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ABSTRACT

Bioinorganic cations, that actively involved in many vital cellular activities, have been highlighted in regener-
ation and repair of tissues recently. However, researchers are still exploring how the sophisticated regulation of
these bioactive factors within the microenvironment contribute to the process. Here, we established magnesium
oxide homogeneously- and heterogeneously-embedded biocomposites to investigate the biological impacts that
result from the different aggregation structure of the bioinorganic element. On the heterogeneous biocomposite,
unbalanced microenvironment with erratic ion niche was provided, while stable ionic microenvironment was
shown on the homogeneous biocomposite. Compared with the ionic micro-homeostasis, the heterogeneous
micron-cluster-created unbalanced niche compromised cellular adhesion and proliferation by restraining the
membrane extensions and downregulating the expression of proliferative genes. This unbalanced niche also
motivated nonactivated macrophage polarized towards pro-inflammatory phenotype and induced high ratio of
necrotic cell death by increasing the intracellular oxidative stress and decreasing the ATP content. After im-
plantation, the homogeneous scaffold promoted tissue healing, whereas the immune responses were deteriorated
and prolonged by heterogeneous scaffold, which leading to impaired bone regeneration. This study demonstrated
the importance of biocomposite-established magnesium ionic micro-homeostasis on bone tissue regeneration and
may inspires the future development of biomaterials.

1. Introduction

cellular local microenvironment is therefore an essential requirement
for regenerative medicine and tissue engineering.

Tissue regenerations that occur at multiscale are extraordinarily
sophisticated and dynamic processes which highly correlated to the
temporal and spatial factors within local tissue microenvironments
[1-3]. As being well demonstrated by the advanced researches in the
fields of biology and engineering, cells are hypersensitive to the
microenvironment surrounded [4,5]. The precisely control over the
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Based on the current understanding of tissue morphogenesis and cell-
environment interactions, biomaterials have been developed greatly to
establish delicate microenvironments that involve multiple signaling
factors in order to assist and regulate cells to repair tissues [5-7].
Indeed, biomaterial is now a key element of the regenerative medicine
and has evolved from mere mechanical supports, physical connections
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or delivery vectors without deep insight of biological functions towards
instructive mediums that modulate cellular behaviors in vitro and in vivo
[8-10]. However, because of the complexity of the regenerative process,
efficient biomaterials usually need to be customized with precise de-
livery of diverse factors to create ideal microenvironments for the
regeneration of tissues [11,12]. In this regard, a better understanding of
the cell-material microenvironment interactions is hence important for
the designing of biomaterials that enable superior control over the cell
fate and subsequent tissue functionalization.

Composite materials, that consist of a large variety of organic and/or
inorganic components, are widely applied in biomedical applications
[13-15]. For these materials, the importance of particle aggregation
structure was widely recognized in regard of their stability, mechanical,
electrical and optical properties, whereas, the influence of the aggre-
gation structure on the biological performances was seldom mentioned
[16-19]. To date, most of the studies have focused on the performances
of biological cues under well-prepared conditions. However, complex
situations may arise in scale productions and practical applications,
during which, clusters resulting from aggregation of the effective factors
were not uncommonly seen, but less effort was made to investigate their
microenvironmental and biological impacts [20-22]. Regenerative
processes are modulated not only by the temporal presentation of
bioactive factors but also by spatial gradients of morphogens that
regulate chemotactic cellular behaviors [23]. Both the temporal release
and spatial position of bioactive factor from the biomaterials determined
their therapeutic potential. Our previous research showed that only
several micrometers away from the area with an appropriate Mg2"
concentration, a Mg2+ ion-deficient or excess microOOenvironment
could be accompanied by altered cellular behaviors [24]. Although the
spatiotemporal coordination of diverse intracellular biomolecules
makes the cell adaptable to the extracellular environment. The bio-
composites mediated drastic fluctuation of the microenvironmental
homeostasis may still have great impact on the bioactivities of the cells.

The translational application of biomaterial is a time-consuming,
expensive, and challenging process. Numerous products fail as they
have not shown the expected benefit or even associated with marked
adverse effects due to the spatiotemporal imbalance of bioactive factors
[25-27]. In this study, to investigate how the aggregation structure of
the bioactive factor affects microenvironment establishment, cell fate
regulation, and bone tissue regeneration, bioinorganic element magne-
sium (Mg), which is essential in numerous cellular functions and tissue
regenerative processes is employed. Following the fabrication of mag-
nesium oxide (MgO) homogeneously- and heterogeneously-embedded
biocomposites, in vitro and in vivo studies were performed to investi-
gate the detailed cellular behaviors, inflammatory responses, bone tissue
regenerative process and their underlying mechanism within the
biocomposite-mediated microenvironments.

2. Materials and methods
2.1. Material preparation and characterizations

2.1.1. Preparation of surface modified nano magnesium oxide

In this study commercial nano-magnesium oxide (MgO) spheres with
the particle size of 50 nm (Aladdin Reagent Inc., China) were used. To
adjust the dispersion of the nano-MgO in the polymer matrices, a silane
coupling agent 3-(Trimethoxysilyl)propyl methacrylate (TMSPM)
(Sigma, USA) was adopted to treat the surface of the nano-MgO. Similar
to our previous study [28], the general process of nano-MgO surface
modification was as follow: 10 g of MgO nanoparticles were first added
to 3 mL of TMSPM together with 2 mL of propylamine and 100 mL of
cyclohexane. The working temperature was kept at 80 °C during mixing,
and the mixture was continuously stirred for 3 h. Then silane-coated
MgO nanoparticles were obtained after filtration and vacuum drying
overnight. After the surface modification, two groups of MgO,
TMSPM-coated nano-MgO (T-MgO) and untreated nano-MgO (U-MgO)
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2.1.2. Preparation of MgO nanoparticles embedded biocomposites

Two kinds of Polycaprolactone/magnesium oxide biocomposites
were fabricated by incorporating 6 g of untreated or surface modified
magnesium oxide nanoparticles into 10 g of biodegradable macromol-
ecule polycaprolactone (PCL, Sigma, USA, number-average molecular
weight 80,000 g/mol) through a solution blending process in a mixer at
60 °C.

2.1.3. Morphological characterizations of the MgO clusters

MgO aggregate size distribution in suspension liquid was observed
via transmission electron microscope (TEM, CM100, Philips) and
measured by photon-correlation spectroscopy (PCS, Zetasizer Nano S,
Malvern Instrument).

2.1.4. Surface and interface observation of the biocomposites

The surfaces and cross sections morphologies of the untreated MgO/
PCL heterogeneous biocomposite (U-MgO/P) and TMSPM-coated MgO/
PCL homogeneous biocomposite (T-MgO/P) before or after immersion
for 7, 15 and 30 days were observed by scanning electron microscopy
(SEM, S-4800 FEG, Hitachi). The magnesium and carbon elements dis-
tribution of each sample were measured together via energy-dispersive
x-ray spectroscopy (EDS).

2.1.5. 3D-Reconstructed particle distribution within the biocomposites

The dispersion states of the particles within the biocomposites were
reconstructed to 3D models based on the SEM micrographs using the
method described in previous study [29]. In brief, the cross-section
images of the materials were first digitized and formatted using an
ImageJ software. Once the particles had been marked, the image di-
mensions, midpoint-coordinates and the areas of the particles were then
exported to MATLAB to evaluate the radius and the center-to-center
distance of the highlighted particles. Finally, the 3D models were
reconstructed based on the size distribution of the MgO-particles as
determined for all the biocomposites. Coefficient of variation (CV), the
ratio of the standard deviation to the mean that shows the extent of
variability in relation to the mean of the population, were calculated
based on the cluster size of the two biocomposites.

2.1.6. Evaluation of particle distribution within the biocomposites by micro-
computed tomography

To monitor the particle distribution in U-MgO/P and T-MgO/P,
micro-computed tomography (u-CT, SkyScan 1172, Bruker) was used to
scan the biocomposites. The pixel size was fixed at 0.6 pm, the rotation
step at 0.6° and exposure was performed with a 0.5-mm aluminum filter.
The 2D planes were first reconstructed by the NRecon (Skyscan Com-
pany). Then, the 3D models of the composites were generated using
CTVox (Skyscan Company). The CTAn program (Skyscan Company) was
used to examine the particle-size distribution by morphometry and
densitometry.

