloy composition was 3% Al, 1% Zn, with the balance
Mg. Using a methodology previously described (Shanov et al., 2017),
photolithography was utilized to transfer a mesh pattern (with
square-shaped pores of 1.5 x 1.5 mm) onto AZ31 foil, followed by

chemical etching.

2.2 | Fabrication of Mg mesh reinforced PLGA/DBM
hybrid scaffold

A concurrent electrospinning/electrospray method was used to fabri-
cate the Mg alloy mesh reinforced PLGA/DBM hybrid composite scaf-
fold (Figure 1a). Briefly, PLGA (85:15 LA : GA, MW~150,000 Da,
PolySciTech, USA) in hexafluoroisopropanol (Sigma-Aldrich, USA)
solution (20%, wt/vol) was fed at 1.5 ml/hr from a capillary perpendic-

ularly located from a rotating stainless steel flat target. The target was

composed of two identical plates atop one another that each incorpo-
rated a cut out (60 x 40 mm). The Mg mesh (65 x 10 mm) was placed
centrally in between the two plates to secure it in the centre of the
open gap area (with 15 mm open gap on each side). The voltage of
the target and PLGA solution capillary was -6 and + 8 kV, respectively.
The distance between the central axis of target and the polymer infus-
ing capillary was 170 mm. The target was rotated at 50 rpm while
translating back and forth over a 6 cm distance along the rotational
axis at 0.3 cm/s. After 2-hr deposition time, PLGA fibres encased the
entire Mg mesh and the formerly open gap regions on each side of
the mesh. At that time, the process was altered. DBM (Canine
Demineralized Bone Matrix, Veterinary Transplant Services, Inc,
USA) powder suspended at 5 mg/mL in sodium hyaluronate solution
(HA700K-5, Lifecore Biomedical, USA, 2 mg/ml deionized (DI) water)
at 4 °C was fed by a syringe pump into a capillary (1.2 mm 1.D.) with
an infusion rate of 2 ml/hr. The capillary was suspended above the
rotating Mg mesh target and perpendicular to the capillary delivering
the PLGA solution. The distance between the central axis of the target
and the DBM infusing capillary was 70 mm. After 5 hr of concurrent
electrospinning of PLGA and electrospraying of the DBM solution,
the PLGA/DBM hybrid scaffold was obtained. The rectangular gap in
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the two target plates was now composed of three sections. The cen-
tral section was the Mg alloy mesh encased in the PLGA/DBM com-
posite, whereas the flanking sections had deposited PLGA and
PLGA/DBM but lacked the Mg alloy mesh. The three sections were
separated by cutting lengthwise. After freeze-drying, the samples
were stored at -20 °C until further characterization.

2.3 | Hybrid scaffold characterization

Macroscopic images were taken by digital camera. The surface mor-
phology and cross-sectional images of the Mg mesh encapsulated in
PLGA/DBM were observed with scanning electron microscopy
(SEM; JEOL 6330F) after gold sputtering. For cross-sectional prepara-
tion, the scaffold was frozen and broken in liquid nitrogen. Fluorescent
images of the PLGA/DBM scaffold were taken for scaffolds where the
polymer solution was labelled with fluorescein isothiocyanate, and the
DBM particles were stained by rhodamine to clearly identify each

component in the scaffold.

2.4 | Flexural strength measurement

Three-point bending tests were conducted to measure the flexural
strength and flexural modulus of the hybrid scaffolds with and without
Mg mesh. The measurements were performed in a bending test device
(ElectroForce 3200 [Bose, MN]) according to a standard testing proto-
col. Specifically, the Mg mesh with PLGA/DBM scaffold
(15 x 10 x 1 mm) or PLGA/DBM scaffold (15 x 10 x 0.7 mm) were
placed on two supporting pins at a set distance of 12 mm and then
bent under loading yield occurred. The flexural stress (o5 Temenoff
& Mikos, 2008) and flexural modulus (Ef; Zweben, Smith, & Wardle,
1979) were obtained according to Equations (1) and (2):

3FL
of = b (1)
L°m

where of stands for the flexural stress (MPa); F is the load at a given
point on the load deflection curve (N); L, b, and d represent support
span (mm), width of test beam (mm), and depth or thickness of tested
beam (mm), respectively; and m is related to the slope of the initial

straight-line portion of the load deflection curve (N/mm).

