DENTAL MATERIALS 35 (2019) 1532-1544

Available online at www.sciencedirect.com

ScienceDirect naterals

Glentaiinatenais

journal homepage: www.intl.elsevierhealth.com/journals/dema s U]

Check for
updates

Synthesis of chemically modified BisGMA analog
with low viscosity and potential physical and
biological properties for dental resin composite

Abdel-Basit Al-Odayni®, Randa Alfotawi’, Rawaiz Khan,
Waseem Sharaf Saeed®, Abdullah Al-Kahtani®, Taieb Aouak?,
Ali Alrahlah%%*

@ Chemistry Department, College of Science, King Saud University, P.O. Box 2455, Riyadh 11451, Saudi Arabia

b Maxillofacial Surgery Department, College of Dentistry, King Saud University, Riyadh 11545, Saudi Arabia

¢ Engineer Abdullah Bugshan Research Chair for Dental and Oral Rehabilitation, College of Dentistry, King Saud
University, Riyadh 11545, Saudi Arabia

d Restorative Dental Sciences Department, College of Dentistry, King Saud University, Riyadh 11545, Saudi Arabia

ARTICLE INTFO ABSTRACT

Article history: Objectives. The currently available commercial dental resin composites have limitations in
Received 17 February 2019 use owing to the high viscosity and water sorption of Bisphenol A glycidyl methacrylate
Received in revised form (BisGMA). The objective of this study was to obtain a BisGMA analog with reduced viscosity
11 June 2019 and hydrophilicity for potential use as an alternative to BisGMA in dental resin composites.
Accepted 16 July 2019 Methods. The targeted chlorinated BisGMA (Cl-BisGMA) monomer was synthesized via the

Appel reaction. The structural modification was confirmed via *H- and *3C nuclear magnetic
resonance spectroscopy, Fourier transform infrared spectroscopy, and mass spectrometry.

Keywords: Five resin mixtures (70:30wt.%: F1=BisGMA/TEGDMA; F2=Cl-BisGMA/TEGDMA; F3=Cl-
Dental material BisGMA only; F4=Cl-BisGMA/BisGMA; F5 contained 15% TEGDMA with equal amounts of
BisGMA derivative BisGMA and Cl-BisGMA) were prepared. The viscosity, degree of double-bond conversion
Dental resin composite (DC), water sorption (Wsp), and solubility (Ws.) were tested. Cell viability and live/dead
Low viscosity assays, as well as cell attachment and morphology assessments, were applied for cyto-
Cytotoxicity toxicity evaluation.

Results. Cl-BisGMA was successfully synthesized with the viscosity reduced to 7.22 (Pas)
compared to BisGMA (909.93,Pas). Interestingly, the DC of the F2 resin was the highest
(70.6%). By the addition of equivalence concentration of Cl-BisGMA instead of BisGMA, the
Wsp was decreased from 2.95% (F1) to 0.41% (F2) with no significant change in Wg;.. However,
the Wy, increased with high Cl-BisGMA content. Biological tests revealed that all the resins
were biocompatible during CL1 incubation.
Significance. The experimental resins based on Cl-BisGMA exhibited improved properties
compared with the control samples, e.g., biocompatibility and lower viscosity, indicating
that Cl-BisGMA can be considered as a potential monomer for application in dental resin
composites.
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1. Introduction

Dental cavities are commonly filled by using four types of
restorative dental materials: metals, ceramics, polymers, and
composites [1]. However, owing to their ease of handling
[2,3] and superior aesthetic characteristics [4,5], light-cured
polymer composites are widely used for dental rehabilita-
tion. Generally, these dental resin composites consist of three
key components: (i) a mixture of dimethacrylate monomers
(Bisphenol A glycidyl methacrylate (BisGMA), triethylene gly-
col dimethacrylate (TEGDMA), and urethane dimethacrylate),
which form the resin network upon polymerization; (ii) rein-
forcing filler particles (silica, zirconia, titanium oxide, barium
silicate glass, etc.); and (iii) a polymerization initiating system
(e.g., camphorquinone (CQ)) [6,7]. The polymerization mecha-
nism, handling characteristics, and application performance
of these composites are closely related to the selection of the
monomers.

BisGMA is the most widely used monomer in the prepa-
ration of dental restorative composite resins [8-11]. Under
visible light, BisGMA rapidly polymerizes owing to the exis-
tence of a light-sensitive free-radical initiator, e.g., CQ, leading
to a hard crosslinked network structure resembling a nat-
ural tooth. Thus, BisGMA is a material of choice for dental
restorative applications [12,13]. However, the presence of two
secondary hydroxyl groups and w—m interactions due to the
aromatic rings result in a high initial viscosity (molecular
weight (MW) = 512.6 g/mol, n = 1200 Pa s) of the monomer; thus,
the homopolymer usually does not reach high conversion [14].
Furthermore, the strong intramolecular hydrogen bonding
reduces the reactivity and mobility of the monomer dur-
ing the polymerization process and causes hydrophilicity in
the resulting composite resin [15]. To reduce the viscosity,
improve the handling properties of the monomer mixture,
and allow incorporation of higher inorganic filler contents, Bis-
GMA is generally combined with TEGDMA (MW =286.3 g/mol,
m=0.01Pas) [11,16]. However, owing to its linear molecu-
lar structure and the triethylene oxide spacer, the addition
of TEGDMA causes considerable volumetric shrinkage upon
polymerization and enhanced hydrophilicity of the mixture,
leading to residual stresses and microcavities, which affect
the long-term mechanical characteristics of the composite
[11,17,18]. Moreover, bacteria can enter the tooth micro-gaps
[19], forming biofilms and releasing acids, which may result in
demineralization and tooth decay [20].

