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Regeneration of long-bone segmental defects remains a challenge for orthopedic surgery. Current treatment
options often require several revision procedures to maintain acceptable alignment and achieve osseous healing.
A novel hollow tubular system utilizing magnesium-strontium (Mg-Sr) alloy with autogenous morselized bone
filled inside to repair segmental defects was developed. To improve the corrosion and biocompatible properties,
two coatings, Ca—P and Sr-P coatings, were prepared on surface of the implants. Feasibility of applying these
coated implants was systematically evaluated in vitro and in vivo, and simultaneously to have a better under-
standing on the relationship of degradation and bone regeneration on the healing process. According to the in
vitro corrosion study by electrochemical measurements, greater corrosion resistance was obtained for Ca-P
coated sample, and attributed to the double-layer protective structure. The cytotoxicity and alkaline phosphatase
(ALP) assays demonstrated enhanced bioactivity for Sr—P coated group because of the long-lasting release of
beneficial Sr?*. At 12 weeks post-implantation with Mg-Sr alloy porous device, the segmental defects were
effectively repaired with respect to both integrity and continuity. In addition, compared with the Ca-P coated
implant, the Sr-P coated implant was more proficient at promoting bone formation and mineralization. In
summary, the Sr-P coated implants have bioactive properties and exceptional durability, and promote bone
healing that is close to the natural rate, implying their potential application for the regeneration of segmental
defects.

1. Introduction

Fracture non-unions and large bone defects, caused by severe
trauma, infection, congenital malformation or malignance, etc.
Continue to be clinically challenging. Autologous and allogeneic bone
grafts are widely used treatment modalities [1]. However, these tech-
niques have a number of drawbacks, including restricted availability,
donor-site morbidity for autografts, bone graft resorption, and immu-
nological rejection for allografts. In response, there is increasing demand
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for developing new and efficient treatment practices. Encouraging suc-
cessful bone defects regeneration is a complex task requiring harmo-
nious interplay of cells, cellular support scaffolds, bioactive growth
factors, and physiological systems in the existing tissue [2,3]. However,
the majority of scaffolds that are commonly used for bone reconstruction
are usually made from slowly hydrolyzing polymers or ceramics with
unpredictable degradation rates and insufficient mechanical strength [4,
5]. The disadvantages associated with the use of these scaffolds, include
immunogenicity and high cost. In addition, a titanium (Ti) mesh with
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morselized bone was used to therapy large segmental defect, which can
play a supporting and protective role to avoid bone graft to be resorbed
and removed [6]. However, titanium does not degrade in vivo, it will
persist in the body and is difficult to remove — especially after the bone
defect has recovered. Meanwhile, the long-term presence of Ti mesh
may cause complications, such as secondary bone absorption, stress
shielding and the high risk of re-fractures [7,8]. Therefore, it is neces-
sary to study degradable and more suitable material for treating this
serious disease.

In the past decade, biodegradable magnesium (Mg) alloys have
emerged as promising biomaterials for next-generation biomedical de-
vices. First of all, the released Mg ions derived from degradation are non-
toxic, because Mg is the fourth most abundant element in the human
body, and it is essential for regulation of muscle contraction and meta-
bolism [9], thus Mg alloys has superior biocompatibility. Moreover, the
mechanical strength, elastic modulus and density of Mg alloys closely
match the natural bone, which helps to reduce postoperative stress
shielding or stress concentration. More importantly, Mg alloys degrade
in a biological environment, thereby obviating the need for a second
surgery to remove a device. In addition, in vitro and in vivo studies also
indicated that released Mg ions may promote new bone formation and
increased expression of osteogenic markers [10,11], and may enhance
the mineralization of Ca®" surrounding the implant [12], and may
accelerate osteogenesis and osseointegration [13]. All these character-
istics indicate that Mg alloy has great advantages as a biomaterial for
repairing bone defect. However, Mg alloy has poor corrosion resistance
in the body because it will degraded to produce Mg(OH), and Hj in
aqueous environments [8-10,12,13], which can greatly reduce the
mechanical strength and fatigue life of Mg-base implants in the body.
Therefore, this also was a major obstacle to their clinical applications.

We considered the selection of alloy elements for Mg and the coating
method, with the goal of achieving more perfect corrosion resistance
and a microenvironment that accelerates new bone formation. In pre-
vious study, we had developed magnesium-strontium (Mg-Sr) alloy as a
biodegradable substitute for bone [14,15], as Sr can upregulate the
proliferation osteoblasts and hence support new bone formation by
increased matrix synthesis through the calcium-sensing receptor and
ERK signal pathway [16,17]. Sr can also decrease bone resorption by
inhibiting osteoclast activity through increasing the expression of
osteopontin (OPN) and decreasing the expression of receptor activator
of nuclear factor kappa B ligand (RANKL) [18-20]. Furthermore, Sr can
provide precipitation strengthening and enhance the mechanical prop-
erties of the Mg matrix [10]. However, the surface of Mg-Sr alloy is
highly reactive in the physiological environment containing chloride,
and thus the surface may become pitted owing to the micro-galvanic
effect between the second phase and Mg matrix. These characteristics
limited the further clinical application of Mg-Sr alloy as a biomaterial.