2.1.7. Ion-releasing profile measurement

Immersion tests were performed to working out the daily release
profiles of magnesium ion (Mg?") from U-MgO/P and T-MgO-P bio-
composites. The measurement procedure was as follow: three disc
samples (diameter = 1 cm, weight = 0.05 g) of each composite were
individually immersed into sealable capsules which containing 10 mL of
simulated body fluid (SBF). The capsules were then incubated at 37 °C
and the immersion fluids were daily refreshed for 15 days. The Mg**
concentration of each sample was measured via inductively coupled
plasma optical emission spectrometry (ICP-OES, Optima 2100DV, Per-
kin Elmer). After determining the Mg?* concentration in daily changed
SBF, the daily change rate of Mg?" release from different composites
were calculated by using the following equation S(1):
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% AX:(B;A) x 100% (S1)

where the A and B are the Mg?" concentration of day y and day (y+1),
respectively.

2.1.8. Monitoring of local spatial distribution of magnesium ions on the
biocomposites

Scanning ion-selective electrode technique (SIET, BIO-001A,
Younger USA Sci. and Tech. Corp.) as described in previously research
[30] with small modification in Xu-Yue company (Beijing, China) was
used to measure the net fluxes of Mg+ over the surface of U-MgO/P and
T-MgO/P. A selective microelectrode of the Mg?" was used to map the
net fluxes of Mg2* sequentially 50 pm above the composite surfaces on a
5 x 5 grid after immersed in the measuring solution (8.059702 mM
NapoHPO4-7H20, 1.4705882 mM KHyPO4, 137.93103 mM NaCl,
2.6666667 mM KCI, 1 mM MgCl,-7H20) for 30 min. The obtained data
then were analyzed and converted to specific ion outflow
(pmol-cm’zs’l).

2.2. Investigation of in vitro cellular behaviors on the composites

2.2.1. Observation of cell morphology on the biocomposites

Enhanced green fluorescent protein osteoblasts (eGFPOB) and
MC3T3-E1 pre-osteoblast cells derived from mice were used in this
study. High-glucose Dulbecco’s Modified Eagle’s Medium (DMEM)
(Invitrogen, USA) was used to culture the cells. It was supplemented
with 2 mM r-glutamine, 10% fetal bovine serum (FBS, Gibco, Australia),
100 mg/L streptomycin, and 100 U/ml penicillin. The incubation tem-
perature was 37 °C with an atmosphere of 95% air and 5% COx.

To examine the cell morphologies shown on the biocomposites,
eGFPOB with a cell density of 3 x 10* cells/cm? were first seeded onto
the material surfaces in 96-well plates. Cells were cultured as described
above. After culturing for 12 h, the adhesion morphology of the eGFPOB
was observed via fluorescence microscopy (ECL IPSE 80i, Nikon).
Quantitative analysis of cell membrane extensions was performed on
isolated cells from ten randomly chosen fluorescence photomicrographs
for each group. Three types of extensions, i.e., filopodia, lobopodia and
lamellipodia were classified and averaged.

Cell morphologies along with the material surface morphologies
were observed by using SEM (S-3400 N variable pressure SEM, Hitachi).
Biocomposite specimens were firstly placed into 96-well plate, and the
MC3T3-E1 pre-osteoblast or macrophage cell RAW264.7 was seeded
with the cell density of 3 x 10* cells/cm?. After incubation for 3 days the
cells were washed by phosphate buffer saline (PBS) and fixed by 10%
neutral buffered formalin for 1 h, followed by a brief wash again with
PBS. Specimens were then dehydrated in an up-grading series of ethanol
and thrice in absolute ethanol before they were carried out with air dry.
Next, they were mounted on an aluminum stage and coated with plat-
inum in a sputter coater (Bal-tec SCD 005 Sputter Coater) before viewed.

2.2.2. Cell proliferation property examined by gene expression

By measuring the relative messenger RNA (mRNA) expression levels
of the cell proliferation markers including cyclin B1 (CCNB1), thymidine
kinase 1 (TK1), BUB3 mitotic checkpoint protein (BUB3), proliferating
cell nuclear antigen (PCNA) (the used primer pairs are shown in the
Supplementary Table 1), the cell proliferation properties on the U-MgO/
P and T-MgO/P composites were assessed using quantitative real-time
polymerase chain reaction (RT-PCR) technique. Similar to the cell
morphology observation, 3 x 10* cells/cm? MC3T3-E1 pre-osteoblast
cells were incubated on the materials for 1 day or 3 days in 6-well tissue
plates. At each time point, a TRIZOL (Invitrogen, USA) reagent was first
used to isolate the total RNA of the cells cultured on different materials.
The RNA was then separated into aqueous phase by adding the chloro-
form. The colorless upper aqueous phase was next transferred into a 1.5
mL tube with the adding of isopropanol to precipitate the RNA
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subsequently. The obtained RNA pellet of each group was washed with
75% ethanol three times and was dissolved into the RNase inhibitor
(diethyl pyrocarbonate, DEPC) treated water in the end. A Nanodrop
1000 spectrophotometer (Thermo Scientific, USA) was used to assess the
concentrations of the RNA. By following the manufacturer’s instruction,
500 ng of total RNA was reverse-transcribed to complementary DNA
(cDNA) using Superscript III (Invitrogen, USA). SYBR Green PCR Master
Mix (Applied Biosystems, USA) was used to perform the real-time PCR
with the using of the ABI prism 7900HT sequence detection system
(Applied Biosystems, USA). Finally, the relative mRNA expression level
of each gene was normalized to the glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH) housekeeping gene by using Ct values.

2.2.3. Cell proliferation and death analyzed by flow cytometry

To investigate the cell proliferation and cell death exhibited on the
different biocomposites, pre-osteoblast cells with a cell density of 3 x
10* cells/cm? were seeded onto the material surfaces in 6-well plates.
After culturing for 1 day and 3 days, the pre-osteoblast cells were
incubated with 1 pg/mL of Hoechst 33342 (Ho) solution (Thermo Sci-
entific, USA) and 5 pg/mL of propidium iodide (PI, Thermo Scientific,
USA) in the DMEM culture medium for 30 min at 37 °C. Then the cells
were collected and cooled to 4 °C, centrifuged at 300 g for 5 min,
resuspended in PBS for test. Flow cytometry analysis was then per-
formed on an FACSAria™ SORP cytometer (BD Biosciences, USA) with a
flow rate of 300 cells-s~'. The data were analyzed by FlowJo 10.4
software (Tree Star, USA).

2.2.4. Microscopic examination of cell death

Double fluorescent staining was further used to observe the dead cell
on the U-MgO/P and T-MgO/P. Similar to the procedure for the flow
cytometry analysis, after culturing for 1 day and 3 days, the MC3T3-E1
cell and macrophage cell RAW264.7 were incubated with 1 pg/mL of Ho
solution and 5 pg/mL of PI in the DMEM culture medium for 30 min at
37 °C. And the cells were then observed via fluorescence microscopy
(Nikon ECL IPSE 80i). The quantitative analysis of the cell death rate
was counted from 5 random fluorescent photomicrographs.

2.2.5. Measurement of lactate dehydrogenase in supernatant

The cell viability of the cells was assessed by the lactate dehydro-
genase (LDH) assay (Sigma-Aldrich, USA), which is a means of
measuring membrane integrity as a function of the amount of cyto-
plasmic LDH released into the medium. The assay was performed ac-
cording to the instruction provided by the supplier. In brief, after
culturing on the U-MgO/P and T-MgO/P for 1 and 3 days, cells in 96-
well plate were centrifuged at 250 g for 5 min. The supernatant was
then transferred to a new flat-bottom plate. Equal volumes of LDH assay
dye, LDH assay substrate and cofactor were mixed and added to each
well in a volume equal to twice the volume of medium removed for
testing. After incubated for 30 min at room temperature it was stopped
by 0.1 M hydrochloric acid (HCI). Finally, optical density (OD) values
were recorded by a microplate photometer (Thermo Scientific, USA) at
490 nm wavelength.

2.2.6. Measurement of caspase-3 activity

The caspase-3 like protease activity in the lysate was measured by
using a caspase 3 colorimetric assay kit (Sigma-Aldrich, USA) according
to the instruction provided by the supplier. Briefly, after cultured on the
U-MgO/P and T-MgO/P for 1 and 3 days, pre-osteoblast cells were
pelleted, washed and lysed to obtain cell lysates. Then a total volume of
100 pL reaction mixture which containing 10 pL of the caspase 3 Ac-
DEVD-pNA substrate and 5 pL of cell lysate in assay buffer was
measured at 405 nm wavelength by a microplate photometer (Thermo
Scientific, USA) after 90 min incubation at 37 °C. At the same time, a
control reaction mixture consists of 10 pL of caspase 3 inhibitor Ac-
DEVD-CHO, 10 pL of the caspase 3 substrate and 5 pL of cell lysate in
assay buffer was also employ to account for the non-specific hydrolysis
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of the substrate.

