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Fluorinated graphene-modified biodentine:
an in vitro study on its ion release, cell growth,
differentiation potential, and compressive
strength
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Abstract
Objectives This study evaluated Biodentine (BD) after modification with 2 wt% fluorinated graphene (FG).

Methods FG was prepared using the modified Hummers'method, where sulfuric and phosphoric acids were added
to fluorinated graphite and potassium permanganate. The mixture was heated, sifted, filtered, and centrifuged to
obtain FG powder. Characterization was performed using XRD, FTIR, TEM, and SEM/EDX. PH was evaluated, And

Ca And F ion release were assessed by inductively coupled plasma spectroscopy and ion chromatography, at days
1,14, And 28. Cell viability was performed using the MTT Assay on pulp stem cells, while ALP assay was evaluated by
a spectrophotometer. Compressive strength was evaluated by a universal testing machine. Statistical analysis was
performed on the data (p<0.05).

Results Graphene and C-F bonds of FG were confirmed in XRD and FTIR, while nanosheets were detected in TEM.
SEM/EDX showed more surface roughness in modified BD-FG. pH And Ca ion release results showed significantly
higher values at day 1 for modified BD-FG, with significantly higher cumulative Ca ion release. Cell viability results
showed no significant difference between modified And unmodified Biodentine at days 1 And 7; however, modified
BD-FG showed significantly lower values at day 3. No significant difference was observed between the two groups in
ALP, while the BD-FG group showed significantly higher compressive strength.

Conclusion Incorporating 2 wt% FG into BD increases ion release, hydroxyapatite formation, and mechanical
properties without compromising cell viability and differentiation.

Clinical relevance The addition of FG enhanced the bioactivity of Biodentine and improved its strength without
showing cytotoxicity, making it a promising approach that needs further study.
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Introduction

Mineral trioxide aggregate (MTA) was first introduced
in 1993 and is considered the first bioceramic mate-
rial applied in endodontics that was developed based on
Portland cement [1]. MTA exhibited good biocompat-
ibility and sealing ability, in addition to apatite formation
with a higher rate of clinical success. MTA can form of
thicker and less porous dentin bridge with fewer signs
of inflammation. However, it shows some inherent limi-
tations, such as its prolonged setting time, difficult han-
dling characteristics, possibility of tooth discoloration, as
well as its high cost [1, 2].

Many modified MTA products were introduced in
the market to overcome the shortcomings of traditional
MTA while retaining its original excellent performance.
One of these products is Biodentine (Septodont, Saint-
Maur-des-Fosses Cedex, France), which is considered
a second-generation calcium silicate-based material. It
was introduced to the market in 2011 as a bioactive den-
tin substitute due to its ability to penetrate and crystal-
lize into open dentinal tubules, provide interlocking with
dentin, and increase its mechanical properties [3]. One
of the advantages of Biodentine over traditional MTA is
its shorter setting time, higher viscosity, easier applica-
tion and handling characteristics, and less tendency for
tooth discoloration. Moreover, it shows very promising
bioactivity, which comes mainly from being formed of
tri-calcium silicate and calcium carbonate matrix along
with zirconium oxide and iron oxide. Biodentine has
been extensively used as a pulp capping material, retro-
grade filling, perforation repair, treatment of immature
necrotic teeth, pulpotomy, and apexification [4]. Despite
the desirable properties of Biodentine, many studies have
been conducted to incorporate different nanomaterials
into Biodentine to improve its physical, biological, and
mechanical properties [5-8].

Graphene oxide (GO) is a biocompatible material
derivative of graphene that can be safely incorporated
into various biomedical applications. Graphene was
discovered in 2004, and it is composed of a two-dimen-
sional honeycomb lattice of carbon atoms. It has been
extensively studied due to its high mechanical proper-
ties, chemical stability, low cytotoxicity, and antibacte-
rial effects. Moreover, it was reported that graphene
nanocomposites could promote cell adhesion and prolif-
eration, facilitating wound healing, and acting as frame-
works for regenerative medicine [9], as well as enhancing
nucleation and crystallization of hydroxyapatite in bio-
mimetic conditions [10, 11]. Moreover, GO exhibited a
good strengthening effect when added to different dental
biomaterials [12—14].

