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A B S T R A C T   

The fate of cells and subsequent bone regeneration is highly correlated with temporospatial coordination of 
chemical, biological, or physical cues within a local tissue microenvironment. Deeper understanding of how 
mammalian cells react to local tissue microenvironment is paramount important when designing next generation 
of biomaterials for tissue engineering. This study aims to investigate that the regulation of magnesium cationic 
(Mg2+) tissue microenvironment is able to convince early-stage bone regeneration and its mechanism undergoes 
intramembranous ossification. It was discovered that moderate Mg2+ content niche (~4.11 mM) led to superior 
bone regeneration, while Mg2+-free and strong Mg2+ content (~16.44 mM) discouraged cell adhesion, pro
liferation and osteogenic differentiation, thereby bone formation was rarely found. When magnesium ions dif
fused into free Mg zone from concentrated zone in late time point, new bone formation on free Mg zone became 
significant through intramembranous ossification. This study successfully demonstrates that magnesium cationic 
microenvironment serves as an effective biochemical cue and is able to modulate the process of bony tissue 
regeneration. The knowledge of how a Mg2+ cationic microenvironment intertwines with cells and subsequent 
bone formation gained from this study may provide a new insight to develop the next generation of tissue- 
repairing biomaterials.   

1. Introduction 

Local tissue microenvironment which is created by biochemical, 
biophysical or other factors tightly regulates cellular behaviors [1–3]. 
The diverse cues within a microenvironment synergistically or 

antagonistically interact in an intricate approach to enhance the cel
lular proliferation that can lead to accelerated tissue repair, while re
stricting cellular differentiation often results in jeopardized re
generative processes [4,5]. Therefore, precise control of the spatial and 
temporal factors inside a microenvironment is crucial throughout the 
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entire process of tissue regeneration. Gaining insight into the interac
tions between microenvironments and cells is thus important to guiding 
the development of sophisticated biomaterials for regenerative medical 
applications [6,7]. This has been exemplified by biomaterials with ac
curately regulated scaffold architectures and compositions that can 
control the temporospatial release of related factors, and respond dy
namically to signals present in a microenvironment [8–10]. 

As one of the soluble cues, the bioinorganic magnesium cation 
(Mg2+), which plays an important role in numerous cellular functions 
and is naturally found in bone tissues, is essential in the regulation of 
protein synthesis, the activation of enzymes and the formation of bone 
[11,12]. The stimulation of bone growth by Mg2+ has been extensively 
investigated, mainly with regard to enhancing osteoblastic and com
promising osteoclastic activities [13,14]. Studies have demonstrated 
that not only can Mg2+ improve the adhesion of human bone-derived 
cells and enhance bone healing by increasing the attachment and dif
ferentiation of osteoblastic cells [15,16], but it can also aid in the os
teogenic differentiation of stem cells through increasing the neuro
peptide neuronal calcitonin gene-related polypeptide-ɑ [17]. Mg2+ is 
an important bivalent ion in the formation of biological apatite [18], 
and other studies have shown that it is actively engaged in the cellular 
mineralization that regulates bone resorption and formation [19]. 
Mg2+ deficiency, however, impairs bone growth and increases bone 
resorption in trabecular tissue [20,21]. Nevertheless, all studies have 
affirmed the importance of Mg2+ in bone cell activities. 

To date, biomaterials have become effective mediums for regulating 
the cellular microenvironment in the areas of tissue engineering, che
mical testing, and drug delivery [22,23]. Although significant effort has 
been devoted to the revelation of mechanisms and the fabrication of 
novel biomaterials that lead to better control and regulation of cell- 
microenvironment interactions, such works are still far from being 
optimum. A deeper understanding of the quantitative and qualitative 
biological response of cells within their microenvironments will be 
necessary for guiding future biomaterial design and preparation 
[24,25]. 

Therefore, to further understand the effect of the magnesium ionic 
microenvironment on osteoblastic cell behaviors and bone tissue re
generation, after successfully established gradient of Mg2+ micro
environments by nanocomposites comprising surface-treated nano- 
magnesium oxide (MgO) and biodegradable-polymer polycaprolactone 
(PCL), a series of co-disks, which are composed of a semicircular PCL 
disk and a semicircular composite disk, are employed in this study and 
are followed by in vitro and in vivo investigations. We believe that in- 
depth knowledge of the magnesium ionic microenvironment-cell in
teractions and subsequent bone formation acquired from this study will 
bring us one step closer to improved design and fabrication of bioma
terials for tissue regeneration. 

2. Materials and methods 

2.1. Effect of the magnesium ion on cell adhesion, migration and 
proliferation 

2.1.1. Cell adhesion 
Mouse-derived pre-osteoblast cell MC3T3-E1 was used in this study. 

High-glucose Dulbecco's modified Eagle's medium (DMEM) (Invitrogen, 
USA) was used to culture the cells. It was replenished with 100 mg/L of 
streptomycin and 100 U/ml of penicillin, 10% fetal bovine serum 
(Gibco, Australia) and 2 mM L-glutamine. The incubation atmosphere 
contained 95% air and 5% CO2 with the temperature of 37 °C. 

To observe the early-stage cell adhesion behaviors in mediums with 
different concentrations of Mg2+, a total of five different concentra
tions, including magnesium-free and normal DMEM mediums as control 
groups, containing mediums were used in the following assays. A time- 
lapse phase-contrast microscope (PerkinElmer, USA) was first used. 
Live MC3T3-E1 pre-osteoblast cells were seeded with a cell density of 

3 × 104 cells/cm2 in a 6-well cell chamber (ibidi, Germany) using 
mediums with different concentrations of Mg2+ (0, 20, 100, 200, and 
400 ppm, i.e. 0, 0.82, 4.11, 8.22 and 16.44 mM prepared with mag
nesium chloride). Time-lapse images were captured using the 
MetaMorph image system 7.8.2.0 with an X, Y motorized scanning 
stage. The temperature of the cell chamber and the objective were 
maintained at 37 °C with an atmosphere of 95% air and 5% CO2 in an 
incubation chamber during the experiment period. A series of time- 
lapse images was taken after the cells were seeded for one, two, four 
and 6 h. 

After the time-lapse microscopic observation, the early-stage cell 
adhesion behaviors of the MC3T3-E1 pre-osteoblast cells in mediums 
with different concentrations of Mg2+ were further assessed via fluor
escent staining. The pre-osteoblast cells were seeded with a cell density 
of 3 × 104 cells/cm2 in the DMEM mediums with different con
centrations of Mg2+ (0, 20, 100, 200, and 400 ppm). After incubation 
for one or 6 h the cells were washed with phosphate-buffered saline 
(PBS) and fixed using 10% neutral buffered formalin for 1 h, followed 
by a brief wash again with PBS. Then the nuclei of the cells were stained 
by Hoechst 33342 (Thermo Fisher, USA), the cytoskeleton protein F- 
actin was stained with the rhodamine-phalloidin fluorescein dye 
(Thermo Fisher, USA), and the cells were observed via fluorescence 
microscopy (Niko ECL IPSE 80i, Japan). 

2.1.2. Cell migration 
Similar to the cell adhesion experiments, to record cell migration, 

live MC3T3-E1 pre-osteoblast cells were seeded with a cell density of 
3 × 104 cells/cm2 in a 6-well cell chamber (ibidi, Germany) using 
mediums with different concentrations of Mg2+ (0, 20, 100, 200, and 
400 ppm). The cell chamber was localized on a phase-contrast micro
scope (PerkinElmer, USA) with an attached CCD camera (CRCA 03G). 
Time-lapse images were captured using the MetaMorph image system 
7.8.2.0 with an X, Y motorized scanning stage. The temperature of the 
cell chamber and the objective were maintained at 37 °C with an at
mosphere of 95% air and 5% CO2 in an incubation chamber during the 
experiment period. For each well/concentration, eight viewing fields 
under a 20 × objective were chosen. A series of time-lapse images was 
taken in 20-min intervals for 12 h. 

The time-lapse images, were then imported into ImageJ to quantify 
the cell migration. The MtrackJ tool was used to mark the tracks of the 
cells, and the Chemotaxis tool was adopted to plot the pathways. The 
trajectory velocity (the trajectory distance divided by the time) which is 
a parameter of cell mobility was then quantified. The following criteria 
were sued to choose the cells to track: first, only live cells which had 
good light reflection and shapes were chosen for the analysis; second, 
cells which interfered with each other's movement were eliminated; 
third, cells remained visible during the entire period of observation. At 
least 50 cells were chosen from each group. 

2.1.3. Cell proliferation 
Cell proliferation property of the pre-osteoblasts MC3T3-E1 in high- 

glucose DMEM medium with different concentration of Mg2+ was in
vestigated by using a BrdU assay (Roche, USA). In 96-well plates, the 
cell was seeded with a density of 3 × 104 cells/cm2 using mediums 
with different concentrations of Mg2+ (0, 20, 100, 200, and 400 ppm) 
for 12, 24, and 72 h. A BrdU labeling solution was then added 10 μL/ 
well to each well according to the manufacturer's protocol. The pre- 
osteoblasts that just labeled were incubated next using peroxidase- 
conjugated antibodies. Lastly, after adding a kit-provided substrate 
solution, the developed color was determined by a photometer at 
370 nm wavelength with a reference wavelength of 492 nm. 