2.2.7. Measurements of intracellular oxidative stress

The reactive oxygen species (ROS) level of pre-osteoblast cells
cultured on U-MgO/P and T-MgO/P were measured with a fluorescent
probe 2',7-dichlorofluorescin diacetate (DCFH-DA, Sigma, USA). After
the pre-osteoblast cells were cultured on the materials for 1 and 3 days,
they were carefully washed with PBS and stained at 37 °C for 20 min by
DCFH-DA solution which contain 20 pM of DCFH-DA in the FBS-free
DMEM. Afterward, the cells were washed again and followed by the
measurement of the ROS level. The light emission was collected at 535
nm after the fluorochrome was excited at 488 nm by using a microplate
reader (DTX 880, Beckman Coulter, USA).

2.2.8. Determination of ATP Content

The intercellular ATP content was quantitated by using a luciferin-
luciferase reaction according to the supplier’s instruction. The pre-
osteoblast cells with a density of 3 x 10* cells/cm? were cultured on
different composites for 1 and 3 days. At each time point, ATP was
extracted by suspending the cells in extraction buffer (4 mM EDTA, 50
mM MgCl, and 20 mM glycine, pH 7.4) and heating in boiling water
bath for 45 s. Then, 20 pL of the sample prepared was added into 100 pL
firefly lantern extract solution (Sigma, USA) in a black 96-well plate. The
intensity of the emission was examined 20 s later with a microplate
reader (DTX 880, Beckman Coulter, USA).

2.2.9. Macrophage polarization analyses

The flow cytometry was also used to evaluate the polarization of
macrophages cultured on the U-MgO/P and T-MgO/P. The representa-
tive markers of the pro-inflammatory and anti-inflammatory macro-
phage phenotypes employed in this study were the CD197 and CD206,
respectively. In brief, after three days of culturing, the cells were
collected and blocked with 1% bull serum albumin (BSA) for 30 min.
Then, they were stained by Alexa Fluor 647-conjugated anti-mouse
CD197 antibody (BD Pharmingen, USA, 1:100) and Alexa Fluor 488-con-
jugated anti-mouse CD206 antibody (BioLegend, USA, 1:100) at 4 °C for
30 min. The macrophages stained with rat IgG2a, k Alexa Fluor® 488
(BioLegend, USA, 1:100) and rat IgG2a, k Alexa Fluor® 647 (BD Phar-
mingen, USA, 1:100) were employed as the isotype controls. Finally, cell
suspensions were analyzed on a BD FACSCantoll Analyzer (BD Bio-
sciences, USA) with a flow rate of 300 cells-s_'. The data were also
analyzed by the FlowJo 10.4 software and cells directly cultured on the
6-well plate was used as control.

The RT-PCR technique was also employed to determine the expres-
sion levels of the pro-inflammatory macrophage phenotype related
genes interleukin 6 (IL6), C-C chemokine receptor type 7 (CCR7 or
CD197), cluster of differentiation 80 (CD80), tumor necrosis factor
(TNF) and anti-inflammatory macrophage phenotype related genes
interleukin 4 (IL4), interleukin 10 (IL10), mannose receptor C-type 1
(MRC1 or CD206), transforming growth factor beta 1 (TGFB1) (the used
primer pairs are shown in the Supplementary Table 1). Similar to the
method mentioned above, RAW264.7 cells were cultured on the
U-MgO/P and T-MgO/P for 3 days in 6-well tissue plates with a cell
density of 3 x 10 cells/cm?, then the total RNA of the cells was har-
vested using the TRIZOL reagent. After the purification and reverse
transcription steps, the quantitative gene analysis was conducted by the
real-time PCR with the using of the ABI prism 7900HT sequence
detection system. Finally, the relative mRNA expression level of each
gene was normalized to the GAPDH housekeeping gene by using Ct
values.

2.3. In vivo studies
2.3.1. The preparation of 3D printed scaffolds and surgical procedures of

the animal study
The preparation procedure of the 3D scaffolds was based on a low-

Composites Part B 265 (2023) 110961

temperature extrusion-based additive manufacturing technique. In
brief, 30% (weight percent) of the composites were dissolved in 1,4-
Dioxane (Sigma, USA) solvent to form gel-like solutions. Then, the 3D
scaffolds were manufactured via the extrusion-based rapid-prototyping
machine (gesim biosacffolder2.1, Germany) on a —30 °C cooling stage.
After printing, all of the scaffolds were lyophilized for 72 h before use.

The examined protocols of anesthetic, surgical and post-operative
care of the animal study were all fulfilled the requests stated by the
Licensing Office of the Department of Health of the Hong Kong Gov-
ernment and the University Ethics Committee of The University of Hong
Kong (HKU).

For the subcutaneous implantation model, sixteen female BALB/c
mice with the age of 8 week offered by the laboratory animal unit (LAU)
of the HKU were used in this study. The average weights of the rats were
approximately 25 g. During the surgery, the mice were anaesthetized
with a combination of xylazine (6 mg/kg) and ketamine (67 mg/kg),
shaved and followed by subcutaneous incision. Two different samples,
U-MgO/P and T-MgO/P scaffolds, were subcutaneously implanted into
two separate incisions on the back of each mouse, near the nape of the
neck. Finally, the wound was sutured layer by layer. And all the mice
were carefully monitored during the following three days by animal care
services. Three-, seven-, fourteen-days, and twenty-eight-days post-im-
plantation, the mice were euthanized by over dosage of Pentobarbital.
The dorsal section containing composite scaffolds were carefully resec-
ted and fixed in 10% formalin for 48 h. The samples were then kept in
70% ethanol before the paraffin embedding.

For the hard tissue repairing model, twelve 12-week-old female
Sprague-Dawley (SD) rats offered by the LAU were used in this study.
Their average weight was approximately 300 g. During the surgery, the
mice were anaesthetized with a combination of xylazine (6 mg/kg) and
ketamine (67 mg/kg). The operational site was chosen on the lateral
epicondyle. Rats were implanted with printed 3D scaffold samples on
bilateral lateral epicondyle. To monitor the in-vivo immune responses
and bone formation within the U-MgO/P and T-MgO/P implants, serial
time points, i.e., 3, 7, and 28 days were set. During the surgery, the rats
were anaesthetized, shaved and followed by decortication. A minimally
invasive approach was then adopted to make a 2-mm diameter hole
through the lateral epicondyle using a hand drill. Subsequently, a 3D
scaffold sample was implanted into the holes prepared on the femur of
the rat. Finally, the wound was sutured layer by layer with a proper
dressing applied over the incision. At each time point, the rats were
euthanized by over dosage of Pentobarbital. The femurs were collected
and fixed in 10% formalin for 48 h followed by the decalcification or the
hard tissue processing procedure.

2.3.2. Histological and immunohistofluorescence analyses

After 3-, 7-, 14- and 28-days implantation, subcutaneous tissue
samples were fixed, paraffin-embedded and sectioned at a 5 pm thick-
ness. All the samples were then undergone Hematoxylin and Eosin
(H&E) staining while the 28-day samples were stained by Masson’ s
trichrome staining per manufacturer’s protocol. Three-, seven- and
twenty-eight-days post-operation, the femoral samples were also fixed,
decalcified, paraffin-embedded and sectioned at a 5 pm thickness. The
sectioned specimens were stained via H&E, Masson’ s trichrome or
Safranin O/Fast Green staining, and a light microscope was used to
perform the histological analyses. Immunofluorescence staining was
conducted to further assess the immune response or bone formation of
the tissues with the use of CD 68 (Abcam, UK), iNOS (Abcam, UK), CD
163 (Abcam, UK) or OCN (Abcam, UK) anti-bodies.

Four-weeks post-operation, the femurs of the euthanized rats also
underwent hard tissue processing. For the hard tissue processing, similar
to the previous study [28], standard steps were conducted after the
tissues were fixed for 48 h. Briefly, dehydration of the tissues in a
gradient concentration of ethanol was employed first (70% x 1, 95% x
1,100% x 2, a three-day immersion for each change). Then, xylene was
used for another three-day immersion before three stages of different
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methyl methacrylate (i.e., MMA I, II, and III, changed every four days,
MERCK, Germany). The specimens were finally put into a 37 °C envi-
ronment to polymerize the MMA after being immersed in the MMA III.
The embedded tissues were then cut into sections and micro-grinding
down to ~50 pm thickness for Giemsa staining.

2.3.3. The evaluation of new bone formation by micro-computed
tomography
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reconstructed by employing a CTVol program (Skyscan Company).