Nevertheless, the application of graphene in mod-
ern restorative dentistry is quite restricted owing to
its dark color [15]. Fluorinated graphene (FG) is a
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fluorine-functionalized graphene that shares the same
morphological pattern as graphene. It exhibits great
potential for application in the dental field because of its
bright white color, besides the unique properties of gra-
phene [16]. Moreover, the potential of fluoride release
from FG can favor tooth remineralization and prevent or
treat early demineralized tooth lesions owing to the abil-
ity of fluoride to promote the formation of more stable,
acid-resistant fluorapatite crystals [16]. FG also exhibits
better dispersion than pure graphene or graphene oxide
due to the presence of C-F bonds, causing the reduction
of surface energy of the carbon sheets and thus allowing
their proper distribution and decreasing their agglom-
eration [17]. It also shows high stability owing to the
presence of covalent bonding between C-F with a high
difference in electronegativity between both elements,
which improves the local symmetry, electronic structure,
and stability of FG [18].

It has been reported that the addition of FG nanofiller
showed promising results when added to different den-
tal materials, such as glass ionomer [18-21] and den-
tal adhesives [22, 23]. But to the best of our knowledge,
research regarding the incorporation of FG into Bioden-
tine is still lacking.

Based on preliminary pilot experiments, the incorpo-
ration of FG into Biodentine demonstrated An improve-
ment in mechanical properties, with the optimal effect
observed at a concentration of 2wt.%. Beyond this con-
centration, no further improvement was noted. Hence,
this study aimed to incorporate 2 wt% FG into Biodentine
and evaluate its pH, Ca ion release, as well as investigate
its effect on dental pulp stem cells regarding cell viabil-
ity and alkaline phosphatase activity, besides evaluating
its compressive strength in comparison to unmodified
Biodentine.

The null hypothesis states that there would be no statis-
tically significant difference between the unmodified Bio-
dentine group and the FG-modified Biodentine group on
the different tested properties.

Materials and methods

All participants provided written informed consent, and
the study protocol received approval from the Research
Ethics Committee of the Faculty of Dentistry at Ain
Shams University (FDASU-Rec IR022522), following the
Helsinki Declaration. The study was conducted over a
period of six months.

Fabrication of fluorinated graphene (FG)

Fluorinated graphene powder was prepared following
the modified Hummers’ method mentioned in a previ-
ous study [24]. Where, a mixture of concentrated sulfuric
and phosphoric acid (H,SO,/H;PO,) in a ratio of 9:1 was
added to a mixture of 3 g of fluorinated graphite flakes
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(Graphite Fluorinated Polymer; Sigma Aldrich, China)
And 18g of potassium permanganate (KMnQO,). The mix-
ture was then heated to 50 °C And stirred for 12h using a
magnetic stirrer. The reaction was then carefully poured
onto ice for cooling. The resulting mixture was sifted
through a metal sieve And then filtered through a poly-
ester fiber. The filtrate was centrifuged, And the superna-
tant was decanted away. The remaining solid material was
then washed in succession with 200 mL of water, 200 mL
of 30% HCI, And 200 mL of ethanol for each wash. Then
the mixture was sifted again, filtered, and centrifuged as
described above to obtain white-colored FG powder. The
obtained sample powder was dried and kept in a tightly
sealed container till testing.

Preparation of FG incorporated biodentine

Biodentine (BD group) (Septodont, Saint-Maur-des-
Fosses Cedex, France) was prepared following the man-
ufacturer’s instructions, where Biodentine Liquid was
added to the BD containing capsule And mixed in An
amalgamator for 30s at 4500 rpm to obtain a creamy con-
sistency paste. To prepare FG-modified Biodentine (BD-
FG group), 2 wt% FG powder (based on a pilot study)
was added to BD powder. Since the Biodentine powder
weight is 0.7gm, the weight of 2 wt% FG was calculated
to be 0.014gm. FG powder (0.014 g) was added to the
BD capsule, followed by immediate mixing in An amal-
gamator for 30s to ensure its dispersion within the BD
powder. Afterwards, liquid was added and mixed follow-
ing the manufacturer’s instructions as mentioned above.
The liquid-to-powder ratio was maintained throughout
specimens’ preparation by carefully weighted the Bioden-
tine powder and measuring the volume of its liquid, and
keeping this ratio constant across all the specimens.

Characterization of FG and BD-FG

Crystalline phase identification of FG powder was char-
acterized by X-ray diffraction analysis (XRD) using X-ray
diffractometer (PXRD-6000 SCHIMADZU Japan) oper-
ated with a current of 30 mA And voltage of 40kV with
CuKa radiation (\=1.54056A° %), And over 260 Angle
range of 5° to 80°. Functional group analysis was assessed
by Fourier Transform Infrared Spectra (FTIR) (IRAf-
finity-1 S, SHIMADZU, Japan) with a wavelength range
from 4000 to 400 cm™'. Morphological analysis of FG
powder was evaluated by transmission electron micro-
scope (TEM) (JEM-2100, JEOL.USA) operated at An
accelerating voltage of 200kV and was coupled with a
CCD camera (Erlangshen ES500W Gatan Inc).

