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Abstract: Polymethylmethacrylate (PMMA)-based acrylic bone cement is commonly used to fix bone
and metallic implants in orthopedic procedures. The polymerization initiator tri-n-butylborane (TBB)
has been reported to significantly reduce the cytotoxicity of PMMA-based bone cement compared to
benzoyl peroxide (BPO). However, it is unknown whether this benefit is temporary or long-lasting,
which is important to establish given that bone cement is expected to remain in situ permanently.
Here, we compared the biocompatibility of PMMA-TBB and PMMA-BPO bone cements over several
days. Rat femur-derived osteoblasts were seeded onto two commercially-available PMMA-BPO
bone cements and experimental PMMA-TBB polymerized for one day, three days, or seven days.
Significantly more cells attached to PMMA-TBB bone cement during the initial stages of culture
than on both PMMA-BPO cements, regardless of the age of the materials. Proliferative activity
and differentiation markers including alkaline phosphatase production, calcium deposition, and
osteogenic gene expression were consistently and considerably higher in cells grown on PMMA-
TBB than on PMMA-BPO, regardless of cement age. Although osteoblastic phenotypes were more
favorable on older specimens for all three cement types, biocompatibility increased between three-
day-old and seven-day-old PMMA-BPO specimens, and between one-day-old and three-day-old
PMMA-TBB specimens. PMMA-BPO materials produced more free radicals than PMMA-TBB
regardless of the age of the material. These data suggest that PMMA-TBB maintains superior
biocompatibility over PMMA-BPO bone cements over prolonged periods of at least seven days
post-polymerization. This superior biocompatibility can be ascribed to both low baseline cytotoxicity
and a further rapid reduction in cytotoxicity, representing a new biological advantage of PMMA-TBB
as a novel bone cement material.

Keywords: bone cement; benzoyl peroxide; free radical; polymethylmethacrylate; tri-n-butylborane;
orthopedic implants; osteoblast
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1. Introduction

Our aging society is contributing to a rapid increase in the number of fractures and
prevalence of degenerative changes caused by osteoporosis and osteoarthritis [1-5]. As a
result, the need for joint replacement/reconstruction is increasing, with over one million
shoulder, elbow, hip, and knee replacements performed annually in the United States
alone [6-9]. Polymethylmethacrylate (PMMA)-based acrylic bone cement is used to fix
metallic implants or other prostheses in bone during orthopedic procedures [10,11].

PMMA-based bone cement is non-resorbable and mainly composed of PMMA powder
and methyl methacrylate (MMA) monomer liquid, together with benzoyl peroxide (BPO)
as a polymerization initiator [12]. The powder and liquid components are mixed, and,
when doughy, delivered around metallic implants and/or directly injected into a host
site to set in situ. Although PMMA-based bone cement is a bio-tolerant material, it has
notable side-effects and can result in cellular, tissue, and system-level complications [13-17].
Chemical toxins, including but not limited to the residual monomer after polymerization
and the free radicals generated during polymerization, are the main sources of adverse
events [18-25]. Adding other constituents, such as growth factors, calcium phosphate, and
antioxidants, may improve the overall biological property of PMMA-based bone cement
by counteracting the toxicity [20,26-29]; however, it is far from the solution.

To directly mitigate the toxicity of PMMA-based materials, efforts have been made to
improve their inherent biocompatibility. For example, tri-n-butylborane (TBB) has been
tested as an alternative polymerization initiator to BPO and has exhibited significantly
reduced cytotoxicity, with the number of osteoblasts surviving over the first 24 h of culture
significantly higher on PMMA-TBB compared to PMMA-BPO [30]. Furthermore, PMMA-
TBB increased the ability of osteoblasts to proliferate and differentiate. However, it remains
uncertain whether the advantage of PMMA-TBB is solely due to the immediate interactions
between the cells and bone cement, or whether the positive effects persist over time. This
is clinically relevant, because ideally the bone cement delivered during surgery should
function over long periods of time, or even permanently. Furthermore, addressing this
question could help to establish exactly how PMMA-TBB exerts its favorable biological
properties. Although long-term studies, such as six-month or five-year follow-ups, are ideal
to fully address the question, this study was designed to focus on a short-term exploratory
examination after bone cement polymerization. Therefore, in pursuit of development of a
new biocompatible bone cement, the objective of this study was to examine and compare
the biological properties of an experimental PMMA-TBB bone cement material and two
PMMA-BPO bone cements mixed and polymerized over one to seven days.