2.3.4. Mechanical properties of newly formed bone

The Young’s modulus and the surface hardness of the newly formed
bone within the defect was evaluated by a nanoindentation test (Nano
Indenter G200, USA). The depth limit and drift rate were set as 2000 nm
and 0.5 nm s}, respectively. Each sample was indented five times and
three samples in each group were measured for statistical significance.

To assess the new bone formation within the defect site, the rats were
scanned by a micro-computed tomography (u-CT, SKYSCAN 1076,
Skyscan Company) instrument at two and four weeks. The reconstruct of
2D planes and the analysis of new bone growth by densitometry and
morphometry were also performed by the NRecon and CTAn programs,
while 3D models of newly formed bone within the implants were

2.4. 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 vari-
ance and expressed as means standard deviations. A p value < 0.05 was

Fig. 1. Preparation and characterization of heterogeneous (U-MgO/P) and homogeneous (T-MgO/P) biocomposites. (a) Preparation process of U-MgO/P
and T-MgO/P biocomposites. After the surface treatment of the MgO, biocomposites were fabricated via a solution blending process with the PCL and MgO. (b) 1)
U-MgO and 3) T-MgO cluster size distribution along with 2) U-MgO and 4) T-MgO TEM observation in suspension liquid. Better distribution of the nanoparticles was
found in T-MgO sample. Scale bar: 1 pm. (c) Cross Section morphologies of the 1) U-MgO/P and 2) T-MgO/P with 2000 times magnification and the 3) U-MgO/P and
4) T-MgO/P with 10000 times magnification. The micron-clustered site is figured out in the green dashed circle and some defects among the MgO nanoparticles and
between the PCL and MgO phase are pointed out with green arrows. Scale bar: left 20 pm, right 5 pm. (d) Micro-CT 3D reconstruction models of the biocomposites
and (e) statistics of particle size distributions within the 3D models. The big agglomeration site is figured out in the white dashed circle. (f) The reconstruction of the
U-MgO/P and T-MgO/P biocomposites and coefficient of variation based on the size distribution of the MgO clusters. (g) Daily magnesium ion release of U-MgO/P
and T-MgO/P biocomposites immersed in 10 mL simulated body fluid (SBF) (37 °C incubator, the immersion fluid was daily refreshed. Diameter of each disc sample
= 1 cm, weight = 0.05 g). (h) Daily change rate of Mg>* release from U-MgO,/P and T-MgO/P biocomposites. % AX = (B-A)/A*100%; A = The Mg>* concentration
of day y; B = The Mg?" concentration of day (y+1). (i) Magnesium ion release rate mapping over the scanned area of U-MgO,/P and T-MgO/P surface. The specific
magnesium ion outflow rate over the surface of U-MgO/P is extremely erratic while the T-MgO/P biocomposite exhibits evenly ion release. (For interpretation of the
references to color in this figure legend, the reader is referred to the Web version of this article.)



J. Shen et al.

considered to be statistically significant.
3. Results
3.1. Preparation and characterizations of the biocomposite materials

3.1.1. Preparation and morphological characterizations of MgO clusters

The fabrication procedures of the surface treated MgO and bio-
composite materials are illustrated in Fig. 1a, while Fig. 1b shows the
size distribution of different clustered samples in suspension liquid. The
aggregate size distribution of both untreated U-MgO and surface-
modified T-MgO obey the normal distribution. The diameter of the
U-MgO microclusters ranging from 400 nm to 2 pm while the average
diameter of the T-MgO nanoclusters was only 297 nm. As it can be
clearly seen in Figs. 1b-2 and 1b-4, the T-MgO has an obviously ho-
mogeneous and nanoscale size distribution, in contrast, dozens to hun-
dreds of the U-MgO nanoparticles aggregate together at microscale in
the area observed.

3.1.2. Interface observation of the biocomposites

To observe the morphological differences between the heteroge-
neous biocomposite U-MgO/P and homogeneous biocomposite T-MgO/
P, the cross sections morphologies of the biocomposites were observed
and compared (Fig. 1c and Supplementary Fig. 1). Numerous microscale
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clusters distributed in the cross-sectional area of U-MgO/P. The aggre-
gation site can be clearly seen within the green dashed circle
(Figs. 1c¢-3), where not only aggregate of the MgO nanoparticles but also
some level of phase separation due to the incompatibility between the
polycaprolactone (PCL) matrix and inorganic phase can be observed.
Without being embedded by the polymer matrix, the MgO could have a
higher reaction rate with water compared to the PCL infiltrated MgO. To
make it worse, the defect sites, which were pointed out with green ar-
rows, might accelerate the process of uncontrolled release, because of
the larger interface between MgO and water. However, as shown in
Figs. 1c-4, aggregation of the nanoscale particles is efficaciously pre-
vented within the T-MgO/P, obtaining homogeneously distributed MgO.
Significantly improvement of the connection between the PCL and MgO
can also be observed, which leading to a remarkable interface quality in
the T-MgO/P.

3.1.3. Particle distribution within the biocomposites

The distribution of the MgO particles within the two biocomposites
was studied using 3D reconstructed models (Fig. 1f), which based on
multiple scanning electron microscope (SEM) micrographs. The smallest
particles represent as the single nano-MgO, whereas larger particles
represent the clusters of the MgO. The U-MgO nanoparticles were
mainly present inside large clusters of the size ranging from ca. 1 pm-10
pm, with the polymer matrix intercalated. In sharp contrast, the T-MgO

Fig. 2. Morphological observation of the U-MgO/P and T-MgO/P composites after immersion. (a) Surface morphologies of the U-MgO/P and T-MgO/P after
SBF immersion for 7, 15 and 30 days. Irregular holes distributed randomly on the surface of the U-MgO/P with the pore size ranged from several to tens micrometers
while pores homogeneously distributed on the T-MgO/P with the size from few tens nanometers to a micron in range. Scale bar: 10 pm. (b) Cross section mor-
phologies along with the corresponding magnesium and carbon element distributions of the U-MgO/P and T-MgO/P hybrids before and after immersion in SBF for 7,

15 and 30 days. Scale bar: 100 pm.
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Fig. 3. Morphological observation and cell proliferation on the U-MgO/P and T-MgO/P biocomposites. (a) morphologic observation of fluorescent cell on
U-MgO/P and T-MgO/P biocomposites. 200 times magnification microscopic views of cell cultured on 1) U-MgO/P and 3) T-MgO/P after 12 h to evaluate the cell
adhesion and cytocompatibility of the materials. Scale bar: 100 pm. 2) U-MgO/P and 4) T-MgO/P with 800 times magnification. Lamellipodia, filopodia and
lobopodian of the cells are indicated by {, * and ", respectively. Scale bar: 25 pm. (b) Quantitative analysis of cell membrane extensions. The projections of the
membrane per cell were analyzed from the fluorescent images. Average numbers of the lamellipodia, filopodia and lobopodian of each cell from T-MgO/P were all
significantly higher than the extensions from the U-MgO/P group. (c) Cell morphologies after culturing for 3 days on U-MgO/P and T-MgO/P surfaces. Cells around
pores (blue arrows) shrank while cells exhibit good spreading on the surface without obvious micropores. Scale bar: 50 pm. (d) Analysis of cellular proliferation
properties via the mRNA expression level measurement. The mRNA expression levels of four proliferation markers were measured and normalized to the house-
keeping gene. Compare to the U-MgO/P group, significantly higher expression levels of all the genes can be found in T-MgO/P group at day 3. (e) and (f) Cell cycle
analysis on different biocomposites. Ho-stained cells were analyzed by flow cytometry and FlowJo Software. (e) DNA histograms with curve fitting of different cell-
cycle phases were analyzed using FlowJo Software. (f) Quantitative analysis of the cell cycle population on the U-MgO/P and T-MgO/P. Compared to the T-MgO/P,
the U-MgO/P induces cell cycle arrest. (*, p < 0.05; **, 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.)

nanoparticles were distributed homogeneously over the entire model,
with the nanoscale distribution pervaded. The coefficient variation of
the cluster size within the U-MgO/P and T-MgO/P are 0.645 and 0.134,
respectively. Generation of the biocomposite 3D models and statistics of
the particle size distributions within the 3D models were further con-
ducted after the micro-computed tomography (micro-CT) scanning
(Fig. 1d and e). Similar to the SEM observation, even distribution of MgO
was exhibited without any obvious aggregation inside the T-MgO/P,
while micron-sized clusters can also be seen within the U-MgO/P bio-
composite. The quantitative analysis showed a highly monodispersed
size distribution of the T-MgO inside the T-MgO/P biocomposite, while
polydisperse size distribution of the MgO micron-clusters was found
within the U-MgO/P (3-11 pm).