Phase identification and functional group analysis of
Biodentine before and after modification with FG was
also performed by XRD and FTIR respectively, using
the same machines and parameters as mentioned above.
While their morphological analysis was performed by
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scanning electron microscope (SEM) (Quanta FEG-250,
FEI USA) coupled with EDX (Energy dispersive x-ray
spectroscopy) elemental composition analyzer (EDAX-
AMETEK, Inc., Netherlands) with An accelerating volt-
age of 20kV for elemental analysis. Elemental mapping
of fluoride (F) was used to evaluate the dispersion of FG
within the BD-FG group.

Ph behavior and ion release profile

Cement discs from each group (n=10) were prepared
using custom-made split Teflon molds of 10 mm diam-
eter And 2mm height. The cements were mixed And
packed in the molds between two glass slides covered
with celluloid strips. The specimens were incubated at
37 oC in 100% relative humidity in an incubator (Titanox
A3-213-400, Italy) for 24 h to ensure complete setting.
Discs were then submerged in 10 mL of Hanks' Bal-
anced Salt Solution (HBSS) (Biowest, Nuaille, France) in
a sealed 50 mL sterile polypropylene tube And kept in An
incubator at 37°C.

The pH was measured using a pH meter (HI98103,
Hanna Instruments Inc., USA). Triplicate readings were
recorded for each sample, and their average was calcu-
lated. Ca ion release was analyzed using an inductively
coupled plasma mass spectroscopy (ICP/MS) (Agilent
7700, Agilent Technologies, Germany). Fluoride ion
release from the modified BD-FG was evaluated using
ion chromatography (Dionex ICS 6000, Thermo Scien-
tific, USA). Evaluation of pH, calcium ion, And fluoride
ion release was assessed after 1, 14, And 28 days.

In vitro apatite formation ability

The cement discs were collected after 1, 14, And 28 days,
and their surfaces were tested without any modification
or coating using an environmental scanning electron
microscope (ESEM) at magnification of 2000 X, oper-
ated at An accelerating voltage of 20KV, and attached to
an Energy Dispersive X-Ray Spectroscopy (EDX Unit)
(Quattro S, Thermofisher, USA). Elemental analysis
using EDX was utilized to estimate the surface calcium-
to-phosphorus (Ca/P) atomic ratios. The discs were
returned to a new 10 mL of HBSS after 1 And 14 days
and kept in the incubator until the following interval.

In vitro assay

Isolation of dental pulp stem cells (DPSCS)

DPSCs were isolated from extracted permanent pre-
molars And third molars, which were extracted for
orthodontic purposes from patients between 18 And
25 years of age. The extracted teeth were rinsed and
transferred to a washing solution containing Dul-
becco’s phosphate-buffered saline (DPBS; Invitrogen™,
Carlsbad, CA, USA) and an antibiotic mix (100 units/
mL penicillin (Sigma), And 100pg/mL streptomycin
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(Gibco™ 250 pg/mL). A 0.5-1.0 mm deep groove was
cut around each tooth using a sterile low-speed disc,
and the teeth were then split with a chisel along the
groove to expose the pulp. The extracted pulp tis-
sues from all teeth were combined and cut into small
pieces using a surgical scalpel, then digested in colla-
genase type I (3 mg/mL, Invitrogen™) in two 30-min-
ute cycles at 37°C. The resulting cell suspensions were
cultured in a DPSC medium containing D-modified
Eagle’s medium (GIBCO™ 1 g/l glucose, pyruvate +),
10% fetal bovine serum (Hyclone™), 100 IU/mL peni-
cillin (Sigma™), And 100pg/mL streptomycin (Invitro-
gen™). The DPSCs were cultured at 37°C with 5% CO2,
with fresh medium replaced every two days, And cells
were harvested at 80% confluence for optimal results.
Cells were processed inside the Laminar flow cabinet
(Thermo Scientific safety Cabinet MSc Advantage 1.2,
class I HEPA H filter).