25 |

Rat bone mesenchymal stem cells (BMSCs; OriCell Fisher 344 [F344],
Cyagen, USA) were cultured in OriCell MSC Growth Medium (Cyagen)
in a humidified incubator under 5% CO, at 37 + 0.5 °C. Then, the
BMSCs (under an original passage number of 10) were digested by

Rat bone mesenchymal stem cell culture study

trypsin, and the cells were seeded on the scaffold (10 mm diameter,
punched from the original scaffolds) at a density of 2 x 10* cells/ml.
After 3-hr incubation to allow cell attachment, the samples were
transferred into a new 24-well plate for further culture. Tissue culture

polystyrene discs of the same size as the samples were similarly
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seeded with cells and cultured with OriCell MSC Growth Medium or
Osteogenic Differentiation Basal Medium (GUXMX-03021-175,
Cyagen, USA), respectively, to serve as negative and positive controls.
The proliferation of BMSCs on the scaffolds was assessed using an
MTS assay kit (Promega CellTiter 96 Cell Proliferation Assay, n = 4).
After 1-, 3-, and 7-day culture, the samples were carefully transferred
into a new 24-well plate, and then, 0.5-ml cell culture medium mixed
with MTS reagent (9:1) was added. After 3-hr incubation, 150 ul of
the medium was carefully transferred to a 96-well. The optical density
was measured at 490 nm using a microplate reader. For SEM observa-
tions of cells adhered on the scaffolds, after 7-day culture, the scaf-
folds were washed with pre-warmed phosphate-buffered saline
(PBS) three times. Then, the cells on the scaffolds were fixed with
2.5% glutaraldehyde. After that, the cells were subjected to dehydra-
tion in graded series of alcohol/DI water solutions (30%, 50%, 70%,
90%, and 100%) for 15 min each. The samples were then immersed
in hexamethyldisilazane for 5 min. Finally, the scaffolds with cells were
gold-sputtered prior to SEM observation.

Alkaline phosphatase (ALP), as an early osteogenic differentiation
marker (Yao et al., 2017), is a hydrolase enzyme responsible for remov-
ing phosphate groups from many types of molecules. After 7- and 14-
day culture, the samples were washed with PBS three times, and the
cells on the sample surface were lysed with 0.2 ml 1% (vol/vol) Triton
X-100 for 12 hr at 4 °C. Then, the cell lysate solution was centrifuged,
and the supernatant was used for ALP activity assessment. The total
protein concentration of the cell lysate for each sample was measured
using the bicinchoninic acid (Sigma-Aldrich, USA) protein assay kit. The
final ALP activity was normalized with respect to the total protein con-
tent obtained from the same cell lysate. The number of independent
samples used for statistics was no less than four, and all of the assays
were repeated more than two times.

For calcium deposition assessment, after 21 days of BMSC cul-
ture, the samples were carefully transferred into a new 24-well plate
and washed with pre-warmed PBS three times. Alizarin red solution
(1 ml of 2%; Sigma-Aldrich, USA) was slowly added to each well and
then incubated for 20 min at room temperature. After that, the excess
dye was removed from each well and washed several times with DI
water until no further removal was observed, as verified by compari-
son of optical densities using a microplate reader of the DI water used
as a wash with pristine DI water. Samples were then imaged macro-
scopically. For quantification of alizarin red staining, the samples were
treated with 150 pl 10 wt% hexadecylpyridinium chloride (Sigma-
Aldrich, USA)/PBS solution to solubilize the dye, followed by measure-
ment of absorbance at 570 nm with a microplate reader (Zhu, Mao, &
Gao, 2013).

2.6 | In vivo animal study and surgical procedures

Female Sprague-Dawley rats (150-170 g) were purchased from Har-
lan Sprague Dawley Inc., USA. All animal procedures were performed
as approved by the Institutional Animal Care and Use Committee of
the University of Pittsburgh. The surgical procedure was similar to that
reported in reference (Spicer et al., 2012). The rats were randomly
divided into five groups (n = 5 each group). After anaesthetization with
10% chloral hydrate (4 ml/kg), the rats were shaved on the head, and
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the epicranium was cut longitudinally. The critical-sized calvarial
defect (8 mm diameter) was made using a dental drill. The scaffold
samples were cut in a disc (8 mm diameter) using a punch. The disc
samples were then physically placed in the defect, and the wound
was carefully sutured. After 12-week implantation, the rats were
anaesthetized with 10% chloral hydrate (4 mL/kg), and 3D computed
tomography data of the rat calvaria were obtained with a Vivo 40

micro-CT system (Scanco, Switzerland).