To overcome these effects, substantial efforts have been
made by researchers to tailor the rheological and struc-
tural properties of BisGMA and develop BisGMA analogs with
low viscosity and high hydrophobicity, such as hydroxyl-free
propoxylated BisGMA (CH3Bis-GMA) and propoxylated fluori-
nated BisGMA (CF3Bis-GMA), as replacements for TEGDMA in
BisGMA mixtures [21,22]. Kim et al. [23] replaced the hydroxyl
groups in BisGMA with methoxy groups, which dramatically
decreased the viscosity of BisGMA from 574 to 3.7 Pas. Conse-
quently, the amount of TEGDMA included in the resin matrix
was minimized. Similarly, Wang et al. [24] synthesized two
analogs of BisGMA via an esterification reaction by using ben-
zoyl and valeryl as substituent groups for the hydroxyl groups.
Their results showed that the viscosity of BisGMA was dramat-

ically reduced from 820Pas to 2.7 and 1.6Pas by regulating
the size of the benzoyl and valeryl substituent groups, respec-
tively.

The objective of the present study was to fabricate a Bis-
GMA analog via chemical modification, replacing the hydroxyl
group with a less hydrophilic substituent group, i.e., chlorine,
to synthesize chlorinated BisGMA (Cl-BisGMA). The Cl-BisGMA
was synthesized using the Appel reaction in an inert nitrogen
atmosphere. Our hypothesis was that the newly synthesized
Cl-BisGMA would have a lower viscosity than BisGMA and
exhibit promising physical properties for use as an alternative
to BisGMA.

2. Materials and methods
2.1. Materials

BisGMA (>98%), TEGDMA (>95%), 2-(N, N-dimethyl amino)
ethyl-methacrylate (DMAEMA; 98%), CQ (97%), and car-
bon tetrachloride (CCly; >99.8%) were purchased from
Sigma-Aldrich, Germany. Triphenylphosphine (PhsP; >98%)
was obtained from Cica-reagent (Kanto Chemical, Japan). n-
Hexane (Hx; >97%) was purchased from Avonchem, UK. Ethyl
acetate (EA; 99%) was obtained from Fisher Scientific, UK. All
the chemicals were used as received, without further purifica-
tion.

2.2. Methods

2.2.1. Synthesis of monomer (Cl-BisGMA)

Cl-BisGMA was synthesized via the Appel reaction [25-27] in
aninertnitrogen atmosphere. The reaction was conductedina
three-necked flask equipped with a magnetic stirring bar and
a reflux condenser. Initially, 26.59 g of PhsP (0.1014 mol) was
added to a stirred solution of BisGMA (0.0390 mol, 20.00 g) with
an excess amount of CCly (0.7249 mol, 70.13mL). The reaction
mixture was stirred under reflux for 2h, and the progress of
the reaction was monitored according to the disappearance of
BisGMA via thin-layer chromatography (TLC). Subsequently,
the mixture was allowed to cool to room temperature and fil-
tered through a pad silica. Dry hexane (150 mL) was added to
the filtrate, and the PhsPoxide precipitate was filtered. The
solvent was removed using a rotary evaporator, and the Cl-
BisGMA was purified through flash column chromatography
(FCC) using EA/hexane (7:3 by volume) as an eluent. The frac-
tions from FCC were spots on the TLC aluminum plates, and
the Cl-BisGMA-containing fractions were collected accord-
ingly. After the solvent was removed, a clear, light yellow,
low-viscosity product was obtained, with a final yield of 13.5¢g
(63%). This product was kept in a dark container at 8 °C for fur-
ther experiments. The reaction route for Cl-BisGMA prepared
via the Appel reaction is shown in Scheme 1la. The substitu-
tion of OH by Cl occurs through a second-order nucleophilic
(Sn2) mechanism. The reaction begins with the formation
of the phosphonium chloride (3). The deprotonation step of
BisGMA (5) yields the alkoxide-form (7) which attacks the
phosphonium ion resulting in an intermediate (9) and an
active chloride ion (8). Finally, the oxygen is transferred into
the leaving group triphenylphosphine oxide (10), and the Sy2
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Scheme 1 - Synthesis of the Cl-BisGMA monomer; reaction route (a) and reaction mechanism (b).
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displacement by chloride takes place, resulting in Cl-BisGMA
(11) with inverted configuration (Scheme 1b).