3.1.4. Release profile and local spatial distribution of magnesium ions from
the biocomposites

The daily release rates of magnesium ion (Mg") from the U-MgO,/P
and T-MgO/P biocomposites were then working out by using immersion
tests (Fig. 1g). The Mg2+ released from each sample of the T-MgO/P
group are found from around 100 ppm/day at day 2 steadily decreased
to around 80 ppm/day at day 15. The Mg?" daily release rates of the
U-MgO/P specimens, by contrast, were irregular and show large fluc-
tuations, which are found in the range of 54-130 ppm/day. From the

data shown in Fig. 1h, it can be figured out that compare to the U-MgO/
P group, the T-MgO/P group has a more stable Mg?" daily release.
Except the 2nd day, the daily change rates of the T-MgO/P are in the
range of +8% from the 2nd day to the 15th day, whereas the change
rates of the U-MgO/P group shows a wide scale from —50% to 118%.
Moreover, obvious differences of the net fluxes of Mg?* over the surface
can be observed between the heterogeneous and homogeneous mate-
rials (Fig. 1i). The specific outflow rate over the surface of U-MgO/P is
extremely erratic from several hundred pmol-cm 257! to over 2000
pmol em 257!, In sharp contrast, the T-MgO,/P biocomposite exhibits
evenzly i?n release which is in a narrow range from 870 to 1380 pmol
cm s

3.1.5. Surface and interface observation of the biocomposites after
immersion

The surface morphological change of the U-MgO/P and T-MgO/P
after immersion for 7, 15 and 30 days were observed by SEM (Fig. 2a).
After 7 days immersion, huge sunken areas with the diameter up to a
dozen of micron as well as tens-of-micrometers-long cracks appear on
the surface of U-MgO/P. Interestingly, the inner sites of the U-MgO/P
are exposed after the surface layer disappeared at day 15. As a result,
large amount of MgO clusters appear within the low-lying areas, as well
as deep holes without any MgO observed. The react between the MgO
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Fig. 4. Death of cells on the U-MgO/P and T-MgO/P biocomposites. (a) Death rate of the cells determined by the Ho and PI double staining using flow cytometry.
The red fluorescence intensity from PI allows discrimination of dead cells. And double negative indicates the live cell population. (b) Fluorescence microscopic
observation and (c) quantitative analysis of the cell death rate of the cells cultured on the U-MgO/P and T-MgO/P. (d) The membrane integrity of cells cultured on
U-MgO/P and T-MgO/P assessed by the LDH assay. With the Mg?" micro-homeostasis, the LDH leakage of the cells cultured on the homogeneous T-MgO/P was
significantly lower than on the heterogeneous U-MgO/P. (e) The caspase-3 activities of cells cultured on different biocomposites. Almost the same values were
obtained from the U-MgO/P and T-MgO/P groups. (f) The ROS levels of cells cultured on U-MgO/P and T-MgO/P. The cells cultured on the U-MgO/P showed
increased ROS levels at all time points compared to the T-MgO/P group. (g) The intercellular ATP contents of cells cultured on U-MgO/P and T-MgO/P. The
intracellular ATP level is a critical factor of the cell’s decision to die through necrosis or apoptosis. The ATP content of the cells cultured on the U-MgO/T was
significantly lower in comparison with the T-MgO/P group. (*, p < 0.05; **, p < 0.01; NS, no significant difference). (For interpretation of the references to color in

this figure legend, the reader is referred to the Web version of this article.)

and water would mainly concentrate at the micron-cluster sites pri-
marily. At this stage, burst or uneven release occur on the U-MgO/P.
Finally, after 30 days of immersion, plenty of irregular empty holes
distributed randomly on the surface of the U-MgO/P with the pore size
ranged from several to tens micrometers. In contrast to the U-MgO/P
specimen, only a few nano-scale pores appear on the surface of the T-
MgO/P after 7 days immersion in SBF. The pores homogeneously
distributed on the T-MgO/P after 30 days immersion are all with the size
from few tens nanometers to a micron in range. Then, the cross sections
morphologies along with the corresponding magnesium and carbon el-
ements distributions of the biocomposites were observed (Fig. 2b).
Before the immersion, micron-scaled magnesium agglomerates appear
from U-MgO/P while the T-MgO/P has a visible homogeneous magne-
sium element distribution. After immersing for 7 days, dark areas which
represent low Mg element abundance appear within the depth from 40
to 60 pm, and large MgO aggregates can still be found in the deeper site
of U-MgO/P. The dark areas become larger in size and converged
together reaching the depth of 200 pm after 15 days of immersion. In the

end, large area observed from the U-MgO/P shows low Mg elementary
intensity. However, with the homogeneous dispersion of T-MgO, T-
MgO/P biocomposites reveal gradual and moderate decrease of Mg
element intensity that from the outer surface to the inner part of the
material.

3.2. Investigation of in vitro cellular behaviors on the biocomposites

3.2.1. Observation of cell morphology on the biocomposites

To examine the cell morphologies shown on the biocomposites,
enhanced green fluorescent protein osteoblasts seeded on the materials
were observed and cell membrane projections were quantified (Fig. 3a
and b). The extensions, e.g., filopodia, lobopodian and lamellipodia are
indicated in the figures with 400 times magnification by the symbols *, *
and f{, respectively. A considerable amount of extended microspikes
filopodia can be observed from the cells grown on the T-MgO/P. The
number of the projections extended by the eGFPOB on T-MgO/P bio-
composite is much greater than the U-MgO/P group. Average numbers
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of the lamellipodia, filopodia and lobopodian of each cell from T-MgO/P
were all significantly higher than the extensions from the U-MgO/P
group. Cell morphologies presented on the two biocomposites were then
observed using SEM (Fig. 3c). The U-MgO/P which forms tens of
micron-sized randomly distributed irregular pores (blue arrows) on the
surface yield in round and crimpled morphologies of the cells around the
pores. Without any obvious micropores appear, cells which are totally
spread display flattened morphology on the T-MgO/P surface. Compare
to the cells adhere on the U-MgO/P surface, the cells show larger cell
surface area and long filopodia on the T-MgO/P.

3.2.2. Examination of cell proliferation property on the biocomposites

To evaluate the proliferation properties of the cell cultured on
different biocomposites, the expression level of specific target genes
including CCNB1, BUB3, TK1 and PCNA were determined (Fig. 3d).
After 24 h culturing, the CCNB1, TK1 and BUB3 genes stay at almost
same level, while the PCNA gene, a well-known marker for cycling cell,
shows a significantly increase of expression by the cell grown on the T-
MgO/P. On day 3, all the genes are upregulated significantly (range
between 1.6- and 22-fold) in T-MgO/P group as compared to U-MgO,/P
group. The TK1 gene, which is closely related to cell division, high in
proliferating cells and peaks during the S-phase of the cell cycle, shows a
dramatic 22-fold enhancement of expression as against the U-MgO/P.
Cell cycle was analyzed by flow cytometry method using Hoechst 33342
cell permeable dye (Fig. 3e and f). Two obvious peaks, which attributed
to the G; and Ga/M populations, can be observed from T-MgO/P group
in both day one and day three figures. By contrast, there is almost no Go/
M peak shown in U-MgO/P group after three days of culturing, sug-
gesting a blockade in cell cycle progression. The calculated percentage
also confirmed that, in this group, 75.4% and 89.2% of the population
was in the G; phase at day one and three, respectively. Cultured on the
U-MgO/P, only around 15% of the population was in the S phase at
these two time points, while T-MgO/P group has almost doubled S-phase
population. Studies have demonstrated that both magnesium deficiency
and excess could inhibit the growth of cells [31,32]. Cells would also not
recover from extraordinarily high content of intracellular Mgt [32].

3.2.3. Examination of cell death on the biocomposites

To distinguish viable cells from death, cells were analyzed by flow
cytometer with Hoechst 33342 blue fluorescence and propidium iodide
red fluorescence as functions of Ho/PI (Fig. 4a). High red fluorescence
intensity (abscissa axis) allows discrimination of dead cells, and double
negative indicates the live cell population. After 1 and 3 days of
culturing, 19.61% and 25.08% cell died on the U-MgO/P. Meanwhile,
the values of T-MgO/P group are only 13.9% and 10.17%, respectively.
These results can be also confirmed by the fluorescence microscopic
observation (Fig. 4b). Tens of dead cells can be found on the U-MgO/P
while barely one or two red-stained cells on T-MgO/P. Quantitative
analysis of the cell death rate from fluorescent photomicrographs shows
that, after 1 and 3 days of culturing, 12.93% and 18.18% cells died on
the U-MgO/P, by contrast, the number from T-MgO/P group were all
under 3% (Fig. 4c).

