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Abstract

Evaluation of the physicochemical behavior and setting reactions of a novel inorganic pulp capping cement which makes use
of the unique corrosion properties of sodium metasilicate (NaSi) glass. NaSi and calcium phosphate (CaP) glass powders
were synthesized through a melt-quench method. Cements were created by mixing various amounts of the glasses with
deionized water at a powder-to-liquid ratio of 2.5 g mL~'. Working and setting times were measured using the indentation
standard ISO 9917-1. Sealing ability was tested by placing set samples of each composition in methylene blue dye solution
for 24 h. Set samples were also submerged in phosphate buffered saline and incubated at 37 °C for one week. X-ray
diffraction was used to identify mature crystalline phases after incubation. Infrared spectroscopy and scanning electron
microscopy were used to characterize cements before and after setting and after incubation. Working and setting times
measured in the ranges of 2-5 and 10-25 min, respectively. Working and setting time generally decrease with increased
NaSi concentration. Cements with compositions of 25 and 33 wt% NaSi were found to resist the infiltration of dye and
maintain their shape. Compositions outside this range absorbed dye and collapsed. Infrared spectroscopy provided insight
into the setting mechanism of these cements. After one week in vitro, cements were found to contain crystalline phases
matching chemically stable, bioactive phases. The combination of NaSi and CaP glasses has favorable setting behavior,
sealing ability, and mature phases for pulp capping while relying on a relatively simple, inorganic composition.
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1 Introduction

Tooth decay, also known as dental caries or cavities, is the
most common chronic disease among children and pre-
valent in all age groups as well [1]. In the Unites States, the
disease affects 92% of the population between ages 16 and
65, and the failure rate of dental restorations within 10 years
is approximately 50% [2]. Failure of a restoration and deep
caries often lead to pulpal inflammation. In such cases
where there is a low remaining dentin thickness, the vitality
of the pulp is threatened and often necessitates costly root
canal therapy or extraction. Pulp-capping techniques may
be employed in an attempt to avoid this by allowing the
pulp to recover and by supporting tertiary dentin formation
in the proximity of a restoration [3, 4]. Unfortunately, pulp-
capping techniques—particularly direct pulp-capping—
generally have poor success rates. This is especially true
in situations where the pulpal health has deteriorated to the
degree that the pain caused by the decay leads the patient to
seek treatment [5—7]. Pulp-capping also presents many
challenges, foremost among them successful disinfection of
the pulp, attenuation of pulpitis and, significantly, facilita-
tion of dentin production at the material-dentin interface
that will result in a well-sealed restoration [8, 9]. This last
challenge is particularly important as it prevents micro-
leakage of microorganisms, which drives the formation of
secondary caries and causes continued irritation of the
pulpal tissues. The solution to these problems may lie in the
development of better pulp-capping materials that address
the challenges inherent to the technique.

The ideal pulp-capping cement should be easy to use and
will prevent root canals by increasing the success rates of
these procedures. From a clinical perspective, the material
should have an optimal and adjustable working time (the
time that elapses between mixing the cement and the
moment it can no longer be easily manipulated), and a
reasonably rapid setting time (the period of time for the
cement to reach a final, hardened state). The material should
be relatively fast setting after this adequate working time.
These properties should be adjustable to match a given
patient and procedure. In regards to desirable properties, the
cement should be comprised of biocompatible components,
maintain a sufficient seal after placement to mitigate
infection, and display good chemical durability over time
[10].

As a pulp-capping cement, calcium hydroxide paste
(CaOH) has long been considered state-of-the-art, due to its
exceptional workability and fast setting times. [11, 12].
However, two aspects of this material that are in need of
improvement are its sealing ability and long-term durability
[10], as CaOH pastes have a poor sealing ability and do not
have any inherent adhesive properties [13, 14]. These
cements fail to provide permanent protection to the pulp,
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due to a tendency for dissolution [15]. In vitro, CaOH paste
compositions have been shown to exhibit “tunnel defects,”
(cylindrical tunnels, >10um in diameter), which may lead to
bacterial leakages and eventual need for retreatment
[16, 17].