Therefore, different surface modification methods have been
attempted for enhancing the corrosion resistance and biocompatibility.
In present study, two surface modification methods were used on Mg-Sr
alloy device: a Sr-P chemical conversion coating (Sr-P) and Ca-P
deposition coating (Ca—-P). Sr-P coating was selected as a bio-functional
coating supplemented with Sr, with the goal of providing sustained
release of bioactive Sr>*, which can promote the osteogenic differenti-
ation of MSCs by upregulating the expression of osteoblast marker
genes, such as Runx 2, OCN, OPN, bone sialoprotein (BSP), as well as
type 1 collagen, and increases ALP activity and matrix mineralization
[20,21]. On the other hand, the Ca-P coating enhanced corrosion
resistance and improved biocompatibility because the primary compo-
sition is brushite (CaHPO4-2H,0) [22]. Released Ca®* also can promotes
the proliferation of mesenchymal precursor cells, as well as mature bone
cells nitric oxide-dependent process (NO) [2]. Thus, the effect of two
coatings on the degradation behavior and biological property of Mg-Sr
alloy was further studied in vitro. In addition, we fabricated Mg-Sr
porous device with two coating, and the corresponding effect on
segmental defect regeneration was studied in the critical-size ulna defect
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of New Zealand rabbits up to 3 months.
2. Materials and methods
2.1. Materials and preparation of samples

The Mg-1.5Sr alloys were fabricated by melting down pure Mg
(99.95 wt%) and Mg-25Sr master alloy, with subsequent extrusion at
350 °C and extrusion ratio of 64:1. Its composition was confirmed by ICP
(Inductively Coupled Plasma) as 1.5 wt% Sr, <0.001 wt% Fe, <0.001 wt
% Ni, and Mg in balance. Disc samples of ®10 mm x 3 mm were used for
in vitro study. Tubular-shaped hollow Mg-Sr alloy device with ®4 mm in
outer diameter, 0.5 mm in wall thickness and 15 mm in length were
fabricated for the animal tests.

Mg-Sr samples were coated with Sr-P via a one-step conversion
process by immersion in a solution containing 0.1 M Sr (NO3), and 0.06
M NH4H,PO4 at 80°Cfor 10 min, with pH being adjusted to 3.0 with
diluting HNO3. Other Mg-Sr samples were coated with Ca-P in two
steps: fluorination with aqueous 0.1 M kF at 20 °C for 24 h, then im-
mersion in a mixed solution of NaNOs, Ca (HyPO4)2-H,0 and H,05 at
20 °C for 24 h. All the samples were roughened with silicon-carbon
grinding paper 2000 grit, followed by ultrasonically cleaning with
acetone, absolute ethanol, distilled water and dried in air. All devices
were sterilized with ethylene oxide prior to implantation.

2.2. Characterization of samples

The surface and cross-section morphologies, thickness, and
elemental composition of Sr-P coated and Ca-P coated samples was
studied by scanning electron microscopy (SEM, S-3400 N, Hitachi,
Japan), equipped with energy-dispersive spectroscopy (EDS). The cross-
section of bare Mg-Sr alloy and each coated sample was assessed after
imbedding in polymethyl methacrylate (PMMA) and dried for 24 h in
air. Next, the samples were ground, polished and sputter-coated with a
thin layer of gold for conductivity.

2.3. Invitro tests

2.3.1. Electrochemical test

Electrochemical corrosion behavior of coated samples in Hank’s
solution at 37 + 0.5 °C was studied using an electrochemical worksta-
tion (Reference 60, Gamry, USA). A three-electrode cell, using platinum
as the counter-electrode and a saturated calomel electrode (SCE) as the
reference electrode, was employed for electrochemical measurements.
First, open circuit potential (OCP) curves were obtained for 30 min.
Next, electrochemical impedance spectroscopy (EIS) was performed on
the same sample, with AC voltage of 10 mV rms and in the frequency
range of 100 kHz to 0.01 Hz. The corrosion performance by EIS of all the
systems was studied at open circuit potential (OCP). The potentiody-
namic polarization was carried out in the end, at a scanning rate of 0.5
mV s~ ! with an initial potential of —250 mV versus OCP. The EIS results
were fitted by ZSimpWin 3.10 software. An average of three measure-
ments was obtained for each group.

2.3.2. Immersion test

To further test the long-term durability of the Mg-Sr samples in vitro,
pH variation and weight loss were measured after 28 days of immersion
in Hank’s solution at 37 °C, with an immersion ratio of 1.25 ecm?/mL.
The immersion media was changed every day. and the pH value was
recorded every day during the early stage and after one day interval
until 14 days. At 7, 14 and 28 days, chromic acid solution (200 g/L CrO3
and 10 g/L AgNOs3) was added to remove the corrosion products and the
remaining coating in the ultrasonic bath for 15 min.