The cell membrane integrity and cell viability were then evaluated
by the lactate dehydrogenase (LDH) assay (Fig. 4d), which exhibited the
impact of the cluster-created Mg?" microenvironment on membrane
integrity. With the stable Mg micro-homeostasis, the cells cultured on
the T-MgO/P showed 20% lower LDH leakage than on the U-MgO/P.
However, almost same values of Caspase-3 activities were measured
from the U-MgO/P and T-MgO/P groups (Fig. 4e), indicating that the
difference was not result from apoptotic cell death.

To investigate the potential effects of the intracellular oxidative
stress induced by the composite-created Mg?™ microenvironments as a
mechanism of cellular damage, the reactive oxygen species (ROS) level
of the cells cultured on U-MgO/P and T-MgO/P were measured (Fig. 4f).
Compared with U-MgO/P group, the relative level of ROS decreased
significantly by over 30% from the T-MgO/P group. The intracellular
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ATP level is also involved in the cell death. It is closely related to both in
vitro and in vivo as a critical factor of the cell’s decision to die through
necrosis or apoptosis [33]. The ATP levels of the cells cultured on the
U-MgO/T exhibited 16%- and 38%-reductions in comparison with the
T-MgO/P group at day one and day three, respectively (Fig. 4g).

3.2.4. Investigation of in vitro macrophage behaviors on the biocomposites

The cell death rate and membrane integrity of the macrophages
cultured on different biocomposites were also evaluated (Fig. 5a—c). Few
cells died on the T-MgO/P, however, a dozen of dead cells appeared on
the U-MgO/P, with the death rates at 3.66% and 13.78%, respectively.
Significant differences of the LDH released in supernatant could be
found between two groups. The leakage of the LDH from the T-MgO/P
group was over 25% lower than from the U-MgO/P group.

Cellular morphologies exhibited on the U-MgO/P and the T-MgO/P
biocomposites after a 3-day culturing were observed by SEM to evaluate
the polarization of the macrophages (Fig. 5d). Small and elliptic cells
with clear contour and lacking cytoplasmic extensions could be seen on
the surface of T-MgO/P biocomposite, while high proportion of
enlarged, dendritic stretched and fibriform cells, which were powerfully
polarized macrophages [34], adhered on the U-MgO/P. With 2000
times magnification, distinct phenotype morphologies could be
observed beside microscale holes (blue arrows) on the U-MgO/P
(Figs. 5d-2). By using the flow cytometry method, high level of
CD197-positive cells (28.2%) was detected on the U-MgO/P, while only
7.46% macrophages were polarized to pro-inflammatory phenotype
from the T-MgO/P group (Fig. 5e). In contrast, ratios of the
anti-inflammatory macrophage phenotype were low in both groups.
Consistent with the SEM observation and the flow cytometry evaluation,
cell cultured on the U-MgO/P biocomposite secreted significantly
higher level of pro-inflammatory related genes IL6 (8-fold), CCR7
(3-fold), CD80 (9-fold) and TNF (2-fold) compared to the T-MgO/P
group (Fig. 5f). All the anti-inflammatory related genes, however,
showed no distinct differences between the two groups.

3.3. In vivo studies

3.3.1. Characterization of the 3D printed scaffolds

After a 3D-printing fabrication process, the surface morphologies
along with the magnesium and carbon elements distribution of the
scaffolds were observed (Fig. 6a). All the 3D scaffolds have been well
established with structured geometry. Phase separation of the polymer
matrix and MgO can be distinguished within the U-MgO/P, while only
uniform material can be found in the T-MgO/P group. The element
distribution of the U-MgO/P scaffold revealed that, MgO cluster with
the size of dozen microns located inside the scaffold (figured out in the
orange dashed circle). Homogeneous magnesium element distribution in
correspondence with the carbon element distribution exhibited within
the T-MgO/P scaffold.

3.3.2. Immune and foreign body responses within the subcutaneous
implantation model

To comprehensively evaluate the foreign body responses induced by
the different biocomposite-created Mg?" microenvironments, the 3D-
printed scaffolds were implanted subcutaneously into the animal
model for 3, 7, 14 and 28 days. The H&E-stained photographs (Fig. 6b)
showed that, numerous inflammatory cells were detected around the
U-MgO/P scaffold, while fewer presented in T-MgO/P group at all time.
The U-MgO/P scaffold displayed more inflammatory cell infiltration
than the T-MgO/P within the implantation site. The following quanti-
tative analysis confirmed that significant higher level of inflammatory
cells could be found around the U-MgO/P than T-MgO/P scaffold
(Fig. 6e). In parallel with the H&E staining, anti-CD68 immunofluores-
cence staining was performed to evaluate the macrophage-related in-
flammatory responses after implantation. The subcutaneous tissue
surrounding the T-MgO/P scaffold had a gradually decreased immune
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Fig. 5. Macrophage behaviors on U-MgO/P and T-MgO/P biocomposites. (a) Fluorescence microscopic observation and (b) quantitative analysis of the cell
death rate of the RAW264.7 macrophages cultured for 3 days on the U-MgO/P and T-MgO/P. (c) The membrane integrity of cells cultured on U-MgO/P and T-MgO/
P assessed by the LDH assay. The LDH leakage of the macrophages cultured on the T-MgO/P was also significantly lower than on the U-MgO/P. (d) 1000 times
magnification SEM views of macrophages cultured on the 1) U-MgO/P and 3) T-MgO/P after 3 days to observe the cell morphologies and to evaluate the polarization
of the macrophages. Scale bar: 50 pm. 2) U-MgO/P and 4) T-MgO/P with 2000 times magnification. Polarized macrophages would show distinct phenotype
morphologies, e.g., enlargement, fibriform and dendritic stretch. Cells with dendritic morphology could be found around pores (blue arrows) on the U-MgO/P while
cells remain rounded shape on the T-MgO/P. Scale bar: 20 pm. (e) Polarization of macrophages cultured on the U-MgO/P and T-MgO/P determined by flow
cytometry. CD197 and CD206 were employed as the representative markers of the pro-inflammatory and anti-inflammatory macrophage phenotypes in this test. (f)
Analysis of cell polarization via the mRNA expression level measurement. The mRNA expression levels of pro-inflammatory phenotype related markers and anti-
inflammatory phenotype related markers were measured and normalized to the GAPDH. Cells cultured on the U-MgO/P expressed significantly higher levels of
pro-inflammatory related genes compared to the T-MgO/P group while no distinct differences could be observed with anti-inflammatory related genes between the
two groups. (**, p < 0.01; NS, no significant difference). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of
this article.)

response from day 3 to day 14, while in the U-MgO/P group, the tissues was absent. Moderate and mild expression of iNOS were shown in the T-
displayed symptoms of severe immune responses over the course of the MgO/P group at day 3 and day 7, respectively, while several macro-
whole period (Fig. 6¢). At each time point, the expression of CD68 in the phages polarized to anti-inflammatory phenotype and expressed CD163
T-MgO/P group was significantly lower than that of in the U-MgO/P after a 7-day implantation (Fig. 7c and d). Twenty-eight-day post-
group (Fig. 6f). Twenty-eight days post-operation, the U-MgO/P scaf- operation, the expression of the iNOS could be hardly detected, and high

fold was encapsulated by thick and dense collagen layer, while the T- level of bone formation marker OCN was seen in the T-MgO/P group

MgO/P group presented much less of the capsule (Fig. 6d and g). (Fig. 7e). On the contrary, implanted with the U-MgO/P scaffold, over
10 times higher iNOS and 15 times lower OCN expression were observed

3.3.3. Immune responses within the bone defect model within the defect (Fig. 7).

Histological and immunofluorescent analyses were also performed to

evaluate the immune responses inside the bone defects induced by the 3.3.4. Evaluation of new bone formation

different ionic niches. With a heterogeneous-composite created unbal- To evaluate the new bone formation within the defect sites, micro-CT

anced Mg?" microenvironment, considerable number of inflammatory and histological analysis were performed. Cross-section figures of the

cells presented at both time points (Fig. 7a and b). In contrast, signifi- rat’s femur with the view of the defect site (yellow dashed circle) and 3D

cantly fewer immune cells could be found within a homogeneous- reconstructed models of the implantation sites are exhibited in Fig. 8a.

composite created ionic micro-homeostasis. Three-day and seven-day Even at 4 weeks post-operation, the U-MgO/P group had nearly no sign

post-implantation, in the U-MgO/P group, high expressive level of of new bone formation within the defect site. In contrast, moderate bone

pro-inflammatory macrophage related marker iNOS could be observed, growth could be observed from the edge to the inward of the T-MgO/P

meanwhile, the expression of anti-inflammatory related marker CD163 scaffold after 4 weeks. Although almost the same values were seen