To improve upon the issues with sealing and physical
integrity after placement, mineral trioxide aggregate (MTA)
was created and is increasingly considered the best available
pulp-capping material. MTA is less soluble than CaOH
pastes. It also has the advantage of enhanced sealing ability
due to its expansion during setting [18, 19]. MTA has been
found to mature into a calcium-deficient hydroxyapatite in
phosphate containing body fluids [20-23]. While traditional
MTA has a setting time of 2 to 4 h [24], compositions can
be adjusted and resins can be added to make the cement set
within 15 min [18]. Despite the widespread use of both
MTA and CaOH pastes, both are problematic for user
manipulation and placement [25]. Both materials are highly
technique sensitive. In addition, the resins present in most
modern MTA and CaOH paste formulations have been
shown to increase the cytotoxicity of the material to pulp
tissue [26]. Neither CaOH paste nor MTA meet the criterion
of an ideal pulp-capping cement.

This study investigated a new material for endodontics
inspired by commercial construction materials: a blend of
sodium metasilicate (NaSi) and calcium phosphate (CaP)
glasses. NaSi, also known as “water glass” or “invert glass,”
possesses a highly water-soluble network that is known to
decrease setting time and increase final hardened strength
when added to concrete [27, 28]. The NaSi was mixed with
CaP in several ratios to create a pulp-capping cement with
the short setting times and workability of CaOH pastes
combined with the sealing ability and durability of MTA.
The cement has a completely inorganic formulation, the
components of which are similar to those of bioglass, the
biocompatibility of which has been widely studied [29-31].
Its working and setting times, phase maturation in a phos-
phate buffered saline solution, and sealing ability were
investigated. This material has the potential to become a
new state-of-the-art formulation for pulp-capping
applications.

2 Materials and methods
2.1 Glass fabrication

The sodium metasilicate (NaSi) glass was made by melting
a sodium bicarbonate (Alfa-Aesar, Ward Hill, MA, USA)
with silica (Si0,) powder (Alfa-Aesar, Ward Hill, MA,
USA) at 1100 °C for 1 h. A composition of 50 mol% Na,O
—50mol% SiO, was selected for its proximity to the
maximum solubility of sodium in the network [32]. The
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calcium phosphate (CaP) glass was synthesized by melting
monocalcium phosphate monohydrate [Ca(H,PO,),-H,0]
powder (Alfa-Aesar, Ward Hill, MA, USA) at 1100 °C for
1 h. Monocalcium phosphate monohydrate was selected for
the glass forming ability reported at Ca/P molar ratios near
172, as well as ease of processing. Melts were quenched on a
stainless-steel plate and the resulting glass was ground into
frit using an A-11-B-S001 grinder (IKA, Staufen, Ger-
many). Granules were sieved to a particle size distribution
between 106 and 150 um using 3” diameter test sieves
(Endecotts, London, UK). The results of this process were
granules of NaSi and CaP glasses.

2.2 Glass characterization

Granule morphology was examined using scanning electron
microscopy (SEM—Hitachi S-4800, Chiyoda, Tokyo,
Japan) at an accelerating voltage of 5kV, and the crystal-
linity was evaluated through powder X-ray diffraction
(XRD—MiniFlex™, Rigaku, The Woodlands, TX, USA)
with a scan rate of 0.5°20s~! and a step size of 0.05°26.
The molecular structure of the glass-based cements was
examined using attenuated total reflectance Fourier trans-
form infrared spectroscopy (ATR-FTIR—Nicolet S50 FT-
IR, Thermo Scientific, Waltham, MA, USA) with a dia-
mond crystal. A background was collected less than 1 min
before the data from each sample was collected in order to
increase the signal-to-noise ratio and avoid drift in the data
from interaction with CO,.

2.3 Setting reaction

Cements were prepared for setting measurements by
mechanically mixing different masses of NaSi and CaP
powders (Table 1). Deionized (DI) water was then added to
initiate the setting reaction. A powder-to-liquid (P/L) ratio
of 2.5gmL™" was chosen for all testing as it produced
pastes that were easily manipulated while holding their
shape without slumping under their own weight. The

Table 1 Chemical compositions of pulp-capping materials examined
in this study: 25NaSi, 33NaSi, and 50 NaSi

Name Composition
25NaSi 25 wt% NaSi*
75 wt% CaP®
33NaSi 33 wt% NaSi
67 wt% CaP
50NaSi 50 wt% NaSi
50 wt% CaP

*NaSi glasses prepared at 50 mol% Na,O—50 mol% SiO,
®CaP glasses prepared at 33 mol% CaO—67 mol% P,Os

material was then mixed with a spatula for 30 s, allowing
heat released during setting to dissipate.