2.2. Preparation of surface-treated magnesium oxide nanoparticles 

Similar to our previous study [26], the nano-MgO (Aladdin Reagent 
Inc, China) was used after the surface modification. The nano-MgO 

J. Shen, et al.   Bioactive Materials 6 (2021) 503–519

504



surface-treatment procedure was as follow: 20 g of the untreated MgO 
particles were added to 4 mL of propylamine together with 6 mL of 3- 
(Trimethoxysilyl)propyl methacrylate (TMSPM, Sigma-Aldrich, USA) 
and 200 mL cyclohexane. During mixing, the reacting temperature was 
kept at 80 °C then the mixture was stirred for 3 h continuously. In the 
end, surface-coated MgO nanoparticles (T-MgO) were collected after 
filtration and overnight vacuum drying. The molecular reaction be
tween the MgO and TMSPM coupling agent was demonstrated in  
Fig. 2a. The structure of the untreated nano-MgO (U–MgO) was ob
served via transmission electron microscope (TEM, FEI Tecnai G2 20 S- 
TWIN, USA) and selected area electron diffraction (SAED). The struc
ture of the T-MgO was characterized by Raman spectroscopy and 
Fourier transform infrared spectroscopy (FT-IR). 

2.3. Preparation of PCL/T-MgO composite materials 

Polycaprolactone/magnesium oxide (PCL/T-MgO) nanocomposite 
materials were prepared by incorporating different ratio of surface- 
treated MgO nanoparticles into biodegradable macromolecule PCL 
(Sigma-Aldrich, USA, average molecular weight 80,000 g/mol) via a 
solution blending method in a mixer with the temperature of 60 °C. 
Three different amounts of magnesium oxide (1 g, 2 g and 6 g, T-Mild, 
T-Moderate and T-Strong) were added into 10 g of PCL, respectively 
(the preparing process is demonstrated in Fig. 2a and the formulations 
of PCL/T-MgO composites are as shown in Table 1). The structure of the 
composite was also characterized by the FT-IR. 

2.4. Interface observation of the composites 

To monitor the distribution of magnesium element in all the PCL/T- 
MgO composites, the cross sections morphologies and magnesium ele
ment distribution of the materials were observed by scanning electron 
microscopy (SEM, Hitachi S-4800 FEG, Japan) and energy-dispersive x- 
ray spectroscopy (EDS), respectively. 

2.5. Mechanical property of the composites 

Material Testing System (MTS) 858.02 Mini Bionix testing machine 
(MTS Systems Corporation, USA) was used to characterize the com
pression modulus of the PCL and PCL/T-MgO composites according to 
the protocol of ASTM D695-15. Ten rod-shape specimens in each group 
with the diameter of 3 mm and length of 6 mm were measured with the 
testing speed of 1 mm/min. 

2.6. Ion-releasing profile of the composites 

To working out the accumulative release profiles of magnesium ion 
(Mg2+) from PCL/T-MgO composites, an immersion test was per
formed. The measuring process of the accumulative Mg2+ concentra
tions was as follow: disk samples (weight of disk sample = 0.05 g, 
diameter = 1 cm) of each composite were immersed individually into 
capsules which contain 10 mL of simulated body fluid (SBF). The 
capsules were then incubated for 1, 3, 7, 15 and 30 days at 37 °C, re
spectively. The accumulative Mg2+ concentration of each sample was 
measured via inductively coupled plasma optical emission spectrometry 
(ICP-OES) (PerkinElmer, Optima 2100DV) at each time point. 
Therefore, the correlation between immersion time and Mg2+ dissolu
tion was established. 

Another immersion test was also carried out to monitor the amounts 
of Mg2+ released from the PCL/T-MgO composites in DMEM culture 
medium. The well plates with the composites immersed in DMEM were 
placed in an incubator for seven different time points (1, 2, 4, 8, 12, 24, 
and 48 h). At each time point, the Mg2+ ions were also measured using 
ICP-OES. 

2.7. In vitro characterizations of the composites 

2.7.1. Cell proliferation on composites 
The BrdU assay was also used to investigate the cell proliferation 

property of MC3T3-E1 pre-osteoblasts on different composites. Similar 
to the method mentioned in 2.1.3, the cells were seeded with a density 
of 3 × 104 cells/cm2 on the composite samples for 24 and 72 h. Then, 
same procedures were performed to work out the BrdU activities. 

2.7.2. Cell viabilities on composites 
Human primary mesenchymal stem cells (MSCs, Cyagen 

Biosciences, China) were used in this research. The replenished α-MEM 
medium with 100 mg/L of streptomycin and 100 U/mL of penicillin, 
10% fetal bovine serum (Gibco, Australia) and 2 mM L-glutamine was 
used to culture these cells. The incubation temperature is 37 °C with an 
atmosphere of 95% air and 5% CO2. 

A CCK-8 assay was performed to investigate the cell viabilities of the 
PCL and composites to the MSCs. The cells were seeded with a cell 
density of 3 × 104 cells/cm2 in 96-well plates on the samples for 1 and 
3 days. Then the culture medium was replaced with 100 μL of the α- 
MEM medium and 10 μL of the CCK-8 solution (Dojindo, Japan) were 
added to each well incubated at 37 °C for 2 h. Finally, the optical 
density (OD) values were recorded by a microplate photometer at a 
450 nm wavelength with a reference wavelength of 620 nm to de
termine the cell viability. 

2.7.3. Morphological observation of MSCs on composites 
The morphology of MSCs presented on different materials were 

observed using SEM (Hitachi S–3400 N variable pressure SEM). The 
sample disks were first placed into a 96-well plate, and the pre-MSCs 
were seeded with a cell density of 3 × 104 cells/cm2, then cultured 
same as above. After incubation for one day, the cells were washed with 
PBS and fixed using 10% neutral buffered formalin for 1 h, followed by 
a brief wash again with PBS. Specimens were then dehydrated using an 
increasing concentration series of ethanol washes (30%, 50%, 70% and 
90%, each concentration twice) then thrice in absolute ethanol before 
they were subjected to the air-dry process. Next, they were mounted on 
an aluminum stage and coated with platinum in a sputter coater (Bal- 
tec SCD 005 Sputter Coater) before viewing. 

2.7.4. Osteogenic differentiation 
Osteoinductivity of the PCL/T-MgO composites to murine cells and 

human MSCs were assessed by the alkaline phosphatase (ALP, Stanbio, 
USA) assay after 3-, 7- and 14-days culturing. The pre-osteoblast cell 
MC3T3-E1 or MSCs with the density of 4 × 104 cells/cm2 were in
cubated on the composites for 24 h after seeding in the culture medium. 
Then an osteogenic induction medium which containing 10 mM of β- 
glycerol phosphate (β-GP, MP Biomdicals, France), 100 nM of dex
amethasone (Dex, Santa Cruz, UK), and 50 μg/mL ascorbic acid (AA, 
Sigma-Aldrich, USA) was used to replace the culture medium before 
incubated for further 3, 7 and 14 days. At each time point, the cells 
were washed by PBS for three times followed by cytolysis process at 
4 °C using 0.1% Triton X-100 for 30 min. The lysates were then cen
trifuged at 4 °C with the speed of 3000 rpm for 15 min. The ALP reagent 
containing p-nitrophenyl phosphate was employed to measure the ALP 
activity of each sample using 10 μL of the supernatant by a colorimetric 
assay which recorded the absorbance values at 405 nm wavelength. 
Finally, the measured ALP value was normalized to the total protein 
which acquired by a protein assay (Bio-Rad, USA). 

Table 1 
Formulations of PCL/T-MgO composites.      

PCL: T-MgO (grams/grams) 10 : 1 10 : 2 10 : 6  

Molality 2.48 Mol/Kg 4.96 Mol/Kg 14.88 Mol/Kg 
Sample T-Mild T-Moderate T-Strong 
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2.7.5. Cell mineralization 
Alizarin red S (ARS) staining was employed to evaluate the cap

ability of mineralization of the pre-osteoblast cells and MSCs cultured 
on the PCL and different composites. The culturing condition of the ARS 
test was identical to that of the ALP assay. And the samples were fixed 
and stained after 14, 17 and 21 days cultured in the osteogenic in
duction medium. For the staining, the specimens were washed two 
times with PBS at each time point. After fixed for 1 h by 10% neutral 
buffered formalin, the specimens were then washed again with acidic 
PBS (pH ~ 4.2) for two times. After washing, they were stained for 
15 min at room temperature by an ARS staining solution (1%, Sigma- 
Aldrich, USA). Finally, after a 10% acetic acid was added for 30 min 
shaking, the absorbance of those extracts was evaluated by a photo
meter at 450 nm wavelength. 

2.8. Local magnesium ionic microenvironment in osteoblastic activities 

2.8.1. Preparation of co-disks 
To study the effect of the local magnesium ionic microenvironment 

on osteogenic cell behaviors, a series of PCL/composite co-disks were 
prepared. The preparation process for the co-disks is illustrated in  
Fig. 5a. In brief, the PCL or composite was first placed onto a glass slide 
heated by a hot plate at 80 °C. A sample disk with a 6 mm diameter was 
prepared using the pressing plate method, then it was cut into a semi
circular shape. Finally, the PCL and composite semicircular disks were 
splice together at 60 °C to obtain the co-disk. 