10
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Fig. 6. Subcutaneous investigation of the post-operative immune responses caused by the scaffolds. (a) Morphological observation along with the corre-
sponding magnesium and carbon element distributions of the 3D-printed scaffolds. The images show that the 3D-printed scaffolds in regular arrays have well-defined
geometry. Heterogeneous distribution of magnesium oxide (figured out in the orange dashed circle) were successfully established within the U-MgO/P scaffold,
while T-MgO/P scaffold exhibited evenly distributed magnesium element. Scale bar: 1st 5 mm; 2nd-4th 10 ym. (b) H&E stained histological photographs and (e)
quantification of inflammatory cells in subcutaneous implanted model, where “S” denotes the location of the scaffolds, Scale bar: 1st row 200 pm; 2nd row 50 pm. (c)
Immunohistofluorescence photographs and (f) quantification of the immunoresponses within the implantation sites, blue (DAPI), red (CD68). Scale bar: 50 pm. (d)
Histological examination of collagen formation and (g) quantification of collagen thickness in tissues near subcutaneously implanted scaffolds 28-day post-operation.
(*, p < 0.05; **, p < 0.01; NS, no significant difference). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of
this article.)

11



J. Shen et al.

Composites Part B 265 (2023) 110961

Fig. 7. Investigation of the post-operative immune responses caused by the scaffolds within bone defects. (a) H&E stained histological images and (b)
quantification of inflammatory cells within the defect sites after implantation of the scaffolds for 3 and 7 days, where “S” denotes the location of the scaffolds, scale
bar: 1st row 200 pm; 2nd row 50 pm. (¢) Immunohistofluorescence photographs and (d) quantification of the immunoresponses within the implantation sites after 3-
and 7-days implantation, blue (DAPI), red (iNOS) and green (CD163). Scale bar: 50 pm. (e) Immunohistofluorescence photographs and (f) quantification of the
immunoresponses and bone formation within the implantation sites after 28-day implantation, blue (DAPI), red (iNOS) and green (OCN). Scale bar: 50 pm. (**, p <
0.01; NS, no significant difference). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

between two groups after 2-weeks implantation, significantly higher
increasing rate of the bone volume (4.5%) and bone mineral density
(121.7%) could be found within the T-MgO/P scaffold 4-weeks post-
operation (Fig. 8b and c). In the Giemsa-stained images (Fig. 8d), the
dashed yellow curves indicate the interface of the defect areas in the
femur, while mineralized bone is stained in purple color, the fibrous
connective tissue and osteoblast are stained in blue. The U-MgO/P
group exhibited that the defect region lacking of mineralized deposits.
Four weeks post-surgery, only fibrous connective tissues with ordered
spindle-shaped cells were present inside the defect area of the U-MgO/P
scaffold. Although fibrous connective tissues can also be found within
the T-MgO/P scaffold group, considerable amount of bone tissue newly
formed from the edge of the defect. Affected by the heterogeneous-
scaffold created unbalanced Mg?" microenvironment, fibrous connec-
tive tissue without recognizable ossification point can be observed,

12

whereas calcium deposition and new bone formation appeared within
the homogenous-scaffold created Mg?" micro-homeostasis (Supple-
mentary Fig. 2). The mechanical performances of the newly formed bone
were assessed by the nanoindentation test. The applied force act on the
T-MgO/P group raised up dramatically with the displacement increase
of the probe and finally met the maximum load at 99.8 N, whereas the
U-MgO/P group showed a flattening growth of the loading curve, of
which the highest load was only 23.0 N (Fig. 8e and f). Moreover, the
modulus of the newly formed bone induced by the T-MgO/P was 5.1 GPa
(Fig. 8g). In contrast, significantly lower value (1.6 GPa) was exhibited
by the U-MgO/P group. Similar to the modulus results, surface hardness
of the new bone induced by the U-MgO/P and T-MgO/P scaffolds were
also significantly different from each other with the values of 24.6 MPa
and 110.0 MPa, respectively (Fig. 8h).
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Fig. 8. In vivo investigation of the bone tissue repairing within the scaffolds. (a) Micro-CT images and 3D reconstruction models of the lateral epicondyle of the
newly formed bone within the scaffolds (yellow dashed circles). Scale bar: 1st & 3rd columns 2 mm; 2nd & 4th columns 200 pm. Four weeks post-operation, new
bone formed within the T-MgO/P scaffold while the U-MgO/P restricted the formation of bone. (b) The percentage changes of bone volume and (c) bone mineral
density changes within the scaffolds 2-and 4-weeks post operation. Significantly higher increasing rate of the bone volume and bone mineral density could be found
within the T-MgO/P scaffold as compared to the U-MgO/P group. (d) Histological photographs of the defect sites after implantation of the scaffolds for 4 weeks with
Giemsa staining. 1) and 3) 100x magnification showing the bone/scaffold interfaces (yellow dashed curves) and new bone formation within the scaffolds. Scale bar:
200 pm. 2) and 4) 400 x magnification showing the osteoblasts and fibrous connective tissues within the scaffolds. Scale bar: 50 pm ‘NB’, ‘OB’ and ‘S’ represented the
location of newly formed bone, original bone and the scaffolds, respectively. (e)-(h) Mechanical properties of new formed bone within the scaffold 4-weeks post
operation. (e) and (f) demonstrated the loading curves and maximum loading forces to the new bone from different groups, while (g) and (h) exhibited modulus and
surface hardness of the newly formed bone tissues. (**, 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.)

4. Discussion diffusion-through-the-polymer-matrix mechanism [43], while the het-
erogeneous biocomposite release irregularly. Micron-sized MgO clusters
Microenvironmental cues provided by the biomaterials are usually along with inorganic/organic phase separation presented in the
served as “mediators” in efforts to improve the biocompatibility and U-MgO/P, leading to an unbalanced microenvironment with erratic ion
biodegradability of the materials, to regulate major cellular behaviors release, while the T-MgO/P have a visible even distribution of magne-
from cell adhesion to apoptosis or necrosis, to even guide the functional sium element, which provided a stable homogeneous ionic
regeneration of tissues [35-38]. The modulation of those biological ef- microenvironment.
fects are sophisticated processes that require accurately regulated mi- Investigations in various cellular systems revealed that changes in
croenvironments, otherwise the biofunctionalization of the cues could cell spreading and morphologies are correlated with the tissue-specific
be completely reversed [5,39-41]. In this study, we have demonstrated gene expressions, growth of cells and conservation of differentiated
the significant impact of the bioactive factor magnesium ionic functions [44-47]. On the T-MgO/P, the cells showed larger and
micro-homeostasis on cell fate modulation and the subsequent extended morphologies with more projections around, indicating a
osteoimmunoregulation. Non-uniformity of biocomposite material can better cell-substrate adhesion within a homogeneous-composite-created
lead to the formation of voids and aggregations, which may create micro-homeostasis. Because the cellular morphologies can reflect the
channels and defects for the ions to spread out to the external micro- cytoskeletal alinements, which are partially regulated by the in-
environment [42]. After preparation of the biocomposites, the MgO teractions between the surrounding environment and cells [45]. More-
nanoparticles are homogeneously or heterogeneously distributed in the over, cell adhesion and morphologies at the early-stage had a strong
polymeric matrix. With the infiltration of the water molecules, reaction impact on cell proliferation, migration and differentiation [48,49]. The
between the MgO and water undergo evenly or unsteadily to form T-MgO/P which had better cell adhesion and morphologies showed on
magnesium hydrate, and followed with generation of Mg?*. Finally, the the surface therefore demonstrated better cellular proliferation property
Mg?t release of the homogeneous biocomposite is subjected to a as compared to the U-MgO/P (Fig. 3). Interestingly, round and crimpled
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as well as “escaping” cells are observed close to the microscale irregular
holes on the U-MgO/P. To migrate towards or away from chemotactic
cues, the development of asymmetrical projections around cellular pe-
riphery is a curtail step [50]. Hence, the phenomenon shown in the SEM
image may due to the evasive movement to the high level of Mg?* that
caused by the burst release from those hole areas.

