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Abstract: Magnesium silicate (MgS) nanopowders doped with barium oxide (BaO) were prepared
by sol-gel technique, which were then implanted into a fracture of a tibia bone in rats for studying
enhanced in vivo bone regeneration. The produced nanopowders were characterized using X-ray
diffraction (XRD), Fourier transform infrared spectra (FTIR), scanning electron microscope with
energy-dispersive X-ray spectrometry (SEM-EDX) and transmission electron microscope (TEM).
Mechanical and bactericidal properties of the nanopowders were also determined. Increased crys-
tallinity, particle diameter and surface area were found to decrease after the BaO doping without any
notable alterations on their chemical integrities. Moreover, elevated mechanical and antibacterial
characteristics were recognized for higher BaO doping concentrations. Our animal studies demon-
strated that impressive new bone tissues were formed in the fractures while the prepared samples
degraded, indicating that the osteogenesis and degradability of the BaO containing MgS samples
were better than the control MgS. The results of the animal study indicated that the simultaneous
bone formation on magnesium biomaterial silicate and barium MgS with completed bone healing
after five weeks of implantations. The findings also demonstrated that the prepared samples with
good biocompatibility and degradability could enhance vascularization and osteogenesis, and they
have therapeutic potential to heal bone fractures.

Keywords: barium doping; magnesium silicate nanopowders; osteogenesis; bone fractures healing

1. Introduction

Bone fractures occur as a result of a load that exceeds the bone strength or the cyclic
activity of the loads [1]. Therefore, bone fracture healing presents a significant challenge in
orthopedic surgery. It is expected that the total number of hip fracture cases will increase
to 6.26 million by 2050 [2]. In addition, there are non-unions or delayed bone fracture cases
depending on certain geometric, mechanical and biological factors, which require several
different types of fixations to stabilize the fractures [3]. As stated in [4] “bone-fracture
healing” is a complicated process that is aimed at regenerating mineralized tissue at the site
of the bone defects, where the biological and mechanical processes are similar to that of the
soft tissue healing but without the formation of scar tissue [5]. It also involves consequent
events starting with hematoma formation, inflammation, cartilaginous formation, vascular-
ization, mineralization and hard-callus formation which will be remodeled by osteoclasts
activity [6]. Bone fracture repairs of bone defects and non-unions are governed by different
structural and functional mechanisms, as discussed in [7].
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Normally, the broken bone tissues are regenerated spontaneously, but under some
conditions, therapeutic interventions are required to stimulate the healing response [8].
Several factors can enhance the bone healing capacity such as the use of biomaterials for
reconstructing the injured area and therapeutic agents for accelerating the bone reconstruc-
tion [9,10]. Nanomaterials (NMs), mimicking the nano-features of the bones, are promising
candidates because they can provide smart mechanical functions for effective bone fracture
healing [11] and improved bone cell functions compared to their micron-sized counter-
parts [12,13]. Currently, applications of NMs in regenerative medicine and bone fracture
repair are of great interest [14]. Thus, the “ideal” NMs used for bone-healing process
should be biocompatible, non-toxic and biodegradable. In addressing these challenges,
we attempt to find a novel alternative in this work for improved bone fracture repair and
fixation through accelerating the bone healing process, thereby decreasing the healing
period, reducing the cost of treatment and helping patients to recover quickly [15].

Silicate-based NMs represent a novel type of biomaterials that exhibit a highly specific
surface area, which can accelerate the kinetics of apatite deposition, thus promoting the
bone-healing bioactivity [16]. In addition, their degradable products demonstrate weak al-
kalinity, which is favorable for cellular growth and tissue regeneration [17,18]. Furthermore,
they are capable of enhancing vascularization of osteoblastic cells through stimulating
the upregulation of vascular endothelial growth factor (VEGF) from osteoblastic cells and
induce angiogenesis that could stimulate bone formation [19]. Additionally, silicate bioma-
terials are able to enhance osteogenic differentiation of osteoblastic cells, which results in
new bone formation [20].

Trace cations (i.e., Mg2+, Ba2+, Sr2+, Fe2+/3+, Zn2+, Cu2+, etc.) and anions (i.e., CO3
2−,

F−, SiO4
4−, etc.) play vital roles in bone regeneration [21]. Barium (Ba2+) is one of the

substitution cations that could be used, though non-essential but beneficial, in bone repair
and regeneration (osteogenesis); Ba2+ ions stimulated the in vitro apatite formation of
calcium phosphate on the bioceramics surfaces synthesized through the wet precipitation
method [22]. However, the doping effect of BaO on the magnesium silicate (MgS) family and
it’s in vivo studies are not explored in detail. In addressing this, the current study is aimed
at comparing the bone healing potential as well as the nanotoxicity of MgS nanopowders,
free from and doped with different concentrations of BaO. These will include evaluations
of their physicochemical, morphological, mechanical and antibacterial properties alongside
the in vivo studies, as discussed in detail in the following sections.

2. Materials and Methods

MgS nanopowders were prepared by a sol-gel technique. In particular, tetraethyl
orthosilicate (TEOS: 98%, molecular weight 208.33 g/mol, ACROS Organics, Germany)
was hydrolyzed in co-solvent of ethanol and distilled water (1:1 v/v ratios) and allowed to
stir for 30 min. Upon complete hydrolysis of TEOS, the magnesium nitrate hexahydrate
(H12MgN2O12, molecular weight 256.41 g/mol, Santa Cruz, CA, USA) was dissolved. The
mixture was stirred for 60 min and then dried at 60 ◦C for 18 h. The obtained nanopowder
was calcined at 600 ◦C for 2 h. In order to perform the doping process, before the drying
step, barium nitrate (Ba(NO3)2, molecular weight 261.34g/mol, Santa Cruz Biotechnology,
Santa Cruz, CA, USA) was added to the MgS solution on the expense of Mg with BaO2
with different w/w ratios (3, 5 and 7). The weight percentages were calculated according to
the constituents’ oxides. The ratios of the produced nanopowders in oxide form are shown
in Table 1.

