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Alternative co-initiators for photocurable dental resins: polymerisation, quantum yield of
conversion and cytotoxicity.

Hamidi AS, Hadis MA, Palin WM

Dental and Biomaterials Science, College of Medical and Dental Science, Institute of Clinical
Sciences, University of Birmingham, 5 Mill Pool Way, Edgbaston, Birmingham B5 7EG, UK
Abstract

Objectives: Cyclic acetals such as are naturally occurring compounds capable of acting as co-initiators
during free-radical polymerisation, and potentially serve to offer non-allergic and biologically less toxic
alternatives to conventional (tertiary) amines. The current study aimed to evaluate the polymerization
efficiency and potential toxicity of cyclic acetals compared with conventional photoinitiator systems
in photocurable dental resins. Methods: Both, 1,3 benzodioxole (BZD) and piperonyl alcohol (PA) were
used in 0.5, 1.0, 1.5, 2.0, 3.0, 4.0 and 6.0 mol % concentrations. Whereas, N-phenyl glycine (NPG) was
utilisedin 0.5, 1.0, 1.5, 2.0, 3.0, 4.0 mol % concentrations for photopolymerisation of an unfilled model
resin system, BisGMA and TEGDMA (1:1 mass %), involving three separate camphorquinone (CQ)
concentrations of 0.5 (Low), 1.0 (Intermediate) and 1.5 (High) mol %. Conventional tertiary amines;
ethyl-4-dimethyamino benzoate (EDMAB) and dimethylaminoethyl methacrylate (DMAEMA) were
utilised for comparison. Real-time degree of conversion (DC, %) was evaluated using Fourier transform
near-infrared spectroscopy and quantum yield of conversion of CQ was calculated using UV-Vis
spectroscopy. Cytotoxicity of NPG and cyclic acetals were assessed using MTT to determine metabolic
activity of human dental pulp cells (HDPCs). Results: The cyclic acetals were capable of facilitating free
radical polymerisation as co-initiators at all three CQ concentrations. Furthermore, the use of NPG as
a co-initiator resulted in post-irradiation DC (%) that were comparable to both EDMAB and DMAEMA
for all CQ concentrations. Alternative compounds facilitated the hydrogen abstraction process, which
provided high conversion of CQ molecules. Quantum yield increased from 0.009 + 0.0001 (0.5 mol %)
to 0.03 £ 0.006 (6.0 mol %), and 0.01 + 0.0003 (0.5 mol %) to 0.04 + 0.001 (6.0 mol %), for respective
BZD and PA formulations involving 1.0 mol % CQ. The use of NPG led to relatively higher quantum
yield values (Up to 0.09 + 0.007 at 4.0 mol %) , though it exhibited competitive effects in absorbing
blue light, which might be attributed to the photolytic degradation of NPG and the formation of N-
methylaniline. MTT assay indicated alternative co-initiators to be comparatively less cytotoxic than
EDMAB and CQ. Relative metablic activity of HDPCs treated with BZD, PA, and NPG eluates were 58.3
+ 15.7, 57.5 £ 17.4 and 64.6 + 12.2 %, when compared with untreated HDPCs group (Control),
respectively. Exposure to DMAEMA-based eluate led to relative metabolic activity (60.0 £ 0.5 %) that
was comparable to that of cyclic acetals. Treatment with neat model resin eluate displayed the highest
relative reduction in metabolic activity (28.9 + 22.4) (P < 0.05), suggesting bisGMA and TEGDMA

monomers played significant role in the overall cytotoxicity of photocurable systems involving HDPCs.



Significance: Cyclic acetals were capable of facilitating photo-induced free radical polymerisation
reactions with relatively less cytotoxicity compared with their amine counterparts, which might realise

reduced cytotoxicity of photocurable materials used for dentistry and biomaterial applications.

Keywords: Camphorquinone, co-initiators, N-Phenyl glycine, benzodioxole, piperonyl alcohol,
guantum yield, absorption coefficient, molar absorptivity, MTT, cytotoxicity



1 Introduction

The use of (tertiary) amines to produce free radicals during photo-induced polymerisation of
dental resin-based compsites (RBCs) and other polymeric biomedical materials offer numerous
advantages: spatial and temporal control of the setting material and rapid on-demand polymerisation
reaction [1, 2] . Formation of crosslinked polymer matrices occur when (di/tri-) functionalised
monomers such as bisphenol-A-glycidyldimethacrylate (BisGMA), and triethylene glycol
dimethacrylate (TEGDMA), and trimethylolpropane triacylate (TMPTA) are rapidly photopolymerised
in the presence of a mono, binary or tertiary-based photoinitiator system. Camphorquinone, CQ
(1,7,7-trimethylbicyclo [2.2.1] heptane-2,3-dione) is a photosensitiser with a visible-light absorption
band ranging between 400-500 nm (Amax 468 nm) [3, 4]. With the use of amine as a co-initiator, it
collectively serves to as a binary photoinitiator system to instigate and promote polymerisation via

bimolecular interaction involving hydrogen abstraction to generate free radicals (Figure 1).