2.7 | Histological assessment and
immunohistochemical staining

After a 12-week implant period, the rats were anaesthetized and
sacrificed. The whole calvaria was removed and fixed in 4% parafor-
maldehyde solution for 1 week. The harvested calvaria were
dehydrated with an increasing series of ethanol baths (70%, 75%,
80%, 85%, 90%, 95%, and 100%) for 24 hr each and were then
embedded in paraffin. The cross section of the central area of the
defects were cut (5 pum thick) for further histological evaluation.
Haematoxylin and eosin (H&E) and Masson's trichrome staining were
performed on isolated sections, as was Von Kossa staining to confirm
the presence of calcified tissue (Von Kossa kit, Abcam, USA).
Immunohistochemical staining of osteocalcin (OCN) was investi-
gated to examine osteogenesis. Sections of explanted tissue were
deparaffinized by dipping in xylene three times (3 min for each),
followed by 100%, 95%, and 70% ethanol washes for 1 min each
and running water for 2 min, respectively. Subsequently, the sections
were immersed in an antigen retrieval buffer (HistoVT One, Nacalai
Tesque, INC. Japan) at 95-100 °C for 20 min to expose the antigen
on the surface. After the buffer solution was cooled to room temper-
ature, the sections were washed with PBS three times (3 min for each)
and then incubated in blocking solution (2% normal horse serum, 1%
BSA, 0.1% Triton X-100, and 0.1% Tween-20 in 1x PBS, pH 7.4) in a
humidified chamber for 1 hr at room temperature to inhibit non-spe-
cific binding. After removing the blocking solution, the primary anti-
body of OCN (Osteocalcin antibody, orb259644, Biobyt, USA)
diluted in blocking solution (2.5 pg/ml [1:200]) was added to cover
the sections and incubated in a humidified chamber at 4 °C overnight.
After removing the primary antibody, the slices were washed with PBS
three times (3 min for each). The fluorescently labelled secondary anti-
body (donkey anti-rabbit, ab150073, Abcam, USA) diluted in blocking
solution (1:450) was added to the sections and incubated in a humid-
ified chamber at room temperature in the dark for 1 hr. After removing
the secondary antibody, the slices were washed with PBS three times
(3 min for each). Finally, nuclei were stained with 4',6-diamidino-2-
phenylindole (DAPI; 1:10000, Sigma, USA). For each sample, more
than five different microscopic images were taken under fluorescence

microscopy to view OCN-positive structures.

2.8 | Statistical analyses

All the data are expressed as mean + standard deviation (as error bars
in figures) determined from at least four independent experiments. The

statistical analyses performed to evaluate differences were one-way

analysis of variance, with post hoc Newman-Keuls testing, where a p

value of less than .05 was considered to be statistically significant.

3 | RESULTS

3.1 | Morphology and mechanics of Mg mesh
reinforced PLGA/DBM hybrid scaffold

Figure 2a-d shows the formed composite material of the Mg mesh
integrated within the polymer/ECM (PLGA/DBM) hybrid material
from a macroscopic and microscopic perspective. The surface of
deposited PLGA fibres had a fibre diameter of 3 + 0.5 um, and scaffold
cross sections showed encapsulation of the Mg mesh by polymer
fibres. In Figure 2d, distinct regions of DBM (green, labelled with fluo-
rescein isothiocyanate) could be seen to be distributed among the red
PLGA fibres.

The flexural strength and modulus of the PLGA/DBM hybrid scaf-
folds with and without Mg mesh as examined by three-point bending
are seen in Figure 2e,f. As expected, the Mg mesh strengthened and
stiffened the polymer/ECM hybrid scaffold.

3.2 | In vitro ALP activity and calcium deposition

Figure 3a demonstrates increasing ALP activity with culture time for
BMSCs cultured on the various scaffolds. The ALP activity on PLGA/
DBM hybrid scaffold (PLGA@HA&DBM) was higher than that for
the scaffold without DBM (PLGA@HA), and this activity was further
increased when the Mg mesh was included (Mg-PLGA@HA&DBM)
at 7 and 14 days of culture.