The chemical structure of Cl-BisGMA was confirmed via
Fourier transform infrared (FTIR) spectroscopy, nuclear mag-
netic resonance (NMR) spectroscopy, and mass spectrometry
(MS). The FTIR spectra were recorded using an FTIR spectrom-
eter (Nicolet iS10, Thermo Scientific, USA) with attenuated
total reflection (ATR; diamond crystal) accessories. The spec-
tra were obtained in the range of 4000-500 cm~! with a total
of 32 scans per spectrum and a resolution of 4cm~1. The
mass spectrum was obtained using an Accu-TOF LC-plus
JMS-T100 LP atmospheric pressure ionization ToF-MS spec-
trometer (JEOL, Tokyo, Japan) equipped with a DART ion source
(IonSense, Saugus, USA) and operated in the + ve-ion mode.
Selected peaks were assigned using the MassCentre soft-
ware (version 1.3.m). The NMR spectra were recorded using a
DELTA_NMR spectrometer (JEOL Resonance, JEOL, Japan) with
a field strength of 400MHz and eight total scans at 22.1°C,
by employing deuterated chloroform (CDCls) as the solvent
and tetramethylsilane as the internal standard. The data were
visualized using the Delta 5.0.4 software, and the chemical
shift was presented in parts per million (ppm).

1H and 13C NMR (400 MHz, CDCls) § [ppm]: BisGMA =1H
NMR: 7.23 (m, 4H, H-4), 6.91 (m, 4H, H-5), 6.24 (s, 2H, H-12a),
5.68 (s, 2H, H-12b), 4.51-4.20 (m, 6H, H-8 and H-9), 4.20-3.95 (m,
4H, H-7), 3.18 (s, 2H, H-14), 2.04 (s, 6H, H-13), 1.72(s, 6H, H-2);
13C NMR: 167.02 (C-10), 155.85 (C-6), 143.09 (C-3), 135.46 (C-11),
127.29 (C-4), 125.92 (C-12), 113.54 (C-5), 77.00 (CDCls), 68.38 (C-
7), 67.82 (C-8), 65.22 (C-5), 41.19 (C-1), 30.58 (C-2), 17.82 (C-13).
Cl-BisGMA = 1H NMR: 7.23 (m, 4H, H-4), 6.90 (m, 4H, H-5), 6.24
(s, 2H, H-12a), 5.68 (s, 2H, H-12b), 4.68-3.82 (m, 10H, H-7, H-8
and H-9), 2.07 (s, 6H, H13), 1.72 (s, 6H, H-2); 13C NMR: 166.38 (C-
10), 155.66 (C-6), 143.71 (C-3), 135.50 (C-11), 127.61 (C-4), 126.14
(C-12), 113.89 (C-5), 77.00 (CDCls), 68.30 (C-7), 64.54 (C-9), 55.18
(C-8), 41.52 (C-1), 30.77 (C-2), 18.02 (C-13).

2.2.2. Preparation of resin mixture

The composition and mass ratios of various formulations
(F1-F5) are presented in Table 1. The typical preparation pro-
cedures for these photocurable resins were as follows.

The photoinitiator system comprising CQ and DMAEMA
(0.2wt.% and 0.8wt.% based on the total monomer weight,
respectively) was mechanically mixed with the appropriate
monomers. The mixture was sonicated in an ultrasonic water
bath for 2min and mixed again in a dual asymmetric centrifu-
gal mixing system (Speed Mixer TM DAC 150 FVZ, Hauschild &
Co.,Hamm, Germany) three times (for 1 min each) at 2500 rpm.
After mixing, the obtained resins were deaerated in vacuum
for 15min at room temperature. Each group consisted of two
monomers with the ratio 70:30, except for F5, to which 15 wt.%
of the monomer TEGDMA was added to equal ratios (wt.%)
of BisGMA and Cl-BisGMA owing to the high viscosity of the
mixture.

2.2.3. Rheological measurement of uncured resins

The viscosity of the resins (F1-F5), in addition to BisGMA and
TEGDMA monomers was measured using a rheometer (MCR
72, Anton Paar, USA), with a 25mm parallel plate geometry

and 0.5mm gap at22.1°C (n=3). The test was performed under
steady shear rate ranging from 0.01 to 1000 (1/s).

2.2.4. Degree of double-bond conversion (DC)

The DC was determined via ATR-FTIR spectroscopy. A plas-
tic mold (5mm in diameter and 2 mm thick, n=5) between a
pair of glass slides (0.1 mm thick) was filled with the resin and
irradiated for 40s, using a light-curing unit (3M ESPE Elipar
S10, LED curing light; wavelength of 430-480 nm; intensity of
approximately 1200 mW cm~2). The DC was calculated accord-
ing to the change of the photopolymerizable C=C (vinyl) band
area at m~! (Aje3g) compared with the unaffected aromatic
C=C band area of bisphenol A at 1608 cm~? (A1¢0g) before and
after light curing using Eq. (1).

(A1638 ) cured
A1608

DC (%) = e/ | 100 1)
) (21232) uncured
2.2.5. Water sorption and solubility test

The water sorption and solubility test was carried out by
following ISO 4049 [28]. Disc-shaped specimens (15mm in
diameter and 2 mm thick, n=5) were prepared in a plastic ring
mold and light-cured from both sides (for 40s each) using a
curing unit (3M ESPE Elipar S10) with a 10-mm-diameter cur-
ing tip in four overlapped areas. The specimens were kept
in a desiccator containing dried silica gel and maintained at
37+2°C for 24h. They were then transferred into another
desiccator, maintained at 23+1 for approximately 1h, and
weighed. The drying process was repeated until a constant
weight was obtained, which was measured with an accuracy of
0.1mg (m1). After final drying, the specimens were immersed
in 15mL of distilled water at 37+2°C for 24h. Then, they
were removed, carefully swabbed, waved in the air for 30s,
weighed, and returned to the water. The water sorption cycle
was repeated until a constant weight was obtained (m2). The
specimens were then removed from the water and dried in the
desiccator at 37+2°C until a constant weight was obtained
(m3). The values of the water sorption (Wgp) and solubility
(WgL) were calculated using Egs. (2) and (3).