Table 1. Samples compositions (%) adopted in this study.

Sample SiO2 MgO BaO

MgS 50 50 –
Ba3 50 47 3
Ba5 50 45 5
Ba7 50 43 7
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2.1. Characterization Techniques
2.1.1. XRD Examinations

The X-rays diffraction (XRD) method was utilized to determine the significance of the
crystallinity of the BaO-doped MgS nanopowders. The test was carried out utilizing the
BRUKER AXS D8 ADVANCE model, which isappended with Ni-filter Cu-Kα illumination
at 40 Kv and 40 mA, (Karlsruhe, Germany). In order to identify the obtained crystalline
phases, data were matched with JCPDS database software.

2.1.2. FTIR Examinations

To figure out the influence of BaO on the chemical entirety of the prepared MgS
nanopowders, they were applied to infrared spectra, utilizing a Perkin Elmer Fourier
Transform Infrared spectrophotometer (FTIR; model FT/IR-6100 sort A). The spectra were
recorded at wave number ranging between 400–4000 cm−1 with a resolution of 4 cm−1 and
20 scans per spectrum. The specimens were prepared for examination by blending MgS
nanopowders with KBr.

2.1.3. Morphological and Elemental Analyses
Scanning Electron Microscopy Examinations

The particle morphology and size of the resulting nanopowders were analyzed using
Scanning Electron Microscopy (SEM) (SEM/EDXA model FEJ quanta 250 Fei-Holland) at
15 kVm. Each sample was fixed on the scanning stubs using carbon double face tape then
coated with gold and monitored by the SEM. At the same time, the elemental analysis
and their distribution throughout the nanopowder samples were investigated by energy-
dispersive X-ray microanalysis (EDAX).

Transmission Electron Microscopy Examinations

The dispersed morphology and size of the resulted nanopowder was analyzed by
transmission electron microscope (TEM). Each nanopowder sample was dispersed in
ethanol and sonicated for 15 min using an ultrasonic path. Then, the copper grid was
submerged in the previous dispersion, dried in air and these grids were monitored by the
TEM. In addition, the diffraction patterns of the nanopowder samples were also recorded.

2.2. Surface Area Measurements

Nitrogen adsorption-desorption measurements were carried out at 77.35 K on a Nova
Touch LX4 Quantachrome, USA to determine the BET surface area parameters. Before
the measurements, samples were degassed under high vacuum for a specific time. Liquid
nitrogen was used to cool samples and analyzed by measuring the volume of gas (N2)
adsorbed at specific pressures. The pore volume was measured from the adsorption branch
of the isotherm curve at P/Po = 0.995, assuming a complete pore saturation.

2.3. Mechanical Properties Analyses

Mechanical features of the MgS nanopowders before and after doping with BaO were
analyzed by universal testing machine (Zwick Roell-Z0.5 TH Mechanical Test Equipment,
Ulm, Germany). In detail, each sample was compressed into a cylindrical shape with
dimensions of 20 mm height and 10 mm diameter using a hydraulic press and a stainless-
steel mold under 1 ton compression force for 30 s. The cylinders were then tested using
universal testing machine at a specific driven press (10 tons/min) anda compression rate of
0.5 mm/min by10 kN load cell. The test was conducted for triple cylinders of each sample
and the average values were taken in order to confirm the outcomes.

2.4. Antibacterial Investigations

Agar diffusion method was used to assess the antibacterial capacity of the MgS
nanoparticles free from and doped with BaO. The bacteria used in this study were Gram-
negative bacterial strains (Escherichia coli ATCC-25922 and Pseudomonas aeruginosa ATCC-
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27853) and fungi (Candida albicans ATCC-10231). These micro-organisms were obtained
from the American Type Culture Collection (ATCC, Rockville, MD, USA) and Northern
Utilization Research and Development Division, United State Department of Agriculture,
Peoria, IL, USA (NRRL). The bacterial cultures were prepared according to a previously
reported work [23]. This was then managed into sterile petri-dishes named with the
bacterial species. Liquid sterile Muller–Hinton agar was utilized to aseptically fill the plates
and gently shake the microorganisms to scatter them homogeneously into the medium in
the plate. The agar plates were permitted to harden after which similar loads of 15 MgS
nanopowders were placed as disks on the agar surfaces, then the plates were permitted
to diffuse for 2 h at 4 ◦C. All plates were kept at 37 ◦C for 24 h for bacterial strains, after
which it was maintained at 28–30 ◦C for 48 h for the contagious strain. Diameters of the
cleared bacterial zones in the petri dishes were estimated in millimeters [24].

2.5. Animal Studies
2.5.1. In Vivo Animal Studies

The experimental design included 20 adult male Wistar rats weighing 200–250 g. The
rats were housed at the animal house of the National Research Center (NRC) in separate
cages, where each cage contained two rats. Rats were allowed to acclimatize for twoweeks
before experimental use and maintained at a constant temperature (22± 1.0 ◦C) and humid-
ity (55 ± 5%) in an artificial 12h light/dark cycle. Rats were kept under good ventilation
and were provided with commercial rat chow and tap water throughout the experimental
period. The animal protocol was conducted according tothe National Research Council’s
Guide for the Care and Use of Laboratory Animals (NIH Publication No. 8023, revised
in 1978), and experimental procedures were approved by the Ethical Committee of NRC,
Egypt (approval no. 18060).