2.3.3. Osteogenic differentiation assays
The bone mesenchymal stem cells of rabbit (RBMSC) were cultured
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in Dulbecco’s modified Eagle media (DMEM) containing 10% fetal
bovine serum (FBS) at 37 °C under a humidified atmosphere of 5% CO5
environment. CCK-8 assay was used to evaluate the cytotoxicity of the
bare Mg-Sr alloy and coated samples. Both indirect contact method
(sample extracts) and direct contact method were conducted for study-
ing the effect of ions release and bioactivity of the coated samples,
respectively. In the indirect contact method, extracts of the samples
were prepared using a ratio of sample surface area to solution volume at
1.25 cm?/mL for 24 h according to ISO 10993-5 [23]. Cells were seeded
at a density of 4 x 10* cells/mL, and incubated for 24 h to allow
attachment. Next, the culture medium was replaced with sample ex-
tracts and incubated for 1, 3 and 5 days. The medium or supplemented
extracts were refreshed every two days as regular intervals. As regards
the direct contact method, passage cells in logarithmic growth phase
were rinsed with PBS, and counted to 20,000 cells/cm? after trypsini-
zation, incubated on the surface of samples in a sterile 24-well plate for
direct contact, and cultured for identical time. 10% of the total medium
volume with cell counting kit-8 (CCK-8) reagent (Dojindo Molecular
Technologies, Inc., Kumamoto, Japan) was added in each well, and then
incubated for 2 h at 37 °C. The absorbance was read at 450 nm to
measure the optical density value (OD).

ALP staining was performed to evaluate osteogenic activity and was
determined using a BCIP/NBT ALP color development kit (Beyotime
Institute of Biotechnology, Haimen, China). Following incubation for 7
days at 37 °C, RBMSCs were washed with PBS twice and fixed in 4%
paraformaldehyde (PFA) for 10 min at room temperature. Then washed
with deionized water twice and incubated cells with for 1 h, 37 °C and
washed with deionized water twice. Images were then acquired using a
phase contrast microscope equipped with a charge-coupled device
(CCD) camera. Image-Pro Plus 6.0 (Media Cybernetics, Inc., Rockville,
MD, USA) was used to evaluate the percentage of the total stained area.

Alizarin red S forms a chelate complex with the calcium ion, was
used to analyze calcium salts in cells and tissues. RBMSCs (5 x 10* cells/
well) were cultured in a 6-well plate and treated with extract of two
coated and uncoated alloys for 21 days at 37 °C. Negative control cells
were regularly cultured with the same time. The cells were fixed in 4%
PFA for 10 min after washing with PBS, and the fixed cells were stained
with 1% (w/v) Alizarin red at pH 4.4 for 1 h. Then, samples were
thoroughly rinsed with deionized water and images were acquired and
evaluated as described in ALP staining.

2.4. In vivo tests

2.4.1. Surgery

Animal tests were approved by the Institutional Animal Care and Use
Committee of Harbin Medical University. 54 pathogen-free adult New
Zealand white rabbits (2.6 + 0.3 kg) were randomly assigned to three
groups (n = 18), including Sr-P coated porous device (Sr-P coating
group), Ca—-P coated porous device (Ca-P coating group) and autoge-
nous morselized bones (control group). The rabbits were anesthetized
intravenously through their ear veins with 3% (w/v) pentobarbital so-
dium (30 mg/kg). Firstly, the iliac bone was harvested from each ani-
mal, and stripped from the periosteum and cartilage. Secondly, the bone
was converted into fine bone powders of diameters 300-500 pm using a
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spherical grinding drill [24]; Next, both forearms of the rabbits were
shaved and disinfected, and each ulna was exposed via dissection.
Finally, ulna osteotomies were performed 15 mm apart using an oscil-
lating saw under saline irrigation. Each device was filled with com-
pacted fine autogenous iliac bone powder and carefully placed into the
ulna defect position (Fig. 1) [25]. The surrounding soft tissue and muscle
were carefully sutured to stabilize the device.

Post-implantation rabbits were housed in an environmentally
controlled animal care lab. Each rabbit received a subcutaneous injec-
tion of 10 mg/kg penicillin and 0.5 mg/kg lornoxicam for 3 days to
prevent infection and relieve pain. Immediately following the surgery,
the animals were allowed to resume normal movement, including
bearing weight on their forearms. Six rabbits were sacrificed at 4, 8, and
12 weeks after surgery. The bilateral forearms were collected and then
frozen at —20 °C for further test.

2.4.2. Radiographic analyses

To monitor the progress of implant degradation and bone healing,
radiographs were taken every 4 weeks with an X-ray scanner (Faxitron,
USA) at 110 kV and anode current of 500 pA. At design time point, the X-
ray images of ulna defect site were assessed and scored from three parts,
including bone formation (0-4), union (0-4) and remodeling (0-4) by
three independent investigators according to the previously reported
method [26], with average of three measurements for each sample.
Scores ranged from 0 (no healing) to 12 (restore to normal bone), and 7
score was considered for the defect to be preliminarily reconstructed.

2.4.3. Micro-CT evaluation

The forearms of the rabbits were scanned using a Siemens Inveon
Micro-CT system (Siemens Medical Solutions, Germany). Three-
dimensional (3D) images of the defect were generated from the ac-
quired 2D lateral projections using Inveon software. Implants could be
discerned from the surrounding soft and hard tissues based on their
absorption coefficient (equivalent to mineral density). The residual
volume was determined by 3D morphometric analysis, and the corre-
sponding corrosion rate was calculated according to the following
equation [27].

CR = AV/(At) €}
where CR is the corrosion rate (mm/year), AV is the absolute volume-
loss value of device (mms), A is the surface area of porous device
(rnmz), and t is the implantation time (year).