2.8.2. Cell morphology observation 
Enhanced green fluorescent protein osteoblasts (eGFPOB) and 

MC3T3-E1 pre-osteoblast cells derived from mice were used in this 
study. The culturing conditions were identical to that of the cell ad
hesion assay. To examine the cell morphologies shown on the co-disks, 
3 × 104 cells/cm2 eGFPOB cells were seeded onto the surfaces of dif
ferent specimens. After culturing for one, two or three days, the adhe
sion morphologies of the eGFPOB cells were observed via fluorescence 
microscopy (Niko ECL IPSE 80i, Japan). 

Like the method that mentioned above, the MC3T3-E1 pre-osteo
blast cell morphologies presented on different co-disks were also ob
served using SEM (Hitachi S–3400 N variable pressure SEM). The co- 
disks were first placed into a 96-well plate, and the pre-osteoblast cells 
were seeded with a cell density of 3 × 104 cells/cm2, then cultured 
same as above. After incubation for three days, the samples were gone 
through the dehydration and coating processes before viewing. 

Fluorescent staining was used to further observe the cell morphol
ogies and quantitatively analyze cell number on the co-disks. Similar to 
the procedure for the SEM observation, after incubation for three days 
the cells were washed with PBS and fixed using 10% neutral buffered 
formalin for 1 h, followed by a brief wash again with PBS. Then the 
nuclei of the cells were stained by Hoechst 33342 (Thermo Fisher, 
USA), the cytoskeleton protein F-actin was stained with the rhodamine- 
phalloidin fluorescein dye (Thermo Fisher, USA), and the cells were 
observed via fluorescence microscopy (Niko ECL IPSE 80i, Japan). 
Quantitative analysis was then performed using ImageJ software. 

2.8.3. Monitoring of local spatial distribution of magnesium ions 
The scanning ion-selective electrode technique (SIET) (BIO-001A, 

Younger USA Sci. and Tech. Corp.; Amherst, MA, USA) as described in 
previously research [27] with small modifications by the Xu-Yue 
company (Beijing, China) was used to measure the net fluxes of Mg2+ 

over the surface of all the co-disks. A selective microelectrode for Mg2+ 

was used sequentially to map the net fluxes of Mg2+ at a distance of 
50 μm above the composite surfaces on a 5 × 10 grid after a 30 min 
immersion in the measuring solution (8.06 mM Na2HPO4·7H2O, 
1.47 mM KH2PO4, 137.93 mM NaCl, 2.67 mM KCl, 1.00 mM 
MgCl2·7H2O). The obtained data were then analyzed and converted to 
specific ion outflow (pmol·cm−2·s−1). 

2.9. In vivo studies 

2.9.1. The fabrication of 3D-printed scaffolds and surgical procedures 
The preparation process of the 3D-printed scaffold was based on a 

low-temperature extrusion-based additive manufacturing technique. 
Briefly, 30% (weight percent, wt%) of the PCL or the composites were 
first homogeneously dissolved in 1,4-Dioxane (Sigma, USA) to form gel- 
like solutions. After loaded the solutions into a specific syringe barrel, 
the scaffolds were printed via an extrusion-based rapid-prototyping 
machine (gesim biosacffolder2.1, Germany) on a −20 °C cooling stage 
with the syringe barrel heated to 40 °C. All of the scaffolds were printed 
layer-by-layer using a computer-aided deposition approach. After 
printing, they were then lyophilized for 72 h. Surface morphology of 
the PCL and composite scaffolds were observed using SEM (Zeiss LEO 
1530 FEG SEM, Germany). 

The checked protocol for surgical and postoperative care of the rat 
study were fulfilled according to the requests stated by the University 
Ethics Committee of the University of Hong Kong as well as the 
Licensing Office of the Department of Health of the Hong Kong 
Government. 

Twenty-four female Sprague-Dawley (SD) rats with the age of 12 
week provided by the Laboratory Animal Unit were employed in this 
research. The average weight of each rat was approximately 300 g. And 
the surgical site was selected as the lateral epicondyle. Three groups 
were set in this study: each rat was implanted with half of a PCL 3D- 
scaffold (2.5 mm in length) and half of a composite (T-Mild, T-Moderate 
or T-Strong) 3D-scaffold (2.5 mm in length) within the bone defect. And 
a very tiny fragment of titanium was put between the PCL and com
posite scaffolds to distinguish the interface of those two segments (Fig. 
S1). In order to monitor the in vivo bone formation inside and around 
the implant sites, a serial time points i.e. zero, two, four, and eight 
weeks were set for micro-computed tomography (μ-CT) scanning. 

The rat was anaesthetized, shaved and followed by decortication 
during the surgery. Then, a minimally invasive method was employed 
to create a 2-mm-diameter hole through the lateral epicondyle (≈5 mm 
in length) using a hand drill. The scaffolds were subsequently implanted 
into the defect site made on the right femur. In the end, wound was 
sutured layer by layer with a proper dressing applied over the incision. 

2.9.2. The evaluation of new bone formation by micro-computed 
tomography 

To evaluate the new bone formation around and inside the implant 
site as well as to monitor the healing process, the rats were scanned by a 
μ-CT instrument (SKYSCAN 1076, Skyscan Company) at each time 
point (zero, two, four, and eight weeks). A NRecon program (Skyscan 
Company) was first used to reconstruct a 2D planes. And CTAn program 
(Skyscan Company) was then employed to analyze new bone growth by 
densitometry and morphometry. 

2.9.3. Histological analysis 
Four- and eight-weeks post-operation, the right femurs of the eu

thanized rats underwent hard tissue processing and paraffin embed
ding. For the hard tissue processing, the standard step was performed 
after the femur was fixed in 10% neutral buffered formalin for 72 h. In 
short, a dehydrating process in an increasing concentration series of 
ethanol was first employed (70%, 95%, 100% × 2, each one immersed 
for three days). And xylene was then adopted for a three-day immersion 
being a transition between the 100% ethanol and methyl methacrylate 
(MMA, MERCK, Germany). After immersion in xylene, the specimen 
was treated with three stages of different MMA (i.e., MMA I, II, and III, 
changed every four days). The MMA I is the absolute methyl metha
crylate. The MMA II and MMA III are composed of 200 mL of MMA with 
0 or 50 mL butylmethacrylate (Sigma-Aldrich, USA) and 4 or 8 g of 
benzoyl peroxide (MERCK, Germany), respectively. After being im
mersed in the MMA III, the specimen was put into a 37 °C oven for more 
than one week to polymerize the MMA. The embedded specimen was 
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then cut into sections and micro-grinding down to around 50 μm 
thickness. For the paraffin embedding, the decalcified sample was 
sectioned at a 5 μm thickness and placed on adhesion slides (Thermo, 
USA). Finally, the sectioned specimens were stained via Giemsa, tar
trate-resistant acid phosphatase (TRAP)/methyl green or Safranin O/ 
Fast Green staining, and a light microscope was used to perform the 
histological analyses. Immunofluorescence staining was conducted to 
further confirm the type of bone formation with the use of type II 
collagen (Servicebio, China) antibody. 

2.10. Statistical analysis 

The in vitro experiments were conducted in triplicate. The in vitro 
and in vivo experimental data were analyzed by a one-way analysis of 
variance and expressed as means standard deviations. A p value  <  
0.05 was considered to be statistically significant. 

3. Results 

3.1. Effect of the magnesium ion on cell adhesion, migration and 
proliferation 

3.1.1. Cell adhesion 
To observe the early-stage cell adhesion behaviors in mediums with 

different concentrations of Mg2+, time-lapse microscopic observation 
was conducted (Fig. S2). One-hour post-seeding with medium supple
mented with magnesium ions (100, 200, and 400 ppm i.e. 4.11-, 8.22- 
and 16.44-mM groups), a considerable number of cells adhered to the 
substrate surface with some showing protrusions at their periphery, 
while the vast majority of the cells in 0 and 20 ppm groups were still 
round-shaped. After 2 h post-seeding, the cells in the 100, 200 and 
400 ppm groups revealed increased cell volume as well as additional 
protrusions. At the same time, only a few cells in the 20-ppm group 
adhered onto the substrate surface, and most of the cells in the 0-ppm 
group still presented a spherical shape. After 4 h of culturing, some cells 
started to adhere onto the surface in the magnesium-free (0 ppm) 
medium. Compared to the 20-ppm group, cells exhibited larger and 
more elongated morphologies with additional magnesium ions in the 
medium. Finally, when the culture time reached at 6 h, all of the cells 
had adhered onto the substrate surfaces in the 0 and 20 ppm groups. 
However, in comparison, the 100, 200, and 400 ppm groups showed 
even more protrusions as well as flattened membranes. 

After the time-lapse microscope observations, the early-stage cell 
adhesion behaviors of the MC3T3-E1 pre-osteoblast cells cultured in 
medium containing different concentrations of Mg2+ were further as
sessed via double fluorescent staining (Fig. 1a). Different cell 
morphologies could be viewed on the 100, 200 and 400 ppm group 
surfaces compared with the 0 and 20 ppm groups just after culturing for 
1 h. The round-shape cells in the 0 and 20 ppm groups indicated weak 
adhesion of the cells to the substrates while 100, 200, and 400 ppm 
medium groups displayed accelerated cell-substratum adhesion, and 
the cells exhibited larger and polygonal morphologies in those groups. 
Six hours post-seeding, further expanded cell volume as well as elon
gated cell structures could be observed in the higher Mg2+ ion con
centration groups. Meanwhile, smaller cells with fewer protrusions at 
their periphery were viewed in the 0 and 20 ppm groups. 

