
 gels

Article

Preparation and Biocompatibility of Poly Methyl Methacrylate
(PMMA)-Mesoporous Bioactive Glass (MBG)
Composite Scaffolds

Irina Atkinson 1,* , Ana Maria Seciu-Grama 2,*, Oana Catalina Mocioiu 1 , Ana Maria Mocioiu 3,
Luminita Predoana 1, Mariana Voicescu 1 , Jeanina Pandele Cusu 1, Ramona Marina Grigorescu 4 ,
Rodica Mariana Ion 4 and Oana Craciunescu 2

����������
�������

Citation: Atkinson, I.; Seciu-Grama,

A.M.; Mocioiu, O.C.; Mocioiu, A.M.;

Predoana, L.; Voicescu, M.; Cusu, J.P.;

Grigorescu, R.M.; Ion, R.M.;

Craciunescu, O. Preparation and

Biocompatibility of Poly Methyl

Methacrylate (PMMA)-Mesoporous

Bioactive Glass (MBG) Composite

Scaffolds. Gels 2021, 7, 180. https://

doi.org/10.3390/gels7040180

Academic Editors: Arish Dasan,

Filippo Rossi, Ashokraja

Chandrasekar and Nupur Kohli

Received: 7 September 2021

Accepted: 19 October 2021

Published: 23 October 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Romanian Academy, “Ilie Murgulescu” Institute of Physical Chemistry, 202, Spl. Independentei,
060021 Bucharest, Romania; omocioiu@icf.ro (O.C.M.); lpredoana@icf.ro (L.P.); voicescu@icf.ro (M.V.);
jeaninamirea@yahoo.com (J.P.C.)

2 National Institute of Research and Development for Biological Sciences, 296, Spl. Independentei,
060031 Bucharest, Romania; oana_craciunescu2009@yahoo.com

3 National R&D Institute for Non-ferrous and Rare Metals, 102, Biruintei Blvd,
077145 Pantelimon, Ilfov, Romania; ammocioiu@imnr.ro

4 National Institute for Research & Development in Chemistry and Petrochemistry—ICECHIM Bucharest, 202,
Spl. Independentei, 060021 Bucharest, Romania; ramona.grigorescu@icechim.ro (R.M.G.);
rodica_ion2000@yahoo.co.uk (R.M.I.)

* Correspondence: irinaatkinson@yahoo.com (I.A.); ana.seciu@yahoo.com (A.M.S.-G.)

Abstract: In recent years, the rising number of bone diseases which affect millions of people world-
wide has led to an increased demand for materials with restoring and augmentation properties
that can be used in therapies for bone pathologies. In this work, PMMA- MBG composite scaf-
folds containing ceria (0, 1, 3 mol%) were obtained by the phase separation method. The obtained
composite scaffolds were characterized by X-ray diffraction, infrared spectroscopy, and scanning
electron microscopy. UV–Vis measurement and EDX analysis confirmed the presence of cerium ions
in the composite scaffolds. Evaluation of the in-vitro biocompatibility using MTT assay showed that
composite scaffold containing 1 mol% of ceria presented higher viability than control cells (100%) for
concentrations ranging between 5 and 50% after 96 h of incubation.

Keywords: biocompatibility; ceria; polymer-bioglass scaffolds

1. Introduction

Developments in tissue engineering have raised significantly the potential for treat-
ing bone defects caused by trauma, tissue resection, congenital anomalies, cancer, and
osteoporosis [1]. Recently, scaffolds manufactured from natural or synthetic materials that
provide structural support allowing cell proliferation upon transplantation, have become
one of the important elements for regenerative medicine [2]. Moreover, the synthetic
scaffolds can overcome limitations in current treatments associated with autologous bone
grafting such as immunological rejection, the possibility of transmitting infectious diseases
and low tissue availability [3,4]. Various types of scaffolds have been produced, but the
main challenge facing us today is the selection of appropriate materials for scaffold manu-
facturing. To obtain scaffolds with the best properties, different types of materials have
been used, such as natural or synthetic polymers, bioglasses, ceramics, metals, composites,
and hydrogels. In addition, mechanical properties, biocompatibility, bioactivity, surface
properties and biodegradability are essential in regenerative medicine applications and
need to be considered when designing a scaffold [5].

Polymer/bioglass composite synthesis and development have played a key role in
the advancement of biomedical technologies, including tissue engineering. The poly-
mer/bioglass composite scaffolds combine two types of materials e.g., polymers and

Gels 2021, 7, 180. https://doi.org/10.3390/gels7040180 https://www.mdpi.com/journal/gels

https://www.mdpi.com/journal/gels
https://www.mdpi.com
https://orcid.org/0000-0002-3652-8240
https://orcid.org/0000-0002-8612-536X
https://orcid.org/0000-0003-1899-0703
https://orcid.org/0000-0002-4839-5983
https://orcid.org/0000-0002-9842-3321
https://orcid.org/0000-0003-0625-3650
https://doi.org/10.3390/gels7040180
https://doi.org/10.3390/gels7040180
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/gels7040180
https://www.mdpi.com/journal/gels
https://www.mdpi.com/article/10.3390/gels7040180?type=check_update&version=3


Gels 2021, 7, 180 2 of 14

bio-glass to overcome their disadvantages and eventually produce a scaffold with superior
properties [6].

Bioglasses used in synthetic scaffolds preparation for bone regeneration are attractive
materials due to their ability to induce in-vitro hydroxyapatite mineralization and have
excellent cytocompatibility [7]. Furthermore, bioglasses can be doped with different
functional elements to enhance their biological properties [7,8].

To date, polymers have been the material of choice in the field of tissue engineering.
PMMA acrylic bone cement has been widely used to repair or replace joints [9] and is used
in a variety of medicinal and dentistry applications [10–13]. Polymers are extensively used
in in-vivo and in-vitro biomedical applications due to their aesthetic, injecting molding
ability [14]. Furthermore, PMMA is non-toxic, offers good compressive resistance and
shows good versatile processing capabilities.