2.4.4. Calcein fluorescence

To characterize the mineralization of newly formed bone, a solution
of 1% (w/v) calcein in 2% (w/v) NaHCOs3 (10 mg/kg, Sigma-Aldrich,
USA) was injected subcutaneously at 3 days before sacrifice the ani-
mal. Then ulna was harvested and fixed in 75% (v/v) ethanol. The
samples were embedded in polymethyl methacrylate (PMMA) and cut
into sections of ~120 pm using an EXAKT/E300CP microtome (Leica,
Germany). The uncalcified sections were polished to a thickness of ~50
pm for imaging by a DM4000B fluorescent microscope (Leica, Ger-
many). Subsequently, the Image-J software (National Institutes of
Health, USA) was used to calculate the area of the newly formed bone.

Fig. 1. Ca-P coated (a) and Sr-P coated (b) Mg-Sr alloy porous devices used in the in vivo test. (c) Implantation of the coated Mg-Sr device in a rabbit ulna defect.

1767



N. Zhang et al.

To improve the calculation accuracy and reduce the artificial error, five
different sites were selected in each image. Four sites were randomly
selected proximal and distal between the implant and the bone, and a
fifth site was selected from the middle outside part of the defect site.
Then, the average area of new bone formation at these five sites were
calculated.

2.4.5. Histology

Ulna samples were sectioned as described in Section 2.4.4, followed
by staining with Van Gieson’s picrofuchsin solution (Sigma-Aldrich,
USA) to visualize osteocytes, chondrocytes and the surrounding soft
tissues. The sections were observed and photographed using an Olympus
%71 optical microscope (Olympus, Japan).

2.4.6. Statistical analysis

Statistical analysis was performed using SAS 9.4 software (Statistical
Analysis System, USA). All the results are the mean + the standard de-
viation. All the data were analyzed via Wilcoxon test. Values of p < 0.05
indicated statistical significant.

3. Results
3.1. Characterization of coatings

Fig. 2 (a)-(d) shows the surface and cross-sectional SEM micrographs
of Sr-P and Ca-P coatings on Mg-Sr alloy. The Sr-P surface comprised
highly crystallized, prismatic particles, and the coating thickness was
~10 pm. The Ca-P surface had petal-shaped particles, and the coating
thickness was ~25 pm. Moreover, a double-layer structure appeared
from the cross-sectional image of Ca—P coated samples. According to the
results of energy dispersive X-ray spectroscopy (EDS) in Fig. 2 (e, f), Mg
and F were detected in the inner layer of Ca-P coating, implying the
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presence of MgF,. Meanwhile the outer layer showed an atomic ratio of
Ca to P of ~1:1, identical to brushite. As regards Sr-P coating, Sr and P
had an atomic ratio of 1:1, besides oxygen.

3.2. Corrosion behavior in vitro

Invitro corrosion behavior of Ca—P coated, Sr-P coated and uncoated
Mg-Sr alloy discs were studied based on the electrochemical measure-
ment and immersion test. For the electrochemical test, OCP curves are
generally performed first to study the chemical stability of surface and
establish conditions for the immersion tests. As shown in Fig. 3a, Ca-P
and Sr-P coated samples drifted rapidly to more noble side rapidly and
fluctuated within a small range. While the increase potential value in
uncoated Mg-Sr disc was caused by the formation of partially protective
Mg(OH); layer with the dissolution of Mg, which indicated the fact that
it was difficult to obtain a stable state in the case of uncoated Mg-Sr
alloy during corrosion process. From the thermodynamic perspective,
the higher OCP value for each of coated samples implies a more stable
electrochemical state than the uncoated Mg-Sr matrix.

Fig. 3b presents the polarization curves of the coated samples
immersed in Hank’s solution at 37 °C. Table 1 summarizes data for
corrosion potential (Ecor), corrosion current density (I.or), and corro-
sion rate (CR) that were derived from these curves. The polarization
curves were fitted with Gamry Echem Analyst software and the corro-
sion current was directly from the polarization plots by extrapolating the
Tafel region. Considering the complex anodic reaction that included
dissolution of Mg and the formation of corrosion products, the polari-
zation curves were fitted by selecting the linear part of the cathodic
curve that commenced 50 mV from the corrosion potential (Ecorr).
Subsequently, the intercept corrosion rate (Vo) and current density
(Icorr) wWere calculated from the value where the vertical lines of the
selected point intercepted the true Ecorr value, as reported by Jiang
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I
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I I
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Fig. 2. Characterization of surface and cross-sectional morphologies of Ca-P coating (a, d), Sr-P coating (b, e) and bare Mg-Sr alloy (c, f). EDS results of different
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Fig. 3. Electrochemical measurements of Ca-P and Sr-P coated samples in Hank’s solution: (a) open circuit potential curves; (b) potentiodynamic polarization plots;
(c) Nyquist plots; equivalent circuits of (d) Ca-P coated alloy, (e) Sr—P coated and uncoated alloy for impedance spectra.

Table 1

E orr and Lo values calculated from the potentiodynamic polarization curves of
Ca—P, Sr-P coated and uncoated Mg-Sr alloy in Hank’s solution, by extrapo-
lating the Tafel region.