3.1.2. Cell migration 
To monitor the cell mobility in mediums with different concentra

tions of magnesium ions, computer-aided cell migration path-tracking 
as well as the following quantitative analysis were taken (Fig. 1b and c). 
Cells were placed at the original point at time zero and showed random 
distribution of trajectories in all groups. In the absence of magnesium, 
little persistent movement could be observed in 0 ppm group (mean cell 
speed = 1.42  ±  0.45 μm/unit time). Though cells in the 20 ppm group 
became more active, the mean cell speed of those cells was still 

comparatively slow (2.19  ±  0.56 μm/unit time). When the medium 
contained 100 ppm of Mg2+, the cells exhibited the highest speed, 
which was significantly higher than all the other groups (6.15  ±  1.51 
μm/unit time). With further increases in the Mg2+ concentration, the 
corresponding values decreased to 3.74  ±  1.43 μm/unit time with 
200 ppm of Mg2+ and to 2.75  ±  0.77 μm/unit time with 400 ppm of 
Mg2+. 

3.1.3. Cell proliferation 
Cell proliferation was evaluated by calculating the fold change in 

the incorporation of BrdU in mediums containing different concentra
tions of Mg2+ for 12, 24, and 72 h (Fig. 1d). Twelve hours post-seeding 
of the cells, no significant differences were found between any groups; 
however, the 100, 200, and 400 ppm groups showed higher cell pro
liferation properties than the 0 and 20 ppm groups. After the cells were 
seeded for 24 h, the 20, 100, and 200 ppm groups exhibited sig
nificantly higher values of BrdU incorporation compared to the 0 and 
400 ppm groups. At 72 h, the 20 and 200 ppm groups showed sig
nificantly higher cell proliferation properties than the 0 ppm group, 
while the 100 ppm group was significantly higher than both the 0 and 
400 ppm groups. 

3.2. Characterizations of the nano magnesium oxide and composite 
materials 

3.2.1. Characterizations of surface treated nano magnesium oxide 
The TEM observation along with the SAED pattern test were taken 

to confirm the structure of the nanoparticles before the following ex
periments (Fig. 2b). The d-spacing value of the particle match well with 
the magnesium oxide standard JCPDS FILE (30–0794) with clear crys
tallinity as supported by SAED. 

The molecular structure of MgO after surface treatment were con
firmed by FT-IR and Raman spectroscopy with the wavenumber or 
Raman frequency from 450 cm−1 to 4000 cm−1 (Fig. 2c and d). The 
peak at 1641 cm−1 shows in Raman spectrum of the T-MgO is attrib
uted to vibration peak of C]C while 2920 cm−1 can be attributed to 
vibration peak of –CH2-. Observed from FT-IR spectrum of the T-MgO, 
appearance of the absorption bands around 2930 cm−1 (C–H stretching 
vibration), 1703 cm−1 (C]O stretching vibration), 1637 cm−1 (C]C 
stretching vibration), 1177 cm-1 (ester group) and 1012 cm−1 (Si–O–C 
stretching vibration) corresponding to the characteristic of bands from 
the TMSPM. The results of FT-IR and Raman spectroscopy indicated 
that the surface treatment of the MgO by TMSPM was successful. 

3.2.2. Characterizations of the composites 
Based on the cellular results obtained above, to provide gradient 

Mg2+ microenvironments, composite materials which can provide 
mild, moderate or excess magnesium ions were fabricated by using 
surface-treated MgO and biodegradable polymer PCL. After the fabri
cation of the PCL/T-MgO composites via the solution blending process, 
the structure of the PCL and the selected T-Strong composite were 
characterized by the FT-IR method (Fig. 2d). Because the IR absorption 
intensity of the inorganic materials are weaker than the polymers, 
therefore, only the characteristic peak around 540 cm−1 (Mg–O 
stretching vibration) from the MgO can be clearly observed in the FT-IR 
spectra of the composites. Other parts of the FT-IR spectra are almost 
identical to the pure PCL. 

The cross-section morphologies and magnesium distribution of all 
the composites with the magnification of 2000 were then observed by 
SEM and EDS (Fig. 2f). No matter how many MgO are incorporated, all 
the composites exhibited heterogeneous magnesium element distribu
tion without large agglomerates. And with the increase of MgO into the 
matrix, the detected elementary intensity via EDS increased. 

Fig. 2e shows the compressive moduli of the PCL and PCL/T-MgO 
composites. The compressive modulus of the pure PCL is 
235.3  ±  7.1 MPa, which is almost 50 MPa lower than the PCL/T-MgO 
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composite with the minimum proportion of MgO. The compressive 
moduli of the PCL/T-MgO composites ranged from 283.9  ±  9.7 MPa to 
607.2  ±  31.9 MPa which are all in the range of human cancellous 
bone. It is also worth mentioning that all the differences of the com
pressive moduli between the PCL and PCL/T-MgO composites are sig
nificant (p  <  0.01). 

3.2.3. Ion-releasing profile of the composites 
The accumulative magnesium ion concentrations of the composites 

immersed in SBF for 1, 3, 7, 15 and 30 days and their corresponding 
linear regression equations were shown in Fig. S3. The release rate of all 
the composites increased steadily from 37 to 48 ppm at day 1 of im
mersion to 228–806 ppm after 30 days, respectively. With the pro
portionately grow of the MgO into the polymer matrix, the release rates 
of the composites increase accordingly. The corresponding regression 
equations are approximately linear with the coefficient of determina
tion from 0.8635 to 0.9937. 

The accumulative magnesium ion concentrations of the composites 
immersed in DMEM for 1, 2, 4, 8, 12, 24, and 48 h were also measured 
(Fig. 3a). Similar to the release patterns shown in PBS solution, with a 
growing percentage of MgO in the polymer matrix, the release rate of 
the composites also increased accordingly in the DMEM. The steady 

release of Mg2+ from the composites started with 25–45 ppm at 1 h of 
immersion and rose to 80–380 ppm after 48 h. 

3.2.4. In vitro characterizations of the composites 
3.2.4.1. Cell proliferation and viabilities on composites. The BrdU assay 
was also used to investigate the cell proliferation property of the mouse 
pre-osteoblast cells exhibited on the PCL and the composites. Fig. 3b 
shows the cell proliferation evaluated by the fold change of the 
incorporation of the BrdU on samples for 1 and 3 days. As can be 
seen from the figure, although the composites had relatively high 
values, the MC3T3-E1 proliferation level on the different materials 
exhibited no significant differences after one day of incubation. After 
the cells were seeded for three days, the T-Moderate group showed a 
significantly higher cell proliferation level compared to the pure PCL, 
while the T-Mild and T-Strong groups still showed no significant 
differences. Fig. 4b shows the cell viability results of the PCL and 
composites to the MSCs measuring by the CCK-8 assay. Both one- and 
three-days post seeding the cells, significantly higher cell viabilities 
could be observed on the materials with additional magnesium 
element. 

3.2.4.2. Morphological observation of MSCs on composites. After one day 

Fig. 1. Effect of different magnesium ion con
centration on cell adhesion, migration, and pro
liferation. (a) Fluorescent staining observation of 
the MC3T3-E1 after culturing for one and 6 h in 
DMEM with different concentration of Mg2+. 
Mediums with the magnesium ion concentrations 
of 100, 200, and 400 ppm accelerated cell-sub
stratum adhesion, and cells in those groups ex
hibited larger and polygonal cell morphologies, 
while the 0 and 20 ppm groups displayed delayed 
cell-substratum adhesion. Scale bar 1st & 3rd 
row: 50 μm, 2nd & 4th row: 25 μm. (b) 
Computer-aided cell migration path tracking and 
(c) quantification of cell migration velocity. The 
slowest rates were seen for the 0 and 20 ppm 
groups. The rate peaked at 100 ppm and de
creased again for the 200 and 400 ppm groups. 
Scale bar: 100 μm, **p  <  0.01. (d) Cell pro
liferation evaluated by the fold change in the 
incorporation of BrdU in mediums containing 
different concentration of Mg2+ for 12, 24 and 
72 h. The fold change was calculated by dividing 
the absorbance values of the samples by those of 
the 0 ppm group. Statistical significance is in
dicated by *p  <  0.05, **p  <  0.01 vs 0 ppm; 
#p  <  0.05, ##p  <  0.01 vs 400 ppm. 
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of culturing, the cellular morphology of MSCs on different materials 
was observed using SEM (Fig. 4a). Cells exhibited weaker adhesion with 
fewer protrusions showed on the PCL. Larger and much more elongated 
cells with considerable number of filopodia and lamellipodia exhibited 
on the materials encapsulated with MgO. 

3.2.4.3. Osteogenic differentiation. To evaluate the osteogenic property 
of the PCL and PCL/T-MgO composites to MC3T3-E1 pre-osteoblasts 
and MSCs, the ALP assay was conducted. The results of the ALP 
activities are shown in Figs. 3c and 4d. For the pre-osteoblast, on day 
3, significantly higher values are found on T-Mild and T-Moderate when 
compared to the PCL group. Whereas T-Strong group shows an ALP 
activity with the value of 50.1 U/mg protein which is significantly 
lower than the pure PCL group with the ALP activity of 101.4 U/mg 
protein. On day 7, though the specific ALP activities of all the groups 
increased dramatically, the general trend is the same with day 3, i.e. 
with the values of 687.1 U/mg protein and 713.2 U/mg protein, T-Mild 
and T-Moderate groups are significantly higher than those of the PCL 
which with the specific ALP activity of 426.9 U/mg protein. At the same 
time, the specific ALP activity of the T-Strong group is 131.1 U/mg 
protein. On day 14, the specific ALP activities of the PCL, T-Mild, T- 
Moderate and T-Strong all come down. It turns out to be that all the 
composite groups are significantly different with the pure PCL group. 