Despite their effectiveness in generating reactive species, the biocompatibility and cytotoxicity
of amines in methacrylate-based photocurable dental resins and biomaterials remains a significant
concern, particularly when materials begin to leach out as a result of incomplete photocuring [5-8].
From esthetic point of view, tertiary amines are known to form by-products, during photoinduced
reaction and heat, that lead to discolouration [9-12]. Recent research efforts have shifted towards
investigating alternative co-initiators to improve the overall intrinsic biocompatibility of restorative
and implantable materials for dental and biomedical applications, in addition to poor colour stability

associated with aromatic amines as co-initiators [9].

1,3-benzodioxole (BZD; Figure 1) and its derivatives are widely found in nature, human diet and
cosmetics [13-15]. They exhibit antibacterial and antioxidant properties against free radicals under
oxidative stress [16-18]. Yokota et al., [19], reported the use of BZD derivatives for improving the
efficiency of cancer hyperthermia therapy by inhibiting thermotolerance responses of human tumour
cells lines (mRNA), which has also included human colon carcinoma, nasopharynx carcinoma and
human leukaemia (HL-60) cells [19, 20]. Cylic acetals have been reported to act as co-initiators in
photopolymerisation of dental resins involving CQ [15, 21] Likewise, N-phenyl glycine (NPG) is an
amino acid that reportedly serves as a potent substituent to conventional tertiary amines. NPG has
been previously used for the synthesis of indigo dye [22], though its derivatives have been employed
in photoinitiating systems involving dyes, such as xanthene [23] and azomethine [24] for free radical
photopolymerisation. NPG is considered to be non-allergic and biologically less damaging than
amines. Glycine derivatives have also been proposed as co-initiators for polymeric dental

formulations. More importantly NPG has shown to promote polymerisation even in the presence of



water, an attribute that is particularly favourable for bonding in aqueous conditions, which are

prevalent in restorative dentistry and biomaterials field [26].

Consequently, the aims of this study were to, 1) assess NPG, BZD and its alcohol derivative as
co-initiators in a CQ-based photoinitiating system, by understanding the effects of co-initiator
concentration on DC (%) and the quantum vyield of conversion of CQ molecules as a function of
absorbed photons, and 2) evaluate cytotoxicity of NPG and cyclic acetals with respect to conventional

amines, by assessing metabolic activity of HDPCs.



2 Materials and Methods

Unless specified, all materials were supplied by Sigma-Aldrich, Gillingham, UK.

2.1 Model resin system
For this study, a 1:1 mass ratio of bisGMA/TEGDMA was used as the resin model system. Table

1 summarises the model resin formulations with varying concentrations of CQ and co-initiators (Figure

1), used in this study.
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Figure 1: Chemical structures of proposed alternative co-initiators, conventional (tertiary) amines and CQ.



Table 1: Summary of CQ to co-initiator concentration ratios studied in a BisGMA/TEGDMA (50/50 wt.%) resin model
system.

Co-Initiators (mol %
€Q (mol %) (mol %)
DMAEMA | EDMAB | NPG BZD PA
0 0 0 0 0
0.5 0.5 0.5 0.5 0.5
1.0 1.0 1.0 1.0 1.0
0.5 (Low), 15 15 15 | 1.5 | 15
1.0 (Intermediate), 20 20 20 20 20
1.5 (High) ' ' ' : '
3.0 3.0 3.0 3.0 3.0
4.0 4.0 4.0 4.0 4.0
6.0 - - 6.0 6.0

2.2 Absorbance

UV-Vis absorbance by CQ and co-initiators were determined using a miniature
spectrophotometer (USB4000; Ocean Optics, Florida, USA). A 400 um optical fibre, coupled with a
cosine corrector (CC3-UV; diameter 3.9 mm) was used to measure the spectral absorbance of
photoinitiators in a 2 mm pathlength plastic cuvette (UVette, Eppendorf, Germany) and a 1.8 x 1.8
mm square aperture (Figure 2a). Prior to all experiments, the spectrophotometer setup was calibrated
using a calibration lamp (DH-2000-CAL; Ocean Optics, Ostfildern, Germany) [27]. For static absorbance
measurements, 150 uL of each co-initiator (1.0 mol %) (n = 3) dissolved in methanol (VWR
International, UK) was aliquoted into a new cuvette and placed inside the sample holder. The DH-
2000-CAL light source was used to determine the absorbance of each co-initiator in the UV-Visible

(200-800 nm) range.

2.2.1 Molar Extinction Coefficient

The molar extinction coefficient or molar absorptivity, € (cm™/ mol.L) of CQ was determined
by calculating the absorption coefficient, u, of CQ (mol.L?) dissolved in the resin model system at
varying concentrations, using the experimental setup depicted in Figure 2a and the DH-2000-CAL light

source.
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Figure 2: Experimental setup for real-time absorption measurements using spectrophotometer (a) coupled with either DH-
2000-CAL or a light curing unit (AURA). Real-time photopolymerisation and rates of reaction measurements using FT-NIRS (b)

in transmission mode through a 2 mm specimen mould.

2.3 DCand rate of photopolymerisation
To measure polymerisation rate and DC (%), 0.22 — 0.24 g of each formulation was carefully
transferred to fill a black Nylon mould (12 mm diameter, 2 mm thickness) with 1.1 mm thick

microscope glass slide beneath. To reduce oxygen accessing free radicals, the resin mixture samples



were covered with a glass cover slip (0.1 mm) prior to light irradiation and polymerisation. Using the
experimental arrangement in Figure 2b, specimens were irradiated at 15 mm distance using a AURA
light engine® (Lumencor®, Oregon, USA) with an homogeneous beam profile [28]. A consistent
irradiance of 425.8 + 0.06 mW/cm? at 470 nm was delivered throughout the photopolymerisation
studies for 300 s (n = 3). It is worth noting that the use of high co-initiator concentration (i.e., 6 mol
%), was to explore if concentration had an effect on the overall efficiency of photoinitiation system.
The recommended co-initiator concentrations are well below that and has been discussed in Section

4 and 5 accordingly.