Materials Ecorr (V) Teorr (A/cm?) Veorr (mm/y)
Ca-P coating —1.52 1.41 0.032
Sr—P coating —1.59 2.46 0.057
Mg-Sr alloy —1.60 3.68 0.084

et al. [28-30]. Lo of the Ca-P coated sample (1.41 pA/cmz) was lower
than the Sr-P coated sample (2.46 pA/cm?), suggesting a lower degra-
dation rate for the former. In addition, the uncoated Mg-Sr alloy
exhibited the highest corrosion current density of 3.68 pA/cm?. Mean-
while, electrochemical impedance spectrum (EIS) was employed to
investigate the corrosion characteristics of the two different coatings
and uncoated alloys, and Fig. 3c provides the resultant plots and fitted
lines. Both coated samples indicated larger diameter than Mg-Sr alloys,
which corresponds to OCP and PD results. In the case of coated samples,
Ca-P coating exhibited a larger diameter than Sr-P coating, implying
superior corrosion resistance. Equivalent circuit models were proposed,
as shown in Fig. 3d and e, based on morphology characteristics and
structure examinations (Fig. 2). Here Ry is the solution resistance, R is
the charge transfer resistance of the corrosion process at the sol-
ution/coating interface, and Cq is the double layer capacitance. The
R¢/CPEg pair describes the film resistance as well as the film capacity of
the outer layer for both coatings, because of the blocking effect to
corrosion. While for uncoated alloys, the outer film was Mg(OH), layer
due to degradation process. In addition, the constant phase element
(CPE) was used because of the rough surface. Another R,,/CPE,,; pair

Table 2

was applied to the Ca-P coating because of inner pre-treated MgF, layer,
as noted in the cross-sectional morphology and chemical composition.
The resistance values obtained from EIS fitting results of the two coating
systems are presented in Table 2. It can be seen that Ry of Sr-P coating
was 10,420 Q cm?. While the Ca-P coating had Ry, of 3650 Q cm?,
connected with another Rj, of 12,620 Q cm?. An overall enhanced
resistance value for the Ca-P coating was obtained compared to Sr-P
coating, which is also in accordance with the above potentiodynamic
polarization results. The uncoated Mg-Sr alloy had the poorest corrosion
resistance with a value of 5417 Q cm?.

Given that the electrochemical tests are instantaneous measure-
ments, a long-term, 28-day immersion test was carried to further eval-
uate corrosion resistance. The pH value is plotted in Fig. 4a. The pH
value was higher for the uncoated Mg-Sr alloy than the two coated
Mg-Sr alloy, indicating a more severe corrosion without coating. In the
first two days, the pH value for the noncoated alloy increased dramat-
ically, after which the pH value fluctuated, as reported previously
[31-33]. The relatively high pH value at the beginning was because of
the degradation of magnesium in aqueous solution. As the immersion
time prolonged, the decrease was caused by the partial coverage of the
corrosion products, which slowed further corrosion. Fig. 4b shows
weight loss at three time points. It is observed that the uncoated Mg—Sr
alloy exhibited greatest weight loss during the entire immersion period.
While the lowest corrosion was obtained with Ca-P coated alloy.
Moreover, long-term immersion test indicated degradation behavior
identical to the electrochemical tests. The sequence was: uncoated
Mg-Sr alloy > Sr-P coated alloy > Ca-P coated alloy.

Electrochemical data obtained from EIS curves of Ca-P and Sr-P coated Mg-Sr alloy in Hank’s solution.

Ca-P coating Rec (Q-cm?) Cai (S:em™2s71) Ry (Q-cm?) Qpr (Sem™?s7h) n Rin (Q-cm?) Qin (Sem™2s7h) n
40.83 1.87 x 1077 3650 6.33 x 107° 0.75 12,620 9.38 x 107° 0.75
Sr-P coating Ret (Q~cm2) Ca (S~cm’2 s’l) R¢ (Q~cm2) Qs (S~cm’2 s’l) n
33.34 9.51 x 1078 10,420 2.97 x 107° 0.73
Mg-Sr alloy Ree (Q-cm?) Ca (Sem™2s71) R¢ (Q-cm?) Q¢ (S:em 2571 n
19.27 1.23 x 107° 5417 451 x 107° 0.77
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Fig. 5. (a) Viabilities of RBMSC
cultured by indirect contact method of
coated and uncoated Mg-Sr alloy for 1,
3, 5 days, (b) CCK-8 assay on surfaces of
Sr—P and Ca-P coated samples. Staining
results and statistical analyses of ALP
activities at 7 days with extracts of
coated and uncoated Mg-Sr alloy (c, d).
Mineralization following treatment of
RBMSC with negative control, uncoated
and coated alloys for 21 days were
identified by Alizarin red S. (e, f).
Significantly difference at p < 0.05 is
shown with different symbols. (*, # and
+ represent p < 0.05 when compared
with negative control, bare Mg-Sr alloy
and Ca-P coating, respectively). (For
interpretation of the references to color
in this figure legend, the reader is
referred to the Web version of this
article.)
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3.3. Cell proliferation and alkaline phosphatase activity

