d e n t a l m a t e r i a l s 3 1 ( 2 0 1 5 ) 1279–1289

Available online at www.sciencedirect.com

ScienceDirect
journal homepage: www.intl.elsevierhealth.com/journals/dema

Conversion, shrinkage, water sorption, ﬂexural
strength and modulus of re-mineralizing dental
composites
A. Aljabo a , W. Xia a , S. Liaqat a , M.A. Khan a , J.C. Knowles a , P. Ashley b ,
A.M. Young a,∗
a

Division of Biomaterials and Tissue Engineering, UCL Eastman Dental Institute, 256 Gray’s Inn Road, London
WC1X 8LD, UK
b Department of Paediatric Dentistry, UCL Eastman Dental Institute, 256 Gray’s Inn Road, London WC1X 8LD, UK

a r t i c l e

i n f o

a b s t r a c t

Article history:

Objectives. Cure, volumetric changes and mechanical properties were assessed for new den-

Received 3 November 2014

tal composites containing chlorhexidine (CHX) and reactive calcium phosphate-containing

Received in revised form

(CaP) to reduce recurrent caries.

15 June 2015

Methods. 20 wt.% of light curable urethane dimethacrylate based liquid was mixed with

Accepted 14 August 2015

80 wt.% glass ﬁller containing 10 wt.% CHX and 0–40 wt.% CaP. Conversion versus depth
with 20 or 40 s light exposure was assessed by FTIR. Solidiﬁcation depth and polymerization shrinkage were determined using ISO 4049 and 17304, respectively. Subsequent volume
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ric expansion increased linearly with CaP rise and balanced shrinkage at 10–20 wt.% CaP.
Strength and modulus for Z250 decreased from 191 to 158 MPa and 3.2 to 2.5 GPa. Experimental composites initial strength and modulus decreased linearly from 169 to 139 MPa and
5.8 to 3.8 GPa with increasing CaP. Extrapolated ﬁnal values decreased from 156 to 84 MPa
and 4.1 to 1.7 GPa. All materials containing CaP promoted hydroxyapatite precipitation.
Signiﬁcance. The lower surface of composite restorations should both be solid and have
greater than 50% conversion. The results, therefore, suggest the experimental composite
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may be placed in much thicker layers than Z250 and have reduced unbounded cytotoxic
monomer. Experimental materials with 10–20 wt.% additionally have volumetric expansion
to compensate shrinkage, antibacterial and re-mineralizing components and competitive
mechanical properties.
© 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC
BY license (http://creativecommons.org/licenses/by/4.0/).

1.

Introduction

Dental caries is caused by bacteria producing acid that then
dissolves the hydroxyapatite mineral in the tooth. In order
to minimize disease progression, restore function and allow
effective bioﬁlm removal, infected tissue is excavated and
replaced with a ﬁlling material. Following the recent signing and future multinational ratiﬁcation of the Minamata
agreement on mercury, phasing out of amalgam ﬁllings will
become likely. Dental composites will then be the main direct
tooth restorative material. Unfortunately composites generally require replacing more often and are technically more
difﬁcult to place [1–3].
Dental composites consist of ﬁlled light curable
dimethacrylate monomers. Their failure can be via fracture due to low strength but is more commonly nowadays
caused by recurrent caries following composite debonding
from the tooth structures. This can result from lack of composite antibacterial action and shrinkage during setting.
Resultant micro-gap formation allows bacterial penetration,
secondary caries and continuing hydroxyapatite dissolution
beneath the composite restoration [1,4].
Many studies have included amorphous calcium phosphate or brushite (dicalcium phosphate dihydrate) particles
in dental composite formulations. The aim was to promote surrounding dentin remineralization [5–8]. The low
solubility of these calcium phosphates however, could
potentially limit this beneﬁt. More recently, mixtures of reactive hydrophilic and hydrophobic calcium phosphates were
included in antibacterial chlorhexidine-releasing composites
[2,9]. Hydrophilic, water soluble MCPM enhanced rapid water
sorption induced swelling which promotes expansion to compensate polymerization shrinkage and effective antibacterial
chlorhexidine release. Additionally, surface MCPM readily dissolved. This could potentially supersaturate dentinal ﬂuid
and force hydroxyapatite precipitation. In the composite
bulk, however, MCPM reacted with ␤TCP to form less soluble
brushite crystals. This reaction can help bind absorbed water.
Unbound water would otherwise reduce long-term strength
through hydrolysing glass silane surfaces or plasticizing the
polymer phase [2].
Previous studies using reactive calcium phosphates and
chlorhexidine in composites as the only ﬁllers resulted in
excessive expansion and decline in strength [2,9]. Combining
more conventional ﬁllers with reactive calcium phosphates
partially overcame these issues. Lack of refractive index
matching, however, meant formulations had to be cured
through mixing of alternative chemical cure initiators with
an activator instead of by light exposure [10]. Furthermore,

neither of these studies considered cure variation with depth,
long term strength reduction or modulus.
High degree of monomer conversion is essential for optimal
physical properties and to reduce cytotoxic risks but it does
increase polymerization shrinkage [3,11]. High light penetration depth is also required for placement in deeper ﬁllings. The
following new study aim was therefore to compare conversion
versus depth, volumetric changes and mechanical properties
of new light curable composites with reactive calcium phosphates and chlorhexidine. Volumetric studies included both
polymerization shrinkage and subsequent expansion that
occurs due to water sorption. Re-mineralizing properties have
been assessed using a method more commonly employed to
investigate bone cement.