2.5.2. Surgical Operations and Experimental Design

Prior to the surgical procedure, the chosen rats were administrated an intraperitoneal
injection of chloral hydrate (10%, 3mL/kg) to induce anesthesia. The hind limbs were
shaved, disinfected with Betadine® (Povidone-iodine) and 70% alcohol over three alter-
nating cycles in preparation for incision. Subsequently, a skin incision of about 1–1.5 cm
was performed using a scalpel without disturbing the muscles underneath the skin. The
soft tissues were then dissected carefully till the tibia. Once the tibia bone was exposed,
a fracture in the middle of the exposed part was created in all rat groups and the three
different formulations of the bone cements (mixture of 50 mg of nanopowders and 100 µL
of fresh phosphate buffer saline to form a homogenous paste to avoid powder leakage)
were implanted at the site of the fracture using a surgical spatula. The tibia of the Sham
control group was fractured in the same area without implantation. The rats were allocated
into four groups (n = 5) according to the formulation of bone cement, as shown below:

Group (1): Sham control group—bone fracture was left empty and untreated.
Group (2): Pure MgS group—bone fracture was stuffed with MgS (50mg weight per animal).
Group (3): MgS Ba-doped (3% wt) group—bone fracture was stuffed with MgS nanopow-
ders doped with 3% wt percentage of BaO.
Group (4): MgS Ba-doped (5% wt) group—bone fracture was stuffed with MgS nanopow-
ders doped with 5% BaO.

After the completion of procedures, the muscles and skins were repositioned and
sutured using absorbable suture material PGA 3/0 (26 mm) surgical thread. Postoperatively,
the rats were injected intramuscularly by dose of antibiotic (Flumox; 0.84 mg/100 g of
body weight) and analgesic/anti-inflammatory agent (ceftriaxone HCl; 25 mg/kg g of body
weight), once daily for 5consecutive days starting immediately after the operation, and the
wound was daily sterilized with Povidoneiodine solution (10% w/v) and covered with a
sterile cotton gauze (Figure 1).
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Figure 1. The surgical procedures that involved the application of three different formulations of MgS
nanopowders at the site of fractures in the tibias of rats of different experimental groups: (A) Surgical
procedure and implantation of different MgS nanopowders; (B) Macroscopic examination of post-
operative healed bones. The white arrows in the images refer to either the site of fracture or healing
in (A) and (B), respectively.

2.5.3. Clinical Observation

The rats were clinically observed on a daily basis, checked for any signs of lameness,
infection or bleeding and their use of tibia was evaluated. Additionally, the injured areas
were examined for edema, inflammation, swelling and pain on palpation [25].

2.5.4. Blood and Tissue Preparation

After 5 weeks of applying three formulations of MgS samples, all rats were anaes-
thetized and euthanized to collect their tibia and liver samples. Blood samples were
withdrawn, and serum was separated by centrifugation at 3000 rpm for 15 min. Then,
thoracoabdominal incision was made and livers of all rats were dissected, removed and half
of all extracted livers were immersed in 10% formol saline for histopathological examina-
tion. The treated tibia of different groups of rats were rapidly harvested and subsequently
immersed in 10% formol saline for histopathological examination.

2.6. Biochemical Assays
2.6.1. Determination of Serum Transaminases and Alkaline Phosphatase

Serum alanine amino transaminase (ALT) and aspartate amino transaminase (AST)
were estimated colorimetrically [26]. Serum alkaline phosphatase (ALP) was measured
spectrophotometrically [27]. Enzymatic activities of AST and ALT were expressed as Units
(U)/mL, where ALP activities were expressed as IU/L.
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2.6.2. Evaluation of Serum Levels of Oxidative Stress Markers

Serum total antioxidant capacity (TAC) was measured spectrophotometrically and
was expressed as mM/L [28]. Serum malondialdehyde (MDA) content was measured spec-
trophotometrically at 534 nm and was expressed as nmol/mL [29]. The reduced levels of
serum glutathione (GSH) were estimated spectrophotometrically at 405 nm and expressed
as mg/dL [30]. Serum catalase (CAT) activity was estimated spectrophotometrically at
510 nm and expressed as units/L [31].

2.7. Histological Examination of Tibial and Liver Samples

As discussed earlier, the experimental animals were euthanized at five weeks post-
operation and implantation of different formulation of MgS. Samples were taken from the
tibia and liver of rats in different groups and fixed in 10% formol saline for 24 h. Washing
was done in tap water; then, serial dilutions of alcohol (methyl, ethyl and absolute ethyl)
were used for dehydration. Specimens were cleared in xylene and embedded in paraffin at
56 ◦C in a hot air oven for 24 h. Paraffin bees wax tissue blocks were prepared for sectioning
at 4 microns thickness by sledge microtome. The obtained tissue sections were collected on
glass slides, deparaffinized and stained by hematoxylin and eosin for examination using
the light electric microscope [32].

2.8. Statistical Analyses

The collected data were presented as mean± SEM (standard error of the mean) for
n = 5 rats of each group. The data were subjected to simple one-way analysis of variance
(ANOVA) using SPSS® software, version 19 (SPSS Inc., IBM Corporation, Armonk, NY,
USA). Duncan’s multiple range test was used to differentiate between significant means at
p-value < 0.05.