Wip (%) = (M) x 100 @)

Wst (%) = (u) x 100 (3)
my

2.2.6. Cytotoxicity analysis

Disc-shaped specimens (5mm in diameter and 2mm thick,
n=>5 for each group) were prepared for cytotoxicity stud-
ies. One side of each disc was subjected to an abrasive
process using Korox 110 sand and kept under sterilized condi-
tions until use. Immortalized human bone marrow stromal
cells (TERT-hBMSCs) produced by the forced overexpres-
sion of the human telomerase reverse transcriptase gene
in primary hBMSCs [29,30] were used. A subclone derived
from TERT-hBMSCs described as CL1, which exhibits an
enhanced osteogenic, adipogenic, and chondrogenic differen-
tiation potential, was cultured as previously described [31].
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Table 1 - Compositions of the resins with the experimental formulations.

. BisGMA TEGDMA Cl-BisGMA Initiator system (wt.%, with
Formulation 9
wt.% wt.% wt.% respect to the total monomers)
CQ wt.% DMAEMA wt.%
F1 70 30 0 0.2 0.8
F2 0 30 70 0.2 0.8
F3 0 0 100 0.2 0.8
F4 30 0 70 0.2 0.8
E5 42.5 15 42.5 0.2 0.8
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Fig. 1 - FTIR spectra of (A) Cl-BisGMA and (B) BisGMA. The inset (C) shows a magnified view of the C-Cl region.

2.2.6.1. Stromal-cell attachment and morphology assessment.
Three days after the CL1 stromal cells were added to the var-
ious prepared resin discs, the cell attachment was observed
using scanning electron microscopy (SEM). For this, CL1 cells
were added to five different discs. The discs were soaked
overnight in fetal calf serum to improve the cell attachment.
On the day of cell seeding, the discs were washed once with the
growth media, and then 1 x 10° cells were added to each disc.
On day 3, each disc was washed with a phosphate-buffered
solution and fixed with 1% glutaraldehyde (Sigma-Aldrich, St.
Louis, MO, USA) buffered in 0.1M sodium cacodylate (Agar
Scientific, Stansted, UK) at 4-6°C for SEM sample prepara-
tion. After glutaraldehyde fixation, the cells were fixed in 1%
osmium tetroxide (Agar Scientific, Stansted, UK) according to
the instructions from the manufacturer. The dry specimens
were sputter-coated with gold and examined using a Carl Zeiss
Sigma VP Oxford Micro-analysis S800, as previously reported
[32]. The discs were subsequently observed, and images were
captured using a JSM-6360 LV scanning electron microscope.

2.2.6.2. Cell viability assay using alamarBlue®. The cell via-
bility of the CL1 cells grown on the resin discs was assessed
via an alamarBlue® cell viability assay performed according
to recommendations from the manufacturer (AbD Serotec,
Raleigh, NC, USA). Briefly, 10 uL of the alamarBlue® substrate
was added directly to the cultured cells. The cells were cul-

tured in a 96-well plate after the addition of alamarBlue® and
incubated at 37°C for 1h in darkness. The fluorescence was
measured using an Ex530 nm/Em 590 nm with a BioTek Syn-
ergy 1l plate reader (BioTek Inc., Winooski, VT, USA).

2.2.6.3. Live/dead assay. CL1 cells were plated onto the five
prepared discs at a density of 1 x 10* cells/mL in 2 mL of cul-
ture medium. The plate was incubated at 37 °C under 5% CO,
for three durations: 4, 10, and 14 d. A live/dead stain was
prepared by adding 2 pmol/L acetomethoxy derivate of cal-
cein (calcein-AM) and 2 pmol/L ethidium homodimer-1 per
milliliter of medium. The construct was then left in the incu-
bator for 30min; subsequently, the dye was removed and
replaced with 1mL of DMEM. Observation was performed on
the same day using fluorescent microscopy (Leica-Letiz DM
IRB, Wetzlar, Germany). Three random fields of view were cho-
sen at a low objective magnification (5x), and then five areas
were observed at 10x using an Axiovision camera (Zeiss, Jena,
Germany; a total of three constructs yielded 15 images for
each cement). The mean live and mean dead cell numbers
were estimated according to the five images. Then, the per-
centage of viable cells was determined by dividing the mean
number of live cells by the total cell count (live and dead
cells).
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Fig. 2 - DART mass spectra of Cl-BisGMA: (A) full fragmentation pattern and (B) molecular-ion region magnification.

2.2.7. Statistical analysis

One-way analysis of variance and Tukey post-hoc tests
(SigmaPlot 12.5, Systat Software Inc., London, UK) were used
to analyze the significance of the viscosity, DC, water sorp-
tion, and solubility. All data were subjected to Levene’s test of
homogeneity of variance («=0.05), following the assumption
of equal variances.