Several preparation techniques such as freeze-drying [15], phase separation [5], solvent
casting [16], and matrix-assisted pulsed laser [17] methods have been used to produce
scaffold-based polymer matrixes with adequate properties for bone tissue engineering.
Among them, the phase separation method is an easy and simple way to obtain scaffolds
that mimic bone morphology. Dhinasekaran D. et al. [5] obtained scaffolds by a phase
separation method, with adequate properties of a bone grafting material starting from
Bioglass 45S5 and PMMA using different solvents (ethanol, acetone, and chloroform).
Studies regarding preparation PMMA-MBG scaffolds by phase separation method with
the aid of nonionic surfactant Pluronic P123 are less frequently reported in the literature.
Han X. et al. [18] obtained 3D Ti-doped meso-macroporous bioglass/PMMA scaffolds
using Pluronic P123 and PMMA colloidal crystals by steam acid techniques. These scaffolds
exhibit good antimicrobial properties and biocompatibility.

This study researches PMMA- Ce doped MBG composite scaffolds using the phase
separation method. The influence of cerium addition on the biocompatibility of the ob-
tained scaffolds using mouse fibroblast cells (NCTC clone L929) was investigated. In our
previous study [8] good biocompatibility was obtained for Ce doped mesoporous bio-
glasses based on 70SiO2–26CaO–4P2O5 system prepared by sol-gel method in the presence
of surfactant Pluronic P123.

Among the therapeutic elements being more recently included in research studies
is cerium. It has received particular interest due to its antibacterial, anti-inflammatory,
pro-osteogenesis, and pro-angiogenesis properties due to the oxidation state transition
Ce4+ and Ce3+ during redox reactions in physiological fluids with the formation of free
radicals [19]. In addition, compressive strength and bioactivity of the obtained composite
scaffolds were also studied.

2. Results and Discussion
2.1. FTIR

FTIR analysis was used to obtain information regarding chemical bonds. All of the
prepared scaffolds (Figure 1) show the absorption bands at 2992, 2952 cm−1 assigned to
C–H stretching vibrations related to the polymer matrix. The presence of hydrocarbon
is indicated by the band at 1434 cm−1 due to the CH asymmetric bending vibration of
CH2 [20]. Furthermore, the band at 1734 cm−1 correspond to the stretching vibration of
the carbonyl (C=O) group while the band at 1638 cm−1 is due to C=C stretching vibration.
The narrow and sharp band at 1384 cm−1 is attributed to the presence of NO3− group. The
absorption band at 3430 cm−1 corresponds to –OH stretching vibration (water or ethanol),
while the band at 1638 cm−1 can be attributed to the interlayer stretching and bending
vibration of molecular water [21].



Gels 2021, 7, 180 3 of 14

Gels 2021, 7, x FOR PEER REVIEW 3 of 14 
 

 

The absorption bands located at 1074 cm−1 can be ascribed to Si–O–Si asymmetric 
stretching vibration and are due to the vibrations of the non-bridging Si–O bonds in the 
structural units Q3 which are tetrahedral [SiO4], with one non-bridging oxygen atom and 
three bridging oxygen atoms. It can be noticed that the band located at 1074 cm−1 slightly 
intensifies with the increase of cerium concentration, suggesting the depolymerization of 
Si–O network to units with less bridging oxygen and cerium acting as a network modifier 
in glass [22,23]. The bands situated at 750 and 435 cm−1 are due to Si–O–Si symmetric 
stretching of bridging oxygen and Si–O bending vibration, respectively. The presence of 
silanol is indicated with the band at 960 cm−1 due to Si-O stretching vibration on the silanol 
group [24]. The absorption bands at 850 and 570 cm−1 are related to the P–O vibrations. 

The results indicate that in the bioglass solution under investigation, almost all of the 
alkoxy groups are hydrolyzed into silanol groups. According to [5], the addition of a hy-
drolyzed silica to the polymerized PMMA solution using ethanol and water as solvents 
can induce the phase separation which may be considered as (i) formation of glass net-
work in the solution containing organic polymers; (ii) parallel growth of the bioglass net-
work and the PMMA polymer; (iii) simultaneous growth of a bioglass–PMMA intercon-
nected polymer network; (iv) and development of a bioglass–PMMA network connected 
by covalent bonds. 

 
Figure 1. FTIR spectra of S0Ce-S3Ce composite scaffolds. 

2.2. Thermal Analysis 
In order to examine the thermal stability, thermal analyses were carried out on 

PMMA-MBGs composite scaffolds as well as on pristine PMMA for comparison. The ther-
mal gravimetric analysis (TG) and differential thermal analysis (DTA) data obtained from 
pristine PMMA and dried composite scaffolds are shown in Figure 2a,b. Both the pristine 
PMMA and the composite scaffolds underwent only single step degradation. The thermal 
decomposition for pure PMMA was completed around 400 °C. The onset of decomposi-
tion temperature decreased in the composite scaffolds, indicating the effect of cerium ad-
dition on the course of PMMA thermal degradation. No other effects were observed on 
the DTA curves. 

Figure 1. FTIR spectra of S0Ce-S3Ce composite scaffolds.

The absorption bands located at 1074 cm−1 can be ascribed to Si–O–Si asymmetric
stretching vibration and are due to the vibrations of the non-bridging Si–O bonds in the
structural units Q3 which are tetrahedral [SiO4], with one non-bridging oxygen atom and
three bridging oxygen atoms. It can be noticed that the band located at 1074 cm−1 slightly
intensifies with the increase of cerium concentration, suggesting the depolymerization of
Si–O network to units with less bridging oxygen and cerium acting as a network modifier
in glass [22,23]. The bands situated at 750 and 435 cm−1 are due to Si–O–Si symmetric
stretching of bridging oxygen and Si–O bending vibration, respectively. The presence of
silanol is indicated with the band at 960 cm−1 due to Si-O stretching vibration on the silanol
group [24]. The absorption bands at 850 and 570 cm−1 are related to the P–O vibrations.