2.

Materials and methods

In the following, urethane dimethacrylate (UDMA) was used
as the base monomer with triethylene glycol dimethacrylate (TEGDMA) and hydroxyethyl methacrylate (HEMA) as
diluents. Relative levels were pre-optimized to allow high
powder content and low shrinkage whilst ensuring rheological characteristics comparable with commercial composites.
Camphorquinone (CQ) and dimethylparatoluidine (DMPT)
were employed as initiator and activator, respectively. The
base glass was chosen due to its close refractive index (0.52)
match with the monomer (0.48) to enable good depth of cure.
It additionally had high radiopacity due to barium (ratio of
Al:Si:Ba oxides of 1:9.5:3 by XRF) to enable detection in dental
X-rays. Furthermore, the particle size range (1 to 20 micron
diameter by SEM) enabled high ﬁller content. Chlorhexidine
and glass ﬁbers levels were ﬁxed but reactive calcium phosphate levels were varied.

2.1.

Composite paste preparation

Dental pastes were prepared by combining liquid and powder
phases at a powder: liquid ratio of 4:1. The light curable liquid
phase consisted of UDMA, TEGDMA and HEMA (all from
Esstech) with CQ and DMPT (both from Sigma–Aldrich) in
the weight ratio of 68:25:5:1:1. The base powder phase was
a silane treated barium boro alumino silicate glass (IF 2019
from Sci-pharm). This component contributed 30, 50, 60 or
70 wt.% of the ﬁller. Additional components were borosilicate
glass ﬁbers (MO-SCI) and Chlorhexidine diacetate salt hydrate
(CHX) (Sigma–Aldrich) ﬁxed at 20 and 10 wt.% of the total
ﬁller, respectively. Furthermore, equal masses of ␤-tricalcium
phosphate (Plasma Biotal) and monocalcium phosphate
monohydrate (Himed) were included. The combined reactive
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calcium phosphate (CaP) content was 0, 10, 20 or 40 wt.% of
the total ﬁller. All components of the powder phase were
weighed and mixed on a mixing pad before adding the
required amount of monomer to form a paste.

2.2.

Monomer conversion

To quantify monomer conversion, composite pastes were
placed in metal rings (10 mm internal diameter and 1 mm
thick) on the centre diamond of a golden gate ATR top-plate
(Specac Ltd., UK) in a Fourier transform infrared spectrometer (FTIR) (Perkin Elmer Series 2000, UK). Up to 4 rings were
stacked on top of each other to gain samples of 1, 2, 3 and
4 mm depth. The temperature was kept at 37 ◦ C using a 3000
Series RS232 high stability temperature controller (Specac Ltd.,
UK). The top surface of the sample was covered with acetate
sheet to prevent oxygen inhibition of the polymerization process [12]. FTIR spectra of the lower surface of the specimen in
contact with the diamond were recorded with a resolution of
4 cm−1 for 20 min from 700 to 2000 cm−1 . After 1 min, the top
surface was exposed to blue light (Demi Plus, Kerr) for 20 or
40 s. Fractional monomer conversion at 1 to 4 mm depth was
calculated from the initial and ﬁnal peak height at 1320 cm−1
above background at 1347 cm−1 [2].

2.3.

To assess depth of cure using the ISO 4049 method, pastes were
condensed into metal moulds (4 mm diameter and 6 mm deep)
(n = 3). After exposure of the top surface to blue light for 20 s
or 40 s, the specimen was removed from the mould and any
soft material scraped away using a plastic spatula. The depth
of the remaining solid specimen, h, was measured. The depth
of cure is presented as half of h according to the ISO standard.

Polymerization shrinkage

2.4.1.

Calculated shrinkage

2.6.

ϕ = 23C

n x

i i

i

Wi

(1)

where C, monomer conversion (%); , composite density
(g/cm3 ); ni , the number of C C bonds per molecule; wi , molecular weight (g/mol) of each monomer; xi , mass fraction of each
monomer.

2.4.2.





P
(1 + ) 0.485 ln
h2

E = 0.502

dP
dw



a2
h3

a
h





+ 0.52 + 0.48

(2)


(3)

where P, load; h, sample thickness; , Poisons ratio taken as
0.3; dP/dw, the gradient of load versus central deﬂection; a, the
support radius.