Alizarin red staining is shown qualitatively and quantitatively in
Figure 3b,c for BMSCs cultured on scaffolds for 21 days. Measure-
ments of optical density of the dissolved alizarin red that had bound
to the cultured surfaces were greater for PLGA@HA@DBM and Mg-
PLGA@HA&DBM, consistent with greater calcium deposition. Fur-
thermore, Mg-PLGA@HA&DBM had greater alizarin red binding than
PLGA@HA&DBM, indicating an effect attributable to the presence
of the Mg mesh. The qualitative images were consistent with these

findings.
3.3 | In vivo animal study
3.3.1 | Masson trichrome staining and H&E staining

The in vivo osteogenic properties of the scaffolds were investigated in
a critical-sized calvarial defect for 12 weeks as represented in Figure 1
b. In Figure 4a,b, representative Masson trichrome-stained sections
are presented together with quantitative image analysis of all stained
areas and blue-stained areas (black arrow) measured from trichrome-
stained sections from scaffolds after 12-week implantation. The stain-
ing patterns in Mg-PLGA@HA&DBM and PLGA@HA&DBM showed
more general staining as well as more blue-stained areas compared
with the other scaffold types. Also, the Mg-PLGA@HA&DBM
displayed more blue-stained areas compared with PLGA@HA&DBM.
There was also more general and blue staining observed on Mg-
PLGA@HA scaffolds than PLGA@HA scaffolds. Blue staining was

obvious and consistently present in the regions surrounding what
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FIGURE 2 Hybrid scaffold characterization of Mg mesh reinforced poly(lactic-co-glycolic acid)/demineralized bone matrix (PLGA/DBM) scaffold:
(a) macroscopic images of fabricated scaffold, (b) scanning electron microscopy image of PLGA electrospun fibers, (c) cross-sectional morphology
of the scaffold, and (d) fluorescent image of the Mg mesh reinforced PLGA/DBM scaffold, polymer solution labelled with fluorescein
isothiocyanate, and DBM particles stained by the rhodamine for identifying polymer fibre and DBM in the scaffolds, and (e) flexural stress and (f)
flexural modulus of PLGA/DBM hybrid scaffold with and without Mg mesh (p < .05) [Colour figure can be viewed at wileyonlinelibrary.com]
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FIGURE 3 (a) Alkaline phosphatase (ALP) activity results of the scaffolds after 7 and 14 days of bone marrow stem cell (BMSC) culture (p < .05)
and (b) alizarin red staining and (c) alizarin red quantity after BMSC seeded on scaffolds for 21 days (*p < .05). DBM = demineralized bone matrix;
HA = hyaluronic acid; PLGA = poly(lactic-co-glycolic acid) [Colour figure can be viewed at wileyonlinelibrary.com]

appeared to be voids left behind by the Mg struts (red arrows). The H&E staining and analysis of recovered tissue sections from the
negative control group, where no implant was made, presented a very defect site are presented in Figure 4c. Consistent with the Masson

thin tissue covering over the defect. trichrome staining results, more staining was present on Mg-
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FIGURE 4 (a) Masson trichrome staining of scaffolds after implantation for 12 weeks, (b) the quantification for stained coloured area (assumed
as tissue ingrowth area, left) and dark blue area (black arrow, assumed as mineralized tissue, right) of Mg-PLGA@HA&DBM, PLGA@HA&DBM,
Mg-PLGA@HA, PLGA@HA, and Negative groups after 12 weeks of implantation in critical-sized calvarial defect (n = 5, 'p < .05), and (c)
haematoxylin and eosin (H&E) staining of Mg-PLGA@HA&DBM, PLGA@HA&DBM, Mg-PLGA@HA, PLGA@HA scaffolds, and Negative control
after implanted for 12 weeks. Deep pink-coloured area (black arrow) was noticeable around Mg struts (red arrow) for the Mg-PLGA@HA&DBM.
DBM = demineralized bone matrix; HA = hyaluronic acid; PLGA = poly(lactic-co-glycolic acid) [Colour figure can be viewed at wileyonlinelibrary.
com]
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PLGA@HA&DBM and PLGA@HA&DBM scaffolds compared with the
others, and Mg-PLGA@HA scaffold displayed more stained area than
that of the PLGA@HA scaffold. The negative control revealed minimal
staining. As shown in magnified images, Mg-PLGA@HA&DBM and
Mg-PLGA@HA scaffolds presented some regions (black arrows)
noticeable around Mg struts (red arrow) that had a staining and mor-

phology consistent with new forming bone.