DC (%) and C=C double bond conversion of each formulation were determined using real-time
Fourier transform near infrared spectroscopy (FT-NIRS; Figure 2b) (Nicolet 6700 FT-IR, Thermo
Scientific, Hemel Hampstead, UK) in transmission mode by monitoring the peak height at 6164 cm?,
which corresponded to the decay of the vinyl-CH, absorbance. In order to observe maximum DC
during illumination, polymer conversion was monitored for 300 s (n = 3), with data acquisition every
100 ms. Rates of polymerisation were determined by calculating the first derivative of DC (%) acquired
with respect to time during photopolymerisation. A moving-average smoothing technique was applied

to rate traces, to reduce background noise.

2.3.1 Irradiance measurement

Prior to polymerisation and DC (%), the irradiance received by the test piece from the AURA LCU
was measured using the UV-Vis spectrophotometer setup depicted in Figure 1a (without the cuvette)
(Section 2.2), whilst accounting for the 15 mm distance between light tip and specimen surface and
attenuation through glass-resin interfaces, involving FT-NIRS (Figure 2b). Equally, transmittance of
light through an empty sample holder (with glass slide beneath and cover slip above), was substracted
(as background) from measurements to normalise the data. Similar configuration was used, except
for replacing AURA with a UV LCU — Omnicure series 1000 (Lumen Dynamics, Ontario, Canada),
employed to measure received irradiance and real-time photopolymerisation of neat model resin
system. At 15 mm distance from specimen surface, the absolute irradiance of Omincure LCU was 68.2
+0.7 (mW/cm?) (Amax = 314 nm), 79.5 + 0.1 (mW/cm?) (Amax = 334 nm), 1406.3 * 3.1 (MW/cm?) (Amax =
366 nm), 580.6 + 1.0 (MW/cm?) (Amax = 405 nm) and 1137.4 + 1.4 (mW/cm?) (Amax = 436 nm) (Section
3.1; Figure 3b).

2.4 Quantum Yield, ¢
2.4.1 Photon absorption and CQ conversion

To measure the quantum yield of conversion of CQ as a function of photon absorption in the

presence of different co-initiators, real-time absorption decay of CQ with data acquisition every 500



ms for 600 s (n = 3) was measured (Figure 2a) with the AURA light source calibrated to deliver similar
irradiance (428.1 + 0.1 mW/cm?), used for photopolymerisation measurement, at 470 nm. Since the
specimen thickness affects the CQ consumption, a 2 mm pathlength cuvette (UVette, Eppendorf,
Hamburg, Germany) was used to correlate ¢ with photopolymerisation measurements obtained from

FT-NIRS.

Absorption coefficient, u, as a function of CQ molar concentration was determined using
Equation 1. Where, A(A) is the measured absorbance (decay) at 470 nm with respect to time (t), and

d the specimen thickness (0.2 cm) [29].
Ue = A(A)(In10)/d (1)

Since absorption coefficient decay with illumination time can be modelled exponentially, the time
constant fitting parameter, T was calculated empirically by applying a non-linear fitting curve using

Equation 2 [29].

Ha(470, ) = g9 (470 nm) exp(~7) 2

Where uqo (M), is the initial absorption coefficient at 470 nm (t = 0). Depending on the type and molar
concentration of each co-initiator, the absorption decay was modelled as mono or bi-exponential
function to determine T, using fitting curve tool (MATLAB R2016b; MathWorks, USA). For bi-
exponential absorption models, only the first phase of the exponential decay was used to calculate

the time constant, since the second phase followed a linear trace.

The ¢ conversion of CQ is defined as the ratio of the number of converted CQ molecules to the number

of photons absorbed, (Equation 3) [29].

t yA2 ’ ’
2o le Q(}" t )A}‘At _ Aphoton(t)
Hao,A N __ Etotalt - C(t)
(s;\lnlo)(litre)eXp( chreshold)

Where, Q (A, t) is the number of absorbed photons by CQ (Vol/s). The accumulated number of photons,

b =

(3)

Aphotons (t), corresponds to the sum of Q (A, t) at 470 nm, when t = 0 to t = t (600 s). Similarly, C (t)
corresponds to the concentration of the remaining CQ as a function of curing time. Since CQ molecules
are being converted into radicals, the loss of absorption properties corresponds to its conversion. &
is the molar extinction coefficient at 470 nm, N refers to the Avagadro’s constant and Eotal is the total

applied irradiance (428.1 + 0.1 mW/cm?).

For each formulation, ¢ of CQ conversion was obtained by plotting C versus Aphoton, the slope of

which corresponds to CQ consumption per absorbed photon [29].