3. Results
3.1. FTIR spectroscopy

The substitution of chlorine for the hydroxyl groups of Bis-
GMA was confirmed via FTIR spectroscopy. Fig. 1 shows the
FTIR spectra of Cl-BisGMA and BisGMA. In the spectra of Bis-
GMA (Fig. 1B), the broad band at 3429 cm~! is attributed to the
hydroxyl (OH) groups of BisGMA. The disappearance of the
OH band in the spectrum of Cl-BisGMA (Fig. 1A) confirms its
replacement by chlorine atoms [33]. Moreover, the band cor-
responding to the C-Cl bond in Cl-BisGMA (Fig. 1C) is observed
around 708 cm~? [34], confirming the replacement of the OH
group. Additionally, the FTIR spectra exhibit peaks at 1723
and 1638 cm~1, indicating the presence of carbonyl and vinyl
groups, respectively, in both BisGMA and Cl-BisGMA.

3.2. Mass spectrometry
The profile of the Cl-BisGMA mass fragments obtained using

the high-resolution DART-ToF-MS spectrometer is shown in
Fig. 2A. The observed peaks for the m/z fragments were

assigned and confirmed through the calculated fragmentation
pathway of the molecule. The peaks at m/z=144.60 and 548.18
are the base peak and the peak corresponding to molecular
ion, respectively. Chlorine is an important atom in MS because
its fragmentation reflects its two most stable, naturally abun-
dant isotopes—3>Cl (75.78%) and ’Cl (24.22%) [35]—with MS
peaks separated by m/z =2 and a relative intensity of 3:1 for an
ion with a single chlorine atom and 9:6:1 for an ion with two
chlorine atoms [34]. Fig. 2B shows the parent ion (molecular
ion) [M]* and its ammoniated adduct [M + NH4]* at m/z=548.18
and 566.20, corresponding to peak-(A) and peak-(A+NHy),
respectively [36]. The overall profile of the peaks (A to E) and
their ammonium adducts are identical, and their intensities
indicate the existence of two chlorine atoms in the molecule
(peak intensity ratio of 9:6:1 for [M]*:[M + 2]*:[M +4]*), which is
more clear for the ammoniated ion peaks. Lower mass frag-
ments with one chlorine atom are also observed, and their
m/z values are assigned as shown in Fig. 2A. For example, the
peaks at m/z=162.04 and 164.04 agree with the typical inten-
sity ratio of a single chlorine atom-containing molecule with
an intensity ratio of 3:1 for [M]*:[M +2]*. Similar patterns are
observed for all the chlorine-containing fragments.

3.3.  Nuclear magnetic resonance spectroscopy

The chemical structure of Cl-BisGMA was confirmed via H
and 13C NMR spectroscopy, as shown in Figs. 3 and 4, respec-
tively. The spectra of Cl-BisGMA were exactly the same as
those of BisGMA, except for peaks 7, 8, and 9, which corre-
spond to the substitution center (peak-8) and the adjacent
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Fig. 3 - 'H NMR spectra of BisGMA and Cl-BisGMA in CDCl;.

positions (peaks 7 and 9). The BisGMA *H and '3C NMR spectra
are similar to those previously reported [24,33,37]. For 'TH NMR,
the chemical shift of the OH proton is variable owing to the H-
bonding and proton exchange, and its position (0.5-5.0 ppm)
depends on the concentration, solvent, temperature, etc. [34].
In the literature [24,33,38], the BisGMA OH peak for CDCl; is
reported as a broad single peak between 2.2 and 2.6 ppm. In

Fig. 3, the singlet peak at 3.18 (H-14) ppm in the BisGMA spec-
trum is attributed to this OH proton. However, the Cl-BisGMA
spectrum shows no similar peak in this region, confirming
the substitution reaction with chlorine atoms. Additionally,
the effect of the OH replacement by chlorine on the adjacent
protons is insignificant, as both OH and Cl exhibit closely de-
shielding behavior [34]. Peaks corresponding to the protons
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Fig. 4 - 13C NMR spectra of BisGMA and Cl-BisGMA in CDCl;.
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Table 2 - Viscosity, DC, water sorption, and water solubility of the different formulations.

Formulation Viscosity (Pas) DC % Wsp (Wt.%) Wi, (wt.%)
Average SD Average SD Average SD Average SD
F1 2.26 0.0642 62.0 0.632 2.950 0.0912 0.301 0.1622
F2 0.38 0.0352 70.6 0.80P 0.408 0.061° 0.350 0.0362
F3 7.22 1.105P 60.4 0.212 0.115 0.119¢ 0.650 0.257°
F4 41.15 1.349¢ 50.1 2.15¢ 0.250 0.074%P 0.657 0.085P
F5 5.56 1.305P 56.8 2.004 1.093 0.1764 0.337 0.0082

The same superscript indicates no significant difference (p <0.05).
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Fig. 5 - Viscosity measurement of BisGMA, TEGDMA and
resin systems (F1-F5) at 22.1 °.

in the substitution region (H-7, H-8, and H-9) were observed
at 4.5-3.9 and 4.7-3.8 of BisGMA and Cl-BisGMA, respectively.
Moreover, the integration of this region for both monomers
indicates the presence of 10 protons in total, confirming the
proposed chemical structure of Cl-BisGMA. In the *C NMR
spectra, the chemical shifts corresponding to C-7, C-8, and C-
9 (Fig. 4) were from 68.38, 67.82, and 65.22 for BisGMA to 68.30,
55.18, and 64.54 ppm for Cl-BisGMA, respectively. The major
change was for C-8, which was the center of the substitution
reaction (from 67.82 to 55.18 ppm). All the other carbons were
unaffected, and similar chemical shifts were observed for both
monomers.