Cell viability test

MTT assay was conducted to evaluate the effect of both
tested materials on cell viability. Discs of Biodentine
And modified Biodentine were prepared, as mentioned
above, And allowed to set in a 96-well plate for 24 h at
37 °C. Cells were then inoculated with seeding density of
(1x 10* cells/well), where cells were allowed to settle on
the discs of tested materials for the tested time intervals
(1,14, And 28 days) And incubated at 37°C in a CO, incu-
bator to form a complete monolayer sheet.

A working solution of a concentration of 5 mg/mL
MTT solution (Elabsciences™ Cat. No PB180519) in
phosphate-buffered saline (PBS) was prepared. 20 pL of
the MTT working solution was added to each well of the
96-well plate And incubated for 2—4 h at 37 °C. 100 pL of
DMSO (dimethyl sulfoxide) per well was then used to dis-
solve the purple formazan crystals in 10-15 min. Thermo
Scientific, Multiscan Sky microplate spectrophotometer,
And Skanlt Software 6.0.2 for Microplate Readers were
used to measure the absorbance at 570 nm for viable cells
And the background absorbance at 630nm. The absor-
bance values were used to calculate the percentage of cell
viability compared to the control (untreated) cells using
the following formula:

Cell Viability (%) =
(Absorbance of treated cells/ Absorbance of control cells)
x 100

Cytotoxicity was classified according to ISO 10993-5
guidelines: non-cytotoxic (>80% viability), slightly cyto-
toxic (60-80%), moderately cytotoxic (40-60%), and
severely cytotoxic (<40%).
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Alkaline phosphatase (ALP) assay

ALP assay was used to evaluate the osteogenic differen-
tiation of cells with the two tested materials. Cells were
seeded on a 96-well plate with a density of 1x 10* cells/
well. Cells were allowed to adhere And grow for 24h in
osteogenic medium containing 10™* M dexamethasone,
1 M B-glycerol-phosphate, And 10mg/mL ascorbic acid
(all brought from STEM CELL Technologies, Canada)
at 37 °C in a CO, incubator to reach optimal confluence.
Afterwards, discs of Biodentine And modified Biodentine
were prepared, allowed to set for 24h at 37 °C, And then
distributed on the 96-well plate according to the study
design. ALP assay reagents (MG Science And technol-
ogy center, Cat. No MG 214001) were prepared by mix-
ing 200 pL of assay buffer with 5 pL of Mg** solution And
2 uL of para-nitrophenyl phosphate (pNPP) substrate per
well. Thermo Scientific, Multiscan sky microplate spec-
trophotometer, And Skanlt Software 6.0.2 for Microplate
Readers were used to measure the absorbance at 405 nm
for p-nitrophenol released, which in turn reflects the
ALP activity in the cells And the background absorbance
at 630nm. The absorbance values obtained were used to
calculate the alkaline phosphatase activity, using the fol-
lowing formula:

ALP Activity = (A sample — A blank)

x volume in mL/time x cell number

To account for potential variations in cell number, ALP
activity was normalized to cell viability, which was con-
currently assessed using the MTT assay. Normalized
ALP values were expressed as ALP absorbance per unit
of viable cell absorbance (ALP/MTT).

Compressive strength testing

Cylindrical cement specimens from each group (n=10)
were prepared using custom-made split Teflon molds of 4
mm diameter And 6mm height. The cements were mixed
And packed in the molds between two glass slides cov-
ered with celluloid strips. The specimens were incubated
at 37 oC in fully saturated humidity for 24 h to ensure
complete setting [14]. Compressive strength was evalu-
ated using a universal testing machine (Instron 3365;
Massachusetts, UK) with a load cell of 5 K And crosshead
speed of 0.5 mm/min. Compressive strength in MPa was
recorded from the peak of the recorded load divided by
the specimen surface according to the following formula:

CS = 4P / md?

Where P is the maximum loading in Newtons and d is
the diameter of the specimen in mm.
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Fig. 1 XRD pattern of FG powder

Statistical analysis

Means and standard deviation (SD) values for each tested
group were explored for normality using Shapiro-Wilk’s
test, which revealed a parametric distribution. Compari-
son between the unmodified and modified BD groups
regarding cumulative Ca ion release, ALP activity, and
compressive strength was analyzed by using an indepen-
dent t-test. Two-way mixed model ANOVA was used
to evaluate the interactions between different variables
in pH and Ca ion release, while the correlation analysis
between pH and Ca ion release was made by Spearman’s
rank-order correlation coefficient. Comparison between
the two tested groups with the control group in cell via-
bility testing was analyzed by using One-Way ANOVA,
followed by Tukey’s post hoc test. The significance level
was set at p <0.05 within all tests. Statistical Analysis was
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performed with R statistical Analysis software version
4.4.2 for Windows.