The results indicate that in the bioglass solution under investigation, almost all of
the alkoxy groups are hydrolyzed into silanol groups. According to [5], the addition
of a hydrolyzed silica to the polymerized PMMA solution using ethanol and water as
solvents can induce the phase separation which may be considered as (i) formation of
glass network in the solution containing organic polymers; (ii) parallel growth of the
bioglass network and the PMMA polymer; (iii) simultaneous growth of a bioglass–PMMA
interconnected polymer network; (iv) and development of a bioglass–PMMA network
connected by covalent bonds.

2.2. Thermal Analysis

In order to examine the thermal stability, thermal analyses were carried out on PMMA-
MBGs composite scaffolds as well as on pristine PMMA for comparison. The thermal
gravimetric analysis (TG) and differential thermal analysis (DTA) data obtained from
pristine PMMA and dried composite scaffolds are shown in Figure 2a,b. Both the pristine
PMMA and the composite scaffolds underwent only single step degradation. The thermal
decomposition for pure PMMA was completed around 400 ◦C. The onset of decomposition
temperature decreased in the composite scaffolds, indicating the effect of cerium addition
on the course of PMMA thermal degradation. No other effects were observed on the
DTA curves.
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Figure 2. TG/DTA analyses of the pristine PMMA and PMMA-MBGs composite scaffolds: (a) TG
analysis; (b) DTA analysis.

2.3. UV-Vis

UV-Vis analysis (Figure 3) was performed to obtain information regarding the oxida-
tion state of cerium in the PMMA-MBGs composite scaffolds.
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Likewise, spectra of the S0Ce and cerium doped composites scaffolds show an ab-
sorption band at about 229 nm attributed to PMMA. According to Aziz et al. [25] in the
UV region, a sharp absorption edge of about 270 nm due to electronic transitions n ® σ *
occurs. Recently, Matamoros-Ambrocio et al. [26], observed that for PMMA microspheres
in powdered form, synthesized under different conditions, all spectra in the UV region
(200–400 nm) show a pronounced absorbance edge. On the other hand, in the Vis region
(400–800 nm), the absorption is small and almost constant. This band is attenuated with the
incorporation of cerium which can be associated with the band-gap absorption of CeO2 and
hypochromic shifted with the absorption intensity linearly decreasing from S0Ce to S3Ce. It
is known that significant changes in the absorption spectra of Ce4+ due to the composition
of glass occur, the molar extinction coefficient of Ce4+ being 5 to 10 times stronger than
that of Ce3+ [27]. Moreover, Ce4+ produces a very strong and broad charge transfer band
around 250 nm, with the intensity, half-width, and position of the absorption wavelength
changing significantly with glass composition [27]. Therefore, the hypochromic shift ob-
served (S0Ce ® S1Ce ® S3Ce) which linearly decreases with the absorption intensity may
be due to the incomplete inner electronic shell of Ce4+, as the scaffolds composite changed.
Also, the charge transfer from O2− to Ce4+ is taken into consideration. In the specific
absorption spectra of Ce3+, within the 250–350 nm range, two well-structured absorption
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bands appear at about 270/285 nm [28]. According with Paul et al., Ce3+ in glass produces
a number of absorption bands in the UV region corresponding to the f ® d transitions [27].
Generally, Ce4+ is the stable valence in the cerium oxide due to its electronic configuration
with the loss of a single electron in the 4f orbital of the Ce3+ ions [28]. The data from
the literature reports the preparation of ceria-based oxides based on evaporation induces
the self-assembly method using Pluronic P123 and ethanol as template removal, instead
of the more common removal method (e.g., calcinations) [29]. Thus, the different type
of spectrum pattern with the strong bleaching of the absorption band in the 270–280 nm
region of S1Ce and S3Ce compared with S0Ce absorption band in this region, may be due
to the fact that, by cerium doping of the composites’ scaffolds, a large accumulation of
Ce3+ defects occurs. In this context, and based on the fact that cerium absorption overlaps
with PMMA-MBG’s contribution, decomposition of the cerium (Ce4+/Ce3+) absorption
band into the sample with Gaussian bands was performed (Figure 4). We conclude that, as
composite scaffolds are doped with cerium, the concentration of Ce4+ increases while the
concentration of Ce3+ decreases (Table 1). Moreover, the difference observed compared to
that of pristine PMMA absorption may be due to porosity, defects, and oxygen vacancies
in the PMMA structure of the scaffolds.
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composite scaffold; (b) S1Ce composite scaffold; (c) S3Ce composite scaffold.

Table 1. Percentage of Ce4+/Ce3+ in PMMA-MBGs composite scaffolds calculated from the fitting of
Gaussians in the UV region, with the corresponding positions indicated in parentheses.