Chlorhexidine release

Discs of each composition (n = 3) were weighed and immersed
in 10 ml of distilled water within sterilin tubes. At different
time points up to 6 weeks (2, 4, 6, 24, 168, 336 and 720 h),
the specimens were removed and replaced in fresh distilled
water. To quantify CHX release, UV spectra of storage solutions
were obtained between 190 and 300 nm using a UV 500 spectrometer (Thermo Spectronic, UK). The resulting spectra were
compared with calibration graphs created in the same range
for solutions of known concentration of CHX to ensure that
the CHX was the only component causing absorbance. The
amount of CHX release was calculated using peak absorbance
at 255 nm between different time periods from each specimen
using the following equation:

Experimental shrinkage

Polymerization shrinkage was also determined using
Archimedes’ principle and ISO 17304:2013. This method
determines the densities of unpolymerized paste and polymerized discs by measuring their mass in air and water. An
analytic balance (AG 204 Mettler Toledo) equipped with a
density kit was used.

Biaxial ﬂexural strength and modulus

To assess strength and modulus variation with time, 1 mm
thick and 10 mm diameter specimens were prepared as above
and stored either dry or for 1 day, 1 week or 1 month in distilled water. Biaxial ﬂexural strength, S, and modulus, E, were
determined using a “ball on ring” jig and a universal testing
machine (Instron 4502, U.K.) with the following equations:

2.7.
One mole of polymerizing C C bonds typically gives volumetric shrinkage of 23 cm3 /mol [5]. Total fractional shrinkage, ϕ,
due to the composite polymerization can therefore be estimated from FTIR monomer conversions, using

Mass and volume change

For composite density, mass change and volume change determination, pastes were placed in metal rings (1 mm deep
and 10 mm internal diameter), covered top and bottom with
acetate sheet and light cured for 40 s top and bottom to ensure
maximum polymerization of the whole disc. Before testing,
the resultant composite discs were removed from the moulds
and their edges polished to remove any loose chips. Discs were
stored in separate sterilin tubes each containing 10 mL of distilled water at 37 ◦ C. After 0,1, 2, 4, 6 h and 1, 2, 4 days and 1,
2, 4 and 6 weeks, specimens mass, volume and density were
determined using a density kit and four-ﬁgure digital balance
as above.

S=

Depth of cure (ISO 4049:2009)

2.4.

2.5.

Rt =

A
V
g

(4)

where Rt is the amount of CHX in gram, A is the absorbance at
255 nm, g is the gradient of a calibration curve of absorbance
versus CHX concentration and V is the storage solution
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Fig. 1 – Lower surface monomer conversion for composites of 1, 2, 3 or 4 mm depth and containing 0, 10, 20 or 40 wt.%
reactive calcium phosphate: (a) 20 s of curing, (b) 40 s of curing. Dotted line indicates a critical conversion of 50% below
which samples must contain some monomers with two unreacted methacrylate double bonds. Continuous lines indicate
the only data that is not signiﬁcantly different. (Error bars are 95% conﬁdence interval, n = 3).

volume. The percentage cumulative amount of drug release
Rc at time t is given by

Rc =

100

t
R
0 t

Wc

Hydroxyapatite precipitation in simulated body

To conﬁrm the ability of the materials to promote hydroxyapatite formation, one sample of each material was placed in
SBF (as in ISO 23317:2007) for 1 week. After sputter coating
with gold–palladium, samples were analyzed using SEM with
EDAX (JEOL 5410 LV).

2.9.

Results

3.1.

Monomer conversion

(5)

Wc is the weight of CHX incorporated in a given specimen in
gram.

2.8.
ﬂuid

3.

Data analysis

One-way ANOVA was performed to detect the signiﬁcant
effects of the variables. Tukey’s multiple comparison test was
used to determine signiﬁcant differences between speciﬁc
groups. Sample repetition number was 6 for mechanical tests,
polymerization shrinkage and density studies but 3 for all
other measurements. Linest (Microsoft excel) was used to ﬁt
linear equations, obtain gradients, intercepts, R squared values and 95% conﬁdence intervals. The latter are provided as
error bars on graphs and in parentheses with equations. Linest
was ﬁrst applied assuming a non-zero intercept. If the intercept was smaller than its estimated 95% conﬁdence interval,
the analysis was repeated assuming a zero intercept.