3. Results
3.1. XRD Analysis

The physical nature of the MgS nanopowders before and after doping with BaO was
investigated using XRD technique. As can be seen in Figure 2, pure MgS possessed a broad
amorphous hump with two small crystalline peaks. These peaks were found to correspond
to those for MgO when they were compared with XRD data base. The presence of these
two peaks could be owing to the fact that some of the Mg content were segregated and
formed MgO. However, the two peaks disappeared upon the addition of BaO dopant to
the system and also resulted in an increase in the degree of crystallinity of the produced
nanopowders. The degree of crystallization was found to be dependent on the dopant
concentration, where the higher the BaO concentration, the higher the obtained crystallinity.
The obtained phases were found to be BaMgSiO4 (PDF81-2317) and Ba2SiO2 (PDF26-1403)
after matching the obtained results with the XRD database. XRD results demonstrated the
effective role of barium doping in MgS system to increase the crystallinity of the prepared
nanopowders [22,33].



Pharmaceutics 2022, 14, 1582 7 of 24

Pharmaceutics 2022, 14, x FOR PEER REVIEW 7 of 25 
 

 

results demonstrated the effective role of barium doping in MgS system to increase the 
crystallinity of the prepared nanopowders [22,33]. 

 
Figure 2. XRD curves of the prepared MgS samples before and after doping with barium. 

3.2. FTIR Characterization 
The effects of the dopant presence and concentrations on the prepared MgS were 

analyzed using FTIR analysis. The MgS pure nanopowders exhibited stretching vibra-
tion band at 1641 cm−1, which is ascribed to the zeolite water. The presence of an Si–O 
bending group was confirmed by observed bands at1018 cm−1 and 619 cm−1. In addition, 
Si–O stretching vibration entity was also noted at 1108 cm−1and 916 cm−1 [34]. Mg–O 
stretching vibration group was confirmed by the appearance of band at 459 cm−1. The ef-
fects of BaO doping can only be observed from the changes in the intensities of bands lo-
cate at 950 and 1030 cm−1 (Figure 3). The band at 1030 cm−1 disappeared gradually with 
an increase of BaO concentration. This band could correspond to the presence of H+ ion 
that is associated with MgO presence, which diminishes with the presence of BaO, and 
this result is consistent with the XRD results. In addition, the band at 930 cm−1 was found 
to be positively affected with BaO concentration; the higher BaO concentrations, the 
higher intensity recorded for this band. The FTIR results confirmed the presence of BaO 
in the nanopowders [22,33]. 

Figure 2. XRD curves of the prepared MgS samples before and after doping with barium.

3.2. FTIR Characterization

The effects of the dopant presence and concentrations on the prepared MgS were
analyzed using FTIR analysis. The MgS pure nanopowders exhibited stretching vibration
band at 1641 cm−1, which is ascribed to the zeolite water. The presence of an Si–O bending
group was confirmed by observed bands at1018 cm−1 and 619 cm−1. In addition, Si–O
stretching vibration entity was also noted at 1108 cm−1and 916 cm−1 [34]. Mg–O stretching
vibration group was confirmed by the appearance of band at 459 cm−1. The effects of
BaO doping can only be observed from the changes in the intensities of bands locate at
950 and 1030 cm−1 (Figure 3). The band at 1030 cm−1 disappeared gradually with an
increase of BaO concentration. This band could correspond to the presence of H+ ion that
is associated with MgO presence, which diminishes with the presence of BaO, and this
result is consistent with the XRD results. In addition, the band at 930 cm−1 was found to
be positively affected with BaO concentration; the higher BaO concentrations, the higher
intensity recorded for this band. The FTIR results confirmed the presence of BaO in the
nanopowders [22,33].
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3.3. Morphological and Elemental Analyses Results
3.3.1. Scanning Electron Microscopy Examinations Results

The effect of the barium doping on the final morphology and size of the prepared
nanopowders was determined by using SEM. Generally, the morphology of the obtained
nanopowders before and after doping with BaO showed typical agglomerations of glass-
ceramic nanoparticles and that was consistent with the XRD results. Moreover, the pure
MgS nanopowders exhibited particle size in the range of 50–60 nm (Figure 4a). Particle size
was found to be decreased (45–50 nm and 20–27 nm) for the BaO-doped MgS nanopowders
for both 3 and 5% w/w, respectively (Figure 4c,d). However, the higher BaO concentration
of 7% w/w caused particle size increment (50–75 nm), as can be seen in Figure 4d. This could
be explained by the hypothesis that as the BaO concentration increased the crystallinity
degree alongside with the particles fusions, as confirmed above by the XRD results, which
caused the increment of the particle size.
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Furthermore, EDAX analysis and elemental mapping of the prepared MgS nanopow-
ders before and after doping with BaO were investigated employing an EDAX analyzer as
illustrated in Figure 5. These illustrations confirmed the presence of the Mg and Si elements
in all samples as well as the BaO doping with different concentrations, which are very close
to theoretical ones. Moreover, distribution homogeneities were confirmed for the dopant
and the parent materials, as can be observed from the mapping images.