Sample PMMA-MBGs Ce4+ Ce3+

S0Ce

13.40% (210.22 nm) - -

51.70% (229.11 nm) - -

5.29% (240.87 nm) - -

3.42% (273.69 nm) - -

12.10% (284.78 nm) - -

12.18% (300.97 nm) - -

1.91% (312.31 nm) - -

S1Ce

- 7.72% (212.77 nm) 4.59% (269.00 nm)

72.26% (227.75 nm) - 4.34% (283.48 nm)

7.43% (300.10 nm) 3.66% (239.49 nm) -

S3Ce

- 5.26% (214.19 nm) 3.80% (267.74 nm)

65.32% (220.75 nm) - 1.00% (279.62 nm)

- 24.62% (234.34 nm) -
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2.4. Morphology and Mechanical Properties Evaluation

The morphology of the composite scaffolds surface and qualitative compositional
analyses were evaluated by SEM. The SEM micrographs taken from the surface area of
S0Ce-S3Ce samples are presented in Figure 5. Irregular micro-pores (less than 50 µm) were
observed for S0Ce composite scaffold. It can be observed that the size and distribution of
pores varies within different surface regions examined and increases in the cerium contain-
ing composite scaffolds. The size of the irregular pores was estimated to be in the range of
100 µm and 300 µm for S1Ce and S3 Ce composite scaffolds, respectively (Figure 5c,e). The
formed pores can lead to some porosity which is one of the most important characteristics
of the materials for tissue engineering applications. They also have an important role in
bone regeneration and cell migration. The obtained composite scaffolds have a porosity
between 41% and 47% (Figure 6). Depending on porosity, bone tissue can be classified in
two categories: cortical bone (also known as dense bone) with a porosity of 5% to 15% and
trabecular (cancellouse) bone with a porosity from 40% to 95% [30].
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The results are in accordance with the data from the literature for materials with poten-
tial applications in tissue engineering (e.g., porosity in the range of 40–90%) [31]. In general,
a pore size above 100 µm is required to promote the osteogenesis and angiogenesis [32].
Studies also report that a pore size under 100 µm plays a significant role in inducing the
osteoinduction [33].

As can be observed in Figure 6, porosity and compressive strength are strongly
correlated. The lowest compressive strength coefficient of 20 MPa is obtained for the S3Ce
sample while the highest compressive strength value is found at 24.5 MPa for the S1Ce
sample. The decrease of compressive strength coefficient with the increase of ceria content
was reported by Zhou et al. [34]. An increase of the compressive strength of foamed
glass-ceramics for a 2.5 wt% CeO2 addition was observed. Further increases of CeO2
content determine the decrease of the compressive strength. The higher content of Ce4+

as was revealed by UV-Vis analysis can lead to aggregation effect and consequently to
distortion of the glass matrix. The data from the literature reported that the compressive
strength of bioactive glass scaffolds ranges from 0.2 to 150 MPa depending on the scaffold’s
composition, microstructure, and preparation method [35,36]. It is known that while
the compressive strength of human cortical bone ranges between 90 and 209 MPa, the
strength of cancellous bone is between 1.5 and 45 MPa [37]. Hence, the obtained values of
compressive strength in the present study classify the scaffold as being a material that has
promising mechanical behavior for application as a substitute of cancellous bone.

2.5. In Vitro Bioactivity Assessment

The XRD patterns of PMMA-MBGs composite scaffold before and after immersion
in SBF are depicted in Figure 7. The XRD patterns of the sample before immersion in SBF
show broad diffraction lines of PMMA at 2θ 13.21◦ along with low intensity diffraction
lines at 23.54◦ and 41.47◦ [38]. No diffraction lines corresponding to SiO2 or cerium oxides
were observed.
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The surface of the S1Ce and S3Ce composite scaffolds after immersion in SBF for 5
five was also examined by SEM. As can be observed in Figure 9, the surface of samples is
covered by fine particles confirming the beginning of HAP crystallization (as was revealed
by XRD measurements).
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All tested samples show no cell cytotoxic activity in the concentration range between
5% and 75%, as seen in Figure 9. For all of the composite scaffolds produced during the
investigation, the cell viability was above 80% (non-cytotoxic) for the aforementioned
concentration range with exposure times of 96 h. At concentrations ranging between 5 and
50%, the S1Ce composite scaffold presented higher cell viability than control cells (100%)
after 96 h of incubation. Good cell viability (84.73%) at a concentration of 100% was obtained
for the MBGs containing 1% mole ceria in our previous study [8]. For the S0Ce composite
scaffold, the cell viability was higher than control cells within concentrations ranging from
5 to 75% (Figure 10b). At 100% concentration, cell viability decreased drastically by up to
40% for the S0Ce after 96 h of incubation. The lowest cell viability after 96 h of incubation
was observed for the S3Ce composite scaffold. This result can be explained based on the
Ce4+/Ce3+ ratio. Naganuma et al. [41] reported that cell proliferation and adhesion in
cerium-doped materials are influenced by the oxidation state of cerium (Ce3+ vs. Ce4+):
Ce3+ ions inhibit cell proliferation and Ce4+ ions promote cell proliferation. In addition, the
size and shape of CeO2 can influence its cytotoxicity with smaller sized CeO2 exhibiting
higher toxicity [42].
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3. Conclusions

PMMA-Ce doped MBG composite scaffolds with promising potential for application
in tissue engineering were prepared by phase separation method by combining MBGs with
addition of 0, 1, and 3 mol% ceria and PMMA.

UV-Vis measurements confirm both Ce3+ and Ce4+ oxidation states.
The compressive strength of the obtained composite scaffolds varies between

20–24.5 MPa that classify them as promising materials for application as a substitute of
cancellous bone.

An in vitro biocompatibility evaluation determined using MTT assay indicated that
all tested samples showed no cell cytotoxic activity on L929 cells in the concentration range
of 5–75% after 96 h of incubation. Between concentration ranges of 5% and 50%, the S0Ce
and S1Ce samples exhibited higher cell viability than control cells (100%).

XRD, FTIR, and SEM analyses confirmed the beginning of the hydroxyapatite layer
crystallization over the sample surfaces after incubation in SBF for 5 days.

Based on the promising results, the PMMA-MBGs composite scaffolds investigated in
the present study show potential for bone regeneration applications.