Results

Characterization of FG results

The XRD analysis of FG (Fig. 1) revealed characteristic
peaks of graphene at 26=13.78°, 25.51°, And 41.7° attrib-
uted to the diffraction of the crystal planes of (001), (002),
and (100), respectively [25].

FTIR analysis of FG (Fig. 2) exhibited peaks corre-
sponding to the stretching vibration of C-F bonds at
about 1233 cm™!. Another peak was detected at 1450cm™!
corresponding to the C-F2 stretching vibration. A charac-
teristic peak attributed to C=C bonds of graphene basal
plane was observed at approximately 1690 cm™. Also,
the peak corresponding to the C-H bond was revealed
at approximately 2600 cm™, Stretching vibrations of OH
groups were detected in the region of 3000 cm™ [26, 27].

TEM image of FG (Fig. 3) showed FG nanosheets with
lower opacity edges, indicating a high degree of exfo-
liation, and dark opaque areas in the middle, indicating
stacking of the particles. The nanosheet lamellar struc-
ture of graphene can be detected (arrows).

Chracterization of biodentine before and after
modification with FG

XRD results (Fig. 4) exhibited strong peaks attributed to
calcium carbonates And calcium silicates of Biodentine
at approximately 20=23.5 ° And 26.3°, respectively. How-
ever, after modification of Biodentine with FG, a broad
peak appeared at the region of 20= 10°-13° approximately,
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Fig. 2 FTIR spectrum of FG powder
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Fig. 3 TEM images of FG at a scale bar of 100 nm And 50nm. Arrows denote the nanosheet structure
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Fig. 4 XRD patterns of Biodentine and modified BD-FG

which is attributed to the strong peak of the 001-plane
associated with graphene nanosheets.

FTIR analysis of Biodentine and modified Biodentine
(BD-FG) (Fig. 5) revealed bands at approximately 1780,
900, And 800 cm™ attributed to CO, bonds associated
with calcium carbonates, in addition to bands at approxi-
mately 500 cm-1lattributed to silica vibrations. FTIR of
modified BD-FG displayed new peaks of C-F and C=C
bonds associated with graphene at about 1200 cm™ And
1700 cm™ respectively.

SEM imaging (magnification 1000X) of unmodified
BD (Fig. 6A) revealed homogenous and smooth sur-
face morphology. However, the BD-FG group revealed a
rough and porous surface (Fig. 6B). EDX analysis results
(Fig. 6 and Table 1) showed the elemental composition
of the BD and BD-FG groups. The results showed that
oxygen and carbon percentages were increased in the
BD-FG group, while calcium and silicon percentages
were decreased, with the appearance of the fluoride (F)

element. F mapping results revealed uniform distribution
of FG in Biodentine (Fig. 7).

Ph behavior and ion release results
Two-way ANOVA results showed that the type of BD had
no statistically significant effect on pH at p=0.39, how-
ever, it revealed a statistically significant effect on Ca ion
release at p<0.001. The immersion time showed a statisti-
cally significant effect on both pH and Ca ion release (p =
0.007 and p<0.001, respectively). The interaction between
the two variables had a statistically significant effect on
pH and Ca ion release (p=0.007, p<0.001, respectively).
Statistical Analysis results revealed that the modified
BD-FG group exhibited a significantly higher pH And Ca
ion release at day 1 (p=0.021 and p<0.01, respectively).
However, no statistically significant difference was found
between the groups at days 3 And 7 (Fig. 8). It was also
noticed that pH and calcium ion release of both groups
exhibited a descending pattern with time. In addition,
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Table 1 Elemental atomic% of unmodified BD and BD-FG
obtained by EDX analysis

Elements Atomic %
Unmodified BD group Modified BD-FG group
Oxygen 368 338
Calcium 50.7 456
Silicon 6.9 56
Carbon 56 143
Fluoride 0 0.7
Total 100% 100%

there was a prominent positive correlation between
Ca ion release and pH that was statistically significant
(p<0.001) (Fig. 9).

Regarding cumulative calcium ion release (Fig. 10),sta-
tistical analysis revealed that the modified BD-FG group
recorded a significantly higher mean value compared to
the other group (P<0.001).

The results of fluoride ion release from the modified
BD-FG group (Fig. 11) revealed a significant difference in
the amount of fluoride released over time (p < 0.001). The
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Fig. 7 Elemental mapping of fluoride in the modified BD-FG group
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results of the pairwise comparisons revealed a significant
increase in fluoride after 28 days compared to measure-
ments taken at day 1 And day 14. The cumulative fluoride
release after 28 days was (77.26 + 4.88 PPM).