Monomer conversions at the bottom of specimens after curing from the top surface for 20 s or 40 s are illustrated versus
sample depth in Fig. 1. Monomer conversion at 1 mm and
2 mm depth was ∼70% irrespective of the CaP content. At
larger depth, 3 mm and 4 mm, however, there was a signiﬁcant decrease in the monomer conversion due to increasing
CaP content (P < 0.001).
Multiple linear regressions gave the intercepts and
gradients of conversion, C, versus calcium phosphate concentration, Cp , and depth, h, with 20 s curing time as:



C(%)Cp→0 = 78 (±1) 1 − 0.071 (±0.005)

 h 
mm

R2 = 0.99 (6)

and
dC (%)
= −0.10 (±0.04)
dCp (wt.%)

 h 
mm

R2 = 0.85

(7)

The small 95% conﬁdence intervals provided in brackets
conﬁrm conversion decreased signiﬁcantly with increasing
both Cp and h. Doubling light exposure time, however, had no
experimentally signiﬁcant effect. Combining Eqs. (6) and (7),
gave the following equation:

C (%) = C(%)Cp→0 +

dC (%)
(cp )
dcp

(8)
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Fig. 2 – Depth of cure of experimental and commercial
composites with 20 and 40 s light exposure. The dotted line
indicates the minimum requirement according to the ISO
standard. Continuous lines indicate the only data that is
not signiﬁcantly different. (Error bars are 95% conﬁdence
interval with n = 3).

Using Eqs. (6)–(8) then enables estimation of experimental composite conversions for any depth or composition with
more than 20 s light exposure. Linear regression of conversion
versus depth for Z250 gave the following equation:
C (%) = 55 (±1.3) [1 − 0.085 (±0.009)

 h 

1

mm

] R2 = 0.98

(9)

Depth of cure

Sample cure depth after 20 s or 40 s light exposure is provided
in Fig. 2. With Z250, specimens were solid after cure up to 5 mm
depth with either 20 s or 40 s light exposure time. ISO depth of
cure was therefore 2.5 mm.
Only the experimental composite containing 40 wt.% CaP
cured for 20 s failed to meet the minimum ISO requirement.
As with conversion, depth of cure decreased linearly with CaP
level (P < 0.001). Linear regression gave the experimental ISO
depth of cure (1/2 the maximum depth, hs , at which solidiﬁcation was observed) as



Cp
hs
= 2.0 (±0.1) 1 − 0.005 (±0.001)
2
wt.%
R2 = 0.96 with 20 s cure



Cp
hs
= 2.3 (±0.1) 1 − 0.005 (±0.001)
wt.%
2
R = 0.97 with 40 s cure


(10)

0% CaP 10% CaP 20% CaP 40% CaP
2.94
3.20
2.99
2.95

Z250
2.44

Fig. 3 – Measured polymerization shrinkage of
experimental composites with 0 to 40% CaP compared with
that of the commercial material Z250. Continuous lines
indicate the only data that is not signiﬁcantly different.
(Error bars are 95% conﬁdence interval with n = 6).

Eqs. (10) and (11) indicated a 15% ((2.3–2)/2) increase in
depth of cure with increasing time of exposure from 20 s to
40 s that was independent of calcium phosphate level. Average solidiﬁcation depths were 4.5, 3.9, 3.3, 2.0 and 5.0 with 0,
10, 20, and 40% CaP and Z250, respectively.

3.3.

The top surface conversion calculated by setting h = 0 in
Eqs. (6) and (9) indicates that all experimental materials had
much higher monomer conversion (78% irrespective of Cp )
than Z250 (55%). Gradients of conversion versus depth were
not signiﬁcantly different for the experimental and commercial composites without calcium phosphate. Their decrease
with raising calcium phosphate level, however, was signiﬁcant. From Eqs. (8) and (9), 50% conversion would be achieved
at depths, h50 , of 5.0, 4.3, 3.7, 2.9 and 1.1 mm depth with 0, 10,
20 and 40 wt.% CaP and Z250, respectively.

2

2

0

0

3.2.

3

Polymerization shrinkage

Measured polymerization shrinkage results are illustrated in
Fig. 3. For 1 mm thick samples the average experimental material shrinkage was 3% and slightly higher than that of Z250
(2.4%). No signiﬁcant effect of CaP on polymerization shrinkage for experimental formulations (P > 0.1).
Experimental material shrinkage was calculated to be 2.5,
3 and 3.5% with average conversions of 55, 65 and 75%, respectively. Shrinkage for Z250 could not be calculated because its
exact composition was unknown.

3.4.