Cell death is the end point of cellular injury that induced by xeno-
biotics [51]. The results showed a significantly higher death rate of cells
cultured within the heterogeneous-composite-created unbalanced ionic
microenvironment. Generally, the death of cell has been distinguished
into two modes, the accidental cell death and programmed cell death
[52]. Caspase family is playing important role in programmed cell death
apoptosis [53]. Among them, the activation of caspase-3 proteases was
deemed as one of the crucial steps for the apoptosis [54]. Almost same
values of Caspase-3 activities indicating that the difference was not
result from apoptotic cell death. It was demonstrated that the death of
cell on the U-MgO/P may went through the necrosis process, which is
characterized by the losing of membrane integrity and swelling of the
organelles and cytoplasm [52,55]. Possible mechanism of this necrosis
may attribute to the raising of intracellular ROS level and depletion of
the ATP content that induced by the perturbation of the Mgt micro-
environment created by the micron-sized clusters (Fig. 9). Previously
suggested hierarchical oxidative stress model, in which at a low level of
oxidative stress can restore cell redox homeostasis while intermediate
and high amount may induce pro-inflammatory responses and cell
death, respectively [56]. Furthermore, the ATP is required in various
effector processes during apoptosis whereas ATP-depleting condition
shifts the cell toward a necrotic death [57].

Known as the host defense that protects against disease, the immune
system is considered integral to tissue regeneration [58-60]. Macro-
phages, as the typical phagocytes of the immune system, are one of the
most crucial cells associated with the biomaterial-triggered foreign body
reactions [61]. Upon the heterogeneous-composite-created unbalanced
release of the Mg?*, a number of macrophage cells went through the
necrotic process on the U-MgO/P. The death of macrophages by necrosis
might result in the leakage of inflammatory cytokines and cellular
proteases, which could initiate an augment inflammatory response
[62-64]. Significantly higher proportion of macrophages were polarized
towards the pro-inflammatory phenotype within this unbalanced
microenvironment than that of the homogeneous-composite-created
stable niche. Typically, the pro-inflammatory phenotypes generate
high content of nitric oxides and pro-inflammatory cytokines that has
double-edged consequences, promote host defense also damage healthy
tissues, while anti-inflammatory macrophages decrease inflammation,
mediate tissue repair and wound healing [65,66]. As a support,

14

Composites Part B 265 (2023) 110961

prolonged inflammatory stage and severe capsule formation were
observed from the animal model encapsulated with heterogeneous
U-MgO/P scaffold.

Growing number of evidences indicate that inflammatory signals are
significant for the initiation of the bone healing process [67]. Magne-
sium insufficiency raises the level of pro-inflammatory cytokines,
whereas magnesium could mediate the immunoregulation by increasing
the content of nuclear factor of kappa light polypeptide gene enhancer in
B-cells inhibitor, alpha (IkB-a) and decrease the generation of inflam-
matory cytokines, like IL-6 and TNF-a [68-70]. Additionally, in com-
parison with the extract of normal calcium phosphate cement, the
extract of the magnesium-calcium phosphate cement turns down the
inflammatory responses because of the interaction between the
magnesium-containing milieu and macrophages [71]. However, the
results of this study suggest that unexpected variables, such as the ag-
gregation structure of bioactive factors, can have a great impact on the
cellular behaviors and immune responses. The inflammatory and foreign
body reactions within the bone defect can also be extended followed
with delayed bone tissue regeneration when a
heterogeneous-composite-created unbalanced Mg?* ionic niche was
provided (Fig. 10). Although, the spatiotemporal coordination of tens of
thousands of molecules makes the cells adaptable to the environment,
the drastic fluctuation of the microenvironment constructed by the
biomaterial has the opportunity to cause serious damage to the cells.
Indeed, cells are viable under a relatively narrow set of conditions.
Breakdown of homeostatic regulation can lead to cell death or
contribute to the cause or progression of diseases.

5. Conclusion

In conclusion, homogeneous- and heterogeneous-particle-embedded
biocomposites were established using the biodegradable polymer PCL
and MgO nanoparticles. Within a heterogeneous-composite-created
unbalanced microenvironment, erratic ion niche was provided, while
a homogeneous biocomposite creates a magnesium ionic micro-
homeostasis over its entire surface. Compared with the micro-
homeostasis, cells cultured in an unbalanced microenvironment not
only showed impaired adhesion, that due to the restrained cell spreading
and decreased membrane extensions, but also significantly down-
regulated the expression of proliferation-related genes and caused cell
cycle arrest. More seriously, raise of the intracellular oxidative stress and
drop of the ATP content that induced by this unbalanced microenvi-
ronment leaded to a high ratio of necrotic cell death. The immunomo-
dulation was also compromised by the perturbation of the Mg?*. Higher
proportion of macrophages polarized towards the pro-inflammatory

Fig. 9. Schematic illustration expounding the ef-
fect of biocomposite-mediated niches on cell fate
regulation. Cells cultured in an unbalanced magne-
sium ionic micro-homeostasis would result in a high
ratio of necrotic death caused by the raising of the
intracellular oxidative stress and depletion of the ATP
content, whereas a biocomposite-created stable
magnesium ionic micro-homeostasis could lead to
beneficial cellular behaviors, such as promoted cell
adhesion and proliferation that arise from the
increasing numbers of the membrane extensions and
upregulated expression of proliferation genes.
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Fig. 10. Schematic illustration expounding the influence of biocomposite-mediated Mg?" homeostatic perturbation on in vivo tissue regeneration. The
unbalanced ionic niche established by the 3D scaffold may cause cell necrosis and motivate the nonactivated macrophage polarized towards pro-inflammatory
phenotype, by which the immune responses and foreign body reactions were deteriorated and prolonged, leading to impaired and delayed tissue regeneration.

phenotype on the heterogeneous biocomposite. After the implantation
of the heterogeneous U-MgO/P scaffold, serious and prolonged immune
responses were induced, which leading to severe foreign body reactions
and delayed bone tissue regeneration. Our results demonstrated that a
perturbation of the Mg?" niche that result from the heterogeneous
micron-sized aggregation of MgO in the biocomposite could jeopardize
the cellular behavior and tissue regeneration, which suggested that
material-mediated micro-homeostasis of bioactive factors should be
considered as a crucial part in designing and fabricating next generation
of biomaterials.
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Supplementary Figure 1. Cross Section morphologies of the (a) U-MgO/P and (b) T-MgO/P; and the
corresponding magnesium distribution of the (c) U-MgO/P and (d) T-MgO/P. Scale bar: 20 um. Several
micron-sized magnesium oxide clusters (yellow dashed circles) show from the area observed in U-

MgO/P while the T-MgO/P have a visible homogeneous magnesium element distribution



Supplementary Figure 2. H&E, Masson’ s trichrome and Safranin O/Fast Green stained histological
images of the defect sites after a 4-weeks implantation. Fibrous connective tissue without recognizable
ossification point can be observed inside the defect implanted with U-MgO/P scaffold, whereas calcium
deposition and new bone formation appeared within the T-MgO/P scaffold implanted defect. ‘NB’ and

‘S’ represented the location of newly formed bone and the scaffolds, respectively.



Supplementary Table 1 Primer pairs used in real-time PCR analysis

Gene

Forward primer

Reverse primer

GAPDH

CCNBI

TK1

BUB3

PCNA

IL6

CCR7

CDS80

TNF

L4

IL10

MRCI

TGFBI

5’-ACCCAGAAGACTGTGGATGG-3’

5’-AAGGTGCCTGTGTGTGAACC-3’

5’-AGTGCCTGGTCATCAAGTATGC-3’

5’-GATGGCATCTCCTCGGTTAAG-3’

5’-TTTGAGGCACGCCTGATCC-3’

5’-TAGTCCTTCCTACCCCAATTTCC-3’

5’- TGTACGAGTCGGTGTGCTTC-3’

5’- ACCCCCAACATAACTGAGTCT-3’

5’- CCCTCACACTCAGATCATCTTCT-3’

5’- GGTCTCAACCCCCAGCTAGT-3’

5’- GCTCTTACTGACTGGCATGAG-3’

5’- CTCTGTTCAGCTATTGGACGC-3’

5’- CTCCCGTGGCTTCTAGTGC-3’

5’-CACATTGGGGGTAGGAACAC-3’

5’-GTCAGCCCCATCATCTGCG-3’

5’-GCTGCCACAATTACTGTCTTGC-3’

5’-AATTGGCGGGCACATCGTAG-3’

5’-GGAGACGTGAGACGAGTCCAT-3’

5’- TTGGTCCTTAGCCACTCCTTC-3’

5’- GGTAGGTATCCGTCATGGTCTTG-3’

5’- TTCCAACCAAGAGAAGCGAGG-3’

5’- GCTACGACGTGGGCTACAG-3’

5’- GCCGATGATCTCTCTCAAGTGAT-3’

5’- CGCAGCTCTAGGAGCATGTG-3’

5’- CGGAATTTCTGGGATTCAGCTTC-3’

5’- GCCTTAGTTTGGACAGGATCTG-3’
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