3.3.2 | Von Kossa staining
With Von Kossa staining (Figure 5), regions stained black that would

be consistent with phosphate deposits, including calcium phosphate
and magnesium phosphate, were quantified. No such staining was
found in the negative control sections, with staining only present
in the peripheral bony regions of the defect. PLGA@HA displayed
very sparse stained areas that increased modestly with the presence
of the Mg mesh. A noticeable increase in staining was present with
the PLGA@HA&DBM scaffold versus the Mg-PLGA@HA, despite

the lack of Mg, whereas the strongest staining was when both
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DBM and Mg were present in the Mg-PLGA@HA&DBM. The

quantitative results in Figure 5b confirmed these observations.

333 |

Immunohistochemical staining was examined to further assess OCN

Immunohistochemical staining

expression in the implanted scaffolds after 12 weeks. Immunohisto-
chemical OCN staining and quantification of positively labelled cell
number and area of labelling are shown in Figure 6. The quantitative
results showed that Mg-PLGA@HA&DBM scaffold presented both a
larger number of positively stained cells and a greater area of OCN-
positive staining than all of the other scaffold types and the negative
control. Both the addition of Mg and the addition of DBM increased
the OCN-stained area versus the scaffolds lacking these components.

4 | DISCUSSION

The biomaterials community interest in magnesium-based alloys for

bone applications has grown dramatically in recent years. Mg-based
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(a) Von Kossa staining of scaffolds after implantation in critical-sized calvarial defects for 12 weeks. The black and pink areas

represent the phosphate-containing tissues (calcium phosphate and magnesium phosphate) and cytoplasm in the regenerated bone tissue,
respectively. (b) The quantification for calcified bone-like area of Mg-PLGA@HA&DBM, PLGA@HA&DBM, Mg-PLGA@HA, PLGA@HA, and
Negative groups after 12-week implantation (n = 5, ‘p < .05). DBM = demineralized bone matrix; HA = hyaluronic acid; PLGA = poly(lactic-co-

glycolic acid) [Colour figure can be viewed at wileyonlinelibrary.com]
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(a) Immunohistochemical staining of the osteogenic marker (Osteocalcin [OCN]) of scaffolds after implantation in a critical-sized

calvarial defect for 12 weeks. Blue and green areas represent cell nuclei and OCN expression, respectively. (b) The quantification for bone-
related cell numbers and OCN protein expression area of Mg-PLGA@HA&DBM, PLGA@HA&DBM, Mg-PLGA@HA, and PLGA@HA implanted in
critical-sized calvarial defect for 12 weeks as compared with Negative control (n = 5, *p < .05). DBM = demineralized bone matrix; HA = hyaluronic
acid; PLGA = poly(lactic-co-glycolic acid) [Colour figure can be viewed at wileyonlinelibrary.com]

materials or additives, such as Mg screws (Han et al., 2015), plates
(Chaya, Yoshizawa, Verdelis, Noorani, et al., 2015; Chaya, Yoshizawa,
Verdelis, Myers, et al., 2015), wires (Li et al., 2017; Li, Chu, et al,,
2015; Li, Wang, et al., 2015; Li, Zhou, et al., 2015), fibres (Wu, lbrahim,
et al,, 2013; Wu, Li, et al., 2013), particles (Ma et al., 2015; Shi, Pei,
et al., 2017; Shi, Wang, et al., 2017), and Mg ions (Chen et al., 2014;
Mouri o, Cattalini, & Boccaccini, 2012) have been utilized as, or incor-
porated into, bone scaffolds or coatings to positive effect in terms of
mechanical properties, osteogenesis, and healing outcomes (Ma
et al., 2015). The Mg alloy mesh utilized in the reported composite
scaffold provided critical mechanical properties and served to improve
the in vitro osteogenic activity. The open mesh structure facilitated
integration of the polymer and DBM with the structural elements
and later provided for tissue integration around the Mg alloy elements.
As expected, the flexural stress and modulus of the PLGA@HA&DBM
scaffold were significantly increased with inclusion of the mesh. Both
DBM and the Mg mesh present in vitro osteopromotive effect
(Figure 3) and in vivo bone regeneration were also improved. Though
no specific, isolated biological agents inducing osteogenic differentia-
tion, such as plasmid DNA, PDGF, or BMP-2, were added in this study,
DBM has been shown to retain some BMP proteins and collagens