In vitro apatite formation ability results

The results of ESEM (Fig. 12) showed progressive for-
mation of superficial spherules on the surfaces of both
groups that increased with the increase in immersion
time from day 1 to day 28. Precipitates formed on the
BD-FG group's surface appeared to be much denser than
the unmodified BD group for each time interval.

EDX analysis (Fig. 13) showed peaks of calcium, sili-
con, carbon, and oxygen, denoting the different reaction
phases present in the set cement. In addition, the pres-
ence of peaks of calcium and phosphorus denoted the
formation of the apatite layer precursor. Results also
exhibited a higher Ca/P ratio in the modified BD-FG
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group compared to the unmodified group. However, both
groups displayed a decrease in the calcium/phosphorus
ratio over time.

Cell viability results

Statistical results of MTT assay revealed that both the
modified and unmodified Biodentine groups showed sig-
nificantly higher cell viability % compared to the control
group at all tested time intervals (p<0.001) (Fig. 14). The
statistical results also revealed no statistically significant
difference between modified And unmodified Biodentine
groups at day 1 And day 7. However, at day 3, the unmod-
ified BD group showed significantly higher cell viability %
compared to the modified BD-FG group (p<0.001).

All tested materials demonstrated non-cytotoxic
behavior at all tested time intervals, with cell viability
exceeding 80% compared to the control group. On day
1, Biodentine And modified Biodentine groups showed
viabilities of approximately 186% And 172% respectively.
This trend continued at day 3 And day 7, with Bioden-
tine maintaining the highest viability (202% And 228%),
followed by modified Biodentine (150% And 185%). The
control group showed a gradual increase in viability over
time, reaching 124% on day 7. These results confirm the
biocompatibility of both materials and suggest a time-
dependent increase in cellular metabolic activity.

Alkaline phosphatase assay result

Statistical analysis revealed that both modified and
unmodified Biodentine groups showed significantly
higher ALP activity compared to the control group
(p<0.001) (Fig. 15). However, the results showed no
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Fig. 11 Line chart showing fluoride ion release mean (PPM) and standard deviation
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Fig. 12 ESEM micrographs at magnification 2000X showing surface deposits over unmodified BD (a, b, ¢) and modified BD-FG (d, e, f) at different time
intervals

statistically significant difference between modified and compared to the control (p<0.01), indicating enhanced
unmodified Biodentine groups (P=0.087). osteogenic potential (Fig. 16 and table 2). No statistical

Both Biodentine and modified Biodentine groups dem-  significant difference was observed between Biodentine
onstrated significantly higher normalized ALP activity and modified Biodentine groups, suggesting that the
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Fig. 13 EDX spectral analysis of unmodified BD and modified BD-FG at different time intervals

modification did not further augment ALP expression
under the conditions tested.

Compressive strength results

Statistical analysis revealed that the unmodified BD
group (102.82 + 7.78) exhibited significantly lower com-
pressive strength compared to the modified BD-FG
group (123.74 + 7.07) (P <0.001)

Discussion

The present study evaluated the effect of adding fluo-
rinated graphene for the modification of Biodentine,
which has been frequently acknowledged in literature
for its superior physical properties, good handling char-
acteristics, and wide range of clinical applications. In the
current study, fluorinated graphene was prepared from
graphite using modified Hummers’ methodology, as it is
reported to be the most commonly used, reliable method
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[24]. The prepared FG powder was characterized using
XRD, FTIR, and TEM. XRD spectrum showed the planes
(001), (002), and (100) of graphene sheets (Fig. 1). FTIR
spectrum further confirmed the XRD findings, as it also
displayed the strong peak of C-F group (Fig. 1), which
is usually used to identify F in FG. The stretching vibra-
tion of C-F2 at the nanosheet margin was also detected.
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Table 2 Normalized ALP activity relative to cell viability; mean,
standard deviation and statistical significance between different
groups

Group Normalized SD + Signifi- F-value  P-value
ALP/MTT cance vs.
Control
Control 0477 005 — 9.895004 0.012592
Biodentine  1.38 02 p<001
Modified 137 018 p<0.01
Biodentine

Moreover, the existence of a graphene basal plane of
C=C was also confirmed. The stretching vibration peaks
of O-H groups correspond to oxygen functional groups
[26, 27]. The lamellar nano-sheet morphology of FG was
further confirmed by TEM analysis (Fig. 3).