3.3.2. Transmission Electron Microscopy Examinations Results

The morphology and particle size of the dispersed nanopowders were determined by
TEM images, as shown in Figure 6. In addition, the corresponding diffraction patterns of the
MgS samples were also investigated. It can be noted that the particle size and crystallinity
degree of the prepared nanopowders are highly affected by presence of BaO dopant and its
concentration. Furthermore, the diffraction patterns of all samples confirmed the gradual
increase in the crystallinity degree that takes place with increased concentration of BaO
and become more ordered and pronounced with the highest concentration (BaO7% w/w).
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3.4. Surface Area Measurements Results

Surface area parameters were evaluated for all the prepared samples using BET
surface area measurements, as listed in Table 2. Major negative effects for BaO presence and
concentration were observed when surface area was decreased from 122.63 ± 0.54 m2/g
(pure MgS) to 37.95 ± 0.30 m2/g (7% w/w BaO). This might be consistence with the results
of SEM and TEM images; however, samples doped with3 and 5% w/w BaO showed smaller
particle size, which are supposed to possess a higher surface area value. This could be
explained by that the presence of BaO has increased the cementing property of these
materials, which had increased their agglomeration and decreased their surface area.

Table 2. Surface area parameters for the MgS cement before and after BaO doping.

Sample BET Surface Area (m2/g) Pore Volume (cm3/g) Pore Diameter (nm)

MgS 122.63 ± 0.54 0.41± 0.04 10.78 ± 0.54
Ba3 75.20 ± 0.41 0.22 ± 0.03 11.08 ± 0.62
Ba5 64.66 ± 0.37 0.19 ± 0.05 11.10 ± 0.47
Ba7 37.95 ± 0.30 0.13 ± 0.04 12.81 ± 0.83

3.5. Mechanical Properties

The mechanical properties of the achieved MgS nanopowders before and after doping
with BaO were assessed using universal testing machine and the results were represented
in Figure 7. It was obvious that BaO doping has a positive influence on all the mechanical
parameter recorded by this test. In detail, compressive strength of the pure MgS was raised
from 0.8 MPa to 1.6 MPa at a low concentration of BaO doping (Figure 7a). Furthermore,
this increment was maintained and enhanced with the increase in the BaO concentrations
up to 7% to record a compressive strength (2.3 MPa). The stiffness and Young’s modulus
exhibited the same trend as the compressive strength was relatively improved as the BaO
concentration increased their values.
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3.6. Antibacterial Investigations Results

The obtained samples were investigated against the mentioned strains in the method-
ology section to determine their antibacterial capabilities as illustrated in Figure 8. All the
samples demonstrated antibacterial capabilities against the tested bacterial strains, even
the pure MgS nanopowders. Practically, pure MgS nanopowders demonstrated disinfected
zones with diameters of 18, 12 and 14 mm in the strains Pseudomonas aeruginosa, Esherichia
coli and Candida albicans, respectively. The samples doped with BaO exhibited very similar
results regardless the BaO concentrations. The recorded diameters of the disinfected zones
by BaO-doped MgS samples were in the range of 18–16 mm, which was comparable to the
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diameters of the disinfected zones observed for Rifampicin (A) and Cyclohexamide (C),
which are very potent antibacterial and antifungal agents.
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3.7. In Vivo Animal Study
3.7.1. Clinical Evaluation

All rats in different experimental groups regained consciousness post-operation with
slight swelling observed at the fracture site. There was no mortality throughout the
experimental period. Ten days after surgery, the rats could move their hind limbs with no
signs of local inflammation or pain.

3.7.2. Hepatotoxicity Indices in Tibia-Fractured Rats

In order to evaluate the hepatotoxic influence and bone-formation potential of three
samples (MgS and two BaO-doped nanopowders); serum levels of AST, ALT and ALP
were measured as represented in Figure 9a,b. As compared to Sham control rats, ALP
was significantly elevated by 28.23% for MgS groups, and 41.38 and 41.59%, respectively,
for MgS nanopowders doped with BaO (3 and 5% w/w). On the other hand, AST and
ALT activities showed a significant increase in MgS (15.58%), and insignificant change
regarding ALT activities. Considering BaO-doped groups, AST and ALT activities were
significantly elevated by 27.78 and 17.37% for Ba3, and 29.36 and 18.75% for Ba5. These
data of transaminases demonstrated that proper performance of the liver was not largely
disrupted by the implantation of MgS free from and doped with BaO in tibia-fractured rats,
which normally takes place upon bone surgeries. Furthermore, BaO-doped groups (3 and
5% w/w) exhibited higher bone-formation potential than that of MS-group, manifested as
elevated serum ALP levels.

Moreover, oxidative stress was estimated in different experimental groups through
measuring the serum levels of TAC, MDA and GSH and CAT activities, as illustrated in
Figure 10a–c. Regarding MgS nanopowders, there was a mild decrease in serum TAC levels
(11.76%), along with a significant increase in serum MDA levels (18.84%), while serum GSH
and CAT activity showed a mild decrease in MgS group by 10.82 and 12.89%, respectively,
as compared to the Sham group. On the other hand, serum TAC levels were significantly
decreased by 16.65 and 18%, respectively, for Ba3 and Ba5 groups, as compared to the Sham
group. Serum MDA was significantly increased by 33.78 and 43.42%, respectively, for Ba3,
and Ba5 groups, as compared to the Sham group. Serum GSH levels and CAT activities
were significantly declined by 16.66 and 20.77%, respectively, for Ba3 and 17.33 and 20.12%,
respectively, forBa5 groups, as compared to the Sham group. These data show the presence
of relative oxidative potential in MgS, Ba3 and Ba5 samples.