(Wildemann, Kadow-Romacker, Haas, & Schmidmaier, 2010). For prior

studies in the rat model with DBM inclusion (Ding et al., 2015; Dozza
et al., 2017), correlations between osteogenic gene expression and
ALP/calcium deposition have shown, specifically that DBM was asso-
ciated with osteogenic gene expression, including COL1A1, ALP,
OCN, and ONN. The effect of adding Mg to the polymer/DBM scaf-
fold is consistent with earlier reports with Mg-containing materials
(Liu et al., 2016). The BMSC proliferative ability also appeared to be
stronger with both DBM and Mg present, as evidenced by qualitative
SEM images of cells on the scaffolds. Supporting this finding were
results from an MTT metabolic activity assay (Figure S1). However, it
is known that the corrosion of Mg affects MTT results (Fischer et al.,
2010), so the MTT data alone do not provide adequate evidence of
the phenomenon. In observing the histological images from the rat
implants, it is notable how new bone appeared to be regenerating
preferentially in the vicinity of the Mg mesh struts. This was seen in
the trichrome (Figure 4a,b), H&E (Figure 4c), and von Kossa staining
(Figure 5). Further confirmation of this effect was found in the
micro-computed tomography images (Figure S2) where solid areas
were visible along the Mg struts in Mg-PLGA@HA and Mg-
PLGA@HA&DBM scaffolds, providing an outline of the originally
implanted Mg mesh. This may be attributed to the Mg ions released

by corrosion of magnesium promoting in vivo osteogenesis, consistent
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with published reports (Chaya, Yoshizawa, Verdelis, Noorani, et al.,
2015; Chaya, Yoshizawa, Verdelis, Myers, et al., 2015). The majority
of reported magnesium containing scaffolds for repair of calvarial
bone defects have been concentrated on magnesium phosphate
ceramics (Kim et al.,, 2016) and magnesium-doped scaffolds (Deng,
Li, Yang, Xie, & Kang, 2017; Sun et al., 2016). In contrast, the authors
are not aware of reports of metallic Mg-based alloy incorporated in a
bone scaffold for calvarial bone defect repair. This study has
attempted to fill this gap by incorporating metallic magnesium as a
key component in a composite designed to facilitate critical-sized
calvarial defect healing.

Currently, a variety of biodegradable polymeric scaffolds, having
different porous morphologies created using different methods, have
been employed to repair critical-sized calvarial bone defects. The most
commonly utilized biodegradable polymers include PLGA (Gentile,
Chiono, Carmagnola, & Hatton, 2014), poly(L-lactic acid) (Huang
et al, 2017), poly(e-caprolactone) (Wongsupa, Nuntanaranont,
Kamolmattayakul, & Thuaksuban, 2017), and copolymers with these
common polyesters (Wang et al., 2016). One of the effective strate-
gies to improve the in vitro and in vivo osteogenesis of polymeric scaf-
folds has been the incorporation of bioactive reagents for controlled
delivery to the defect region (Yassin et al., 2017). Most commonly,
bone morphogenetic proteins (BMPs, and BMP-2 in particular; Fan
et al., 2015; Huang et al., 2017) and peptide derivates (Lee et al.,
2017) have shown effective bone regeneration in many studies, and
this concept has translated to clinical utilization in some settings
(Govender et al., 2002; Valentin-Opran, Wozney, Csimma, Lilly, &
Riedel, 2002). However, recent studies have highlighted morbidities
associated with the release of BMP-2 in some clinical applications that
include post-operative inflammation, ectopic bone formation,
osteolysis and subsidence, and others (James et al., 2016). Relatively
high concentrations of BMP-2 in the scaffold may be an issue for
the placement of such devices in some locations and in some patient
populations. Although further experience and design refinement may
help to address these issues, it would be attractive to have an alterna-
tive approach that did not rely upon such an exogenous growth factor
from both a safety and economic perspective.

To date, no suitable alternative has been broadly reported to have
such effective bone regenerative efficacy as BMP-2. In considering
alternatives that do not rely upon the controlled release of a purified
growth factor, DBM presents a bioactive alternative. This bone-
derived product provides an array of biologically active molecules,
including BMP-2 and a variety of other growth factors at more phys-
iologic concentrations (Wildemann et al., 2010), as well as collagens
and other ECM components to promote osteoconduction and
osteoinduction (Khoshzaban et al., 2011). Although DBM has been
shown to be effective in some preclinical bone healing scenarios
(Alidadi, Oryan, Bigham-Sadegh, & Moshiri, 2017; Dozza et al,
2017), there is less evidence of efficacy in clinical trials (Kinney, Ziran,
Hirshorn, Schlatterer, & Ganey, 2010), and in several preclinical stud-
ies, the osteogenic efficacy of DBM alone may not be enough (Rhee
et al., 2011; Van Houdt et al., 2017). Further, the material presents
some challenges associated with handling, stability after surgery, and
identification of an appropriate carrier (Maddox, Zhan, Mundy,