A procedure for determining the working and setting
time of the cements was adapted from ISO 9917-1:2017 for
the testing of water-based dental cements [33]. The standard
calls for a rectangular, room-temperature aluminum mold
placed on a piece of clean aluminum foil and filled to a level
surface with mixed cement. Sixty seconds after the end of
mixing, the assembly—comprising mold, foil, and cement
specimen—is placed in an incubated cabinet (VWR Per-
sonal Low Temperature Incubator, VWR, Radnor, PA,
USA) conditioned to 37 °C. Ninety seconds after the end of
mixing, the working time indenter—a needle with a mass of
130 g and a flat end diameter of 2 mm—is carefully lowered
vertically onto the surface of the cement and allowed to
remain there for 5s, repeating the indentations at 3 min
intervals until the needle fails to make a complete circular
indentation in the cement when viewed using X2 magnifi-
cation. The setting-time indenter, with a mass of 400 g and a
flat end diameter of 1 mm, is similarly used thereafter at 3-
min intervals. Setting time is recorded when the needle is
unable to make a complete circular indentation in the sur-
face of the sample. An initial trial was carried out as
described above to determine the approximate working and
setting times. The working time and setting time were then
tested on two separate samples, starting the indentations at
90s before the approximate working and settings times
determined from the initial trial, making indentations at 30 s
intervals in order to increase the temporal resolution of the
measurements.

The working and setting times were recorded as the time
elapsed between the end of mixing and the time when the
needle failed to make a complete circular indentation in
the cement. The experiments were carried out a total of
three times. Trials were performed separately by different
individuals to reduce measurement bias. Two one-way
ANOVA tests were carried out for both working and setting
times using JMP Pro 14 statistical analysis software to test
for differences between the behavior of different composi-
tions. These were performed using a significance level of a
=0.05. A Student’s t-test at the same significance level was
also carried out on each pair of compositions.

The temperature of each cement composition was mea-
sured starting immediately (<5 s) after addition of water
using an infrared thermometer (Fisherbrand Traceable
Infrared Thermometer Gun, Fisher Scientific, Hampton,
NH). The thermometer was calibrated and tested by the
manufacturer and has a maximum uncertainty of 1.1 °C.
The maximum temperature was recorded as the maximum
temperature reached in the first 5 min after mixing to assess
how the endothermic nature of the cements varies with
composition. After setting, samples were kept in a sealed
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cabinet to dry at 37 °C for 24 h. Samples were then exam-
ined using SEM and ATR-FTIR.

2.4 Sealing ability measurement

The method that was applied in this study for testing sealing
ability of a dental cement was adapted from a method
previously used by Aqrabawi and involves placing a sample
of pulp-capping cement in methylene blue dye for a pre-
defined period and measuring the depth of dye penetration
[34]. In this study, right circular cylindrical samples of
cement were prepared. Three samples of each composition
of NaSi-CaP cement were mixed and allowed to set in
cylindrical plastic molds. After setting for 24h, each
cylinder was lightly ground to a diameter of 9 mm and a
height of 11 mm. The sides and one face of each disk were
covered with two coats of clear acrylic varnish in order to
isolate one surface through which dye penetration could be
observed. The samples were immersed in a 0.5% solution of
methylene blue dye (Beantown Chemical, Hudson, NH,
USA) for 24 h at 37 °C, at which point they were sectioned
with a low-speed circular saw at an angle perpendicular to
the face of the cylinder. The depth of dye penetration and
physical condition of the samples was evaluated using a
stereomicroscope at X3 magnification. The experiment was
repeated a total of three times.

2.5 Cement incubation

To examine in vitro phase maturation behavior, a sample of
each NaSi-CaP cement composition was mixed and allowed
to set for 24 h before being placed in 2 mL of a phosphate
buffered saline (PBS) solution with a pH of 7.2. Cements
were incubated for 7 days at 37 °C. The samples were then
removed, dried, and the microstructure was observed using
SEM. Samples were then crushed into a fine powder and
examined using XRD and ATR-FTIR.