In addition to the above-mentioned biomarkers, the histopathological analysis of the
liver of the treated rats compared to Sham control rats were also evaluated (Figure 11).
The Sham control group demonstrated no histopathological alterations and the normal
histological structure of the central vein and surrounding hepatocytes in the parenchyma
were shown in Figure 11a. Similarly, MgS group showed no histopathological changes,
as recorded in Figure 11b. On the other hand, the liver tissues of both Ba3 and Ba5
groups demonstrated a certain degree of hepatic inflammation; the portal area in Ba3 liver
tissues demonstrated inflammatory cells infiltration associated with degeneration in the
hepatocytes (Figure 11c). While Ba5 liver tissues demonstrated a very minor disruption of
the hepatic structure, there were multiple numbers of newly formed bile ductules in the
portal area associated with few inflammatory cells (Figure 11d).
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Figure 9. Effect of MgS nanopowders free from and doped with BaO on (a) hepatotoxicity indices
and (b) alkaline phosphatase (ALP) in tibia-fractured rats ofdifferent experimental groups: Sham
Control, MgS, MgS doped with 3% BaO (Ba3), MS doped with 5% BaO (Ba5). Data are presented as
mean± SE of mean. Statistical analysis was conducted using ANOVA followed by Duncan test (n = 5,
p ≤ 0.05). Mean with different superscripts (a,b,c) are significant at p≤0.05. Bars having the same
superscripts are not significantly different from each other, while those having different superscripts
are significantly different from each other (ALT: alanine amino transaminase, AST: aspartate amino
transaminase and ALP: alkaline phosphatase).
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Figure 10. Effect of MgS nanopowders free from and doped with BaO on serum total antioxidant
capacity (TAC), serum Malondialdehyde (MDA), glutathione reduced (GSH) and catalase (CAT)
in tibia-fractured rats of different experimental groups: Sham Control, MgS, MgS doped with 3%
BaO (Ba3) and MS doped with 5% BaO (Ba5). Data are presented as mean ± SE of mean. Statistical
analysis was conducted using ANOVA followed by Duncan test (n = 5, p≤ 0.05). Means with different
superscripts (a, b, c) are significant at p ≤ 0.05. Bars having the same superscripts are not significantly
different from each other, while those having different superscripts are significantly different from
each other. (a): TAC, (b): MDA, (c): GSH and (d): CAT.
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3.7.3. Histopathological Analysis of Tibia-Fractured Rats

Sham control rats demonstrated no histopathological changes and the normal histolog-
ical structure of the compact bone with osteoblasts and adjacent bone marrow and covered
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by periosteum are shown in (Figure 12a,b), while an area of collagen and newly formed
blood capillaries replaced the injured bone treated with pure MgS (Figure 12c,d). Likewise,
rats treated with Ba3 and Ba5 demonstrated normal bone healing where osteoblasts pres-
ence with newly formed capillaries as an indication of bone regeneration of the fractured
area (Figure 12e,f) and normal intact histological structure of the osteoblasts adjacent to the
bone marrow (Figure 12g,h).
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4. Discussion

Evaluating the bone-repairing potential of novel MgS nanopowders free from and
doped with barium (BaO) in rodent models is a valuable tool in the pre-clinical studies
that facilitates estimation of the extent of new bone formation through histological and
biomarkers investigations [35]. Herein, this study aimed to compare the bone-healing
potential and the hepatotoxic activity of three different nanopowders based on MgS. Mag-
nesium (Mg) is an essential mineral element in bone metabolism that plays a vital role in the
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bone mineralization through interfering with osteoblast activities [36,37]. Mg ions (Mg2+)
have been utilized as a dopant in several matrices to ameliorate mechanical function and
reduce the rate of matrices degradation [38,39]. Several Mg-containing silicate ceramics
are bioactive and attractive for biomedical applications due to their unique biological and
mechanical features in addition to their impressive influence on the biomineralization and
cell reproduction [40–42]. Moreover, divalent cation “Mg2+” plays a principal role in bone
remodeling and angiogenesis [42,43]. On the other hand, it was evidenced that silicate-
based materials increased bone density and bone turnover in osteopenia in ovariectomized
rats fed with calcium-reduced diet [44]. In addition, there is a direct association between
collagen and “Si”; total bone Si content is directly co-related with age [45], “Si” can enhance
the process of bone formation through stimulating up-regulation of collagen type-I [46];
in addition, orthosilicic acid-enriched medium of human osteoblast-like cells enhanced
the release of collagen type-I, ALP, and osteocalcin [47]. More interestingly, degradation of
Si-containing substitute bone materials did not evoke any signs of cytotoxicity, genotoxicity
or carcinogenicity [48,49].

The physicochemical features observed for the MgS nanopowders doped with BaO
exhibited significant changes compared to the pure MgS. In particular, the presence and
increase in the concentration of BaO had enhanced the crystallization of the achieved
nanopowders in relation to their native material as noticed from the XRD results [50].
Moreover, the presence of BaO within the MgS nanopowders was confirmed by the FTIR
and the bands related to magnesium presence were diminished with the increment of
BaO concentrations, which confirms that the BaO doping was successful on the expense
of Mg. Previous researchers proved that the inclusion of different transition metals such
as Ba2+enhance the physicochemical properties of the parent materials [34,51]. Moreover,
the morphology and size of both agglomerated (SEM images in Figure 4) and dispersed
nanopowders (TEM images in Figure 6) confirmed the effect of BaO inclusion and concen-
tration on the diameter range of the obtained nanopowders. Fusion of nanopowders that
takes place during the formation of the ceramic phases in the current samples was given as
the main cause of these observed changes. However, it is worthy to highlight the different
size of dopant element (Ba2+) and the Mg2+(element being partially replaced) might cause
great influences on the final sizes of the nanopowders, the ionic radius of Ba2+ (r = 1.42 Å),
where Mg2+ (r = 0.57 Å) [52]. Accordingly, the surface areas of these nanopowders were
relatively affected by the existence and concentration of BaO, which could also be dueto
the difference between the ions’ radii, as mentioned on the above.