Drohan, & Burgess, 2004). A common difficulty in comparing DBM

evaluation studies is the variability introduced based on the source
of DBM and the effect of donor and processing methodology on the
level of retained bioactivity (Bae et al., 2006). In this report, a commer-
cial canine source of DBM was utilized, which had been shown to
have efficacy in the canine model (Hoffer, Griffon, Schaeffer, Johnson,
& Thomas, 2008). Although the use of xenogenic material in the rat
model may have reduced activity compared with an allogenic source
(Wang & Glimcher, 1999), other reports have shown the use of
xenogenic DBM to positive effect (Bigham, Dehghani, Shafiei, &
Nezhad, 2008).

DBM has been frequently evaluated for the repair of rat calvarial
defects (Acarturk & Hollinger, 2006; Rhee et al., 2011; Townsend
et al., 2017). Generalizing across studies, DBM was associated with a
positive effect, but the efficacy of DBM alone was limited. Comparing
literature reports of DBM-alone cases (Rhee et al., 2011; Stancoven
et al., 2013), the PLGA@HA&DBM scaffold in this study appeared to
have a better bone regenerative efficacy in the rat critical-sized
calvarial defect. This may be attributable to the porous structure of
this scaffold, the osteogenic efficacy of canine DBM, or possibly the
DBM loading strategy that benefit to the release of bioactive agents.
Commonly used strategies to improve the osteogenic efficacy of
DBM have been to incorporate additional bioactive reagents, which
include BMP-2 (Townsend et al., 2017), the stromal vascular fraction
cells (Rhee et al., 2011), and others. Comparing with DBM that has
been combined with BMP-2 (Townsend et al., 2017), Mg alloy mesh
reinforced PLGA/DBM scaffold in this study had a lower osteogenic
efficacy, which can be attributed to the recognized osteogenic efficacy
of BMP-2. In addition, DBM combined with polymer in some cases has
a slower bone regeneration rate compared with DBM alone (Rhee
et al., 2011), which may be due to the acidic degradation products
of the polymer component aggravating local inflammatory reactions.

In this study, PLGA was utilized as a secondary structural compo-
nent and was selected for its common application in a variety of
approved medical devices. The PLGA provided a three-dimensional
porous structure that could facilitate nutrient transfer, as well as pro-
vide a reservoir to hold the DBM and hyaluronic acid (HA) mixture.
The in vivo results showed that bone regenerative efficacy of Mg alloy
mesh reinforced PLGA/DBM scaffold was not at the level achievable
by BMP-supplemented matrices. One would expect BMP provision
to improve the results, but as noted above, there is interest in devel-
oping scaffolding materials that avoid such exogenous factor incorpo-
ration. However, other factors may have limited the bone
regeneration response, including the slower degradation rate of higher
molecular weight PLGA that may have occupied space, discouraging
bone tissue ingrowth. The combination of PLGA and Mg alloy mesh
might be expected to moderate the side effects from acidic degrada-
tion products of PLGA because of the alkaline corrosion products of
Mg as measured in previous publications (Wen, Zou, Luo, & Zhou,
2017; Wu, Ibrahim, et al., 2013; Wu, Li, et al., 2013; Xu, Kim, Stahl,
& Nukavarapu, 2018). It is not clear how the PLGA and Mg mesh com-
ponents will specifically interact with each other to accelerate or slow
the degradation of each material in vivo. The acidic environment gen-
erated from the PLGA degradation could accelerate both corrosion of
Mg and degradation of PLGA; however, the mild alkaline surroundings

of the Mg alloy degradation might slow these degradation processes.
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The concurrent electrospinning and electrospray method used in this
study resulted in the porous structure of this scaffold (in Figure 2)
and facile loading and delivery of DBM. The rotating target holding
the Mg mesh ensured the Mg mesh was encapsulated by the PLGA
fibres (as shown in Figure 2c) as well as DBM particles being distrib-
uted into the scaffold. It has been shown that the loading strategy of
DBM into composite materials can have a large effect on the delivery
and release of its bioactive components and thus the resulting bone
regenerative efficacy (Ding et al., 2015). In this study, viscous
hyaluronic acid (HA) was used to suspend DBM particles, which made
the electrospraying process easier to accomplish. HA has previously
been reported as an effective DBM carrier (Gruskin et al., 2012). The
concentration of HA to suspend DBM particles was optimized to a
range where higher or lower concentrations would not be suitable
for electrospraying or DBM particle suspension.