3 Results
3.1 Setting reaction

The NaSi and CaP glass granules (Fig. la, b) have similar
morphologies and particle sizes. ATR-FTIR spectra of the
mixed glass compositions display only characteristic peaks
from the parent glasses. The gradual appearance of the
characteristic peaks from one phase as the other decreases
indicates that the glasses are only physically mixed and not
chemically reacting in ambient conditions (Fig. 1c). The band
present in all NaSi-containing compositions at roughly
1150 cm™! which ranges from 1100 to 1300 cm™' is indica-
tive of Si-O stretching vibrations and can be attributed to the
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Fig. 1 The irregularly shaped NaSi granules (a) and CaP granules (b)
possess similar morphologies prior to mixing. FTIR on the NaSi and
CaP granules before setting (c¢). The glass mixtures show characteristic
peaks from both pure glasses, indicating only physical interactions
upon mixing. The band at around 1500 cm™' is indicative of CO,
adsorbed to phosphate particles

Table 2 FTIR absorption band assignments used throughout this study

Wavenumber (cm™") FTIR band assignments

630, 600, 560, 520 Asymmetric bending of PO,

900 Asymmetric stretching of POy
1080 Si-O-Si stretching

1100-1200 Si-O stretching

1250 Asymmetric stretching of O-P-O
1340 Stretching of P=0

1650 OH water-adsorbed bending
3400-3420 Water-adsorbed deformation

3570 O-H stretching

disconnected silica tetrahedra present in NaSi (Table 2). A
band centered at 1340 cm ™! is assigned to the stretching of
P =0 units within phosphate tetrahedra. Another band at
1500 cm™! is due to adsorbed atmospheric CO,.

Mean working and setting times of each composition, as
well as the average maximum temperature reached during
setting are shown in Fig. 2. Exothermic reactions occurred
upon mixing the NaSi-CaP cements with water. The exo-
thermic effect is greater for cements with higher NaSi
content due to the higher reactivity with water. In each
sample, this heat lasted a short time and dissipated before
the time at which the material would be applied to the
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Fig. 2 Working and setting times for NaSi-CaP cements, as well as
average maximum temperature reached during setting. The values
represent the mean =+ the uncertainty of N = 3 measurements. Working
time is longest for 0 wt% NaSi but decreases to under 5 min in samples
with 25-50 wt% NaSi. Setting time appears to decrease linearly as the
NaSi concentration increases, with the exception of the 25 wt% NaSi
samples, which deviates significantly. The maximum temperature
generally increases as the NaSi concentration increases

patient. While temperatures are high initially, the mixtures
return to below 30 °C within 60 s after the addition of water.

NaSi concentrations in the range of 25-50 wt% provided
cements with desirable consistencies: a smooth putty that could
be formed into a shape and would not slump under its own
weight. Note that preliminary testing demonstrated that com-
positions with greater than 50 wt% NaSi had the consistency of
wet sand and would not hold their shape. The cements slumped
after mixing and never reached conditions for working or set-
ting time within a meaningful amount of time (<24 h).

The mean working time of the pure CaP was sig-
nificantly higher than those of the glass mixtures. The CaP
had a working time of 18+ 1.2 min. The addition of the
NaSi drastically reduced the working time to between
2-5min. No statistical difference was observed in the
working time of the glass mixtures.

While no statistically significant variation was seen in
working time, setting times differed with NaSi concentra-
tion. The setting time of the CaP was 46 +2.0 min. 25NaSi
had a setting time of 11 +2.2 min, which lacks statistically
significant differences when compared to the setting time of
50NaSi, which had a value of 13 + 1.0 min. The setting time
of 33NaSi, which was statistically significantly higher than
the other two glass mixtures, was 22 +5.4 min. While the
mean working times of 25NaSi, 33NaSi, and 50NaSi lack
statistically significant differences, the mean setting time of
33NaSi is statistically significantly higher than the other two
compositions. The results showed that working times
remain constant in the range of 25 to 50 wt% NaSi, while
setting time varies in a nonlinear manner.

SEM examination of the glass mixtures after setting
provided insight into the working and setting behavior
(Fig. 3). For the CaP (Fig. 3a), individual granules are still
visible that show slight degradation. This observation cor-
relates well to the subjective properties of the bulk sample
observed during handling in which the sample readily
crumbles as particles appear to be only loosely held together.
Pure NaSi has the exact opposite appearance (Fig. 3e) in that
all the granules have completely degraded into a hydrated
matrix with a relatively smooth, solid surface. This obser-
vation explains the behavior of the bulk sample, which never
fully sets. Of note, these samples were observed to remain
pliable even after 1 month in the incubation cabinet at 37 °C.