Apart from the T-Strong with the ALP activities of 64.9 U/mg protein, 
the composite groups with less MgO incorporated into the polymer 
matrix show statistically significant enhancement of specific ALP 
activities when compared with the PCL group. Similar to the results 
of the pre-osteoblast, MSCs also showed significantly enhanced ALP 
activities on the T-Mild and T-Moderate through the entire period 
tested, while lower values were noted on the T-Strong samples 
compared with the PCL group. The ALP staining results also 
demonstrated a same trend, that area positive for the ALP 
histochemical staining were higher on the T-Mild and T-Moderate 
(Fig. 4c). 

3.2.4.4. Cell mineralization. The mineralization properties of the 
MC3T3-E1 pre-osteoblast cells and MSCs cultured on different 
materials for 14, 17 and 21 days were observed via ARS staining. 
Qualitative and quantitative results of the deposited minerals were 
determined and are shown in Fig. 3d, e, 4e and 4f. The positive red 
stains suggest the differentiation of pre-osteoblasts and MSCs into 
mature osteoblasts with the calcium deposition. For the pre- 
osteoblasts, the onset of mineralization on the T-Mild occurred 
between day 14 and day 17 while only a few calcium nodules formed 
on the PCL and the T-Strong at day 21. Besides that, a considerable 
number of mineralized bone nodules formed on T-Moderate prior to 

Fig. 2. Preparation and characterization of surface-treated MgO nanoparticle and magnesium enriched composites. (a) Preparation process of PCL/T-MgO composite. 
After the surface treatment of the MgO by 3-(Trimethoxysilyl)propyl methacrylate coupling agent, PCL/T-MgO composites were fabricated via a solution blending 
process with the PCL and T-MgO. (b) Transmission electron microscope observation and selected area electron diffraction pattern of the MgO nanoparticle. Scale bar: 
20 nm. (c) Raman spectra of U–MgO and T-MgO. (d) FT-IR spectra of U–MgO, T-MgO, PCL and T-Strong. The Mg–O stretching vibration peak around 540 cm−1 from 
the MgO can be clearly observed in the FT-IR spectra of the composite reveals the successful preparation of the composites. (e) Compressive moduli of the PCL and 
PCL/T-MgO composites (**p  <  0.01, vs PCL). Ten rod-shape specimens in each group with the diameter of 3 mm and length of 6 mm were measured with the testing 
speed of 1 mm/min. (f) Cross Section morphologies (upper row) and magnesium distribution (lower row) of the T-Mild, T-Moderate and T-Strong composites. Scale 
bar: 20 μm. 
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day 14. Day 14 onwards, a remarkable increase of the calcium 
deposition on T-Moderate surface can be observed in the following 
three days. Although the increase of the calcium deposition can be 
noted on the T-Mild, the increase rate is fairly slower than that observed 
on T-Moderate. At each time point, the individual calcium nodule 
formed on the T-Moderate are also much larger compared to other 
samples. Furthermore, the T-Moderate group shows the highest 
quantitative results during the entire period of the assay. It is up to 
7.5-fold, 2-fold and 3-fold higher than the PCL, T-Mild and T-Strong 
groups on day 14, respectively. With the time goes on, T-Strong group 
shows limited growth of the relative absorbances which are just barely 
higher than the PCL group. For the MSCs, similar phenomena and 
results were also observed and detected on all the specimens (Fig. 4e 
and f). 

3.3. Local magnesium ionic microenvironment in osteoblastic activities 

3.3.1. Cell morphology observation 
To investigate the effect of the magnesium microenvironment on 

osteogenic cell behavior, eGFPOB were first cultured on different co- 
disks and the cell morphologies were observed via fluorescence mi
croscope after a one-, two- or three-day incubation (Fig. 5b). After one 
day of culturing, the cells had spread well on the composite sides of the 
co-disks. It is also worth noting that, on composite sides, a larger and 
much more elongated cell morphology could be observed with an in
creased proportion of MgO. In sharp contrast, besides the PCL/T-Strong 
group, many fewer cells could be found on the PCL side as compared 
with composite sides, indicating that the spreading and adhesion of the 
cells was weaker on the PCL side. At the same time, spherical cell 
morphology could be seen on the PCL side in all groups. After in
cubation for two days, the cell number and area increased on the PCL 
side in all groups, while the cells exhibited even better spreading on the 
composite sides. A gradient increase in cell density and better cell 

morphologies were seen on PCL side with the increased percentage of 
MgO in the corresponding composite side. On day three, the cells re
vealed good spreading and nearly grew to 100% confluence on all of the 
co-disks except the PCL side from the PCL/T-Mild co-disk, on which 
cells were still loosely adhered with a low density. 

After three days of culturing, the MC3T3-E1 pre-osteoblast cell 
morphologies presented on different co-disks were observed using SEM 
(Fig. 5c). Similar to the fluorescence microscope view of the eGFPOB, 
the cells on PCL/T-Moderate co-disk were well-spread and had grown 
to 100% confluence. Though the cells didn't cover the whole area of the 
T-Mild surface, there was still an obviously larger cell-spreading area 
than on the PCL side. It is noteworthy that with the increasing ratio of 
MgO in the corresponding composite sides, the magnesium element 
intensity detected on the PCL sides also increased. 

To further observe the cell morphologies as well as quantitatively 
analyze the cell number on each side of the co-disk, fluorescent staining 
was used to stain the cytoskeleton and nuclei (Fig. 5d). On the T-Mild, 
T-Moderate and T-Strong surfaces, the cells spread well and exhibited 
polygonal shapes. The cells grew to almost 100% confluence on the T- 
Moderate surface, though they covered a bit less area percentage on the 
T-Mild and T-Strong surfaces. The sharp contrast occurred between the 
corresponding PCL surfaces, however. The PCL surfaces of the PCL/T- 
Moderate and PCL/T-Strong co-disks had nearly fully coverage of cells, 
at the same time, very few cells can be observed on the PCL side of the 
PCL/T-Mild co-disk (Figs. 5d–1, -5 and -9). The cell nuclei stain pre
sented round and well distributed nuclei spread over the surface of T- 
Mild, T-Moderate, T-Strong and PCL from the PCL/T-Moderate and 
PCL/T-Strong co-disks, while the PCL from the PCL/T-Mild co-disk 
showed dramatically fewer nuclei in comparison (Figs. 5d–2, -6 and 
-10). The qualitative results showed that on the PCL/T-Mild co-disk, 
over 2.5-fold more cells could be found on the T-Mild surface compared 
to the PCL side. Meanwhile, though slightly more (~20%) nuclei could 
be counted on the T-Moderate, significant differences from the PCL side 

Fig. 3. In vitro characterization of pre-osteoblast on magnesium enriched composites. (a) Accumulative magnesium ion concentrations of the composites immersed in 
DMEM medium for 1, 2, 4, 8, 12, 24, and 48 h. (b) Cell proliferation evaluated by the fold change of the incorporation of BrdU on different samples for 1 and 3 days. 
The fold change was calculated by dividing the absorbance values of the samples to the PCL. Statistical significance is indicated by * p  <  0.05 compared to the PCL 
control. (c) ALP activities of MC3T3-E1 pre-osteoblasts cultured with the osteogenic induction medium on PCL, T-Mild, T-Moderate and T-Strong for 3, 7 and 14 days. 
Significantly higher (**p  <  0.01 vs PCL) specific ALP activities were found on the T-Mild and T-Moderate as compared to the PCL. (d) and (e) Alizarin red S (ARS) 
staining of MC3T3-E1 on PCL, T-Mild, T-Moderate and T-Strong to verify the mineralization properties. (d) ARS staining was carried out after the MC3T3-E1 was 
cultured for 14, 17 and 21 days with the osteogenic induction medium on different materials. (e) At each time point, the ARS stain was dissolved in 10% acetic acid 
and the absorbance of the extracts was measured by a multimode detector at 450 nm wavelength. To obtain the relatively absorbance, the results were normalized to 
the day 14 PCL, **p  <  0.01 vs PCL. (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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could not be detected on the PCL/T-Moderate co-disk. Similar situation 
also occurred on the PCL/T-Strong co-disk, the number of nuclei 
counted on both sides are almost the same (Fig. 5d 4, 8 & 12). 

3.3.2. Monitoring of local spatial distribution of magnesium ions 
Scanning ion-selective electrode technique (SIET) with small mod

ifications was used to measure the net fluxes of Mg2+ over the surface 
of PCL/T-Mild, PCL/T-Moderate and PCL/Strong co-disks (Fig. 5e). All 
three T-Mild, T-Moderate and T-Strong showed even ion release in a 
narrow range from 90 to 280 pmol cm−2·s−1 on T-Mild, 
167–355 pmol cm−2·s−1 on T-Moderate and 897–1341 pmol cm−2·s−1 

on T-Strong. Noteworthy, the PCL from the PCL/T-Mild co-disk re
vealed a low Mg2+ changing rate, within 100 pmol cm−2·s−1 over most 
of the area, with some parts exhibiting below 50 pmol cm−2·s−1 on this 
PCL surface. In contrast, the PCL surfaces from PCL/T-Moderate and 
PCL/T-Strong presented obviously higher Mg2+ changing rate, which 
ranged from 88 to 378 pmol cm−2·s−1 and 800–1134 pmol cm−2·s−1. 