3.4.  Viscosity test

Fig. 5 shows the viscosity of neat BisGMA and TEGDMA in addi-
tion to all the other resin systems (F1 to F5), as a function of
the shear rate in the range of 0.01-1000 (1/s). All the specimens
exhibited a Newtonian behavior with respect to shear rate.
The calculated viscosities of BisGMA and TEGDMA monomers
were 909.9 and 0.007 (Pas) respectively, while the resin sys-
tems (F1-F5) exhibited viscosities ranged between BisGMA and
TEGDMA as given in Table 2. The measured viscosity was
ordered as BisGMA >F4>F3>F5>F1>F2>TEGDMA.

Among the resin systems (F1 to F5), F4 resulted in highest
viscosity while the lowest viscosity was exhibited by F2. F3
and F5 resulted in moderate viscosities however, F1 resulted
in lower viscosity than F3 and F5.
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C=C aromatic,
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Fig. 6 - Representation of the double-bond conversion for
the F2 resin.

3.5.  DC, water sorption, and solubility

The DC was assessed via FTIR analysis. A representative FTIR
spectrum for peak area calculation is shown in Fig. 6. The
DC was calculated using Eq. (1) by comparing the changes in
the area of the aliphatic C=C peak (vinyl bond) at 1638 cm~?
and that of the internal standard peak of aromatic C=C at
1608 cm~?! during polymerization, compared with the uncured
material.

The mean DC, Wgp, and Wy, for each test group are pre-
sented in Table 2. According to the literature, no significant
change in the DC occurs after 40 s of irradiation [39]. Therefore,
for all the test samples, the irradiation was conducted for 40s.
The results revealed that F2 exhibited the highest DC (70%)
among all the groups, while F4 exhibited the lowest DC (50.1%).
F1 and F3 did not show a significant difference in their DC val-
ues (p>0.05). However, F5 exhibited a significantly higher DC
value than F4 (p <0.05).

F3 showed the lowest water-sorption value
(F3<F4<F2<F5<F1). As expected, F1 (with a BisGMA-to-
TEGDMA ratio of 70:30), exhibited the highest water-sorption
value. F5, which consisted of an equal proportion of BisGMA
and Cl-BisGMA (42.5wt.% each) and 15wt.% of TEGDMA,
exhibited the second-highest water sorption. F3 (containing
100% Cl-BisGMA) and F4 (70% Cl-BisGMA) did not show any
significant difference in water-sorption values (p >0.05). Sim-
ilarly, F2 (70% Cl-BisGMA) exhibited a Wgp value statistically
equal to that of F4 (p>0.05). For F2 and F4, the concentration
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Fig. 7 - (A) CL1 cells grown on resin discs F1-F5 and stained with ethidium homodimer and calcein, which turns all
nucleated cells green. The magnification used was 10 x (scale bar =200 pm). (B) AlamarBlue® assay of CL1 cells cultured on
the same resin discs. The data show a high CL1 metabolism for F2 and F3 after 14 d of cell culturing. (For interpretation of
the references to color in this figure legend, the reader is referred to the web version of this article.)

of Cl-BisGMA was 70wt.%, in combination with 30wt.% of
TEGDMA and BisGMA, respectively. TEGDMA have adverse
effects on properties such as water uptake and curing shrink-
age [23]. Thus, the main factor influencing the Wgp was the
percentage of TEGDMA (30%) in F2 and BisGMA (30%) in F4, as
indicated by the Wgp values of F1 and F5. F1 contained 70 wt.%
of BisGMA and exhibited the highest Wgp value, followed
by F5, which had the second-highest percentage of BisGMA.
On the other hand, F3 (Cl-BisGMA) exhibited significantly
reduced Wsp values.

Interestingly, the water-solubility order differed from that
of the water sorption, with F1, F2, and F5 showing no statisti-
cally significant differences in the Wgy, values. F3 and F4 also
exhibited similar Wg;, values, which were higher than those
of the other three compositions. The high values of Wg;, for F3
and F4 could be related to the presence of unreacted monomer
and the low DC due to the absence of low-viscosity TEGDMA
in these groups.