The cements that were a mixture of CaP and NaSi had an
appearance similar to the parent materials; the 25NaSi was
largely granular while 50NaSi appears similar to the pure
NaSi but with a slightly rougher surface. The 33NaSi had a
blend of CaP granules suspended in hydrated matrix of
NaSi. These images also correlate to the behavior of the
bulk samples. Pure CaP has a chalky texture after setting
and crumbles easily during handling. The addition of NaSi
appears to make the set samples more physically robust, as
particles are not shed from the surfaces of these samples
during handling and they cannot be easily crushed in the
hand. Set NaSi-CaP cements are white in color and visually
homogeneous.

The ATR-FTIR spectra after setting (Fig. 4) showed that
chemical changes in the cements occurred during setting.
The large band indicative of PO, asymmetric stretching
vibrations at 900 cm ™!, present in all set samples, was not
present prior to setting (Fig. 1c). The large band that is
indicative of O-P-O stretching vibrations between tetrahedra
at roughly 1250 cm™! present in all three glasses prior to
setting (Fig. 1c) largely disappears when the samples are set
with the effect being most pronounced in the 25NaSi
sample. The band is reduced to a shoulder during/after the
setting process with slightly different behavior depending
on the NaSi concentration of the glass mixture. The relative
size reduction of this peak is indicative that corrosion of
CaP particles occurred during setting. The 33NaSi samples
show the remnant of this band with moderate absorption
intensity, though having its peak pushed to a slightly lower
wavenumber. In the 25NaSi composition, a band located at
1080 cm™ !, is indicative of Si-O-Si stretching vibrations
associated with interconnected silica tetrahedra. In 33NaSi
and 50NaSI, this peak is shifted to a slightly higher wave-
number (1100-1150cm™"), indicating Si-O stretching
vibrations associated with a larger amount of disconnected
tetrahedra. These results show that cement samples set as
Si-O-Si linkages are formed in the hydrated matrix and as
CaP particles begin to corrode.

X-ray diffraction of set samples (Fig. 5) did not show the
formation of crystalline phases during setting. Bulk
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Fig. 3 NaSi-CaP cement compositions 24 h after setting. CaP (a)
25NasSi (b), 33NaSi (c), SONaSi (d), NaSi (e). As the amount of NaSi

in a sample increases, the surface of the set sample appears to be

smoother due to the hydrated matrix which is formed by the NaSi and
coats the CaP granules. The cracking seen on the surface of the sample
in (d) occurred during drying of the sample for imaging

—— 50NaSi Set

Absorbance (A.U.)

— 33NaSi Set

|- 25NaSi Set

1600 1400 1200 1000 800 600

Wavenumber (cm™)

Fig. 4 All samples after setting were X-ray amorphous; however,
ATR-FTIR on set samples showed that chemical reactions were taking
place. Pure CaP and NaSi samples were not included as they did not
set. 33NaSi shows a band at around 1250 cm™! that is only faintly
present in the other two compositions. 33NaSi and 50NaSi show a pair
of peaks centered at around 1000 cm™!, whereas the 25NaSi exhibits
the lower wavenumber of the two peaks (980 cm™') only as a faint
shoulder

crystallization of samples during setting reaction is not
observed.

3.2 Sealing ability

The sealing capabilities of the various cements varied with
NaSi concentration as shown in Fig. 6. Pure CaP is unable
to retain structural integrity after 24h in dye solution
(Fig. 6a). This behavior is a result of the minimal corrosion
experienced during setting, leaving the sample as an
agglomeration of loosely bound granules that fall apart
when immersed in the dye solution. The addition of NaSi in

@ Springer
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Fig. 5 After 24 h of setting, X-ray diffraction patters are featureless,
characteristic of amorphous phases. No detectable crystalline peaks are
present

the 25NaSi and 33NaSi samples keeps the samples struc-
turally sound in the solution; however, the hygroscopic
nature of the NaSi allows for water to diffuse through the
cement (Fig. 6b, c). The absorption is more pronounced in
the 50NaSi, causing the swelling and loss of structure,
resulting in the delamination from the protective coating of
varnish. The results of this experiment show that the addi-
tion of NaSi within certain compositional ranges improves
the sealing ability of CaP glass.