BaO doping exhibited a positive effect of the mechanical properties of MgS materials,
which is consistent with the early reported works [22,33]. Furthermore, notable antibacterial
capacity against the under investigated bacterial strains were observed, even for the BaO-
free sample. This reveals the important role of Ba2+ and Mg2+ leached ions in the tested
media. The role of Mg2+in the prevention of bacterial growth was explored in several
articles [52,53]. Normally, the antibacterial mechanism process initiated by magnesium
or magnesium-containing nanoparticles in previous research [54,55] suggested that the
bacterial cell’s membrane is damaged, bringing about a spillage of intracellular substance
and in the long run the death of bacterial cells. Moreover, its alkalization role, in which
the leakage of Mg2+ ions occurs due to magnesium erosion, was raised several times as a
significant component of antibacterial capability. In order to separate the effect of pH from
the MgO concentration, a recent study used different concentrations of Mg2+ and fixed
the pH value (8.0 ± 0.1) during the experiment and found that the higher concentration
of Mg2+ possess a strong effect against the utilized bacterial strains and the damage to
the bacterial cell membrane was due to the great osmotic stress caused by the higher
concentration of Mg2+ [56]. Many transition metals in nanoscale demonstrated bactericidal
activity against different bacterial species; thus, their mechanisms of action were explained
due to several reasons, such as disruption of cell membrane and/or arrest of the cell cycle
due to generation of reactive oxygen species (ROS) [57]. This explanation is of a great
potential to be the suggested mechanism for Ba2+ bactericidal activity.
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The MgS nanopowders exerted an effective bone healing potential without stimulating
nanotoxic potential (Figure 12b); MgS nanopowders are biocompatible and non-hepatotoxic.
Therefore, MgS nanopowders could be a promising candidate as bone cement for rapid
healing of fractures in large bones. The implanted materials in bone should be biocompati-
ble and non-toxic to different body organs, including the liver. Through the evaluation of
liver function biomarkers (Figure 9), AST and ALT activities were relatively increased in
Ba3 and Ba5 groups, while demonstrated a mild increase in MgS group, as compared to
Sham control. These elevated hepatic activities in BaO-doped groups might be ascribed to
the uptake of Ba-NPs by hepatocytes and Kupffer cells, due to the decreased size of Ba2+

released nanoparticles for both samples, i.e., Ba3 and Ba5 (45–50 nm and 20–27 nm, respec-
tively), while MgS nanopowders exhibited the higher range of leaked particles (50–60 nm).
However, elevated AST and ALT activities were not associated with hepatotoxicity, as
demonstrated by the histopathological investigation of the liver (Figure 11b–d). This ele-
vated serum levels of transaminases might be demonstrated as a normal biological response
against exposure to nanoparticles, as explained previously [58].

Furthermore, ALP activity has been identified in different tissues, including the liver,
bone, kidney and white blood cells. However, significant serum secretion has been linked to
bone and liver tissues [59]. Therefore, the ALP secretion into the blood indicates either liver
disorder or bone disease. As compared to Sham group, ALP demonstrated the least activity
in MgS group indicates the least mineralization potential of MgS formulation (28.23%)
and a higher activity (about 42%) for both Ba3 and Ba5 groups, signifying the higher
calcium deposition and mineralization potential exerted by MgS BaO doped groups. This
elevated ALP activity could be explained by the ability of active osteoblasts “bone-forming
cells”, during the maturation phase of healing process, to secrete high amounts of ALP
and osteocalcin, which are essential for bone mineralization. The bone healing process is
characterized by increased ALP activity, while bone fracture induces a decrease in ALP
activity [15]. Accordingly, specific serum biomarkers of bone formation such as ALP could
be useful for evaluating of the progress of bone healing process. Similarly, doping MgS
nanopowders with different concentrations of “BaO” enhanced a mild oxidative stress,
through increasing serum MDA levels and reducing serum of TAC and GSH levels, along
with a declined serum CAT activity, which could be explained as a normal physiological
defense mechanism against Ba2+ NPs that does not elicit nanotoxicity.

Consistent with the results of SEM and TEM images, surface area parameters were
evaluated for all the prepared samples using BET surface area (m2/g) measurements, as
listed in Table 2. Major negative effects for BaO presence and concentration were observed,
where the surface area was decreased from 122.63± 0.54 m2/g for pure MgS to 75.20± 0.41
and 64.66 ± 0.37, respectively, for MgS doped with 3 and 5% w/w BaO, demonstrating a
smaller particle size, which is supposed to possess a higher surface area value. This could
be explained by the presence of BaO, which increased the cementing property of these
materials, which had increased their agglomeration and decreased their surface area. We
found that the agglomerate sizes were influenced by particle concentration: the higher the
concentration, the larger the hydrodynamic diameter. The pore diameter was increased
form 10.78 ± 0.54 for MgS to 11.08 ± 0.62 for Ba3 and 11.10 ± 0.47 for Ba5. Herein, we
could find that doping with BaO elicited a relative hepatic inflammation and oxidative
stress. Our study runs in agreement with a previous study that reported that the addition of
“BaO” in porous ceramic foam did not impart any toxic property to the osteoblast cells [60].