Several limitations of this study are worth specifically noting and
considering. First, as can be seen from the in vivo results, complete
defect filling with regenerated calcified tissue was not achieved. Other
reports using similar models have demonstrated complete or near
complete defect filling. However, as noted above, most of these
reports have relied upon controlled growth factor release (e.g., BMP-
2; Li, Chu, et al., 2015; Li, Wang, et al., 2015; Li, Zhou, et al., 2015;
Lee et al, 2017; Wang, Wang, et al, 2015; Wang, Witte, et al.,
2015). Because the incorporation and release of exogenous growth
factors have been associated with complications in some application
areas (Epstein, 2013; James et al., 2016) and add substantial cost to
a product, the avoidance of such a design feature has merit. Further-
more, an 8-mm-diameter defect size was chosen as a critical-sized
calvarial defect, which is considered as one of the most aggressive
sizes for a rat (Spicer et al., 2012). Because our primary target design
was a mechanically reinforced hybrid scaffold with the biodegradable
Mg mesh, it was considered that the mechanically strengthened scaf-
fold might have further potential to heal larger sized defects requiring
such mechanical support at the initial stage, as well as receiving
potential osteopromotive activity from the released Mg ions. Another
limitation of the study is that only one time point was evaluated in this
study, and a later point may have yielded further calcified tissue
elaboration, although a faster healing response would be desirable
clinically. The calvarial defect regenerative degree experienced with
the scaffolds after 4- and 8-week implantation periods was observed
using nondestructive micro-computed tomography testing; however,
no extensive bone regeneration was observed at those time points.
Further long-term implantation studies may be required to optimize
the hybrid scaffold composition. It is notable that some of the polymer
appeared macroscopically and in tissue sections to remain at the
defect site. Because the polymer was not of primary importance
structurally and principally served as a space filler and to carry the
DBM, a faster degrading polymer system would be of interest to
facilitate earlier tissue ingrowth. Finally, the described system might
be optimized by altering the Mg alloy/polymer/DBM ratio. In this
report, the ratio of components was not varied. The ratio of
components utilized was selected to fabricate a homogenous hybrid
scaffold with similar thickness to rat calvarial bone. There were some
processing-related design constraints related to material availability

(i.e., Mg mesh thickness) and electroprocessing to achieve a fluid

capable of electrospraying. However, alternatives would be possible.
For instance, a Mg mesh with denser, thinner wires might be desirable

as might a greater level of DBM incorporation.

5 | CONCLUSIONS

A Mg mesh reinforced polymer/ECM (PLGA/DBM) hybrid scaffold
was successfully fabricated by a concurrent method of electrospinning
of PLGA solution and electrospray of DBM suspending in HA solution.
The hybrid scaffold characterization results revealed that (a) Mg alloy
mesh was encapsulated by PLGA fibres, and (b) DBM particles were
distributed in this scaffold. As one would expect, the flexural stress
and modulus of PLGA/DBM hybrid scaffold were significantly
improved by the reinforced Mg alloy mesh. The Mg mesh reinforced
PLGA/DBM hybrid scaffold promoted in vitro osteogenic differentia-
tion of BMSCs as well stimulated bone regeneration in rat calvarial
defects as compared with the other control scaffolds. The combina-
tion of DBM and Mg alloy mesh in this hybrid scaffold showed a com-
bined beneficial effect in vitro and in a critical-sized bone defect
model. Taken together, these results suggest that this Mg alloy mesh
reinforced polymer/ECM hybrid scaffold has potential in the critical-
sized bone regeneration where supplementation with exogenous

growth factor is not employed.
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Figure S1 (a) SEM images of BMSCs cultured on TCPS, PLGA@HA,
PLGA@HA&DBM, and Mg-PLGA@HA&DBM for 7 days, and (b)
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in vitro cell viability of BMSCs seeded on scaffolds for 1, 3 and 7 days
(*p < 0.05).

Figure S2 Micro-CT images of scaffolds after implantation in a critical-
sized calvarial defect for 12 weeks. The solid calcification area was
noticeable along with Mg struts in Mg-PLGA@HA and Mg-
PLGA@HA&DBM samples.
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