3.3 In vitro phase maturation
Upon 1 week of incubation in PBS, all compositions

showed peaks indicative of crystallization, with amorphous
regions still evident between 20-40° 20 (Fig. 7). Crystalline
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B: 25NaSi

Fig. 6 After 24 h in dye solution, dye penetration and sample condition
vary with NaSi concentration. Pure CaP (a) is saturated with dye
causing a loss of mechanical strength. 25NaSi (b) and 33NaSi (c) are
structurally sound after 24 h in dye solution and show an increasing

I = 50NaSi Incubated
33NaSi Incubated
[ | 25NaSi Incubated
[ | CaP Incubated "

- A \

A CaNa,P,0,¢(H,0),
~ Na,P,0; ¢ (H,0)y,
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* CagH,(P,0,),24H,0 o
[l + x4, + Ca(H,PO,), ¢ H,0

*
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e ~ ~ .

10 15 20 25 30 35 40 45 50 55 60
2-theta (deg.)

Fig. 7 X-ray diffraction patterns after 1 week of incubation in PBS at
37°C. Phases present in CaP were identified as hydrated calcium
phosphates. 25NaSi was determined to match brushite as its dominant
phase. Phases matching 33NaSi and 50NaSi were shown to incorpo-
rate more sodium, including phases such as sodium phosphate hydrate
and canaphite (CaNa,P,0;-(H,0),). Data sets with more than one
identified phase are marked with symbols to show which peaks can be
attributed to which phase

phases were identified using the International Centre for
Diffraction Data (ICDD) database. Phases present in each
composition are listed in Table 3.

Both phases identified in CaP samples are hydrated
calcium phosphates. The first, Ca(H,PO,4),°H,0, is mono-
calcium phosphate monohydrate and has the same stoi-
chiometry as the precursor powder used to create the glass.
The second is a tricalcium phosphate phase. Brushite, which
is a hydrated calcium phosphate phase, was found to be the
apparent dominant phase present in the 25NaSi sample.
Based on the phases identified in spectral data for 33NaSi
and 50NaSi, these samples appear to have incorporated

C: 33NaSi

dye penetration depth with increasing NaSi concentration. 50NaSi
samples have swollen to a larger size and have generally lost their
structural integrity

Table 3 Phases identified from the ICDD database through X-ray
diffraction of incubated samples

Sample name Identified phases

CaP Ca(H,POy4),*H,0
CazH,(P,07),°4H20

25NaSi Brushite, CaHPO*2H,0

33NaSi Canaphite, CaNa,P,07+(H,0),

50NaSi Canaphite, CaNa,P,07¢(H,0),

NayP,07¢(H,0),9

sodium into their structures to form canaphite, with 50NaSi
also showing the formation of a hydrated sodium
phosphate.

The ATR-FTIR of the incubated samples (Fig. 8) shows
a large degree of hydration, with prominent bands appearing
at roughly 1650cm™' and the region between 3000 and
3600 cm™!, providing supporting evidence of the hydrated
calcium phosphate phases obtained from the XRD analysis.
The 25NaSi sample, which was primarily composed of
brushite, contains the lowest degree of hydration. The
50NaSi sample shows the most extensive degree of hydra-
tion, which corresponds to the presence of the canaphite,
CaNa,P,07¢(H,0), and hydrated sodium phosphate,
Nay4P,072(H,0);9. The HPO, absorption band, which is a
broad, low-intensity band spanning the region from
1800-2500 cm ™! has become the most prominent and well-
resolved in the 50NaSi incubated sample. The rod-like
morphology of the crystals observed in the 50NaSi
composition using SEM (Fig. 9d) also differs from the
morphologies observed in the other compositions
(Fig. 9a, c), which show needle-like and plate-like crystals.

In the cation region of the ATR-FTIR data from roughly
500 to 1800 cm™!, significant molecular bonding changes
may be observed in comparing the plots of the mixed, set,
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Fig. 8 ATR-FTIR shows a broad band indicative of hydration centered
at around 3200 cm ™! in all four samples, with the relative intensity of
this band being largest in the SONaSi Sample. Un-mixed CaP shows
peaks in the range of 1250—-1750 cm™! which are not present in the
mixed NaSi-CaP compositions

Fig. 9 NaSi-CaP compositions after one week of incubation in phos-
phate buffered saline solution. CaP (a), 25Na (b), 33Na (c), SONa (d).
Unmixed NaSi dissolves in PBS at incubation temperatures and is
therefore not shown. Crystallization can be observed in micrographs
from all compositions containing CaP, including un-mixed CaP (a).
The morphologies of crystals in mixed NaSi-CaP samples vary with
NaSi loading. While pure CaP, 25Na, and 33Na all show needle-like
and plate-like crystals (a-c). 50Na shows larger, rod-like crystals (d)

and incubated samples. The overlaid spectra are shown in
Fig. 10.