2.5 Cytotoxicity
2.5.1 Cell culture

Following ethical approval from BBC CLRN RM&G consortium office, human dental pulp cells
(HDPCs) were isolated from a caries free healthy patient via an established explant procedure [30].
HDPCs were then cultured in a T75 (75 cm?) flask within Dulbecco’s Modified Eagle’s Medium (DMEM)
- High glucose (Biosera, Heathfield, UK), supplemented with 10 % foetal bovine serum (FBS), penicillin-
streptomycin (100 U/mL — 100 pg/mL) and L-Glutamine (100 pg/mL). Cell cultures were incubated at
37°Cin a5 % CO; humidified atmosphere with media change every 48 h. The flasks were sub-cultured,
upon reaching almost full confluency, every 72 h to 96 h using standard trypsin/EDTA solution protocol
[31]. Based on previous studies [32], and to avoid HDPCs differentiating, only cells from the 2-4t™

passages were used for present work.

2.5.2 Polymerised resin eluates

To conduct cell studies on released eluates, resin model formulations each containing CQ (1.0
mol %) and a co-initiator at its ‘optimal’ concentration in terms of DC (%) and quantum yield of
conversion of CQ (CQ/EDMAB: 1:4 mol %, CQ/DMAEMA: 1:2 mol %, CQ:BZD: 1:4 mol %, CQ/PA: 1:4
mol %, CQ/NPG: 1:2 mol %), were prepared. For each formulation, 12 x 2 mm specimens (n = 3) were
prepared by photocuring using the irradiance and experimental setup described in Section 2.3,
followed by aseptic cotton swabbing with 70 % ethanol. To test cytotoxicity of the neat model resin
(i.e. without CQ or co-initiator), specimens were photopolymerised using Omnicure series 1000 for
300 s, involving experimental setup and irradiance measurement described in Section 2.3. It is
proposed that photolysis of the model resin system by UV light would have generated free radicals
and initiated photopolymerisation. BisGMA is more susceptible to intense UV irradiation due to
absorption by phenyl groups (conjugated systems) [33-35]. Specimens were then incubated in a sterile
24 well plate (Nunclon Delta surface, ThermoFisher Scientific, Denmark) within serum-free DMEM at
37°C with 5 % CO; supply. For each specimen, the volume of medium was adjusted to give an
extraction ratio of 1 mL/3 cm? surface area, in accordance with ISO 10993-12:2012 [36]. Specimens
were incubated separately for 24 hours and 7 days to obtain two different released eluate
concentrations. During the extraction process, specimens were gently agitated, every day for ~30
minutes, using an orbital shaker (Luckham R100/TW, England, UK). The present cell work is based on
the 7-day old eluates, as preliminary studies involving 24 h-old media eluates exhibited no significant

biological effects.

2.5.3 Metabolic activity
Cells were seeded on sterile 96 flat bottom black well plates (4titude, Surrey, UK) with 5,000

cells density within each well (n = 3) per plate. Each experiment was performed in triplicate per



treatment group. Cells were then incubated with supplemented DMEM for 24 h to allow cellular
adhesion to the cultureware. After 24 h, selected cultures were treated with collected eulates and
incubated for further 24 h. Prior to incubation, collected eluates were diluted to 1:3 ratio with fresh
media supplemented with 10 % FBS. The FBS amount was adjusted for the total volume of 150 uL per
well. To assess cellular metabolic activity after 48 h, the initial media was replaced with supplemented
phenol free DMEM - high glucose (Gibco, Life technologies, UK), with 10 % 3-(4,5-Dimethyl thiazole-
2-yl)-2,5-di-phenyl tetrazolium bromide (MTT) stock solution (5 mg/mL in PBS) [31], and left to
incubate for 4 h in a humidified atmosphere at 37°C with 5 % CO; supply. The use of clear media
eliminated interference of phenol red during absorption measurements (in accordance with 1SO
10993-5:2009) [36, 37]. Following incubation, media along with MTT solution was removed and
dimethyl sulfoxide (DMSO) (Fisher Scientific, UK) was added to each well to dissolve formazan crystals.
Culture plates were placed on an orbital shaker, under low speed control, for ~ 5 minutes to allow
complete dissolution, before reading absorbance at 570 nm using Spark plate reader (Tecan Group
Itd., Mannedorf, Switzerland). Background absorbance was calculated through the use of empty wells
containing equivalent amount (50 pL) of DMSO. An average background absorbance value was

subtracted from obtained results to normalise the data.

2.5.4 Statistical analysis

One-way analysis of variance (ANOVA) and post-hoc Tukey’s tests, at 95 % confidence interval
(n = 6), were performed to determine significance (p < 0.05) between treated and untreated groups
in terms of metabolic activity involving HDPCs. Separate one-way ANOVAs and post-hoc Tukey’s tests
were carried out to compare DC (%) (final values), Rpmax (s?), T (s) and ¢, based on co-initiator
concentration (0.5 — 6.0 mol %) of an individual co-initiator at a given CQ concentration (0.5, 1.0, 1.5
mol %) in a model resin system. Significant confidence intervals are indicated in graphs (* p < 0.05, **

p <0.01, *** p < 0.001).



3 Results
3.1 Absorbance and molar absorptivity, €

Figure 3a shows the static absorbances of CQ and co-intiators dissolved in methanol. CQ showed
strong absorption within 400-500 nm band with Amax at 469 + 2 nm. Likewise, NPG showed broad
absorption spectrum within the UV-visible region, with its absorption shoulder overlapping with that
of CQ around 450-495 nm. Figure 3b, depicts relative irradiances of both the AURA and Omincure light

sources.