3.4. In vivo studies 

3.4.1. 3D scaffold characterization 
After fabricated via low-temperature extrusion-based manu

facturing technique, the surface morphologies of the 3D scaffolds were 
then observed by digital camera and SEM. The images shown in Fig. 6a 
revealed that the 3D scaffolds in regular arrays have well-defined 
geometry as well as highly regular and interconnected pores. The width 
of the strands ranged from 600 to 800 μm forming the opened regular 
macropores of 300–400 μm in size. For the PCL/T-MgO composites, 

phase separation was not observed under high magnification imaging. 

3.4.2. The evaluation of new bone formation by micro-computed 
tomography 

The formation of new bone inside and around the 3D-scaffolds was 
examined by in vivo study. At each time point (zero, two, four and eight 
weeks), micro-computed tomography was also used to scan the rats in 
order to monitor the in vivo healing process. The cross-sectional images 
of the right femur with the view of the implant sites at each time point 
were taken to evaluate the bone formation with different scaffolds 
(Fig. 6b). After two weeks, barely mineral deposition can be observed 
from both side of the PCL/T-Mild group. In the PCL/T-Moderate group, 
the new bone formation started inside the T-Moderate scaffold from 
week two, while the PCL side showed nearly no sign of new bone for
mation at this time. By contrast, the PCL side showed considerably 
more calcium deposition in the PCL/T-Strong group two weeks after the 
surgery. Besides that, very limited bone formation could be observed 
inside the T-Strong scaffold. From week four onwards, some new bone 
formation could be viewed within the T-Mild scaffold and PCL scaffold 
from the PCL/T-Moderate group while remarkable bone healing was 
seen inside the T-Moderate. It is notable that the bone was marginally 
formed from the edge of the defect site in the T-Strong scaffold from 
week four to week eight. Meanwhile, the PCL scaffold from the PCL/T- 
Strong group revealed a dramatic amount of new bone formation in the 
whole area of the defect starting from four weeks post-operation. The 
PCL side in the PCL/T-Mild group, however, only formed restricted new 
bone even at the last time point. 

After the evaluation of new bone formation by micro-CT 

Fig. 4. In vitro performances of human mesenchymal stem cells on magnesium enriched composites. (a) MSC morphological observation by using SEM after 1 day of 
culturing on different surfaces. Scale bar: left side: 20 μm, right side: 10 μm. (b) Cell viabilities of the MSCs cultured on different samples for 1 and 3 days. The 
percentage cell viability was calculated by dividing the absorbance values of the samples to the PCL control. Statistical significances are indicated by * p  <  0.05 and 
**p  <  0.01 compared to the PCL control. (c) ALP staining and (d) ALP activities of MSCs cultured with the osteogenic induction medium on PCL, T-Mild, T-Moderate 
and T-Strong for 3, 7 and 14 days. Statistical significances are indicated by * p  <  0.05 and **p  <  0.01 compared to the PCL control. (e) and (f) Alizarin red S (ARS) 
staining of MSCs on PCL, T-Mild, T-Moderate and T-Strong to verify the mineralization properties. (e) ARS staining was carried out after the MSCs were cultured for 
14, 17 and 21 days with the osteogenic induction medium on different materials. (f) At each time point, the ARS stain was dissolved in 10% acetic acid and the 
absorbance of the extracts was measured at 450 nm wavelength. To obtain the relatively absorbance, the results were normalized to the day 14 PCL, *p  <  0.05, 
**p  <  0.01 vs PCL. (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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reconstruction images, the statistical results of the percent changes in 
bone volume inside the scaffolds over time were calculated (Fig. 6c). 
Two weeks post-implantation, T-Moderate exhibited 6.9% new bone 
formation, which was significantly higher than all of the other scaffolds. 
The PCL scaffold from the PCL/T-Strong group increased 2.8%, which 
also showed a significant difference from most of other implants. In the 
following time points, the percentage change in bone volume inside of 
the T-Moderate scaffold increased from 12.6% at week four to 25.5% at 

week eight. The PCL scaffold from the PCL/T-Strong group revealed a 
similar bone growth to the T-Moderate scaffold, which was also sig
nificantly higher than the T-Strong and the PCL from the PCL/T-Mild 
and PCL/T-Moderate groups. At the last time point, the T-Mild scaffold 
and PCL scaffold from the PCL/T-Moderate group both presented dra
matic bone volume increase to 16.2% and 15.3%, respectively. At the 
same time, the PCL scaffold from the PCL/T-Strong group showed 
18.7% new bone formation, which was significantly higher than the T- 

Fig. 5. Local magnesium ionic microenvironment in cellular activities. (a) Preparation process and magnesium-ion-release demonstration of the PCL/composite co- 
disk. (b) Microscopic views of eGFPOB cultured on different PCL/composite surfaces for one, two and three days. Cells spread well on the composite sides of the co- 
disks while gradient increase in cell density and better cell morphologies were seen on PCL side with the increased percentage of MgO in the corresponding composite 
side. Scale bar: 200 μm. (c) Magnesium element distribution and cell morphologies of MC3T3-E1 after culturing for three days on different PCL/composite surfaces. 
Cells on PCL/T-Moderate and PCL/T-strong co-disks were well-spread and had grown to 100% confluence. On the PCL/T-Mild co-disk, obviously larger cell- 
spreading area was found on the surface of T-Mild compared with PCL side. Scale bar: 200 μm. (d) MC3T3-E1 pre-osteoblast adhesion measured on the PCL/ 
composites after incubation for three days: 1), 5) & 9) cytoskeleton in red stained with rhodamine; 2), 6) & 10) nuclei in blue stained with Hoechst33342; 3), 7) & 11) 
overlay image; 4), 8) & 12) number of cell on each side of co-disk (**p  <  0.01 vs PCL side). On the PCL/T-Mild co-disk, over 2.5-fold more cells could be found on 
the T-Mild surface compared to the PCL side. Meanwhile, on the PCL/T-Moderate co-disk, just slightly more (~20%) nuclei could be counted on the T-Moderate 
compared to PCL side. Scale bar: 100 μm. (e) Magnesium ion release rate mapping over the scanned area of the (1) PCL/T-Mild and (2) PCL/T-Moderate and (3) PCL/ 
T-Strong surfaces. (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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Strong scaffold (8.7%). It is noticeable that from week two onward, 
whether higher or lower, the new bone formation of each PCL scaffold 
showed significant difference from the corresponding composite side. 

To observe the bone formation process within the scaffolds more 
intuitively, 3D models of the bone defects were generated and shown in  
Fig. 6d. The results are consistent with the statistical analysis. At each 
time point, the volume of newly formed bone within the PCL scaffold is 
closely related to the corresponding composite scaffold. Increasing bone 
formation can be seen inside the PCL side when the composite side 
contains higher amount of MgO. And the T-Moderate always shows the 
largest amount of mineralized bone and delicate porous structure 
compared with the other two composite scaffolds. 

3.4.3. Histological analysis 
Four weeks and eight weeks post-implantation, Giemsa stained 

histological examinations were first conducted to analyze the re
modeled bone tissue within the defect area (Fig. 7). The dashed black 
frame indicates the defect area and scaffold in the lateral epicondyle. 
Four weeks post-implantation, a remarkable amount of mature bone 
and marrow were observed surrounding the T-Moderate scaffold, while 
fibrous connective tissues with ordered spindle-shaped cells were pre
sent inside the defect area of the PCL scaffold from the PCL/T-Moderate 
group (Fig. 7b). A small amount of bone tissue was also newly formed at 
the sites close to the T-Moderate scaffold. In contrast, in the PCL/T- 
Strong group, the PCL scaffold exhibited a considerable amount of new 

bone formation, however, the defect region implanted with the T- 
Strong scaffold lacked mineralized deposits and was filled with fibrous 
tissue (Fig. 7c). A similar situation occurred in the PCL/T-Mild group 
but with the opposite result. More bone tissue could be found within the 
T-Mild scaffold, while fibrous tissues, along with a very limited amount 
of new bone, formed inside the PCL scaffold (Fig. 7a). Eight weeks post- 
implantation, some organized bone formed on the PCL sides near the T- 
Mild and T-Moderate scaffolds (Fig. 7d and e). At the same time, fibrous 
tissue could not be found within the defect area implanted with T- 
Moderate, and newly formed bone as well as a mature extracellular 
matrix encircled the scaffold. However, fibrous connective tissues were 
still shown in the T-Mild scaffold. In the PCL/T-Strong group, a small 
amount of mineralized bone was just generated from the edge between 
the T-Strong and the PCL into the inner part of the T-Strong scaffold 
(Fig. 7f). Meanwhile, fibrous connective tissues continued to surround 
the surface of the T-Strong scaffold. In sharp contrast, a progressive 
amount of bone and marrow were shown surrounding the PCL scaffold 
from the PCL/T-Strong group. Eight-week post implantation, the os
teoclasts formation within the bone defect was determined by TRAP/ 
methyl green staining (Fig. 7g). In the PCL/T-Moderate group, bone 
from both side of the defect had considerable number of TRAP-positive 
cells in the new bone area, indicating that newly formed bones were 
undergone remodel process. Few TRAP-positive osteoclasts were de
tected in the T-Mild (PCL/T-Mild) and PCL (PCL/T-Strong) implanted 
defect areas, while within the other side of the defect, TRAP-positive 