4. Materials and Methods
4.1. Reagents

This study used the following reagents: tetraethylorthosilicate (TEOS) (98%, Sigma-
Aldrich, Darmstadt Germany), triethylphosphate (TEP) (99% Sigma-Aldrich, Darmstadt,
Germany), calcium nitrate tetrahydrated (Ca(NO3)2·4H2O) (99% Sigma-Aldrich, Darm-
stadt, Germany) and cerium(III) nitrate hexahydrate (99% Sigma-Aldrich, Darmstadt,
Germany) as silica, phosphate-, calcium- and cerium-oxide precursors, respectively, hy-
drochloric acid (HCl) (Sigma-Aldrich, Darmstadt, Germany) as a catalyst, PEG-PPG-PEG,
called Pluronic® P123 (Sigma-Aldrich, Darmstadt, Germany) as structure directing agent
and poly methyl methacrylate (Alfa Aesar, Ward Hill, MA, USA).

4.2. Preparation of MBG Solution

The bio-glass precursor sol was directly used to obtain the scaffolds. In brief, Ce-doped
mesoporous bioglasses in the 70SiO2-(26-x) CaO-4P2O5-xCeO2 system (where x stands for
0, 1, 3 mol%) were synthesized using the procedure described in paper [8]. Pluronic P123
was used as a structure directing agent.

4.3. Preparation of the Polymer-MBG Scaffolds

PMMA-MBG scaffolds were prepared by the phase separation method following
the procedure described in [5]. PMMA (15%) with a molecular weight of 550,000 and a
density of 1.18 g cm3 was dissolved in an ethanol and water mix. Equal volumes of the
MBG solution and the polymer/water/ethanol mixture were mixed to obtain the scaffold
materials. Ethanol and water were mixed in the ratio 4:1 and preheated to 60 ◦C before
adding PMMA. Subsequently, the obtained scaffolds were washed with ethanol to remove
the Pluronic P123 structure directing agent and dried in the oven at 60 ◦C. The obtained
scaffolds were labeled as follows: S0Ce, S1Ce, and S3Ce. The preparation chart is presented
in Figure 11.
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4.4. Composite Scaffolds Characterization

Powdered X-ray patterns of the scaffolds were recorded using a RigakuUltima IV
diffractometer in parallel beam geometry equipped with CuKα radiation (wavelength
1.5406 Å) in 2θ range between 10 to 70 with a speed of 2◦/min and a step size of 0.02◦.
PDXL software (Version 1.8) from Rigaku, connected to ICDD database was used for
phase identification.

Fourier transform infrared (FTIR) spectroscopy was performed with a Nicolet Spec-
trometer 6700 FTIR, within 400–4000 cm−1 range, in transmittance mode.

The thermal behavior of the obtained MBG-composite scffolds was determined by
thermal gravimetric analysis and differential thermal analysis (TG/DTA) using a Mettler
TOLEDO TGA/SDTA 851e equipment in flowing air atmosphere using alumina crucible.
The maximum temperature was set at 1000 ◦C and the heating rate was 10 ◦C/min

The absorption measurements were recorded with a Perkin Elmer Lambda 35 Spec-
trometer with integrating sphere in 900–200 nm range using: data interval, 1 nm; scan
speed, 60 nm/min; slit, 4 nm; sample holder at 8◦ wedge and a certified reflectance stan-
dard. To estimate the cerium concentration into scaffolds, a least-squares iterative curve
fitting was performed with Gaussian bands using the peak fit analysis program (Sea-Solve,
Framingham, MA, USA). The areas of all bands assigned to a given concentration were
summed up and divided by the total area in order to obtain the contribution of cerium
(Ce4+/Ce3+).

The morphology of the composite scaffolds was investigated by scanning electron
microscopy using a microscope; Quanta FEI 200 model coupled with energy dispersive
X-ray (EDX) analysis.

The compressive strength of the composite scaffolds was evaluated using a portable
Schmidt hammer. The rebound number can be converted to uniaxial compressive strength
(UCS-MPa) that, according to Wang R. and Yuan Z. [43] can be correlated to a qualitative
evaluation of sample hardness.

The porosity of the samples was determined using Archimedes method. The porosity
was calculated using Equation (1).

Porosity, % =
(m1 − m0)

δV0
× 100 (1)

where: m0 and m1 indicate the weight of the scaffold before and after immersing, re-
spectively, V0 is the scaffold volume before immersing, and δ is the liquid density. The
experiment was performed in triplicate.

In vitro bioactivity of the composite scaffolds was assessed by immersing the samples
in the simulated body fluid (SBF) as proposed by Kokubo et al. [44] at 37 ◦C for five days
Once removed from the incubation solution, the samples were washed with deionized
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water and dried at 70 ◦C for 24 h. The presence of newly formed hydroxyapatite on the
surface of composites was further examined by XRD analysis.

In vitro evaluation of cell viability was performed using the MTT assay protocol, as
described in [45]. To summarize, after both 48 h and 96 h of cultivation in the presence
of the scaffolds, the cells were rinsed with phosphate buffered saline solution (PBS), pH
7.4, and incubated with an MTT working solution (0.25 mg/mL) for 3 h at 37 ◦C to obtain
crystallized formazan. Afterwards, the medium was removed and isopropyl alcohol
was added to each well. After incubation at room temperature for 15 min under gently
stirring, the optical density of the solution was determined at 570 nm using a Tecan Sunrise
microplate reader (Tecan, Austria). The amount of converted dye directly correlates to the
number of metabolically active cells. Cell viability was expressed as a percentage of the
control cells (cells incubated without sample) considered being as 100% viable. The tests
were performed in triplicate.

Author Contributions: Conceptualization, I.A.; investigation, O.C.M., L.P., M.V., R.M.I., R.M.G.,
J.P.C. and A.M.M.; writing—original draft preparation, I.A., A.M.S.-G. and O.C.; writing—review and
editing, I.A., A.M.S.-G. and O.C.; supervision, I.A., A.M.S.-G.; project administration, I.A., A.M.S.-G.;
funding acquisition I.A. All authors have read and agreed to the published version of the manuscript.

Funding: The research and APC were funded by Romanian Executive Agency for Higher Education
Research Development and Innovation Funding (UEFISCDI), grant number PN-III-P2-2.1-PED-2019-
0598, no. 258 PED/2020.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are contained within the article.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or
in the decision to publish the results.