2. Materials and Methods
2.1. Bone Cement Preparation

Bone cement specimens were prepared as instructed by the manufacturers and as
described previously [30]. The constituents of three different bone cement materials used
are shown in Table 1. The materials of PMMA, MMA, and TBB used in this study were
manufactured and provided by Mitsui Chemicals, Inc. (Tokyo, Japan). Three bone cement
specimens were prepared by mixing and polymerizing in 12-well polystyrene cell culture
plates for one, three, and seven days before cell seeding. During polymerization, the
bone cement materials in culture plates were kept under dark, ambient conditions at
room temperature.

2.2. Rat Femur-Derived Osteoblasts Cell Culture

Osteoblasts were obtained from femurs of 10-week-old male Sprague Dawley follow-
ing the method described elsewhere [31-33]. Cells were seeded onto either BPO material
or TBB materials placed in 12-well culture dishes at a density of 6 x 10% cells/cm?2. All
experiments were performed following a protocol approved by the UCLA Animal Care
and Use Training Manual guidelines (ARC #2005-175-41E, approved on 30 January 2018).
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Table 1. The constituents of three different bone cement materials used in this study.

Bone Cement Materials Constituents

Powder:

Polymethyl methacrylate (PMMA) (15.00%)
Methyl methacrylate-styrene copolymer (73.70%)
Benzoyl peroxide (BPO) initiator (1.30%)

Barium sulfate (10.00%)

Liquid:

Methyl methacrylate (MMA) (97.40%)
N,N-dimethyl p-toluidine (DmpT) (2.60%)
Hydroquinone (HQ) (75 ppm)

PMMA-BPO1
(Surgical Simplex P, Stryker, Kalamazoo, MI)

Powder:

Polymethyl methacrylate (PMMA) (67.05%)
Methyl methacrylate /styrene copolymer (21.10%)
Benzoyl peroxide (BPO) initiator (1.85%)

Barium sulfate (10.00%)

Liquid:

Methyl methacrylate (MMA) (98.00%)
N,N-dimethyl-p-toluidine (DmpT)(< 2.00%)
Hydroquinone (HQ) (75 ppm)

PMMA-BPO2
(Endurance MV, DePuy Synthes, Warsaw, IN)

Powder:

Polymethyl methacrylate (PMMA) (90.00%)
Barium sulfate (10.00%)

Liquid:

Methyl methacrylate (MMA) (91.00%)
tri-n-butyl borane (TBB) initiator (9.00%)
Hydroquinone (HQ) (50 ppm)

PMMA-TBB
(Experimental)

2.3. Initial Cell Behavior

Initial cell attachment was measured as the number of cells attached to bone cement
surfaces two days after cell seeding. Proliferated cells were also measured as cell density on
day five of culture, using a water-soluble tetrazolium salt (WST-1)-based colorimetric assay
(WST-1, Roche Applied Science, Mannheim, Germany). The amount of formazan product
was measured using an automated microplate reader (Synergy™ HT; BioTek Instruments,
Inc., Winooski, VT, USA) at 450 nm.

2.4. Morphological Observation of Osteoblasts

The cell behavior of osteoblasts seeded onto bone cement materials were visualized
and evaluated using fluorescence microscopy (DMI 4000 B, Leica Microsystems Inc., Buffalo
Grove, IL, USA). On day two of culture, the cells were dual stained with fluorescent dyes:
4/ 6-diamidino-2-phenylindole (DAPI, Vector Laboratories, Burlingame, CA, USA) for
nuclei and rhodamine phalloidin for actin filaments (Molecular Probes, Eugene, OR, USA).
The area, perimeter, and Feret’s diameter were measured using an Image]J (ver.1.51j8, NIH,
Bethesda, MD, USA).

2.5. Alkaline Phosphatase (ALP) Activity and ALP Staining

The ALP activity of osteoblasts was examined on day five of culture using an ALP stain
visual observation and colorimetry-based assay. For visualizing ALP activity, cultured cells
were washed and then incubated with Tris buffer containing naphthol AS-MX phosphate
and fast red TR salt for 30 min at 37 °C. For colorimetry, the culture was treated with 250 uL
p-nitrophenylphosphate (LabAssay ALP, Wako Pure Chemicals, Richmond, VA, USA). The
ALP activity was measured at 405 nm using an automated microplate reader (Synergy™ HT,
BioTek Instruments, Inc.).