4, Biological study

4.1.  Morphological observation of stromal-cell
attachment

SEM images of CL1 proliferating on the surface of each sam-
ple disc, covering the surface in the form of layers, are
shown in Fig. 7. After 3 d of culturing (CL1) cells, for all five

discs, most of the cultured cells adhered to and were clearly
observable on the disc surface, with no significant difference
between the examined samples, as shown in Fig. 7. However,
the cells proliferated to greater extent in some areas, form-
ing cell aggregates. Their shapes were either polygonal or
fusiform, accompanied by filamentous fibers formed on the
surface, indicating extracellular matrix formation. Further-
more, cells were observed in the pore area and intermingled
within the resin material (see Fig. 8C-F). At the periphery
of the discs, few cells were detected (Fig. 9). Although the
cells reached the desired size and shape, they were unevenly
distributed throughout the examined surfaces. This may indi-
cate that the chemical composition of the specimens neither
affected the cell survival nor expressed a transgene, as demon-
strated by Bianchi et al. [40]. The tested specimens provided
a suitable micro-environment for the CL1 cells, supporting
their attachment, adhesion, and proliferation. Moreover, the
material guided the fate of the seeded cells by selecting sub-
populations and influencing their fate, as studied by Bianchi
et al. [40]. Our observations suggest that CL1 cells found
their niche, interacting with various other cells via cell adhe-
sion. The extracellular matrix is deposited by the niche cells
under the influence of integrin receptors and other signal-
ing molecules, including autocrine, paracrine, and endocrine
factors. Additional variables include the O, tension, pH, ionic
load, and glucose strength [40]. These factors can explain the
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Fig. 8 - SEM images of (A) CL1 proliferating on the surface of the resin disc, covering the surface in the form of layers, and (B)
cells spreading on the surface of the resin in layers, as indicated by the red arrows. (C-F) With further magnification, cells
were observed in the pore areas, as indicated by the red arrows, exhibiting a normal size (60-160 pm) and shape (polygonal
and fusiform) on the surface of the resin discs after 3 d of culturing. The scale bar represents 50 pm in (A) and 10 pm in
(B)—(F). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this

article.).

uneven distribution of cells between the center and periphery
of the examined discs.

4.2.  AlamarBlue® assay and live/dead stain

The percentage of viable cells on the surface of the five discs
varied among days 4, 10, and 14. The cell growth exhibited a
homogenous trend at different times. A high cell metabolism
was observed on day 4, with no statistically significant dif-
ference between the specimens. On day 10, a decrease in cell
metabolism was observed, which could have been due to cel-
lular senescence. Surprisingly, the cell proliferation indicated
an increased metabolism on day 14. The highest reading was
reported for F2 and F3, whose values showed a statistically
significant difference from those of the other examined discs

(p<0.05). The percentage of viable CL1 cells on the disc sur-
face was easily calculated for the five discs after the first 4
d of culturing: 90.6% +12%, 77.0% £ 7%, 69% + 13, 88.5+5%,
and 92% + 15 for F1, F2, F3, F4, and F5, respectively. In gen-
eral, more cells were observed at the center of the discs than
at the borders.

5. Discussion

BisGMA is a high-viscosity monomer owing to the secondary
hydroxyl groups and aromatic rings w—m interactions. The
high viscosity and strong intermolecular interaction result
in a low DC and cause hydrophilicity. In this study, we syn-
thesized a chemically modified BisGMA analog by replacing
the OH group of BisGMA with chlorine in order to reduce
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200 pm.

Fig. 9 - Live/dead assay of CLI cells. The image was taken
from the borders of the discs, and few cells were detected
(scale bar represents 200 pm).

the viscosity. All the tested specimens including BisGMA and
TEGDMA exhibited a Newtonian behavior. The neat BisGMA
and TEGDMA exhibited the highest and the lowest viscosi-
ties (909.92 and 0.007 Pas, respectively) among all the groups
which are in agreement with literatures [41]. The high vis-
cosity of BisGMA is attributed to the strong intermolecular
H-bonds caused by hydroxyl groups. This also may be the
source of the shear rate dependence of the viscosity observed
in F4. At high shear rate (e.g.>100 1/s), F4 exhibited a grad-
ual shear thinning behavior as a result of H-bonds disruption
caused by the high shear forces, however such behavior was
also reported for BisGMA and high BisGMA-content resins
[39]. F3 (Cl-BisGMA) resulted in significantly lower viscosity
(7.22 Pas) than that of BisGMA (909.92 Pa s), reflecting the dis-
appearance of network junctions, such as hydrogen bonding
between monomer molecules, caused by the replacement of
the hydroxyl group with chlorine. In comparison, F4 exhibited
a higher viscosity (41.15Pas), possibly owing to the presence
of high molecular weight BisGMA (30 wt.%; MW =512.6) and
absence of TEGDMA.TEGDMA is used as a diluent, as it dis-
rupts hydrogen bonding and acts as an internal lubricant.
However, the addition of TEGDMA leads to considerable poly-
merization shrinkage and high hydrophilicity [39]. The low
viscosities of F1 (2.26 Pas) and F2 (0.38 Pa s) could be attributed
to the presence of 30 wt.% of TEGDMA in these resin systems,
which has a low MW and very low viscosity. The same effectis
reflected in F5 (5.56 Pa/s) which contains a portion of 15 wt.%
TEGDMA. The viscosity value of F1 (2.26 Pa s) obtained in this
study is in agreement with the literature [41,42].

F2 exhibited the highest DC and the lowest viscosity among
the other groups, which is attributed to the presence of
TEGDMA in combination with Cl-BisGMA and the absence

of strong intermolecular hydrogen bonding, which restrict
the molecular movement of the resin. In comparison to F2,
F1 exhibited a lower DC value with the same proportion of
TEGDMA due to the strong intermolecular interaction caused
by H-bonding in BisGMA.