Fig. 6. Surface morphology observation and evaluation of new bone formation by micro-computed tomography. (a) Surface morphologies of the scaffolds via camera 
(1st row) and SEM observation (2nd -4th rows), Scale bar 1st row: 10 mm, 2nd row: 1 mm, 3rd row: 100 μm, 4th row: 25 μm. The images reveal that the 3D scaffolds 
in regular arrays have well-defined geometry as well as highly regular and interconnected pores. (b) Micro-CT reconstruction images of the lateral epicondyle of the 
newly formed bone in PCL/T-Mild, PCL/T-Moderate and PCL/T-Strong scaffolds. The PCL scaffold from the PCL/T-Strong group revealed steady increase in bone 
volume in the whole area of the defect starting from two weeks post-operation while merely restricted new bone formed inside the PCL scaffold from PCL/T-Moderate 
group as early as week four. (c) The percent changes in bone volume in PCL/T-Mild, PCL/T-Moderate and PCL/T-Strong scaffolds immediately after surgery and two, 
four, eight weeks post-operation (*p  <  0.05, **p  <  0.01). The increasing rate of bone volume grew almost linearly in the T-Moderate scaffold, which was 
significantly higher than the T-Mild, T-Strong as well as the PCL from PCL/T-Mild and PCL/T-Moderate throughout the whole period of the experiment. (d) 3D 
reconstruction models of newly formed bone within the defect sites. 
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cells were absent. 
To further investigate the type of bone formation process within the 

defect areas and differentiate the endochondral and intramembranous 
ossification, Safranin O/Fast Green and collagen II immunofluorescence 
staining were adopted. Fig. 8a shows the stained articular cartilage and 
growth plate that indicated the chondrocytes, cartilage, and typical 
endochondral ossification. The red or orange stain of the cartilage was 
observed as a precursor on which newly formed bone was laid down 
while cartilage staining was absence at all time points within the bone 
defect sites (Fig. 8b). At the same time, the ossification points appeared 
in the fibrous connective tissue, and osteoid was secreted within the 
fibrous membrane. Eight weeks post-implantation, some woven bone 
had formed within the T-Moderate scaffold and the PCL scaffold from 
the PCL/T-Strong group. The expression of type II collagen was also 
used to identify the bone formation process (Fig. 9). Compared with the 
growth plate control, no expression was observed within the defect 4- 

or 8-week post-operation. All this confirmed that bone formation oc
curred through intramembranous ossification inside the defect. 

4. Discussion 

It is well-known that the microenvironment plays a crucial role in 
cell behavior regulation, including cell-substrate adhesion, cell migra
tion, proliferation, and differentiation, etc. [28,29]. Precisely control of 
the temporal and spatial cues that form a suitable microenvironment is 
necessary for the construction of complex functional tissues [30–32]. 
The magnesium ion is an important factor in cellular regulation [33]. 
Therefore, to further understand the influence of the Mg2+ micro
environment on osteogenic cellular responses, Mg2+-containing culture 
mediums were first employed to interact with pre-osteoblast at the 
early stage. Cell-matrix adhesion is the first interactive step between 
anchorage-dependent cells and substrate materials. This adhesion is 

Fig. 7. Giemsa stained histological images of the bone defect sites. (a–f): 1) 40x magnification histological photograph of the defect site four- or eight-weeks post- 
implantation of the PCL scaffold and T-Moderate or T-Strong scaffolds with Giemsa staining. 100x magnified histological photographs showing the bone/implant 
interface, fibrous connective tissue, and new bone formation inside the 2) PCL scaffold and 3) T-Mild, T-Moderate or T-Strong scaffolds. (g) TRAP/methyl green 
stained bone tissues after eight-weeks implantation. The osteoclasts were stained in purple/red and indicated by blue arrows. (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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essential for cell survival, migration, cell cycle progression, differ
entiation, and even tissue organization, due to its importance in com
binations individual cells into tissues [34,35]. In this study, time-lapse 
microscopy was conducted, and fluorescent staining observations were 
made to demonstrate early-stage cell adhesion behaviors in mediums 
treated with different concentrations of Mg2+ (Fig. S2 and Fig. 1a). 
With the additional magnesium in the normal medium, the cells ex
hibited larger and much more elongated morphologies at very early 
stages, which indicated better substrate-cell adhesion in this phase. 
Previous studies have also shown that Mg-incorporated titanium oxide 
surfaces increase cellular attachment significantly compared with un
treated surfaces [36]. Transmembrane receptor integrins on the cell 
membrane are essential for regulating substrate-cell adhesion of os
teoblast cells [37]. Several publications have revealed that Mg2+ en
hances the connection of integrins more so than Ca2+ [38,39]. Primary 
adhesion of cells can therefore be facilitated by increased extracellular 
magnesium levels [40,41] and this is supported by our findings here. 

The migratory ability that results from various chemical and step
wise mechanical interactions between the extracellular microenviron
ment and cells themselves determines the positioning and assembly of 
these cells for the construction, rebuilding, protection and repair of 
multi-cellular organisms [42,43]. Since it plays a crucial role in colo
nization, cell migration is very important for applications such as tissue 
engineering, for instance Ref. [44]. To monitor the cell mobility 

Fig. 8. Endochondral and intramembranous ossification identified by Safranin O/Fast Green staining. (a) Safranin O/Fast Green stained histological images of the 
articular cartilage and growth plate from the harvested bone tissue showed chondrocytes, cartilage, and endochondral ossification. (b) Safranin O/Fast Green stained 
histological images of the defect sites. Within each defect, cartilage staining (orange or red) was absent at all time points, while the ossification centers and osteoid 
appeared in the fibrous connective tissue membrane. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of 
this article.) 

Fig. 9. Immunofluorescence staining of type II collagen within the bone defect 
after 4- or 8-week implantation. Compared with the growth plate control, no 
expression of the collagen II was observed within the defect. This further 
confirmed that the bone formation occurred through the intramembranous 
ossification process with this defect model. 
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presented in various mediums containing different concentrations of 
magnesium ions, qualitative observation and quantitative velocity 
analyses were conducted in this study (Fig. 1b and c). Though all the 
groups containing additional Mg2+ exhibited better substrate-cell ad
hesion at early stages compared to the normal and Mg2+-deficient 
groups, the mobility of MC3T3-E1 pre-osteoblast cells peaked at 
100 ppm and dropped again with increased Mg2+ concentration. A 
previous study indicated that suitable extracellular Mg2+ density is 
essential for platelet-derived growth factor (PDGF)-induced human 
osteoblast-like MG-63 cell migration and proliferation [45]. PDGF up
regulates the melastatin-like transient receptor potential 7 (TRPM7) 
channel to ensure long-term Mg2+ homeostasis in osteoblastic cells, 
which promotes migration and proliferation of the osteoblasts. The 
study also demonstrated that the migration and proliferation of osteo
blastic cells stimulated by PDGF were significantly reduced with low 
extracellular Mg2+ density. This was in accordance with our data, 
which indicated that a magnesium-deficient environment results in 
significantly lower cell mobility. Accumulating evidence has revealed 
that extracellular magnesium and calcium ion levels obviously affect 
the migratory and adhesive activities of multiple cell types [46,47]. A 
high magnesium level also potentiates human umbilical vein en
dothelial cellular migration in response to angiogenic factors [48]. 
Because magnesium is a cofactor of cyclic adenosine monophosphate 
(cAMP)-dependent phosphodiesterase and adenylate cyclase, sensiti
zation to motogenic factors may be dependent on the fact that raised 
magnesium concentrations could alter cAMP, which regulates en
dothelial migration [49,50]. It is also important to note that magnesium 
is essential for myosin ATPase activity and the assembly of actin, which 
are two crucial elements of the motor responsible for cell migration 
[48]. Nevertheless, the results reported herein indicate that an appro
priate concentration of Mg2+ should be taken into consideration when 
it is used to regulate cell migration. 

Sufficient osteoblast proliferation is indispensable in both the for
mation of bony tissue and the regulation of bone resorption; thus, it aids 
in maintaining equilibrium in the bone remodeling process [45]. In the 
current study, the cell proliferation properties presented in the med
iums containing different concentrations of Mg2+ were determined by 
the fold change of the incorporation of BrdU for 12, 24, and 72 h 
(Fig. 1d). Like the cell mobility results, the proliferation properties of 
the pre-osteoblast cells peaked at 100 ppm after 24 h of culturing, and 
the magnesium-deficient group always exhibited the lowest values. 
Compelling evidence has revealed that magnesium content is directly 
associated with proliferation in normal cells since it stimulates the 
synthesis of DNA and proteins [33,51]. Some data has also demon
strated that upon mitogenic stimuli, cells are able to raise their in
tracellular magnesium content, probably through magnesium influx 
cativation [52,53]. In turn, magnesium deficiency induces inhibition of 
the synthesis of proteins and DNA, thereby resulting in growth arrest 
[54,55]. From the mechanistic viewpoint, magnesium deficiency might 
affect cell cycle control via up-regulation of the cyclin inhibitor p27Kip1, 
which then influences cyclin E-dependent kinases [56,57]. However, 
strong inhibition would also occur in cells cultured at higher-than-op
timal Mg2+ concentrations [58]. In terms of MC3T3-E1 pre-osteoblast 
cells, the optimal Mg2+ concentration should be around 100 ppm 
(4.11 mM). With the controlled local magnesium ionic microenviron
ment, cell adhesion, migration and proliferation can be all upgraded, 
thus leading to an accelerated bone healing. 