The molar absorptivity, € (cm™/ mol.L'!) of CQ was determined by calculating the absorption
coefficient, u, of CQ (mol.L?) at different concentration using DH-2000-CAL. Figure 3c, illustrates the
slope of the regression line and the relationship between u, and CQ concentration (i, = (In10)&470C ).
The molar absorptivity of CQ at 470 nm was calculated to be 42.46 + 2 cm™/(mol.L?), which correlates

well with published findings [29, 38].
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of CQ at 470 nm was calculated to be 42.46 + 2 cmY/(mol.L2).



3.2 DCand rate of photopolymerisation
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under 425.8 + 0.06 mW/cm? for 300 s with data acquisition every 0.1 s.



DC and rate of photopolymerisation of the resin model system generally increased sequentially
with co-initiator concentration, irrespective of CQ concentrations (0.50 mol %; Supplementary 1A, 1.0
mol %; Figure 4, and 1.5 mol %; Supplementary 1A) in the resin mixture. Figure 4a-g shows real-time
photopolymerisation of the resin model system containing 1.0 mol % CQ with various co-initiators at
different concentrations (0.5 — 6.0 mol %). The extent of polymerisation ranged from 82.6 + 0.7 (%)
and 82.0 = 0.3 (%) for respective DMAEMA- (4.0 mol %) and BZD-based (6.0 mol %) formulations, to
80.3 £ 0.0 (%) for PA at 6.0 mol % concentration with respect to 1.0 mol % CQ in the model resin
system. Likewise, NPG and EDMAB-based formulations exhibited 89.6 +£ 0.2 (%) and 89.3 £ 0.2 (%) at

respective 4.0 and 6.0 molar equivalent concentrations.

Figure 4h corresponds to the photopolymerisation of the neat resin model (without CQ or
binary photoinitiating system), under a UV LCU (Omnicure series 1000). Real-time DC of neat resin
model was measured to be 85.3 + 0.3 %. Equally, Figure 5 summarises Rpmax (s™) and associated DC
(%) obtained with various co-initiators at varying concentrations involving 1.0 mol % CQ. Both
variables generally increased (p < 0.05, indicated by asterisks) following the subsequent molar
equivalent increase in co-initiator concentration, when compared with 0.5 mol % co-initiator of the
same type. Similar trends were observed for both parameters for formulations containing 0.5 mol %
and 1.50 mol % CQ (Supplementary 1A). However, variation in DC (%) at Rpmax (s) were not
statistically significant (p > 0.05) at 1.50 mol % CQ concentration, when compared via post-hoc Tukey’s

test following one-way ANOVA.
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Figure 5: Summary of (a) Rpmax (52), and (b) DC (%) at Rpmax (5™1) of resin model system involving, CQ (1.0 mol %) with different
co-initiators at varying molar concentrations (0.5 - 6.0 mol %) in a resin model system. Asterisks (* p < 0.05, ** p < 0.01, ***
p < 0.001) indicate statistically significant differences, when compared with 0.50 mol % concentration involving each

respective co-initiator type. Based on Tukey’s post-hoc test following one-way ANOVA.



The use of NPG as a co-initiator resulted in increased in final DC (%) compared with that of
EDMAB at low concentrations (0.5 — 2.0 mol %; Figure 4a-g). Equally, no significant improvement (p >
0.05) in DC (%) at Rpmax (s) was observed beyond 1.5 mol % NPG, with associated DC (%) were
comparatively similar to that of EDMAB beyond 2.0 mol %. The difference between the two co-
initiators, was most apparent in formulations containing low CQ concentration (0.5 mol %;
Supplementary 1A), and became less significant at formulations containing high CQ concentration (1.5
mol %; Supplementary 1A). In the case of reaction rates involving 1.0 mol % CQ concentration, Rpmax
(s) remained somewhat constant at NPG concentrations > 2 mol % (Figure 5a). Nonetheless, increase
in Rpmax (s) following subsequent increase in mol % NPG was statistically significant when compared

with 0.50 mol % NPG via post-hoc test following one-way ANOVA (Figure 5a).

3.3 Absorption Coefficient, ua (cm?) and Quantum yield of conversion of CQ
Figure 6 illustrates change in absorption coeffiecient, pa (cm™) of CQ (1.0 mol %) in the presence
of different co-initiators at varying concentrations, in the resin model system (BisGMA/TEGDMA, 1:1

wt.%).
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With successive increase in molar concentration in the resin model, the use of cyclic acetals
steadily improved the absorption decay of CQ, as evidenced by decrease in T, (Figure 7a below), when
compared with formulations with CQ alone and concentrations containing 0.5 mol % co-initiator (p <
0.05). The use of PA resulted in slightly better ¢ (and t) values when compared with BZD (Figure 7).
For 1.0 mol % CQ, the use of NPG as a co-initiator only resulted in small improvement of CQ absorption
decay (Figure 6a-g), with t values (Figure 7a) comparable to that of tertiary amines. Equally, ¢
increased significantly (p < 0.05) at lower concentrations before declining at higher molar equivalent
concentrations. The decline was statistically significant at 1.5 to 3 mol %, (p < 0.05), when compared
with 0.5 mol % NPG as a co-initiator in the 1.0 mol % CQ resin model via post-hoc test following one-

way ANOVA (Figure 7b).
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Figure 7: (a) Mean Tt and ¢ (b) of CQ (1.0 mol %) in the presence of alternative co-initiators at varying concentrations (0.50 -
6.0 mol %). Parameters were determined by an established calculation principle devised by Chen et al., [29]. Asterisks (* p <
0.05, ** p < 0.01, *** p < 0.001) indicate statistically significant differences, when compared with 0.50 mol % concentration

involving each respective co-initiator type. Based on Tukey’s post-hoc test following one-way ANOVA.