References
1. Xia, Y.; Mei, F.; Duan, Y.L.; Gao, Y.; Xiong, Z.; Zhang, T.; Zhang, H. Bone tissue engineering using bone marrow stromal cells and

an injectable sodium alginate/gelatin scaffold. J. Biomed. Mater. Res. A 2012, 100A, 1044–1050. [CrossRef]
2. Dolcimascolo, A.; Calabrese, G.; Conoci, S.; Parenti, R. Innovative Biomaterials for Tissue Engineering. In Book Biomaterial-

Supported Tissue Reconstruction or Regeneration; Barbeck, M., Jung, O., Smeets, R., Eds.; IntechOpen: London, UK, 2019.
3. Funda, G.; Taschieri, S.; Bruno, G.A.; Grecchi, E.; Paolo, S.; Girolamo, D.; Del Fabbro, M. Nanotechnology Scaffolds for Alveolar

Bone Regeneration. Materials 2020, 13, 201. [CrossRef]
4. Fiume, E.; Serino, G.; Bignardi, C.; Verné, E.; Baino, F. Bread-Derived Bioactive Porous Scaffolds: An Innovative and Sustainable

Approach to Bone Tissue Engineering. Molecules 2019, 24, 2954. [CrossRef] [PubMed]
5. Durgalakshmi, D.; Balakumar, S. Analysis of solvent induced porous PMMA–Bioglass monoliths by the phase separation

method-mechanical and in vitro biocompatible studies. Phys. Chem. Chem. Phys. 2015, 17, 1247–1256. [CrossRef] [PubMed]
6. Zhu, L.; Luo, D.; Liu, Y. Effect of the nano/microscale structure of biomaterial scaffolds on bone regeneration. Int. J. Appl. Dent.

Sci. 2020, 12, 1–15. [CrossRef]
7. Atkinson, I.; Anghel, E.M.; Predoana, L.; Mocioiu, O.C.; Jecu, L.; Raut, I.; Munteanu, C.; Culita, D.; Zaharescu, M. Influence of

ZnO addition on the structural, in vitro behavior and antimicrobial activity of sol–gel derived CaO–P2O5–SiO2 bioactive glasses.
Ceram. Int. 2016, 42, 3033–3045. [CrossRef]

8. Atkinson, I.; Anghel, E.M.; Petrescu, S.; Seciu, A.M.; Stefan, L.M.; Mocioiu, O.C.; Predoana, L.; Voicescu, M.; Somacescu, S.; Culita,
D.; et al. Cerium-containing mesoporous bioactive glasses: Material characterization, in vitro bioactivity, biocompatibility and
cytotoxicity evaluation. Micro. Mesop. Mater. 2019, 276, 76–88. [CrossRef]

9. Charnley, J. Anchorage of the femoral head prosthesis to the shaft of the femur. Br. Vol. 1960, 42, 28–30. [CrossRef]
10. Shundo, A.; Hori, K.; Penaloza, D.P.; Yoshihiro, K.; Annaka, M.; Tanaka, K. Nonsolvents-induced swelling of poly (methyl

methacrylate) nanoparticles. Phys. Chem. Chem. Phys. 2013, 15, 16574–16578. [CrossRef] [PubMed]
11. Zafar, M.S. Prosthodontic Applications of Polymethyl Methacrylate (PMMA): An Update. Polymers 2020, 12, 2299. [CrossRef]
12. Manoukian, O.S.; Sardashti, N.; Stedman, T.; Gailiunas, K.; Ojha, A.; Penalosa, A.; Mancuso, C.; Hobert, M.; Kumbar, S.G.

Biomaterials for Tissue Engineering and Regenerative Medicine. In Book Encyclopedia of Biomedical Engineering; Narayan, R., Ed.;
Elsevier: Amsterdam, The Netherlands, 2019; pp. 462–482. [CrossRef]

http://doi.org/10.1002/jbm.a.33232
http://doi.org/10.3390/ma13010201
http://doi.org/10.3390/molecules24162954
http://www.ncbi.nlm.nih.gov/pubmed/31416299
http://doi.org/10.1039/C4CP03515A
http://www.ncbi.nlm.nih.gov/pubmed/25418057
http://doi.org/10.1038/s41368-020-0073-y
http://doi.org/10.1016/j.ceramint.2015.10.090
http://doi.org/10.1016/j.micromeso.2018.09.029
http://doi.org/10.1302/0301-620X.42B1.28
http://doi.org/10.1039/c3cp52673a
http://www.ncbi.nlm.nih.gov/pubmed/23955567
http://doi.org/10.3390/polym12102299
http://doi.org/10.1016/B978-0-12-801238-3.64098-9


Gels 2021, 7, 180 13 of 14

13. Radha, G.; Balakumar, S.; Venkatesan, B.; Vellaichamy, E. A novel nano-hydroxyapatite—PMMA hybrid scaffolds adopted by
conjugated thermal induced phase separation (TIPS) and wet-chemical approach: Analysis of its mechanical and biological
properties. Mater. Sci. Eng. C 2017, 75, 221–228. [CrossRef]

14. Jagdale, P.; Serino, G.; Oza, G.; Audenino, A.L.; Bignardi, C.; Tagliaferro, A.; Alvarez-Gayosso, C. Physical Characterization of
Bismuth Oxide Nanoparticle Based Ceramic Composite for Future Biomedical Application. Materials 2021, 14, 1626. [CrossRef]

15. Murphy, W.L.; Dennis, R.G.; Kileney, J.L.; Mooney, D.J. Salt fusion: An approach to improve pore interconnectivity within tissue
engineering scaffolds. Tissue Eng. 2002, 8, 43–52. [CrossRef] [PubMed]