Mass and volume change

Mass and volume change over 6 weeks are shown versus the
square root (Sqrt.) of time (hr) in Fig. 4. These plots were linear
up to 48 h (Sqrt (time/hr) = 7) with Z250, 0 and 10% CaP, but up
to 1 week (Sqrt (time/hr) = 13) with 20 and 40% CaP (R2 > 0.98).
This dependence upon time was expected for diffusion controlled water sorption. CaP content has a signiﬁcant effect on
both mass and volume change for experimental formulations
(P < 0.001).
For Z250 maximum mass and volume change were 1.1 wt.%
and 1.5 vol.%, respectively. Z250 density was 2.09 g/cm3 irrespective of time of immersion. For the experimental materials,
linear regression gave the early percentage change in mass,
M, and volume, V, as

M (wt.%) = 0.011 (±0.002)

 C 
p

t0.5

wt.%

hr0.5

 C 
p

t0.5

wt.%

hr0.5

R2 = 0.98

(12)

R2 = 0.99

(13)

and


(11)

V (vol.%) = 0.020 (±0.002)
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Fig. 4 – (a) Mass change and (b) volume change versus square root (Sqrt) of time for experimental and commercial materials
(error bars are estimated 95% CI with n = 3).

Mt→∞ (wt.%) = 0.17 (±0.04)

Cp
wt.%

R2 = 0.96

Cp
wt.%

R2 = 0.96

(14)

and
Vt→∞ (vol.%) = 0.29 (±0.07)

(15)

Eqs. (14) with (15) shows maximum volume change (as
t → ∞) was 1.7 (0.29/0.17) times higher than maximum mass
change. Integrating Eqs. (12) and (13) and their combination
with Eqs. (14) and (15) gives

Subscripts t, 0 and f indicate strength or modulus at time
t, initially (t → 0 and sample is dry) and ﬁnally (t → ∞) when
the composite has reached equilibrium water sorption. Eqs.
(18) and (19) indicate that when (St − Sf )/(S0 − Sf ) equals 0.5, t is

a
Biaxial Flexural Strength (MPa)

Early volume change was therefore 1.8 times (0.02/0.011)
higher than mass change regardless of CaP content. This
was comparable with initial dry composite densities. Between
10 and 40 wt.% CaP, maximum mass and volume changes
increased linearly from 0.6 to 7 wt.% and 1 to 13 vol.%, respectively. Linear regression gave

(16)

 0.5

t
Vt
= 0.069
Vt→∞
h

Et − Ef
E0 − Ef

0 CaP
170

10 CaP
160

20 CaP
149

40 CaP
137

1 Day Water

179

165

150

138

118

1 Week Water

167

161

144

130

100

28 Days Water

160

159

139

118

89

Z250
3.1

0 CaP
5.8

10 CaP
5.2

20 CaP
4.8

40 CaP
4.0

1 Day Water

3.0

5.1

4.8

3.9

3.0

1 Week Water

2.6

4.6

4.0

3.5

 t 0.5

2.1

28 Days Water

2.5

4.1

3.8

3.0

= −0.10

hr

 t 0.5

= −0.10

hr

2

1.8

R = 0.99

(18)

R2 = 0.98

(19)

Modulus (GPa)

Biaxial ﬂexural strength and modulus both decreased with
raising CaP level and time in water (P < 0.001) (see Fig. 5). Whilst
a decrease in strength is a disadvantage, decrease in modulus will increase resilience and energy absorption. It was
found that all changes in strength and modulus with time
(commercial and experimental) could ﬁt well to the following
equations:

ln

Z250
188

b

Mechanical properties

S0 − Sf

50

(17)

When these ratios equal 0.5, t is the time for half maximum
change. These “half times” were calculated from Eqs. (16) and
(17) to be 59 and 52 h for mass and volume, respectively.

ln

100

0

 0.5

St − Sf

150

Dry

Mt
t
= 0.065
Mt→∞
h

3.5.

200

6

4

2

0
Dry

Fig. 5 – (a) Biaxial ﬂexural strength and (b) biaxial ﬂexural
modulus of commercial and experimental composites with
0 to 40 wt.% CaP. Continuous lines indicate the only data
that is not signiﬁcantly different. (Error bars are 95% CI with
n = 6).
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40% CaP
20
CHX release (%)

(21) demonstrate that without calcium phosphate the maximum reduction in strength with time in water was only 8%
(13/169 MPa). Eq. (20) shows, however, that increasing CaP level
to 10, 20 or 40% causes reduction in strength upon maximum
water sorption to rise to 14% (23/161), 21% (33/153) and 38%
(53/138), respectively.
Initial and calculated ﬁnal modulus for Z250 was 3.2 and
2.5 GPa, respectively. Its modulus reduction therefore was 22%
(0.7/3.2). Initial and ﬁnal modulus of composites were found
to be given by

20% CaP
10% CaP

15
10
5
0
10

0

20

30



40

E0 (GPa) = 5.8 (±0.1) 1 − 0.8 (±0.1) ∗ 10−2

Srqt (hr)

Cp
wt.%



R2 = 0.99
(23)

Fig. 6 – CHX release in water from 10, 20 and 40 wt.% CaP
formulations up to 6 weeks. (Error bars are 95% CI, n = 3).
and



the time of half maximum reduction in strength or modulus.
From Eqs. (16) and (17) this is calculated to be 48 hours for both
strength and modulus.
Fitting of Eq. (16) gave initial and ﬁnal strengths for Z250 of
191 and 158 MPa. Its maximum strength reduction was therefore 17% (33/191 MPa). Linear regression gave the initial and
ﬁnal strengths of the experimental composites verses CaP
level Cp as