The viability of RBMSC cultured in extracts of Mg-Sr alloy samples
with and without coating after 1, 3, 5 days are shown in Fig. 5a. Sr-P
coating showed highest cell proliferation, while both Sr—P coating and
Ca-P coating indicated statistically better biocompatibility than blank
control group and bare Mg-Sr alloy. Fig. 5b shows the viability of
RBMSC cultured directly on surfaces of Sr—P and Ca-P coated samples.
The uncoated alloy underwent severe degradation owing to hydrogen
evolution, which was harmful to adhere cells on the surface. Conse-
quently, only two coated samples were studied in the direct contact
culturing experiment. Indirect test also demonstrated a higher OD value
of Sr-P coating than Ca-P coating samples. Tissue non-specific ALP is an
enzyme expressed by cells during osteogenesis [34], therefore, higher
ALP activity indicates a better potential osteogenic effect. In the present
study, RBMSC were cultured for 7 days with sample extracts of two
coated and uncoated alloys (indirect contact). In indirect contact
experiment, ALP activity was statistically higher for the Sr—P coating
compared with each of the uncoated alloy after 7 days (Fig. 5c and d).

a Ca-P coated scaffold

X-ray score

1 2Week

4week 8weék

b Sr-P coated scaffold
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Considering Alizarin red S is widely applied as a classical technique to
demonstrate mineralization and late osteogenesis [35,36], therefore,
RBMSC were cultured for 21 days with sample extracts of two coated
and uncoated alloys in order to demonstrate the long-term effect on
osteogenesis. The staining images and quantitative results revealed that
the degree of mineralization were significantly increased following
treatment with Sr—P coating (Fig. 5e and f). Meanwhile, both coated and
uncoated alloys significantly promoted the mineralization compared
with negative control group after 21 days.

3.4. Invivo study

3.4.1. Radiographs

X-ray images as well as averaged radiographic scores were shown in
Fig. 6. Fig. 6¢ showed restoration of bone defect in control group during
the 12 weeks’ experimental period. The 4 week image shows that the
bone-resorption occurred in the middle of the bone graft because of the
lack of blood support. This resorption accelerated over time. Conse-
quently, although the bone defect was rebuilt at 12 week, but the ulna

£ (S

12

@B Ca-P coated scaffold
3 Sr-P coated scaffold
C3 Morselized bone

1
o] =3 1
6-
44

Fig. 6. X-ray images acquired in rabbit ulnae at 4, 8 and 12 weeks after implantations of Ca-P (a) and Sr-P (b) coated Mg-Sr devices and control group(c). Black
arrows indicate the new bone formation and red arrows indicate the morselized bone was reabsorbed. (d) Averaged radiographic scores of Sr—P coated implants were
significantly higher at 12 weeks (*p“0.05). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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did not return to its original form. For the two coated devices, only a
small amount of callus formed between the broken end of the ulna and
the implantation site after 4 weeks, but the filled morselized powder was
not absorbed. After 8 weeks, a bite of new bone had formed on the
surface of Ca-P porous device (Fig. 6a), but the fracture line of bone
defect was still obvious. In contrast, more new bone was generated and
spread along the surface of the Sr-P coated porous device, and the
broken line of the ulna defect appeared blurred (Fig. 6¢). At 12 weeks
post-surgery, bridging connections with both dense and high-density
bone were apparent around the two coated implants, and the ulna
regained its integrity and continuity, indicating effective healing. Dur-
ing the first 4 weeks, X-ray scores showed that there was no significant
difference in healing between the three groups. This can be attributed to
the fact that all groups were in callus formation stage, at which the main
composition was newly cartilage tissue that was invisible under X-ray.
Radiography eventually revealed a difference in callus morphology and
size once the bone healing process entered into callus formation stage (8
weeks). Especially at 12 weeks, more new bone and substantial
remodeling was evident around the Sr-P coated devices based on
radiographic scores, which suggested that the extent of remodeling was
significantly greater for the Sr—-P—coated than the Ca—P-coated implant.
Most importantly, no obvious gas accumulation was observed around all
samples, indicating that two coatings can effectively increase the

A 4 Weeks

8 Weeks
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corrosion resistance of Mg-Sr alloy.

3.4.2. Micro-CT imaging

Representative 3D-reconstructed micro-CT images of Sr-P and Ca-P
coated implants at 4, 8, and 12 weeks post-surgery are shown in Fig. 7A,
to demonstrate the residual structure of implants as well as the new bone
regeneration. The degradation rates shown in Fig. 7B and C were
calculated based on the volume loss of devices caused by corrosion in
vivo over time. At 4 weeks post-surgery, two coated porous devices
maintained their original structure, with the device volume loss of 21 +
2% and 15 + 4%, respectively. Subsequently, the respective volume
losses were 42 + 4% for Sr-P coated porous devices and 29 + 5% for
Ca-P coated porous devices after 8 weeks; Especially at 12 weeks,
although the volume reduction was 66 + 5% for Sr-P coating porous
device that was large than that of 42 + 4% for Ca-P coating porous
device, but the remaining implants were still partly intact, as assessed
with 3D-reconstructed micro-CT imaging. The in vivo corrosion rate data
indicated significantly greater degradation for the Sr—P coated implants
compared with the Ca-P coated implants.