Materials 2021, 14, 1289

40f16

2.6. Mineralization Assay

The mineralization capability of osteoblasts was evaluated by visualizing the min-
eralized area using an Alizarin red staining and colorimetry-based assay on day 15. The
bone cement specimens were washed and stained using 1% Alizarin red (pH 6.3-6.4). For
colorimetry, cultures were incubated in HCl solution (Sigma Aldrich, St. Louis, MO, USA).
The solution was mixed with o-cresolphthalein complexone in an alkaline medium (Stanbio
LiquidColor, Stanbio, Boerne, TX, USA). Color intensity was measured at 550 nm using an
automated microplate reader (Synergy™ HT, BioTek Instruments, Inc.).

The area and intensity of mineralization within osteoblastic cultures were also exam-
ined by chemical detection and Ca and P elements. After 15 days of osteoblastic culture
on seven-day-old bone cements, the elemental composition of the cultured matrix was
analyzed by energy dispersive X-ray spectroscopy (EDS) (ESCA3200; Shimadzu, Tokyo,
Japan), as described previously [34].

2.7. Bone-Related Genes Expression

Total RNA was extracted and purified from cultures on days 5 and 15, as described
previously [35,36]. Real-time polymerase chain reaction (PCR) was performed with the
QuantStudio™ 3 Real-Time PCR System (Applied Biosystems, Waltham, MA, USA) to
quantify the expression of collagen type I alpha 1 (Collal; assay ID: Rn01463848_m1,
Applied Biosystems), osteocalcin (Bglap; assay ID: Rn00566386_g1, Applied Biosystems),
Runt-related transcription factor 2 (Runx2; assay ID: Rn01512298_m1, Applied Biosystems),
and Osterix (Sp7; assay ID: Rn02769744_s1, Applied Biosystems) mRNA. Glyceraldehyde-
3-phosphate dehydrogenase (Gapdh; Assay ID: Rn01775763_g1, Applied Biosystems) was
used as the endogenous control.

2.8. Polymerization Radical Detection by Electron Spin Resonance Spectroscopy (ESR)

The production of free radicals during polymerization was evaluated using electron
spin resonance spectroscopy (ESR). The identification and quantification of the component
signals in the spectra were performed based on previously published methods [37,38].
Bone cement samples were investigated using a JES-RE 3X, X-band spectrometer (JEOL,
Tokyo, Japan) and a WIN-RAD ESR Analyzer (Radical Research, Tokyo, Japan).

2.9. Statistical Analysis

All in vitro culture studies and measurement of free radical levels, except cell mor-
phology, were performed in triplicate with n = 3. Cytomorphometry was performed on
six cells (n = 6). All statistical analyses were performed using SPSS (version 22.0; SPSS
Inc., Chicago, IL, USA), and the results are expressed as means £ standard deviations
(SD). One-way analysis of variance (ANOVA) was used to assess the differences among
three bone cement types. Furthermore, when different time points were involved, two-way
analysis of variance (ANOVA) was used to assess the differences among three bone cement
types and different time points. When appropriate, Bonferroni’s test was used as a post-hoc
test. p-values less than 0.05 were considered statistically significant.

3. Results
3.1. Initial Cell Attachment to Bone Cement

The number of osteoblasts surviving and attaching to three different bone cements
was evaluated using the WST-1 assay after two days of culture (Figure 1A). The number of
osteoblasts attaching to PMMA-TBB was significantly greater than those attaching both
PMMA-BPO cements, regardless of their age. Of note, there was a significant increase in
cell attachment on three-day-old and seven-day-old PMMA-TBB compared to one-day-old
PMMA-TBB (p < 0.01). Fluorescent microscopy of cells on seven-day-old bone cements
confirmed a greater number of cells attached to PMMA-TBB (Figure 1B).
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Figure 1. The initial cellular attachment of osteoblasts on the three different types of bone cements (two PMMA-BPO
cements and one PMMA-TBB cement) prepared for different amounts of time. Osteoblasts were seeded onto one-day,
three-day, and seven-day post-polymerization bone cement specimens. (A) The number of cells attached to bone cements
on day two of culture evaluated by the water-soluble tetrazolium salt-1 (WST-1) assay. Data are shown as mean £ SD
(n = 3). Statistical differences between the three groups are shown (two-way ANOVA followed by Bonferroni test, * p < 0.05,
*** p < 0.001). (B) Fluorescently stained osteoblasts on day two of culture on seven-day-old bone cement specimens.
Representative fluorescence microscopy images of cells visualized with rhodamine phalloidin for actin filaments (red)
and 4/,6-diamidino-2-phenylindole (DAPI) for nuclei (blue) are shown. Scale bar = 100 pm. PMMA-BPO, polymethyl
methacrylate-benzoyl peroxide; PMMA-TBB, polymethyl methacrylate-tri-n-butylborane.