S0 (MPa) = 169 (±1.6) 1 − 0.45 (±0.05) ∗ 10−2

Cp
wt.%



R2 = 1.00
(20)

and



Sf (MPa) = 156 (±5) 1 − 1.1 (±0.1) ∗ 10−2

Cp
wt.%



R2 = 0.99

Combining Eqs. (20) and (21) gives fraction change in
strength



= 13 1 + 0.077

Cp
wt.%


(22)

Eq. (22) shows the maximum reduction in dry strength with
increasing CaP level from 0 to 40% was 18%. Eqs. (20) and

Cp
wt.%



R2 = 0.98
(24)

Subtracting Eqs. (24) from (23) gives
E0 − Ef (GPa) = 1.7 + 0.015

Cp
wt.%

(25)

Eq. (23) shows that the addition of calcium phosphate
caused a greater maximum reduction in dry modulus of 32%.
Eqs. (23) and (25) indicate that without calcium phosphate, the
maximum reduction in modulus with time was 30% (1.7/5.8).
Eq. (25) shows, however, that increasing CaP level to 10, 20 or
40% caused reduction in modulus to rise to 35% (1.9/5.3), 41%
(2.0/4.9) and 58% (2.3/3.9), respectively.

3.6.
(21)

S0 − Sf

Ef (GPa) = 4.1 (±0.3) 1 − 1.5 (±0.3) ∗ 10−2

Chlorhexidine release

The amount of CHX release in water was proportional to the
square root of time see Fig. 6. This was expected for a diffusioncontrolled process. CaP content in the formulations has a
signiﬁcant effect on the CHX release (P < 0.001). No CHX release
was detected for formulation without CaP.

3.7.

Mineralizing properties

After 1 week in SBF experimental materials with 10 to 40%
CaP had areas coated with balls of crystals (see Fig. 7) that

Fig. 7 – SEM images of hydroxyapatite on the surface of composite with 20 wt.% CaP after 1 week in SBF. (a) The composite
surface can be seen in centre of the image under the hydroxyapatite crystals. (b) Higher magniﬁcation image for the
hydroxyapatite crystals.

1286

d e n t a l m a t e r i a l s 3 1 ( 2 0 1 5 ) 1279–1289

were shown by EDAX to have a Ca/P ratio of 5/3 as expected
for hydroxyapatite. The layer thickness and coverage both
increased with raising CaP content. No hydroxyapatite was
observed on either Z250 or the composite with no CaP.

4.

Discussion

The above results have provided equations that demonstrate
how conversion, depth of cure, shrinkage, water sorption,
strength and modulus of UDMA based, antibacterial- containing composites vary with reactive calcium phosphate content,
sample depth and time.

4.1.

Conversion

The above study showed that on the top surface of the experimental composites conversion was much higher (78%) than
observed with Z250 (55%) [13]. Higher conversion is generally
associated with monomers of lower glass transition temperature, Tg . For BisGMA (the main monomer in Z250), UDMA
and TEGDMA these are −8, −35 and −83 ◦ C, respectively
[14,15]. With homopolymers without ﬁller BISGMA, UDMA and
TEGDMA were found to have maximum conversions of 35,
72 and 83% [16]. The top surface conversions observed in the
above new study are therefore as might be expected.
The reduction in conversion versus depth for Z250 observed
above is in good agreement with that obtained previously
using Raman [17]. In the same study it was shown that high
levels of monomer could only be extracted from Z250 below
a critical conversion of 50%. This critical concentration is
most probably because small monomer molecules can diffuse and polymerize much faster than methacrylates bound
into the polymer chains [17]. Therefore, with dimethacrylates
there will be few monomers remaining unattached to polymer chains once 50% methacrylate conversion is reached. The
above study showed less than 50% conversion was observed
for Z250 at all depths below 1 mm. With the experimental composite with no CaP the conversion was well above 50% even
at 4 mm depth. Eluted monomers are cytotoxic for pulp and
gingival cells. Leaching of uncured monomer has also been
implicated in cell alteration and the development of cariogenic
bacteria at the interface between the ﬁlling and the walls of
the cavity [18,19].
The level of conversion decreases with depth due to reduction in activating light intensity. The Beer Lambert law is given
by
I
= 10−ε[CQ]h
I0