Based on a pilot study, the addition of FG into Bioden-
tine enhanced the mechanical properties of Biodentine
up to 2 wt% of FG, suggesting that up to this concentra-
tion limit, the FG didn’t compromise Biodentine proper-
ties. Accordingly, a concentration of 2 wt% FG powder
was selected to modify Biodentine in order to prepare
FG-modified Biodentine (BD-FG group).

Biodentine before And after modification with 2 wt%
FG was characterized by XRD, FTIR, and SEM-EDX.
Both XRD and FTIR results showed peaks associated
with fluorinated graphene nanosheets confirming the
preparation of modified BD-FG (Figs. 2 And 5 respec-
tively). SEM image of BD-FG group showed rougher
and more porous surface due to the incorporation of
nanoparticles (Fig. 3). This agreed with a study by Kou-
troulis et al. [28]. EDX analysis of both groups showed
high percentages of Ca, O, Si, and C, related to the com-
position of Biodentine, which is mainly tricalcium and
calcium carbonate [3, 5]. EDX results of the BD-FG group
revealed increased C concentration, as well as displayed
F concentration (Table 1). This is related to the incorpo-
rated FG, which showed homogenous dispersion within
Biodentine (Fig. 4).

Calcium and hydroxide ions release is considered a key
success factor of the material’s bioactivity, as they stimu-
late the differentiation of hard tissue-forming cells, hence
improving mineralization. So, it was of prime importance
to evaluate calcium ion release values and to assess the
amount of eluted hydroxide ions by measuring the pH
[29]. Hanks” Balanced Salt Solution (HBSS) was used in
this study due to its good ability to induce in vitro apatite
formation, as well as its ability to simulate the ionic con-
centration of the human blood plasma [30]. The results
of the current study revealed that both groups exhib-
ited alkaline pH throughout all the tested time intervals,
which indicates a favorable condition to maintain high
osteogenic potential. The results showed that the modi-
fied BD-FG group exhibited significantly higher pH And
Ca ion release values at day 1 (Fig. 8). It was noticed from
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SEM images that BD-FG showed a more porous struc-
ture (Fig. 3), which could lead to high fluid uptake, and
hence, increase its initial solubility, and accelerate its
hydration kinetics. Accordingly, more hydroxyl ions were
released, which increased alkalinity, and more Ca ions
were released, which favored rapid mineralization. This
could also explain its significantly higher cumulative Ca
ions release (Fig. 6).

The results of the current study also showed fluo-
ride ion release from the modified BD-FG group, which
exhibited An increase over time, with a significantly
higher value at 28 days (Fig. 7). Fluoride ion release could
favor enamel remineralization, limit bacterial enzymes
involved in acid production, ultimately strengthening
teeth and developing an anti-cariogenic effect [31].

Imaging the material’s surface by ESEM in conjunction
with EDX was used to analyze the elemental composi-
tion of the surfaces of the tested materials after storage
in HBSS. In this study, ESEM analysis was performed
instead of the conventional SEM to avoid any surface
preparation or coating that could cause any change in
the surface chemistry. ESEM results (Fig. 8) revealed the
presence of superficial precipitates of various sizes on
the surfaces of both groups that increased in size over
time. EDX results revealed that Ca and P were the main
constituents of the formed precipitates, suggesting the
formation of an apatite layer (Fig. 13). In fact, the bioac-
tivity of Biodentine occurs through the hydration of the
tricalcium silicate and the formation of calcium hydrox-
ide, which in the presence of phosphate ions precipitate
into a hydroxyapatite mineral [32]. It was observed that
the modified BD-FG group displayed thicker and densely
dispersed mineralized precipitates compared to the other
group at all tested time intervals (Fig. 8). This could be
related to its accelerated hydration kinetics and its higher
ion release. According to Xu et al, the incorporation
of graphene in calcium silicate cement provides more
nucleation sites for calcium silicate hydrate, because it
is more negatively charged, so it attracts more positively
charged calcium ions, thus accelerating the deposition of
minerals [33].

EDX results revealed that both groups exhibited an
early higher Ca/P ratio, which indicates an early nucle-
ation of Ca-rich apatite precursors. However, the Ca/P
ratio of both groups gradually decreased over time,
owing to the increase in phosphate precipitation, indicat-
ing the maturity of the apatite layer. This agreed with the
previous study [34].