3.4.3. Bone mineralization

New bone mineralization around different coated devices was
detected by sequential fluorescence labeling during the healing process.
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Fig. 7. A. Representative micro-CT images acquired at 4, 8 and 12 weeks: New bone formation of ulna and the morphology of the tubes after degradation. B. the
corrosion rate (CR) of different coated Mg-Sr devices were calculated at 4, 8 and 12 weeks after implantation (**p<0.01).
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The area labeled with calcein, and shown in brightly green in Fig. 8A,
represents the amount of new bone formation and mineral deposition. At
4 weeks post-surgery, compared with the Ca-P coated implants (new
bone area = 0.4 + 0.1 mm?), there was greater density of fluorescence
around the Sr-P coated porous devices and the area of new bone was 0.7
+ 0.1 mm? After 8 weeks, although the fluorescent density was
enhanced around the Ca—P coating group, the intensity was still less than
the Sr-P coating group. Meanwhile, the new bone area of Sr—P coated
device (1.1 = 0.3 mm?) was still significantly greater than the Ca-P
coating group (0.7 + 0.3 mm?); After 12 weeks, the new bone area of
Sr-P coating group reached 1.3 + 0.3 mm?, which was significantly
greater than that of the Ca-P coated devices (0.8 &+ 0.2 mm?). In addi-
tion, we must point that the newly bone area of control group was not
calculated because it is difficult to clearly distinguish newly formed
bone from the transplanted autogenous morselized bone.

3.4.4. Histology

It is well known that new bone formation tyles includes intra-
membranous ossification and endochondral ossification [37]. In addi-
tion, in mature bone tissue, osteocytes were spindle shape to arrange
regularly and only a few chondrocytes are present. In contrast, in new
bone tissue, the osteocytes were spherical or oval shape to arrange
irregularly, and a large number of chondrocytes can be observed [38].
Therefore, it is possible to assess bone regeneration by analyzing the
number of chondrocytes and the osteocytes arrangement. In present
study, because of the periosteum was surgically removed in defect site,
hence the bone regeneration was mainly dependent on endochondral
ossification, i. e the first stage was cartilage regeneration, then the
cartilage was mineralized to osteogenic tissue. Representative histo-
logical graphics were showed in Fig. 9, revealing the formation of an
interface between the implant and surrounding bone tissue as well as the
formation and morphology of the new bone tissue at designed time.
After 4 weeks, an abundance of irregularly arranged osteocytes, matrix,
and chondrocytes was observed around the implants, demonstrating
active bone formation during the initial healing process. After 8 weeks,
new bone tissue and chondrocytes continued to be generated around the
two types of coated implants. For the Ca-P coating group, the osteocytes
were more mature and arranged more regularly compared with the Sr-P
coating group. After 12 weeks, the more uniform alignment of the
mature osteocyte was observed surrounding the Ca-P coated porous
devices, meanwhile, only limited chondrocytes were observed also
confirmed this phenomenon. The Sr-P coating group had a greater
number of chondrocytes and fewer mature new bone cells, which sug-
gesting significantly enhanced chondrogenesis and more aggressive

a Ca-P coating group
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bone formation.
4. Discussion

As well known, Mg-base alloy could degraded in the simulated body
fluid and caused a dynamic surface [8,10,12], which increased the dif-
ficulty of the adhesion of cells [9]. Hence, surface modification was
widely used to control the degradation rate of Mg alloy to get a relatively
stable surface for cell growth [14,39]. In our previous study, the surface
modifications were used to improve the corrosion resistance, mechani-
cal strength and cytocompatibility of Mg-Sr alloy matrix, and the release
of beneficial ions, such as Mg?", Sr?" and Ca?", from the coating and
alloy matrix was observed to promote the new bone formation and help
to improve the early healing process of segmental defect (only 4 weeks)
[37]. Therefore, to study the balanced relationship between appropriate
degradation and bioactivity of released ions on the regeneration of bone
defect healing process, Sr-P coating and Ca— P coating were applied on
the Mg-Sr alloy porous device. Further and deeper research to focus on
mineralization and formation of new bone around the devices in
segmental defect regeneration in vivo was studied in the present work.

According to the fitting results of in vitro electrochemical tests and in
vivo corrosion rate calculated by micro-CT, the Ca-P coating illustrated
greater corrosion resistance because of the double-layer structure. An
MgF, inner-protection film was introduced by a pre-treatment in KF
aqueous solution before calcium phosphate deposition, which was
confirmed from the cross-sectional morphology. MgF, is reported to be
an effective corrosion protective layer [40-42]. For example, an
enhanced corrosion resistance was reported on an AZ31 scaffold by
immersion and electrochemical tests [43]. The enhanced corrosion
resistance eliminated the micro-galvanic couples between the Mg matrix
and intermetallic phase, resulting from the encapsulation effect by MgF»
coating. However, because the thickness of this inner layer was less than
5 pm, a long-lasting effective corrosive protection could only be ach-
ieved by the composite structure, as the case with Ca-P coating.

On the other hand, the degradation rate of Mg implants also in-
fluences ionic dissolution. For example, Mg?", Sr*" and Ca®* in our
study. Both the direct-cultured and indirect-cultured cell assays were
designed to examine the bioactive surface and the beneficial effect of
released ions, respectively. The surface with high corrosion resistance is
relatively stable, and attributed to the absent of dynamic fluctuation.
Thus, both stable and bioactive surface can possess osteoconductive
activity and therefore presents superior biological performance in the
direct-cultured cell assay. While indirect contact through extraction
culturing reflects the role of bioactive ionic dissolution. Many studies