(26)

where I0 , intensity of incident light; I, intensity of transmitted
light; ε, molar extinction coefﬁcient of CQ (46 cm−1 /(mol/L))
[10], [CQ] concentration of CQ in the experimental composites
(0.024 mol/L); h, sample depth (mm).
The intensity of transmitted light would therefore be predicted to be 0.36 times the surface incident light at 4 mm
depth. Photo bleaching of the CQ may enable slightly greater
light transmission than predicted. Reduction in light transmission can also, however, be caused by light scattering [20]
due to mismatch in refractive indices of the liquid and any

suspended particles. The monomer refractive indices are 1.46,
1.48 and 1.55 for TEGDMA, UDMA, and BISGMA, respectively
[21]. Those of the powder components are 1.48, 1.52, 1.63
and 1.66 for glass, MCPM, TCP and CHX. In the experimental composites, the glass and monomers are well matched but
addition of increasing levels of TCP is expected to enhance
scattering. This explains the reduction in conversion observed
with increasing CaP in the above study.
As 50% conversion was observed at much greater depths
for the experimental materials (2.9 to 5 mm) than with Z250,
the former may be placed in much thicker layers without high
risk of monomer leaching. Placement in thicker layers would
simplify the restoration process in clinical practise. Typically
restorations can be up to 4 mm in depth.

4.2.

ISO depth of cure

The ISO depth of cure obtained for Z250 was comparable
with that previously observed [17]. From Eq. (9), the calculated
monomer conversion for Z250 at the ISO depth of cure (2.5 mm)
is only 43%. This suggests that the ISO test may be over estimating the thickness of Z250 layers that can be placed safely
from a biocompatibility point of view. Conversely, using Eqs.
(6)–(8) with the experimental materials, the conversion at the
ISO depth of cure increased linearly from 65 to 69% upon raising the CaP percentage. This suggests that the ISO test may
underestimate the thickness of experimental materials that
can be placed at one time. This highlights the need for using
both conversion and ISO studies to assess depth of cure of
dental composites.
The ISO test, unlike the FTIR study showed a signiﬁcant
effect of increasing the time of light exposure from 20 to 40 s.
This could be a consequence of extra light exposure only having a signiﬁcant effect before the materials become hard. From
Eqs. (6)–(9) the conversions when the materials become hardened are 55, 52, 52, 51 and 32% with 0, 10, 20 and 40 wt.% CaP
and Z250, respectively. In the FTIR studies most conversions
were above these values.

4.3.

Polymerization shrinkage

Previous studies have shown shrinkage of commercial composites by mercury dilatometry can vary between 2 and 6 vol.%
and equal to 2.5% for Z250 [22] in good agreement with the
new data above. The measured polymerization shrinkage of
the experimental composites (∼3%) was well within the range
observed for current materials. It was also in good agreement
with theory. This gives shrinkage as proportional to conversion, monomer volume fraction, number of methacrylate
groups per monomer and inverse average monomer molecular
weight.

4.4.

Water sorption and mass/volume change

The water sorption of Z250 was recently observed to be
between 22 and 28 mg/cm3 [23,24] The ﬁnal value of 1.1 wt.%
observed in the above new study corresponds with 23 mg/cm3
which is in good agreement. If water expands the composite
then assuming the material behaves ideally it can be shown
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by simple rules of mixtures that the fractional volume change
will be
V=

1
((1/M) − 1) (2 /1 ) + 1

(27)

This for small fractional changes in mass simpliﬁes to
V=

2
M
1

(28)

where V is volume change, M is mass change, 1 and 2 are
the density of sample and water, respectively.
As the density of water is one the volume change of the
composite is approximately equal to the mass change times its
density. Alternatively, if the water occupies pores, then mass
will increase but volume remain unchanged. The ratio of maximum volume divided by mass change observed above was
less than Z250 density suggesting a combination of these 2
effects. With the new composites the ratio of volume divided
by mass was equal to density. This suggests most of the change
is a result of expansion and there may be fewer pores to ﬁll.
From Fig. 4b, a formulation with between 10% and 20% CaP
can be expected to have volume expansion of ∼3% upon water
sorption, to balance the 3% polymerization shrinkage shown
in Fig. 3.
The above studies showed the maximum water sorption
was proportional to the CaP percentage. The presence of
hydrophilic mono-calcium phosphate attracts water into the
composite. Previous work has shown this water enables MCPM
reaction with TCP to form brushite [9].
The chemical reaction for brushite formation is:(29)
Ca(H2 PO4 )2 × H2 O + ˇ-Ca3 (PO4 )2 + 7H2 O ® 4CaHPO4 × 2H2 O
This demonstrates that 1 g of MCPM requires 0.5 g of H2 O to
fully react. For the experimental composites this would correspond with 1 wt.% CaP requiring 0.20 wt.% increase in mass
due to water sorption. Eq. (14) shows that 85% (0.17/0.2) of
the water required for full MCPM conversion to brushite is
absorbed irrespective of CaP level. The unreacted MCPM may
be released to enhance remineralization.
According to Fick’s law of diffusion [25]