16. Matbouei, A.; Fathi, A.; Mahmood Rabiee, S.; Shirzad, M. Layered manufacturing of a three-dimensional polymethyl methacrylate
(PMMA) scaffold used for bone regeneration. Mater. Tech. 2019, 34, 167–177. [CrossRef]

17. Han, X.; Lin, H.; Chen, X.; Li, X.; Guo, G.; Qu, F. One-step method for the preparation of poly(methyl methacrylate) modified
titanium bioactive glass three-dimensional scaffolds for bone tissue engineering. IET Nanobiotech. 2016, 10, 45–53. [CrossRef]
[PubMed]

18. Westhauser, F.; Rehder, F.; Decker, S.; Kunisch, E.; Moghaddam, A.; Zheng, K.; Boccaccini, A.R. Ionic dissolution products of
Cerium-doped bioactive glass nanoparticles promote cellular osteogenic differentiation and extracellular matrix formation of
human bone marrow derived mesenchymal stromal cells. Biomed. Mater. 2020, 16, 035028. [CrossRef] [PubMed]

19. Jabbour, J.; Calas, S.; Gatti, S.; Kribich, R.K.; Myara, M.; Pille, G.; Ettienne, P.; Moreau, Y. Characterization by IR spectroscopy of
an hybrid sol–gel material used for photonic devices fabrication. J. Non-Cryst. Solids 2008, 354, 651–658. [CrossRef]

20. Chibac-Scutaru, A.L.; Melinte, V.; Coseri, S. Cellulose Acetate Incorporating Organically Functionalized CeO2 NPs: Efficient
Materials for UV Filtering Applications. Materials 2020, 13, 2955. [CrossRef]

21. Kaur, P.; Singh, G.P.; Kaur, S.; Singh, D.P. Modifier role of cerium in lithium aluminium borate glasses. J. Molec. Struct. 2012, 1020,
83–87. [CrossRef]

22. Wang, Z.; Cheng, L. Structural Features and Synthesis of CeO2-Doped Boroaluminosilicate Oxyfluoride Transparent Glass
Ceramics. J. Chem. 2015, 2015, 1–10. [CrossRef]

23. Mori, Y.; Pinnavaia, T.J. Optimizing organic functionality in mesostructured silica: Direct assembly of mercaptopropyl groups in
wormhole framework structures. Chem. Mater. 2001, 13, 2173–2178. [CrossRef]

24. Nicolini, V.; Gambuzzi, E.; Malavasi, G.; Menabue, L.; Menziani, M.C.; Lusvardi, G.; Pedone, A.; Benedetti, F.; Luches, P.;
D’Addato, S.; et al. Evidence of catalase mimetic activity in Ce3+/Ce4+ doped bioactive glasses. J. Phys. Chem. 2015, B119,
4009–4019. [CrossRef]

25. Aziz, S.B.; Abdullah, O.G.; Hussein, A.M.; Ahmed, H.M. From insulating PMMA polymer to conjugated double bond behavior:
Green chemistry as a novel approach to fabricate small band gap polymers. Polymers 2017, 9, 626. [CrossRef]

26. Matamoros-Ambrocio, M.; Sánchez-Mora, E.; Gómez-Barojas, E.; Luna-López, J.A. Synthesis and Study of the Optical Properties
of PMMA Microspheres and Opals. Polymers 2021, 13, 2171. [CrossRef]

27. Paul, A.; Mulholland, M.; Zaman, M.S. Ultraviolet absorption of cerium (IV) in some simple glasses. J. Mater. Sci. 1976, 11,
2082–2086. [CrossRef]

28. Cicconi, M.R.; Veber, A.; Neuville, D.R.; Baudelet, F.; De Ligny, D. Cerium speciation in silicate glasses: Structure-property
relationships. J. Non-Cryst. Solids 2021, 563, 120785. [CrossRef]

29. Wang, P.; Chen, S.; Gao, S.; Zhang, J.; Wang, H.; Wu, Z. Niobium oxide confined by ceria nanotubes as a novel SCR catalyst with
excellent resistance to potassium, phosphorus, and lead. Appl. Catal. B Environ. 2018, 231, 299–309. [CrossRef]

30. Morgan, E.F.; Unnikrisnan, G.U.; Hussein, A.I. Bone Mechanical Properties in Healthy and Diseased States. Annu. Rev. Biomed.
Eng. 2018, 20, 119–143. [CrossRef] [PubMed]

31. Loh, Q.L.; Choong, C. Three-Dimensional Scaffolds for Tissue Engineering Applications: Role of Porosity and Pore Size. Tissue
Eng. Part B Rev. 2013, 19, 485–502. [CrossRef] [PubMed]

32. Zaborowska, M.; Bodin, A.; Bäckdahl, H.; Popp, J.; Goldstein, A.; Gatenholm, P. Microporous bacterial cellulose as a potential
scaffoldfor bone regeneration. Acta Biomater. 2010, 6, 2540–2547. [CrossRef] [PubMed]

33. Bohner, M.; Baroud, G.; Bernstein, A.; Döbelin, N.; Galea, L.; Hesse, B.; Heuberger, R.; Meille, S.; Michel, P.; von Rechenberg,
B.; et al. Characterization and distribution of mechanically competent mineralized tissue in micropores of beta-tricalcium
phosphate bone substitutes. Mater. Today 2017, 20, 106–115. [CrossRef]

34. Zhou, H.-L.; Feng, K.-Q.; Chen, C.-H.; Yan, D.-L. Influence of CeO2 addition on the preparation of foamed glass-ceramics from
high-titanium blast furnace slag. Int. J. Miner. Metall. 2018, 25, 689–695. [CrossRef]

35. Hutmacher, D.W. Scaffolds in tissue engineering boneand cartilage. Biomaterials 2000, 21, 2529–2543. [CrossRef]
36. Fiume, E.; Serino, G.; Bignardi, C.; Verné, E.; Baino, F. Sintering Behavior of a Six-Oxide Silicate Bioactive Glass for Scaffold