To create a specific magnesium ionic microenvironment using bio
materials, a series of composites containing gradient proportions of 
surface-treated nano-MgO and PCL were fabricated. The preparation of 
the inorganic/organic nanocomposites, however, was also demon
strated as a challenge in a lot of researches due to difficult dispersion of 
nanoparticles into polymer matrices. In order to achieve homogenous 
distribution of the nano-MgO in the polymer matrices, it is necessary to 
make the nano-MgO chemically similar to the matrix material via sur
face modification. Silane coupling agents are a class of compounds 

which contain two kinds of functional groups in their molecular 
structure. These functional groups give them the potential to play roles 
as intermediary to bond with both organic (polymer matrix) and in
organic (nano-MgO) phases [59,60]. The silane coupling agent TMSPM 
was then used to treat the nano-MgO. Trimethoxysilyl group (-Si 
(OCH3)3 group) from one side of the TMPSM monomer molecule can 
form strong chemical bonds with the inorganic phase by condensation 
reaction while methacryloxy group from the other side of the monomer 
molecule can make it more compatible to the polymer matrix because 
of the similarity and intermiscibility of solubility parameters as well as 
the similarity and intermiscibility of hydrogen bonds [61,62]. The FT- 
IR and Raman spectroscopy results (Fig. 2c & d) confirmed the suc
cessful preparation of surface modified MgO. Finally, the surface 
treatment of the MgO efficaciously prevented the aggregation of the 
nanoparticles, hence obtaining a homogeneous MgO distribution as 
well as a remarkable interface quality with the polymer (Fig. 2f). The 
homogeneous distribution of the T-MgO can further yield enhanced 
mechanical properties. No matter how many MgO were incorporated, 
the compressive modulus of each composite was significantly higher 
than the pure PCL (Fig. 2e) and all were in the range of human can
cellous bone. The effect of matrix elasticity and stiffness on stem cell 
lineage specification has been extensively investigated in MSCs. MSCs 
cultured on soft matrices that mimic brain (0.1–1 kPa) obtain a neural 
phenotype, while cells cultured on stiffer matrices that mimic bone 
(25–40 kPa) or muscle (8–17 kPa) differentiate toward osteogenic or 
myogenic lineages, respectively [63]. 

After verification of the accumulative Mg2+ release profiles of all 
the composites (Figs. S3 and 2a), Cellular morphological observation, 
BrdU cell proliferation and CCK-8 cell viability assays (Figs. 3b, 4a and 
4b) were carried out. The cell proliferation property peaked on the 
composite with moderate Mg2+ release. Studies have shown that Mg- 
incorporated biomaterial surfaces could increase cellular attachment 
[64,65]. Our previous studies have also found an optimal range of 
Mg2+ levels, which could upregulate cell viability and proliferation of 
human osteoblasts (SaOS-2) and mouse pre-osteoblasts (MC3T3-E1) 
[66–68]. Accordingly, the T-Moderate should be the most appropriate 
composite with the above data. ALP staining and ALP activity assays 
were then conducted to evaluate the osteoinductivity of all the mate
rials to MC3T3-E1 pre-osteoblasts (Fig. 3c) and human MSCs (Fig. 4c 
and d). Statistically significant enhancement of specific ALP activities 
were indicated in the T-Mild and T-Moderate groups compared to the 
PCL group, whereas the T-Strong group was significantly lower than the 
PCL group throughout the entire experimental period. It has been re
ported that high levels of magnesium ions can impair osteoblast ac
tivities (e.g., differentiation and mineralization properties) [69]. Our 
results indicated that the Mg2+ released from the T-Mild and T-Mod
erate groups was likely within the appropriate range for Mg2+ levels, 
while T-Strong group was not. ECM mineralization is the eventual 
phenotypical expression of osteoblast differentiation [70]. The quali
tative and quantitative results of the cell mineralization properties of 
the different materials in this study also revealed that with higher 
calcium deposition on the surface, T-Moderate should have the most 
potential to stimulate bone growth in vivo, whereas T-Mild and T-Strong 
should provide an Mg2+-deficient and excess microenvironments, re
spectively. 

To further understand the cell behaviors present within different 
magnesium ionic microenvironments offered by magnesium oxide- 
loaded composites, PCL/composite co-disks were employed to observe 
cell morphologies. The fluorescence microscopy experiments using 
eGFPOB cells (Fig. 5b) revealed that even a micron-scale magnesium- 
ionic microenvironment can certainly affect osteogenic cell behaviors. 
Though the PCL and the composites were spliced together without a 
gap, the cells exhibited different morphologies and responses on each 
side of every co-disk. Many studies have also demonstrated that micron- 
scale or nano-scale microenvironments, such as r biochemical, topo
graphy, or mechanical cues, could play important roles in cellular 
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regulation [71]. In combination with the data for local spatial dis
tribution of magnesium ions (Fig. 5e), it seems clear, on the one hand, 
that a substrate that provides magnesium ions higher than a certain 
concentration could result in good cellular performance, such as su
perior adhesion and spreading. On the other hand, however, a mag
nesium ion deficient microenvironment just several micrometers away 
from the area with an appropriate Mg2+ concentration may be ac
companied by altered osteoblast behavior. The reported SEM and 
fluoresce observations (Fig. 5c and d) of MC3T3-E1 pre-osteoblast cell 
morphologies presented on different co-disks were in accordance with 
this data. The ionic microenvironment had a very local impact such that 
uneven distribution of Mg2+ can generate a microenvironment with 
either a deficit or excess of magnesium ions, which lasts for a long time. 

Studies of the role of Mg2+ in bone growth stimulation have de
monstrated that the ions not only enhance bone adhesion and bone 
healing but also aid in the growth of bone marrow cells through the 
enhancement of bone morphogenetic protein (BMP)-receptor recogni
tion, Smad signaling pathways and/or upregulation of neuronal calci
tonin gene-related polypeptide-ɑ (CGRP) [72–74]. To synthetically in
vestigate the impact of the magnesium microenvironment on bony 
tissue regeneration, micro-computed tomography and histological 
analysis were adopted as evaluation methods for the in vivo study 
(Figs. 6–9). Typical features of intramembranous bone formation can be 
observed, while no intermediate cartilage was involved over the course 

of the bone healing; thus, the bone formation within the defect areas 
was confirmed to have undergone the intramembranous ossification 
process. Additionally, with the optimal magnesium ion release rate, T- 
Moderate showed the highest amount of new bone growth during the 
entire experimental period. It is noteworthy that the PCL scaffold from 
the PCL/T-Strong group also revealed a dramatic amount of new bone 
formation in the entire area of the defect, starting at four weeks post- 
operation. This may be attributed to the permeation of Mg2+ from the 
T-Strong side. Quantitative control of the microenvironments that can 
be obtained by designed materials that provide adhesion, growth, or 
migration signals are required for regeneration to succeed [75]. Al
though the PCL + T-Mild, PCL + T-Moderate, and PCL + T-Strong 3D- 
scaffolds were implanted into the same defects, scaffolds that have 
controlled local microenvironments can significantly promote in
tramembranous ossification when the Mg2+ concentration is properly 
addressed (Scheme 1). 

5. Conclusion 

To study the effect of magnesium ionic microenvironments on bone 
tissue regeneration, early-stage cellular behaviors of pre-osteoblast 
within mediums containing different concentrations of Mg2+ were first 
investigated. Based on the results obtained, composite materials that 
could provide mild, moderate or excess magnesium ions for bone 

Scheme 1. Schematic diagram expounding the effect of different magnesium ionic microenvironments established by 3D scaffolds on bone tissue regeneration. A 
moderate Mg2+ niche can enhance all-stage cell performances and lead to a dramatic increase in new bone formation. Meanwhile, an Mg2+ deficient or excess 
microenvironment could be accompanied by altered cell behaviors and result in serious inhibition of the bone healing process. The scaffolds with controlled local 
microenvironments can significantly promote early-stage bone healing through the intramembranous ossification process when the Mg2+ microenvironment is 
properly addressed, whereas bone regeneration was rarely seen with Mg2+ deficiency or excess Mg2+. However, when magnesium ions diffused into free Mg zone 
from concentrated zone with the temporal change, new bone formation on free Mg zone became significant. 
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healing were then fabricated. Cellular behaviors of eGFPOB, MC3T3-E1 
pre-osteoblast and human mesenchymal stem cells on different mate
rials were studied next. Finally, an in vivo study was performed to 
synthetically investigate the impact of the magnesium microenviron
ment on bony tissue regeneration. The results indicated that a substrate 
that provides Mg2+ ions in concentrations higher than a certain level 
could result in good biological performances, such as superior cell ad
hesion and spreading. However, only several micrometers away from 
the area with an appropriate Mg2+ concentration, a Mg2+ ion-deficient 
or excess microenvironment could be accompanied by altered cellular 
behaviors. Furthermore, scaffolds with controlled local microenviron
ments can significantly promote early-stage bone healing through the 
intramembranous ossification process when the Mg2+ microenviron
ment is properly addressed, whereas bone regeneration was rarely seen 
with Mg2+ deficiency or excess Mg2+. However, when magnesium ions 
diffused into free Mg zone from concentrated zone with the temporal 
change, new bone formation on free Mg zone became significant. The 
local tissue niche enclosed with biochemical cue, the magnesium ion, 
tightly orchestrates the fate of cells and subsequent tissue regeneration. 
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