Mt
=2
Mt→∞

Dt
h2

(30)

where D, diffusion coefﬁcient of water into the composite
(cm2 /s); t, time (s); h, sample thickness (cm).
Combining this with Eq. (16) gives


2

D
= 0.065/h
h2

(28)

Since the sample thickness h was 0.1 cm this gives
D = 9.2 × 10−14 m2 /s which is in the range expected from previous values for composite water sorption [26]. From Eq. (14)
this diffusion coefﬁcient is independent of CaP content. This
suggests the composition of the matrix polymer phase is key
in determining the water sorption rate.
Water sorption is also inﬂuenced by the afﬁnity of polymer
matrix for water. This depends on the quantity of hydrophilic
groups (e.g. hydroxyl groups) [27]. Hydrophilic monomer
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HEMA was shown to induce water sorption leading to expansion of polymer matrix [28]. HEMA makes up 5 wt% of the
monomer in the experimental formulation and it is expected
to contribute to mass and volume increase. In addition, CHX
release may lead to formation of pores in the composite structure. This could further contribute to the mass increase.

4.5.

Mechanical properties

Commercial composites have been shown to have ﬂexural
strength between 100 to 180 MPa with Z250 being the highest [24]. A recent study showed that unﬁlled UDMA/TEGDMA
polymers have higher strength than BISGMA/TEGDMA polymers [29]. The ﬁlled experimental composite without CaP in
the above study, however, had slightly lower initial strength
than Z250. This could be partially attributed to differing inorganic ﬁllers and quality of interface bonding between the
ﬁllers and resin [30]. Fillers in Z250 are a mixture of ﬁner zirconium and silicon oxide instead of barium aluminosilicate in
the new composites [24]. Upon varying UDMA/TEGDMA ratio
maximum unﬁlled polymer strength has been observed at a
50/50 ratio. Too much TEGDMA, however, would give very high
shrinkage [29]. In the above study, therefore, it was ﬁxed at
75/25 UDMA/TEGDMA.
The similarity of times of half maximum change in volume,
strength and modulus suggest all are caused by increasing water sorption. Exponential decline in the strength and
modulus versus square root of time may be a consequence
of increasing micro porosity upon water sorption [31]. The
decline in biaxial ﬂexural strength of Z250 observed in the
above study was comparable with previous studies [32]. The
lower percentage reduction of the experimental composite
without CaP could be a consequence of the greater conversion
and crosslinking.
The linear decline in dry strength upon increasing CaP (up
to maximum of 18% reduction) is possibly due to a lack of
coupling agent between the CaP ﬁllers and polymer matrix
phase. With increasing CaP from 0 to 40 wt.% CaP, the percentage reduction in strength upon immersion increased linearly
from 8 to 38%. This may be in part due to increased water
sorption. Furthermore, there may be increasing porosity due
to the required release of some unreacted MCPM to promote
mineralization.
The modulus of Z250 was initially 45% of the new composite with no CaP. This may be a consequence of the much
higher crosslinking in the experimental material. In Z250,
lack of crosslinking will allow entangled polymer chains to be
pulled apart. In the experimental materials the high level of
crosslinking will prevent this. The high reduction in modulus
of the experimental composite with no CaP (30%) compared
with Z250 (22%) upon placement in water may be a consequence of the polymer chains being more plasticized. The
further reduction in modulus upon adding CaP and subsequent water immersion could be due to lack of reactive ﬁller
matrix bonding and increasing porosity, respectively.

4.6.

Chlorhexidine release

Previous studies have incorporated CHX into dental restoratives [33,34] to provide antibacterial activity. CHX was shown

1288

d e n t a l m a t e r i a l s 3 1 ( 2 0 1 5 ) 1279–1289

to signiﬁcantly decrease bacterial count, bioﬁlm formation
and lactic acid production [35,36].
CHX release from experimental formulations into water
was proportional to Sqrt. of time as expected for a diffusioncontrolled process. Upon raising the CaP levels in the
formulations, CHX release was substantially increased, which
is in good agreement with a previous study [9]. This could be
due to increased water sorption induced with CaP in the samples. This absorbed water dissolves CHX enabling its release to
the surroundings. It is, therefore, expected that no CHX release
to be detected for formulation with 0% CaP.

4.7.

Mineralizing properties

Studies have shown that dentinal ﬂuid under a restoration
is similar in composition to SBF [37]. The ability of the CaP
containing materials to promote hydroxyapatite precipitation would enable them to help seal dentin tubules and
re-mineralize collagen.

5.

Conclusion

This study has produced dental composites containing
antibacterial chlorhexidine and re-mineralizing calcium
phosphates with superior cure, expansion to compensate
shrinkage and with < than 20% CaP comparable mechanical
properties to commercial materials. These features would
enable easier placement of deeper tooth restorations and
reduction in recurrent caries without enhancement of failure
due to fracture.
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