b
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Fig. 8. A. Images of calcein green fluorescence around the device-bone interfaces at 4, 8 and 12 weeks after implantation. (a, c, e) Ca-P coated porous device. (b, d, f)
Sr-P coated porous device. The fluorescence identifies sedimentary calcium and newly formed bone. Red arrows indicate the porous tubular device. White arrows
indicate bone ends. In each panel, an enlargement of the area enclosed in a white square in the left image is shown on the right to indicate the new bone-mineral
deposition between the implant and bone. B. The newly formed bone area of different coated Mg-Sr devices was calculated at 4, 8 and 12 weeks after implantations
(**p“0.01). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 9. Histological images of the device/bone interfaces at 4, 8 and 12 weeks after surgery. (a, c, e) Ca-P coated porous device. (b, d, f) Sr—P coated porous device.
White arrows indicate the implanted device and black arrow indicate the bone end. In each panel, an enlargement of the area enclosed in a black square in the left
image is shown on the right to present the new bone tissues. The yellow arrows indicate chondrocytes, which was stained blue. While red arrows indicate bone and
matrix, which was stained red and mark with label red. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of

this article.)

have shown that the presence of bioactive ions such as Sr, Mg, Ca, Si and
Zn ions could enhance bone regeneration by means of osteoinduction [2,
44,45]. From the osteogenic differentiation results in this study, the Sr-P
coating presented statistically superior performance in both direct and
indirect cultured cell assays than the Ca-P coating. A possible expla-
nation is that although Sr-P coating had a higher corrosion rate than
Ca-P coating, however, it was still in acceptable and controllable
manner. Meanwhile, the active surface and release of ions in the case of
Sr-P coating showed beneficial effect on bioactivity.

In addition, according to the radiological images in vivo up to 12
weeks’ implantation, both the two coated porous devices with autoge-
nous morselized bone filled showed better reconstruction and no
resorption compared to the transplanted morselized bone without de-
vices. These suggested that the resorption risk of autogenous morselized
bone is effectively reduced due to the existence of implant, because the
bone granules were separated from the surrounding soft tissue. More-
over, with the degradation of the Mg-Sr device, the regenerative bone
callus finally can integrate with the transplanted morselized bone, such
that the integrity and continuity of bone can be reconstituted. Therefore,
the novel device matched the clinical application requirements,
including as bone substitute [46-48] and internal fixation [49,50]. More
important, in this research, we also found an interesting phenomenon.
Although Ca-P coating also exhibited superior corrosion resistance in
vivo and in vitro, however, the larger amount of bone regeneration and
more active endochondral ossification was observed around the Sr-P
coated porous device after 12 weeks. All these suggested that compared
with Ca-P coating, Sr-P coating has better bone formation response.

Considering the bone defect regeneration is essentially a spreading
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and proliferation process with new bone tissue, so that the ideal
degradation rate of biomaterial should match with the physiological
healing rate [8]. In present study, our results showed that the Sr-P
coating group with a relatively faster degradation rate exhibited better
bone response comparing with Ca—P coating group. The reason for this
phenomenon may be the overall slow degradation of Ca—P coated device
limited the growth of new bone due to the space-consumed by residual
porous device lead to “occupied effect”. However, this was often over-
looked in past decades, because most research on Mg alloy mainly
focused on the improvement of corrosion resistance to reduce the
hydrogen evolution [27-29,51-53]. Therefore, we believe that in the
process of bone defect reconstruction, it is far from enough to just pay
attention to the corrosion resistance of Mg alloy. The degradation rate
should also become a problem that researchers can not ignore.

On the other hand, the release of beneficial ions (Sr2+) maybe was
another factor. Our results showed that higher bioactivity and more
active endochondral ossification in Sr-P coating group than Ca-P
coating group, which suggeated the beneficial ions to be continuously
released in surrounding microenvironment in Sr-P coated porous device
due to more appropriate degradation, and stimulating the body to pro-
duce more positive bone reactions. At last, we monitored serum Mg?*
and Ca®* to avoid hypermagnesemia and pathological test of the liver,
heart, brain and spleen to evaluate potential organ damage during
experiment (Supporting Information Figs. S1 and S2). The result also
showed that two coated devices exhibited good biosafety.

In summary, the Sr-P coating exhibited more active biological
properties based on the qualitative and quantitative evaluation in vitro
and in vivo, while the Ca-P coating indicated a higher corrosion
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resistance. This interesting phenomenon suggests superior corrosion
resistance for biodegradable Mg implants may not be the best option for
critical bone defects repairing. The overall slow degradation of implants
in vivo may cause occupied effect and limit the regeneration and
remodeling of new bone during the early stage of implantation. How-
ever, a definite required degradation rate for segmental defects is also a
primary problem that needs to be solved in the future. In addition,
inflammation was also a problem that can not be ignored in the process
of bone regeneration [54-56]. Although our results did not showed an
obvious inflammatory response, but it should be focused in future
research. What’s more, as the trial time of 3 months is relatively short, a
long-term study should be undertaken to verify the effect of degradation
and biological properties on the segmental defect regeneration.

5. Conclusions

Novel hollow magnesium-strontium (Mg-Sr) tubular devices were
fabricated and modificated using designed coatings (Sr-P and Ca-P),
considering the degradation rate and biological properties, with autog-
enous morselized bone filled to address the challenges in segmental
defects regeneration. The two coated groups indicated an effective
healing after 12 weeks implantation. Moreover, Sr-P coated implants
possessed appropriate degradation rate, in addition to, dual biological
function of bioactive surface and ionic dissolution, indicated its prom-
ising application in segmental defects regeneration.
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