3.4 Cell assays

Figure 8 shows the relative metabolic activity of HDPCs treated with 7-day old eluates of the
photocured neat resin model photopolymerised using various binary photoinitiating systems at
optimal concentrations based on DC and ¢ values. The MTT assay showed a relative reduction of ~42
and 43 % in metabolic activity of HDPCs following 24 h exposure to formulation eluates of resin model
photocured using BZD and PA as co-initiators, respectively. Likewise, treatment with EDMAB and

DMAEMA-based eluate reduced HDPCs metabolic activity by ~48 and 40 %, respectively.
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Figure 8: MTT assay to assess metabolic activity of HDPCs treated with 7-day old formulation eluates for 24 h, of photocured
neat resin model, and resin mixture containing CQ alone (No co-initiator) or with various co-initiators at optimal
concentrations. Dashed line correspond to mean value (%) of untreated group (Control). Bars represent mean and bars signify
standard deviation (SD) of each treatment group with respect to control. Asterisks (* p < 0.05) indicate statistically significant

differences between groups, via post-hoc test following one-way ANOVA.

The reduction of ~35 % in metablic activity was observed for groups treated with NPG-based
collected eluate, and was statistically significant (p < 0.05) when compared with control via post-hoc
Tukey’s test following one-way ANOVA. Treatment with CQ-only, and the neat resin model-based
eluate led to highest reduction (p < 0.05) of ~65 and 71 %, when compared with untreated group

(Control) at mean values via post-hoc test following one-way ANOVA.

4 Discussion

4.1 DC and rate of photopolymerisation

CQ itself can initiate photopolymerisation reactions via carbonyl radicals that are formed by
homolytic cleavage of the carbon-carbon bond between the two carbonyl groups. However, (tertiary)
amines are commonly used in dental RBCs, including resin-based biomaterials, to facilitate
appropriate reaction rates by utilising a-aminolkyl radicals produced via a hydrogen abstraction
process. These radicals are highly effective and predominantly responsible for initiating the
polymerisation reaction by reducing curing times significantly [39]. Dental RBCs, adhesives and bone
cements undergo either chemical or dual (photo-activated)/cationic free radical curing mechanisms.
Accelerators such as diphenyliodonium hexaflurophosphate are incorporated to improve efficiency,
though it use may be valid for CQ/DMAEMA systems only [40]. A reduction in curing time is considered

beneficial particularly during clinical applications involving restorative dentistry and bone



augmentation procedures. Whereby, self- or dual-cured materials offer a limited window for
manipulation, post mixing. In addition, heat generated during polymerisation reactions could be
detrimental to local cellular tissues, especially during in situ polymerisation. Likewise, operating at the
UV range limits the use of such systems for curing thin layers only [41], and shorter wavelengths may

induce greater phototoxicity.

The current study investigated cyclic acetals and NPG, as these compounds are reportedly
capable of acting as co-initiators in a Type |l diketone-amine photointiator systems [13, 15, 21, Error!
Hyperlink reference not valid., 26, 42-45]. To compare their viability as co-initiators in dental
adhesives, RBCs and/or bone augmentation materials; conventional amines namely, DMAEMA and
EDMAB were used as comparison examples, since their reactivity with CQ are well-documented [38,
39, 46, 47]. The present work only demonstrates data involving 1.0 mol % CQ. Supplementary 1A
provides data on the resin model system involving 0.5 and 1.5 mol % CQ formulations. It is worth
noting that TEGDMA monomer used in present study, contained hydroquinone monomethylether
(MEHQ) (80-120 ppm) to avoid premature polymerisation. Alhough present in minute amount, the
inhibitory effects of MEHQ on polymerisation involving cylic acetals and NPG should be taken into

account, and yet to be elucidated.

Photocuring efficiency is dependent upon the type and the steric structure of the derived radical
[48]. Both amines, despite being structurally different (DMAEMA, aliphatic;c EDMAB, aromatic)
demonstrated effective photocuring at low (0.5 mol %), intermediate (1.0 mol %) and high (1.5 mol
%) CQ concentrations. Irrespective of molecular structural differences, DC of the resin model system
at Rpmax(s?) (Figure 5b), generally increased with amine concentration. The use of EDMAB as a
reducing agent resulted in greater Rpmax(s™) and associated DC (%) (Figure 5), when compared with
DMAEMA. This is due to the higher efficiency and reactivity of aromatic amine-derived radicals in

withdrawing character of the (methyl) groups attached in the B-position of the N atom [47, 48].