Manufacturing. Appl. Sci. 2020, 10, 8279. [CrossRef]
37. Chowdhury, S.K.R.; Mishra, A.; Pradhan, B.; Saha, D. Wear characteristic and biocompatibility of some polymer composite

acetabular cups. Wear 2004, 256, 1026–1036. [CrossRef]
38. Hashem, M.; Fayez Al Rez, M.; Fouad, H.; Elsarnagawy, T.; Elsharawy, M.A.; Umar, A.; Assery, M.; Ansar, S.G. Influence of

Titanium Oxide Nanoparticles on the Physical and Thermomechanical Behavior of Poly Methyl Methacrylate (PMMA): A Denture
Base Resin. Sci. Adv. Mater. 2017, 9, 938–944. [CrossRef]

http://doi.org/10.1016/j.msec.2016.12.133
http://doi.org/10.3390/ma14071626
http://doi.org/10.1089/107632702753503045
http://www.ncbi.nlm.nih.gov/pubmed/11886653
http://doi.org/10.1080/10667857.2018.1541212
http://doi.org/10.1049/iet-nbt.2014.0053
http://www.ncbi.nlm.nih.gov/pubmed/27074853
http://doi.org/10.1088/1748-605X/abcf5f
http://www.ncbi.nlm.nih.gov/pubmed/33260163
http://doi.org/10.1016/j.jnoncrysol.2007.07.091
http://doi.org/10.3390/ma13132955
http://doi.org/10.1016/j.molstruc.2012.03.053
http://doi.org/10.1155/2015/597537
http://doi.org/10.1021/cm010048r
http://doi.org/10.1021/jp511737b
http://doi.org/10.3390/polym9110626
http://doi.org/10.3390/polym13132171
http://doi.org/10.1007/BF02403358
http://doi.org/10.1016/j.jnoncrysol.2021.120785
http://doi.org/10.1016/j.apcatb.2018.03.024
http://doi.org/10.1146/annurev-bioeng-062117-121139
http://www.ncbi.nlm.nih.gov/pubmed/29865872
http://doi.org/10.1089/ten.teb.2012.0437
http://www.ncbi.nlm.nih.gov/pubmed/23672709
http://doi.org/10.1016/j.actbio.2010.01.004
http://www.ncbi.nlm.nih.gov/pubmed/20060935
http://doi.org/10.1016/j.mattod.2017.02.002
http://doi.org/10.1007/s12613-018-1616-5
http://doi.org/10.1016/S0142-9612(00)00121-6
http://doi.org/10.3390/app10228279
http://doi.org/10.1016/S0043-1648(03)00535-0
http://doi.org/10.1166/sam.2017.3087


Gels 2021, 7, 180 14 of 14

39. Gopi, D.; Shinyjoy, E.; Karthika, A.; Nithiya, S.; Kavitha, L.; Rajeswari, D.; Tang, T. Single walled carbon nanotubes reinforced
mineralized hydroxyapatite composite coatings on titanium for improved biocompatible implant applications. RSC Adv. 2015, 5,
36766. [CrossRef]

40. Notingher, I.; Jones, J.R.; Verrier, S.; Bisson, I.; Embanga, P.; Edwards, P.; Polak, J.M.; Hench, L.L. Application of FTIR and Raman
spectroscopy to characterization obioactive materials and living cells. Spectroscopy 2003, 17, 275–288. [CrossRef]

41. Naganuma, T.; Traversa, E. The effect of cerium valence states at cerium oxide nanoparticle surfaces on cell proliferation.
Biomaterials 2014, 35, 4441–4453. [CrossRef] [PubMed]

42. Qi, M.; Li, W.; Zheng, X.; Li, X.; Sun, Y.; Wang, Y.; Li, C.; Wang, L. Cerium and Its Oxidant-Based Nanomaterials for Antibacterial
Applications: A State-of-the-Art Review. Front. Mater. 2020, 7, 213. [CrossRef]

43. Zhang, P.; Wang, J.; Jiang, L.; Zhou, T.; Yan, X.; Yuan, L.; Chen, W. Influence Analysis and Stepwise Regression of Coal Mechanical
Parameters on Uniaxial Compressive Strength Based on Orthogonal Testing Method. Energies 2020, 13, 3640. [CrossRef]

44. Kokubo, T.; Takadama, H. How useful is SBF in predicting in vivo bone bioactivity? Biomaterials 2006, 277, 2907–2915. [CrossRef]
[PubMed]

45. Craciunescu, O.; Gaspar, A.; Trif, M.; Moisei, M.; Oancea, A.; Moldovan, L.; Zarnescu, O. Preparation and characterization of a
collagen-liposome-chondroitin sulfate matrix with potential application for inflammatory disorders treatment. J. Nanomater. 2014,
903691, 1–9. [CrossRef]

http://doi.org/10.1039/C5RA04382D
http://doi.org/10.1155/2003/893584
http://doi.org/10.1016/j.biomaterials.2014.01.074
http://www.ncbi.nlm.nih.gov/pubmed/24612920
http://doi.org/10.3389/fmats.2020.00213
http://doi.org/10.3390/en13143640
http://doi.org/10.1016/j.biomaterials.2006.01.017
http://www.ncbi.nlm.nih.gov/pubmed/16448693
http://doi.org/10.1155/2014/903691

	Introduction 
	Results and Discussion 
	FTIR 
	Thermal Analysis 
	UV-Vis 
	Morphology and Mechanical Properties Evaluation 
	In Vitro Bioactivity Assessment 
	Biocompatibility Evaluation 

	Conclusions 
	Materials and Methods 
	Reagents 
	Preparation of MBG Solution 
	Preparation of the Polymer-MBG Scaffolds 
	Composite Scaffolds Characterization 

	References