3.2. Cell Spreading Behavior

The spreading behavior of osteoblasts on seven-day-old bone cements was quali-
tatively and quantitatively analyzed after two days of culture. Osteoblasts attaching to
PMMA-TBB were larger than those attaching to PMMA-BPO cements, with cell mem-
branes projecting in multiple directions indicative of the development of filopodia- and
lamellipodia-like structures (Figure 2A). By contrast, cells grown on both PMMA-BPO
cements remained circular or oval with no discernible cytoplasmic projections. Cytomor-
phometry confirmed that the area, perimeter, and Feret’s diameter of cells were greater on
PMMA-TBB than on both PMMA-BPO bone cements (Figure 2B).
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Figure 2. Osteoblastic behavior on bone cement materials. Cytomorphology and cytomorphometry were performed
on seven-day-old bone cement specimens. (A) Fluorescence microscopy images of osteoblasts on day two of culture
following immunochemical staining for cytoskeletal actin (red) and nuclei (blue). Scale bar = 50 um. (B) Histograms
for cytomorphometric parameters measured from the images. Each value represents the mean & SD (n = 6). Statistical
differences between the three groups are shown (one-way ANOVA followed by Bonferroni test, * p < 0.05, ** p < 0.01).

3.3. Cell Proliferation

Cell proliferation was evaluated by measuring WST-1 values after five days of culture
(Figure 3). In contrast to the day two culture values, more cells were present on all three
bone cements as they aged. Similar to the day two cell attachment results, cell density was
considerably higher on PMMA-TBB than on both PMMA-BPO cements, regardless of age,
and even on one-day-old material.
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Figure 3. Proliferation activity of osteoblasts on different bone cement types of different ages as
evaluated by the WST-1 assay on day five of culture. Data are shown as mean & SD (n = 3). Statistical
differences between the three groups are shown (two-way ANOVA followed by Bonferroni test,
*p <0.05,*** p < 0.001).

3.4. Osteoblastic Differentiation

The rate and degree of osteoblastic differentiation were assessed according to three
functional phenotypes: alkaline phosphatase (ALP) activity, matrix calcium deposition,
and osteogenic gene expression. ALP activity tended to be higher on older materials
for all bone cement types (Figure 4). Consistent with the cell attachment and density
results, ALP activity was substantially greater from cells cultured on PMMA-TBB than on
PMMA-BPO cements, regardless of their age. Of note, the ALP activity increased substan-
tially between one-day-old and three-day-old PMMA-TBB cements (p < 0.01), whereas it
increased between three-day-old and seven-day-old PMMA-BPO cements (p < 0.05). All
these quantitative results were supported by the images of ALP staining (Figure 4).

Matrix calcium deposition mirrored the ALP activity (Figure 5). Calcium deposition
was consistently higher on PMMA-TBB cement than PMMA-BPO cements regardless of
age, and calcium deposition on one-day-old PMMA-TBB was equivalent to that on seven-
day-old PMMA-BPO cements. Similar to the result of ALP activity, a major increase was
found between one-day-old and three-day-old PMMA-TBB cements (p < 0.01) and between
thee-day-old and seven-day-old PMMA-BPO cements (p < 0.05). The colored images of
Alizarin red staining re-affirmed the superior calcium deposition on PMMA-TBB cements
(Figure 5).

The cultured matrix was also examined by SEM and EDX (Figure 6). Biological
structures were found extensively on PMMA-TBB cements compared with PMMA-BPO
cements in the SEM images. Cultures on PMMA-BPO bone cements tended to exhibit
bare bone cement surfaces without biological structures. The biological structures on
PMMA-TBB showed intense Ca and P signals, indicative of a mineralized matrix.
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The gene expression of four bone-related genes was measured in cells grown for five
and fifteen days on seven-day-old bone cement materials (Figure 7). There was a general
trend towards upregulated expression of all genes on PMMA-TBB compared to both
PMMA-BPO cements. Specifically, expression of collagen type 1, an early-stage osteoblastic
differentiation gene, was upregulated on PMMA-TBB on day five but not on day fifteen;
osteocalcin, a late-stage osteoblastic differentiation gene, was upregulated on PMMA-
TBB on both days five and fifteen; and Runx2 and Osterix, osteoblastic differentiation
transcription factors, were also consistently upregulated at both timepoints on PMMA-TBB.