However, Rpmax(s?) of CQ/EDMAB-based photoinitiating systems varied across all three CQ
concentrations. For 1.0 mol % CQ blend, the highest Rpmax(s™) (Figure 5a) was observed at relative 3.0
mol % EDMAB, beyond which the value began to decrease slightly when the relative EDMAB molar
concentrations was increased. The associated DC (%) also began to level out at or beyond 3 mol %
(Figures 4a-g and Figure 5b), with little or no significant improvement in DC across all three CQ blends
(0.5 and 1.5 mol %; Supplementary 1A). Fluctuations in DC (%) are likely attributed to time to reach
Rpmax (1) due to poor structural stability, caused by the conjugated aromatic ring of EDMAB [49]. A
relatively low increase in associated DC (%) at higher molar concentrations of EDMAB (Figure 5b) might
be attributed to the early onset of vitrification due to rapid change in the viscosity of the resin model,

since the effective diffusion of amine-derived radicals through the rapidly increasing crosslink density



becomes restricted. An increased number of CQ electrons return to their ground state, which reduces
yield efficiency observed herein due to an increase in the time constant, T which corresponds to 1/e

decay of CQ absorption (Figure 7a).

For the DMAEMA-based photoinitiating system, DC improved with higher DMAEMA
concentrations until ~1.5 mol % and began to decline beyond 2 molar equivalent concentration (%) to
CQ. This included post-irradiation DC (%) (Figure 4) and DC (%) at Rpmax(s) (Figure 5b). Such behaviour
was observed across all three CQ concentrations (0.5 & 1.5 mol %; Supplementary 1A), and in line with
published data [50]. The retardant behaviour of DMAEMA is likely to be attributed to the
methacrylate-bound group, which has the capacity to co-polymerise with the monomeric matrix and
could potentially limit the propagation step [50] to promote the early onset of vitrification, as

evidenced by decline both in Rpmax(s™) and associated DC (%) beyond 2 mol % (Figure 5).

When compared with EDMAB, little or no improvement in DC values of NPG-based systems
beyond 1.5-2 mol % might be partially associated to the lack of excited CQ species and/or their
accessibility to form a charge transfer complex (CTC) and produce radicals, particularly at low CQ
concentration (0.5 mol %; Supplementary 1A). A more plausible explanation may be the competitive
light absorption behaviour of NPG. Figure 3a shows the absorption spectrum of NPG overlapping with
that of CQ (450-495 nm). Zhang et al., [45], reported photolysis of NPG at 392 nm, whereby the
absorption at Amax reduced with simultaneous increase in absorption at 280 nm due to the formation
of N-methylaniline, and as a result of sequential cleavage of the C-COOH bond in NPG. This also serves
to suggest that NPG may be capable of acting as a Type | photoinitiator. Kucybaa et al., [Error!
Hyperlink reference not valid.], reported similar findings when a mixture of CQ/NPG (10:1 wt.%)
was irradiated at 488 nm using a 420 mW/cm? light source. The authors reported a decrease in NPG
absorption whereas, CQ absorption almost remained unchanged. Besides the unusally high CQ
absorption coefficients (Figure 6) at 470 nm (beyond 1:1 mol % CQ/NPG), the current investigation did
not observe any apparent changes in absorption at UV-visible region. This includes a resin system
without CQ, whereby no curing was observed by NPG alone. The competing light effect induced by
NPG was further observed, by increased t for CQ absorption decay (Figure 7a), following the
subsequent molar increase of NPG content in the resin mixture (Section 4.2). Competing light effects
may pose issues in delivering an adequate amount of light for deeper curing of thick specimens,
particulary composites. Likewise, the formation of photolysis products depends on many factors such
as loss in efficiency from the excited singlet state to the converted radical species. For example, the
excited singlet state of CQ/amine systems may return to its ground state without entering the exciplex
state via intersystem crossing. Likewise, if the triplet state CQ is unable to abstract a proton, it may

return to its ground state. Other factors include proton transfer back to the co-initiator (amine) or



solvent following abstraction and/or the formation of CQ°H; alcohol and a CQ molecule by two CQ°H
radicals [29]. Beside using higher curing irradiance, another method to reduce rate-limiting factors is
to enhance the proton abstraction process by increasing co-initiator concentration, and the current
investigation attempted to explore such an approach. Overall, an increase in co-initiator
concentrations improved post-irradiation DC (%). However, it did not lead to the total consumption
(conversion) of CQ molecules, which is likely due to the intrinsic structure (an unbleachable B-carbonyl
chromophore) and relatively low molar absorptivity, € of CQ when compared with Type |

photosensitisers [51].

4.2 Absorption coefficient, ua (cm™?) and Quantum yield of conversion of CQ

The use of NPG as a co-initiator only resulted in small improvement of CQ absorption decay
(Figure 6a-g), with t values (Figure 7a) comparable to that of tertiary amines. Such observations are
likely attributed to the competing light effect induced by NPG which may have affected the quantum

yield of conversion of CQ molecules.

With an exception to NPG, resin model systems containing tertiary amines, particularly EDMAB-
based formulations corresponded to the lowest T values (1.0 mol %; Figure 7a), probably due to the
highly reactive nature of aromatic amine-derived free radicals, as evidenced by a rapid CQ absorption
coefficient decay at each concentration when compared with DMAEMA, BZD, and PA (Figure 6a-g).
However (unlike cyclic acetals), a decrease in T with successive EDMAB concentration was not strictly
observed, and remained constant with little or no decrease, irrespective of EDMAB concentration (1.0
mol % CQ; Figure 7a). On the contrary, T varied significantly for EDMAB-based formulations involving
low (0.5 mol %) and high CQ (1.5 mol %) concentrations (Supplementary 1A), which may be due to

insufficient and surplus amounts of CQ:amine mixture in the resin model system, respectively.