Cell viability results of this study demonstrated that
both modified and unmodified Biodentine groups exhib-
ited significantly higher cell viability compared to the
control group at all tested time intervals (p <0.001) (Fig.
9), indicating the ability of both groups to promote pulp
cell proliferation. The results showed no statistically
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significant difference between the modified And unmodi-
fied Biodentine groups at days 1 And 7. However, the
modified BD-FG group exhibited significantly lower cell
viability at day 3 compared to the unmodified BD group
(p<0.001). A previous study speculated an increase in
apoptotic and necrotic cells with increasing extracellu-
lar mineralization induced by calcium ion release in cul-
tured human dental pulp stem cells [35]. Other study also
reported the cytotoxic effect of high calcium content [36].
Accordingly, it could be suggested that the higher ion
release of the BD-FG group, could contribute to decreas-
ing the cell viability at day 3. Nevertheless, it was noticed
that the cell viability of the BD-FG group has been sig-
nificantly increased at day 7, which could be related to
the noticed decline pattern of Ca ion release over time.
This could suggest the ability of the cells to recover and
resume proliferation. According to Geng et al., as the
incubation period of cells with FG increases, the intracel-
lular oxidative stress levels increase, which further exerts
an adverse influence on cellular functions [37]. This also
agreed with other study [38]. However, some previous
studies reported the ability of FG to enhance mesenchy-
mal stem cells’ adhesion, improve their proliferation, and
support their differentiation [39-41]. The discrepancies
between cell viability findings in different studies could
be due to differences in graphene concentration, degree
of fluorination, and details on shape, size, and dispersion.
In addition to variations in the nature of the modified
biomaterial.

ALP results came following MTT assay results. As,
no statistically significant difference was found between
the two groups in the ALP activity at day 7 (Fig. 10). In
fact, ALP expression is one of the most commonly used
markers to assess odontogenic differentiation of dental
pulp stem cells, and it is related to the process of mineral
deposition; hence, it plays a significant role in pulp repair
mechanisms [29]. Accordingly, it could be emphasized
that FG didn't compromise odontogenic differentiation
and extracellular mineral deposition when added into
BD.

Compressive strength is an important property for
hydraulic cements in vital pulp therapies, so that they
can withstand masticatory forces. Compressive strength
results showed that BD-FG exhibited a significantly
higher compressive strength compared to the BD group
(Fig. 17). Many previous studies revealed that adding
carbon-based materials to calcium silicate cements could
contribute to improved mechanical properties [14, 42,
43]. This mechanical enhancement could be related to
the intrinsic high modulus of elasticity and strength of
FG [19]. Moreover, FG nanosheets have lower surface
energy, which facilitates their good dispersion within
BD (as shown in Fig. 4) [17], allowing them to act as
crack deflectors and preventing crack propagation [19].
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Another explanation was stated by Xu et al., who found
out that graphene enhanced mineral deposition not
only on the cement surface but also within the pores of
the cement, which resulted in decreasing porosity and
increasing strength [33].

This study introduced a novel modification of Bioden-
tine using 2 wt% fluorinated graphene (FG), offering a
promising strategy to enhance some properties of Bio-
dentine. The employment of different characterization
techniques -XRD, FTIR, TEM, and SEM/EDX- showed
in-depth analysis of structural, morphological, and ele-
mental properties of the new tested material. Moreover,
the study incorporates physicochemical, mechanical, and
biological evaluations, providing a holistic understand-
ing of the modified material’s performance. The use of
stem cells derived from dental pulp further enhances the
clinical relevance of the biological assessments. However,
this study has several limitations that should be acknowl-
edged. Properties including setting time, solubility, water
sorption, antibacterial, sealing ability, and bond strength,
were not evaluated in this study and are recommended
to be considered in further studies. Besides, other com-
mercially available protein assays like bicinchoninic acid
(BCA) assay or Bradford assay are also recommended to
be used in future studies, providing an additional option
for ALP normalization. Moreover, the effect of different
concentrations of FG also needs to be examined. Addi-
tionally, in vivo examinations of FG-modified bioma-
terials should also be taken into consideration in future
research.

Conclusion

Within the limitations of this study, it could be concluded
that FG is a promising nanofiller that could be added
into Biodentine to increase Ca ion release, promote F ion
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release, in addition to improving mechanical properties
without compromising cell viability and differentiation
potential.

Abbreviations

BD Biodentine

FG fluorinated graphene

MTA Mineral trioxide aggregate

XRD X-ray diffraction

FTIR Fourier Transform Infrared Spectra
SEM Scanning electron microscope

TEM Transmission electron microscope
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ESEM  Environmental scanning electron microscope
ALP Alkaline phosphatase
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