The water sorption of dental composites is related to
the physical-chemical properties of their components; the
nature of the formed network, such as the three-dimensional
structure of the obtained polymer network, the DC, and the
free volume entrapped within the structure [43]; and the
hydrophilicity and solubility of the network [44,45].

Generally, the water sorption increases with the decrease
of the DC [44]. In this study, as expected, F3 exhibited the
lowest water sorption, followed by F4, F2 and F5, owing
to the relatively low hydrophilicity of Cl-BisGMA. The con-
ventional monomer composition (F1) exhibited the highest
water sorption, which is attributed to the high proportion of
hydrophilic BisGMA in combination with TEGDMA. It is evi-
dent from the literature that both TEGDMA and BisGMA are
highly hydrophilic monomers [46,47]. This is confirmed by
the present water-sorption results. F5 exhibited the second-
highest water sorption, which is attributed to the presence of
hydrophilic BisGMA and TEGDMA.

Water solubility is another very important parameter for
dental materials. In our study, F3 and F4, despite exhibiting
low Wgp values, showed the highest solubility. The high water
solubility of F3 and F4 may be due to the presence of unreacted
monomer after irradiation and low DC. The high Wg;, for these
groups could be attributed to their low DC values. The low DC
could be attributed to high viscosities of these groups having
no TEGDMA. On the other hand, F1, F2, and F5 showed no sig-
nificant difference in their Wgy values (p>0.05), which could
be attributed to their higher DC due to presence of TEGDMA in
these groups. Moreover, in case of F1 and F5, the high degree of
crosslinking and molecular interaction in the presence of the
OH groups in BisGMA could also be related to their low Wg.
However, F2 (having 30 wt.% of TEGDMA) resulted in highest
DC (70%), leaving minimum un-leached monomer after irradi-
ation, could also be associated to its lower Wg;.. The solubility
of resin composites is related to the dissolution and leaching
of various components, particularly unreacted monomers [48].
The density of the links in methacrylate-based resin compos-
ites may vary as a result of the polymerization of free radicals,
causing spatial heterogeneity that may facilitate the entrap-
ment of residual monomers in microgels, from where they
may be easily leached [49]. The addition of TEGDMA in these
three groups (F1, F2, and F5) facilitated the polymerization pro-
cess owing to its very low viscosity and linear structure. This
resulted in a reduced quantity of the unreacted monomer and
un-leached components. Thus, there was a significant differ-
ence in the water-solubility performance compared with the
other two groups (F3 and F4). The results indicated that the
Wgp and Wy, values generally change in the same way [50]. In
previous studies [46,48,51], materials with low sorption exhib-
ited low solubility. However, researchers have suggested that
materials with high water sorption do not necessarily have
high solubility [52], as observed in our study.

Assessments of the cell morphology using SEM and cell
proliferation and cytotoxicity tests indicated that all the used
resin discs were biocompatible during CL1 incubation. How-
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ever, a decrease of the cell metabolism was observed on day
10 for all the tested samples. This could be because some of
the cells reached cellular senescence, especially at the center
of the discs; then, the cells at the borders of the discs pro-
liferated more quickly toward the center. This was observed
during live/dead microscopic examination, as shown in Fig. 7.
Few cells were observed on day 4 of the culturing in converse to
the center of the discs (Fig. 9). Another reason for the decrease
of cell proliferation on day 10 may be that the toxicity of the
unreacted resin particles caused a local fluctuation in the pH
orionic strength. F2 and F3 exhibited greater proliferation (sta-
tistically significant difference) than the other tested samples.

Qualitatively, CL1 viability assessments involving direct cell
seeding onto the resin discs and SEM and cytoskeleton evalu-
ation showed that a large number of cells were adherent and
proliferating. Additionally, the typical morphological features
of the marrow stromal cells on the surfaces of all the discs
were observed. Similar SEM findings were obtained when MG-
63 was seeded on a surface of polymethyl methacrylate for
use as a bone cement [53]. The literature supports the use
of in vitro cell cultures as a reliable and sensitive approach
to evaluate the biocompatibility of bio-scaffolds [53,54]. In
contrast, Bhanushali et al. suggested that although in vitro
cytotoxicity tests appear to be sensitive, they cannot replace
animal experimentation [55]. Our future challenge is to test
the F2 and F3 dental resin composites using a suitable model
in vivo.

6. Conclusion

Although BisGMA is a common base for dental resin com-
posites, its high viscosity is a major drawback preventing the
addition of the desired high filler content. Halogenated deriva-
tives produced via replacement of the OH group are potential
solutions, as OH is the major cause of the increased viscos-
ity due to hydrogen bonding. In this study, we successfully
synthesized a Cl-BisGMA monomer by replacing the hydroxyl
groups (OH) in BisGMA with chlorine atoms. Its low viscos-
ity is worthy of further comprehensive investigation. The
tested essential properties, such as the rheology, cytotoxic-
ity, biocompatibility, DC, water sorption, and solubility, were
promising, with values similar to or even better than those for
BisGMA. The results indicate that Cl-BisGMA can be used as an
analog of BisGMA, offering a new approach in the development
of dental resin composites with novel properties.
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