Except for 0.5 molar equivalent concentration, DMAEMA generally exhibited a more gradual
decrease in T with reciprocal increase in the ¢ of CQ conversion, at successive concentrations (Figure
7). This was also observed for low (0.5 mol %) and high (1.5 mol %) CQ concentrations, irrespective of

the decreased DC and reaction rates mentioned previously (Section 4.1).

The steady increase in QY of conversion of CQ and mutual decrease in t values (Figure 7),
involving both cyclic acetals (BZD and PA), might be attributed to the photon absorption during
irradiation. It is proposed that the systematic screening to identify optimal co-initiator concentration
in terms of maximum post-irradiation DC (%) along with ‘effective’ photon absorption for free-radical
polymerisation may only be applicable involving low co-initiator concentrations. Equally, the use of
inadequate CQ concentration may also lead to reaction inefficiencies. At low CQ concentration (0.50

mol %), insufficient CQ molecules may have been the limiting factor in generating enough free radical



species to initiate new growth centres in the resin mixture. Likewise, excess amount (1.5 mol %) may
have led to CQ saturation and resulted in insufficient irradiation for complete conversion of CQ

(Supplementary 1A), and thus further augmenting system constraints.

Differences in ¢ values of CQ between amine and cyclic acetal-based formulations might be
attributed to the former, not only acting as a proton source in the abstraction process, but also
scavenging peroxy intermediates that are formed when oxygen reacts with radical sites [47, 52]. As
such, higher polymerisation rates, greater post-irradiation DC and consequently higher ¢ was
achieved. On the other hand, cyclic acetal radicals might rearrange rapidly by b-scission to
corresponding ester-end radicals, some of which are known to convert to inactive radicals via
hydrogen migration [53], and may therefore also explain the relatively inferior polymerisation

characteristics discussed above (Section 4.1)

In comparison with cyclic acetals and DMAEMA, variations and relatively higher ¢ of conversion
of CQ/NPG-based formulations can be assigned to the competitive absorption effects of NPG over CQ,
as evidenced by its absorption spectrum overlapping with that of CQ around 420-500 nm (Figure 3a).
This may have influenced the total number of photons absorbed during irradiation and therefore
affected the ¢ of conversion of CQ calculations. This seems plausible as, unlike cyclic acetals, variations

and the inverse relationship of t to ¢ was not followed (Figure 7).

4.3 Cell Assay

The current study utilised MTT assay to evaluate the response of a biological system (HDPCs)
following indirect exposure (released eluates) to the model photopolymer system containing the
tested co-initiators. Equally, the use of UV light for curing model resin without photoinitiator, was to
provide a baseline to assess cytotocxity caused by resin alone. Significant reduction in metabolic
activity of cells treated with neat resin model media eulates is in agreement with previous cytotoxic
studies documented on dental monomers involving a variety of cell types [5, 53-55]. Consequently,
their contributory effects were taken into account when assessing the proposed co-initiators in the
current investigation. It is has been documented that, beside cell cycle, dental monomers also effect
cell proliferation and survival. TEGDMA has shown to act as a vasorelaxant, causing apoptosis and
necrosis [5, 8, 53-57]. Likewise, relatively low metabolic activity from the CQ-only treated group
(without co-initiator) (Figure 8) might be related to significantly low DC (%) of the resin model system,
since CQ has shown to be relatively non-cytotoxic at low concentrations (< 1 mM) [6] with ECso of 8
mM [56] involving HDPCs. The concentration of CQ in present work was 0.08 mM, well below both

thresholds [56].



Equally, glycine derivatives such as NPG, are amino acids and have been reported to be
biologically less toxic [42, 44, 45]. Cytocompatility effects of NPG presented herin reflected such
reports accordingly. Similarly, biological effects of DMAEMA concur with previous cytotoxicity studies
conducted on human gingival fibroblast (HGF) cells, where DMAEMA inhibited cell growth at elevated

concentrations (> 1 mM) [58].

Finally, both cyclic acetals exhibited relatively low cytotoxicity, when compared with amine
groups. The current results are in agreement with published data [21], wherein similar cytotoxic

effects were observed for BZD and PA involving indirect biological assessment.



5 Conclusions

Both cyclic acetals have shown to be capable of facilitating photo-induced free radical
polymerisation reactions. Being natural components with relatively less cytotoxicity compared with
their amine counterparts, their use as alternative co-initiators could potentially realise biological
improvement with reduced cytotoxicity of photocurable resin-based dental and other biomaterials.
Based on polymer conversion (DC), the optimal molar ratio of BZD and PA to CQ appeared to be 4:1.
However, further formulation studies on CQ and alternative co-initiators are necessary in order to
establish concentrations that would result in polymerisation rates and ¢ of conversion of CQ

analogous to conventionally used amines.

The role of NPG as a co-initiator resulted in DC and reaction rates that are comparable with that
of EDMAB. However, its competitive absorption would limit its use to low concentrations (below 2
molar equivalent (%) in the resin mixture). Based on current findings, the optimal concentration of
EDMAB and DMAEMA, involving unfilled low viscosity model resin mixture, are 3.5-to-4 and 2 molar
equivalent (%), respectively. Beyond these concentrations, negligible improvement in DC, reaction

rates and ¢ of CQ conversion was observed.
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