PMMA-BPO1 PMMA-BPO2 PMMA-TBB

1-day-old
i - 7
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%%k
2 0 7 e de ke
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Figure 4. Alkaline phosphatase (ALP) activity of osteoblasts on different bone cement types of
different ages evaluated on day five of culture. Representative images of the stained cultures are
presented (top). ALP activity colorimetrically quantified and standardized relative to cell number
is shown in the histogram (bottom). Data are shown as mean =+ SD (n = 3). Statistical differences
between the three groups are shown (two-way ANOVA followed by Bonferroni test, * p < 0.05,
***p <0.001).
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Figure 5. Matrix calcium deposition within osteoblastic cultures. Representative images of Alizarin
red-stained cultures on day 15 of culture (top) and the result of colorimetric detection of total calcium
deposition performed on the same day are presented. Data are shown as mean + SD (n = 3). Statistical
differences between the three groups are shown (two-way ANOVA followed by Bonferroni test,
***p <0.001).

3.5. Free Radical Production by Bone Cements

ESR analysis revealed significantly less polymerization free radical production from
PMMA-TBB cements compared to PMMA-BPO cements, regardless of their age (Figure 8).
Free radical levels were consistently low from one-day-old to seven-day-old PMMA-TBB
specimens. By contrast, free radical levels were highest for one-day-old specimens, and
maintained high even for seven-day-old specimens in PMMA-BPO cements. Of note, even
in seven-day-old specimens, PMMA-TBB showed a substantially lower radical production
than PMMA-BPO cements.
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Figure 6. Morphology and chemistry of osteoblastic cultures on bone cements. Osteoblasts were cultured on seven-day-old
bone cement specimens. Scanning electron microscopy (SEM) images of cultures on day 15 and the energy-dispersive X-ray
spectroscopy (EDX) mapping taken from the corresponding area to detect the atomic Ca and P are presented side-by-side.
Scale bar = 250 um.

3.0 -

— OPMMA-BPO1
= OPMMA-BPO2
g 25 =PMMA-TBB
g
£20
o
1 *

s —
§ 15
3
1%
@
810
x
o —_
@ —_
505
o
13
Day § Day 15

Collagen type | alpha 1

(v1)

Gene expression (arbitrary unit)

45
4.0
3.5
3.0
25
2.0
1.5
1.0

0.5

H

OPMMA-BPO1
OPMMA-BPO2
®PMMA-TBB

1l

Day 5 Day 15
Osteocalcin

O

L~ =
© w o

Ind
o

Gene expression (arbitrary unit)
o - - N
o o wu o

e
=

ax
—
xx

OPMMA-BPO1
BPMMA-BPO2
EPMMA-TBB

[l

Day 5
Runx2

Day 15

=)

Gene expression (arbitrary unit)

2.0

**
—
*

HH[

OPMMA-BPO1
OPMMA-BPO2
EPMMA-TBB

Day 5
OsteriX

Day 15

Figure 7. The expression levels of osteoblastic genes, collagen type 1 (A), osteocalcin (B), runx2 (C), and osterix (D),
quantified by real-time PCR on days 5 and 15 of culture. Osteoblasts were cultured on seven-day-old bone cement
specimens. Data are shown as mean + SD (n = 3). Statistical differences between the three groups are shown (one-way
ANOVA followed by Bonferroni test, * p < 0.05, ** p < 0.01, *** p < 0.001).
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Figure 8. Free radical generation from the three different bone cements prepared for different
times evaluated by electron spin resonance spectroscopy (ESR). Data are shown as mean + SD
(n = 3). Significant difference shown only compared with PMMA-TBB (two-way ANOVA followed
by Bonferroni test, * p < 0.05, *** p < 0.001).