Moreover, the existence of the “Ba2+” concentration increases the crystallinity degree
and the particles fusions, as confirmed by the XRD results, which caused the increment of
the particle size of Ba3- and Ba5-doped nanopowders. It can be noted that the particle size
and crystallinity degree of the prepared nanopowders are highly affected by the presence
of BaO dopant and its concentration. It was confirmed that non-spherical nanomaterials
may exhibit different toxicity compared with spherically shaped nanomaterials of the same
composition due to the varying local charge density [61]. In addition, we could deduce that
the variation in the potential of Ba2+NPs to provoke inflammation and oxidative stress is
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size-dependent; small-sized NPs exhibit a higher degree of degradation, and consequently,
a higher tendency of agglomeration and bioreactivity as well.

Comparing the histopathological features of both the Sham control and the treated
tibia-fractured groups after five weeks, it could be observed that tibia treated with the three
MgSs free from and doped with BaO demonstrated an area of collagen and cartilaginous
tissues restoration, indicating complete bone reconstruction with normal architecture of
bone tissue and remodeling in a very short time, as compared to the natural healing process.
Therefore, the three nanopowders exerted an effective bone healing with signs of osteoblast
proliferation and absence of the fracture gap. For a deeper differentiation between the
examined formulations of the nanopowders in the healing process, histopathological in-
vestigation of liver tissues was performed to assess the degree of hepatic inflammation.
Sham and MgS groups demonstrated normal histological structure of hepatocytes, while
BaO-doped samples (Ba3 and Ba5 groups) demonstrated slightly altered structure of hep-
atocytes and hepatic inflammation indicating mild increase in ALT and AST, which are
supported with histopathological examination of liver tissues; this could be explained by
the potential of these nanopowders to provoke different degrees of in vivo inflammation
and oxidative effects. The biochemical, histopathological and mechanical results suggest
that three nanopowders could effectively ameliorate the bone healing process through
stimulating osteoblast cells; the bone healing potential of BaO-doped MgS nanopowders
was more potent as evidenced by elevated ALP activities. However, this bone healing
activity was associated with induction of acceptable oxidative response and hepatic inflam-
mation. Therefore, we could deduce that BaO-doped MgS nanopowders demonstrated a
safe toxicological profile and could be used as bone fracture healing materials.

The important features of crystalline implants such as the degrees of biocompatibility
and biodegradation/resorption were seen to be affected by several causes including the
degree of crystallinity and the phase compositions as it was stressed out earlier [62].
Moreover, the recorded mechanical properties of the BaO-doped MgS are relatively close to
the mechanical properties of trabecular bone that were revealed earlier [63]. These results
reflect the impressive influence of BaO doping in MgS nanopowders, which are highly
correlated to their crystallinity degree, consistent with previous works [22,33].

Ba does not cause a bioaccumulation in human tissues; average Ba levels in body
tissues are determined to be about 20 mg [64]. Ba poisoning is rather uncommon [65]; it
seems to be a non-carcinogenic metal, unlike other heavy metals. Moreover, the U.S. Envi-
ronmental Protection Agency (US EPA) concluded that Ba is not likely to be carcinogenic
to humans [66]. Biomonitoring reports have been conducted on urinary concentration
of Bain Ba-exposed mice to investigate the potential influence on human health [67]. Ba
exposure can be classified into chronic (more than one year), intermediate (15–364 days)
and acute (<14 days). Intermediate exposure was investigated for inhalation and oral routes
in animals, while chronic exposures were examined orally [68]. Accordingly, Ba exposure
in this study belongs to intermediate type (5 weeks); therefore, the biomarkers of liver
function and oxidative stress were estimated to evaluate the toxic potential of Ba, and our
findings revealed the moderate elevation of transaminases and oxidative response was
acceptable, as a normal response, and that BaO-doped cements showed good biocompat-
ibility. Furthermore, a previous study proposed that adding Ba permits the radiopacity
and strength of bone cement to be employed in clinical application [68]. Therefore, further
research is required to determine the potential health consequences of using BaO-doped
bone cements before its clinical application.

BaO-doped MgS nanopowders are well tolerated and induce neither hepatotoxicity
nor oxidative injury, suggesting their potential for bone healing applications. Therefore,
future studies should be oriented to develop nanomaterials that are capable of mimicking
the structural and mechanical features of bone and enhancing vascularization or new
bone formation, as well as establishing in vivo models that could be employed to compare
between different formulations of bone fractures healing materials, and to finally produce
biomaterials with superior properties for bone healing through enhancing bone regenera-
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tion and providing mechanical strength and support for the fractured bones, especially for
those cases demanding prolonged treatment.

5. Conclusions

In the present work, for the firsttime, in vivo biocompatibility of pure MgS and BaO-
doped MgS nanopowders were reported alongside with their ability to promote new bone
formation. The crystallinity and the size of BaO-doped MgS nanopowders were increased
compared to the pure MgS, as confirmed by XRD, SEM and TEM, while the surface area
diminished after BaO doping. However, these physical and morphological changes did
not affect the final chemical features of the nanopowders as confirmed by FTIR results. In
addition, increased mechanical and antibacterial activities were perceived for higher doping
concentrations of BaO. The BaO-doped MgS samples showed a higher tendency to form
full new bone that affirms the biocompatibility of theses nanomaterials. Although sample
Ba7 demonstrated a higher regeneration rate, the biosafety tests in this work showed
normal biomarkers for lower concentrations of BaO (Ba3 and Ba5). Furthermore, the
nanopowders were biocompatible as confirmed from the biochemical and histopathological
assays. Therefore, MgS and BaO-doped MgS nanopowders show a capability to be used as
a regenerative biomaterial for bone fracture healing application. In the future, the clearance
of the current nanopowders will be investigated over long periods after implantation (prior
to their clinical trials).
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