4. Discussion

This study addressed a clinically and scientifically important question about whether
PMMA-TBB has an extended post-polymerization biological advantage over PMMA-
BPO bone cements. Cell culture experiments on biomaterials are usually conducted by
inoculating cells onto freshly prepared materials of interest to establish the immediate
behavior and reaction of cells after first exposure to the biomaterial [20,21,39,40]. However,
biomaterials, in particular bone cement, are not removable after use and are expected
to remain at the surgical site for as long as the prosthesis lasts. Cells will continue to
migrate to the delivered bone cement, and there will always be new interactions between
cells and bone cement while the bone cement ages. To determine the ongoing biological
performance of bone cements over time and mimic their persistence at surgical sites, here
we prepared one-day-, three-day-, and seven-day-old bone cement specimens to simulate
the time elapsed since surgery.

Our results consistently and comprehensively showed that PMMA-TBB has prolonged
and superior biocompatibility over the two PMMA-BPO bone cements tested here. PMMA-
TBB had a lower level of cytotoxicity that lasted for at least seven days, as demonstrated by
the significantly increased number of osteoblasts surviving, attaching, proliferating, and
differentiating on the material. Differentiation was evaluated according to ALP activity and
the expression of differentiation-associated genes, which produced consistent results. This
enhanced differentiation then resulted in increased extracellular matrix calcium deposition
on PMMA-TBB, which was again demonstrated using multiple assays (alizarin red staining,
chemical detection of calcium, and elemental analysis).

Regardless of the type of bone cement used, there was a general trend towards re-
duced cytotoxicity as the material aged, as shown by the day seven cell densities and
ALP activity and day 15 calcium deposition, confirming that cytotoxicity reduces as poly-
merization progresses. There was also significantly greater cell density, ALP activity, and
calcium deposition on seven-day-old specimens compared to three-day-old PMMA-BPO
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cements, suggesting a notable reduction in cytotoxicity between days three and seven after
preparation. By contrast, the greatest improvement in cell density on PMMA-TBB was
between one-day-old and three-day-old specimens or even earlier, suggesting that the
rapid reduction in cytotoxicity occurred between zero and three days for PMMA-TBB.

The early cell attachment experiments suggest that the cytotoxicity of PMMA-TBB is
rapidly mitigated. The number of cells attaching increased steadily on older PMMA-TBB
specimens, with a large increase between one-day-old and three-day-old specimens. This
assay was conducted after two days of culture, also confirming a rapid reduction in cyto-
toxicity. By contrast, the number of attached cells did not increase on older PMMA-BPO
specimens, indicating persistent cytotoxicity. In fact, the radical level generated in seven-
day-old specimens did not show a significant reduction compared to that in one-day-old
specimens for PMMA-BPO cements tested. However, the reason why the number of cells
attached at day 2 of culture decreased from one-day- to seven-day-old PMMA-BPO bone
cements is unknown, and further studies to conduct other chemical characterizations are
required, such as the amount and property change of residual monomers and other ingre-
dients, such as N,N-dimethyl-p-toluidine (DmpT). Taken together, PMMA-TBB exhibited
not only a higher baseline biocompatibility, but also an increase in biocompatibility over
time compared to PMMA-BPO bone cements.

The WST-1 assay might not precisely enumerate cells [41,42]. There was an over
100-fold difference in WST-1 assay results between PMMA-BPO and PMMA-TBB mate-
rials depending on the age of the specimens, implying that an overwhelmingly greater
number of cells survived and attached to PMMA-TBB. Albeit qualitative, the fluorescent
microscopy observation of the cultures showed a 10-20-fold difference, which may be
more representative of the actual difference between the two materials. The WST-1 assay
is commonly used to quantify cell number and the assay measures the amount of a bio-
reduced agent, formazan, as a result of the glycolytic production of (nicotinamide adenine
dinucleotide phosphate) NADPH in viable cells [41-43]. Therefore, the assay quantifies
cell number assuming that the cellular metabolic activity is equal between experimental
groups. However, as seen from our cellular behavior and cytomorphometry results, cells
grown on PMMA-TBB appeared healthier and conceivably had a higher metabolic activity,
which might explain why there was a discrepancy between the WST-1 assay result and
the microscopic observation. Nonetheless, it is worth mentioning that the metabolic activ-
ity of osteoblasts, which was significantly impaired on PMMA-BPO bone cements, was
significantly restored on PMMA-TBB.

There was a difference in the expression trait between the early-stage and late-stage
osteoblastic genes. Collagen 1, an early maker of osteoblastic differentiation, was only
upregulated in response to PMMA-TBB during the early culture stages, whereas osteocalcin,
a late-stage maker, was upregulated until the later stages of culture. Therefore, PMMA-TBB
not only promoted but also maintained the expression of late-stage genes, as supported
by the consistent upregulation of Runx2 and Osterix, two osteoblastic transcription factors
necessary for osteoblastic differentiation [44,45].

This study also assessed the polymerizing behavior of the materials using an estab-
lished ESR to measure free radical production [20,30], with the results firmly supporting
other cell culture experiments. It was surprising that PMMA-BPO maintained some cy-
totoxicity even on seven-day-old specimens, considering that the culture medium was
replaced every three days. Cellular function, including attachment, proliferation, and
differentiation, was severely compromised on the specimens, suggesting the continuous
production of polymerization radicals from the materials even seven days after preparation.
PMMA-BPO bone cements produced 5-10-fold more free radicals than PMMA-TBB on day
seven post-preparation. Continuing radical production over 14 days within PMMA-BPO
cements has been reported in other studies [19,20]. This explains why toxicity remains
even after changing culture media every three days on PMMA-BPO cements. Hypothetical
chemical structures have been proposed for PMMA-BPO and PMMA-TBB cements, but
the exact mechanism during polymerization is unknown for both materials [19,20,30,46].



Materials 2021, 14, 1289

13 of 16

Further studies are required to identify the mechanism behind the remarkably reduced
production of radicals in PMMA-TBB.

There were limitations to the present study. We chose the two most commonly used
bone cement products as representative PMMA-BPO bone cement materials. Although the
formulation of major components is the same among different products, the concentration
of DmpT and the ingredients of polymers vary among the products, which may affect
their biocompatibility. Comparison of the presently tested PMMA-TBB cement with other
PMMA-BPO products will be necessary. To prevent confusion and complexity of data,
and also due to technical difficulty, we chose seven-day-old bone cement for selected
experiments such as cytomorphometry, SEM examination, and real-time PCR assay, instead
of conducting these with all of the aging groups. It is known that bone cement materials
reduce their toxicity as polymerization progresses. In other words, aged bone cements
are assumed to show a less inter-product variation in biocompatibility. Therefore, we
postulated that if we used older samples and detected the differences among three different
bone cement types, it would be most reliable to conceivably represent the results of other
aging groups. Although this study has revealed significance differences between the
three cement types even after polymerization, it is apparent that this study is exploratory
and needs a longer follow-up to fully address the question raised in the introduction.
However, the present results were very successful and meaningful, providing assurance for
further studies. Although this study presented interesting data with a focus on biological
characterization, other chemical and mechanical characterizations will be of importance
to comprehensively assess PMMA-TBB materials as a potential alternative to current
PMMA-BPO cements.

Bone cement is usually considered bioinert and is encapsuled by inflammatory, fibrous
tissue/cells or even necrotic tissue/cells once delivered to bone, as a consequence of
its toxicity [20,47-52]. Further in vivo studies are warranted to examine how existing
bone reacts to PMMA-TBB, and whether new bone formation occurs around PMMA-TBB.
This study focused on a relatively short period of aging of bone cement. Future studies
should have a longer-term follow-up to determine whether the superior biocompatibility
of PMMA-TBB over PMMA-BPO persists for weeks, months, or indefinitely.

5. Conclusions

Here, we cultured osteoblasts on two commercially-available PMMA-BPO bone ce-
ments and an experimental PMMA-TBB cement aged for one, three, and seven days after
polymerization. The number of surviving and attaching cells, the proliferative activity,
and the rate of osteoblastic differentiation and mineralization were consistently and con-
siderably higher on PMMA-TBB than on both PMMA-BPO cements, regardless of the
age of the cement. Although osteoblasts were more functional on older specimens for all
cement types, there were large performance improvements between three-day-old and
seven-day-old specimens for PMMA-BPO cements, and between one-day-old and three-
day-old specimens for PMMA-TBB. Free radical production was substantially higher from
PMMA-BPO materials than PMMA-TBB, regardless of the age of the cement. These data
suggest that PMMA-TBB has superior biocompatibility compared to PMMA-BPO materials
over prolonged periods of at least seven days post-polymerization. This superior biocom-
patibility consisted of not only low baseline cytotoxicity, but also its further rapid reduction,
suggesting a new, clinically relevant biological advantage for PMMA-TBB cement.
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