For the SiO, region, the band with the highest intensity is
near 900 cmfl, while the next highest is centered around
1075cm ™!, The band centered at 900 cm ™! is observed to
sharpen in width and increase in height, which corresponds
to the asymmetric stretching vibration of P-O associated
with the increasing number of PO4 units, possibly forming
at the expense of SiO4 units. The formation of crystalline
silicates has not been observed in either the XRD (Fig. 7) or
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the ATR-FTIR data. The development of the crystalline
PO4 units are evident at several wavenumber ranges in the
ATR-FTIR spectra, while the Si is most likely continuing to
be bound in whatever X-ray amorphous (glassy) regions
remain in the incubated samples. The Si-O features can
often be convolved with P-O features in the ATR-FTIR
spectra, and it would appear that the vibrations due to the
forming crystalline arrangements of PO4 are of more
intense absorption than those for the remaining (and
decreasing amount of) silicate glass regions of the samples.
Evidence of this is observed in the peak shift from silica
attributed peaks in the set samples to phosphate attributed
peaks in the incubated samples. After incubation, the band
at 1080 cm ™! is shifted to 1090 cm™! with the increasing
presence of phosphate groups.

Another characteristic vibration of the forming phosphate
crystals is the asymmetric bending vibration of PO4 at
around 600 cm™! in the 25NaSi set and incubated samples,
560cm™! in the 33NaSi set sample, and at roughly
550-560 cm ™' and 605-630 cm ™' in the 33NaSi incubated
sample. 33NaSi is the only incubated sample in which this
division of sites is seen. The S0NaSi set sample shows this
asymmetric bending vibration of PO4 being in two sites
shifted to about 570 and 610 cm™' relative to the original
position in the 25NaSi pre-setting. For the 50NaSi incu-
bated sample, it appears that absorption due to asymmetric
bending has become broader and more all-encompassing
within the region between 500 and 700 cm ™!, appearing as a
prominent shoulder on a band now peaking at around
520cm ™.

4 Discussion

The NaSi-CaP cements used in this study had working
times in the range of 2—5 min and setting times between
10-25 min (Fig. 2). The reported working time for a CaOH
pulp-capping cement (Dycal) is 0.5 min with a setting time
of 2-3 min [35], while MTA (MTA Fillapex) is reported to
have a working time of 23 min and a setting time of 130 min
[36]. Modern formulations of both MTA and CaOH rely on
organic resins for catalysis of setting reactions and
improved consistency. These components have been shown
to increase cytotoxicity to pulp cells [26]. The NaSi-CaP
cements in the present study have working and setting times
similar to and in some cases quicker than clinically used
materials and do not contain organic resins. Instead, these
cements make use of the natural corrosion properties of the
component glasses.

In the NaSi glass, there is a 1:1 molar ratio between
Na,O and SiO,, causing the typically highly connected,
covalently bonded Si-O network to form isolated SiO, tet-
rahedra. Bonding in these glasses occurs through Van der
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Fig. 10 FTIR of 25NaSi (a), 33NaSi (b), and 50NaSi (c) pre-setting, 24 h after setting (set), and after 1 week of incubation in PBS (incubated)

Waals forces between the sodium ions, which easily corrode
upon exposure to water to form a hydrated matrix [28]. CaP
glasses are also susceptible to aqueous attack, although to a
much lesser extent than the NaSi. In this case, the phosphate
glasses are composed of a cross-linked network of tetra-
hedra with a non-bridging oxygen at one vertex of each POy,
group. The introduction of calcium ions increases the
quantity of non-bridging oxygens, depolymerizing the net-
work into linear chain structures. These long chains shorten
as modifier content increases, reducing the network’s dur-
ability. The initial stages of aqueous reactions result in the
leaching of calcium from the surface of the glass to create a
P,0s5-rich surface layer [37].

The working and setting times of the NaSi-CaP cements
are dictated by the physical structure provided by the slow-
corroding CaP particles and the hydrated matrix formed by
the NaSi that binds them together. For CaP, no temperature
change was observed upon mixing with DI water and the set
samples easily crumbled during handling. Investigation of
the set sample with SEM showed that the individual

particles were still visible with minimal surface corrosion
(Fig. 3a). Therefore, the change in physical properties of the
cement is attributed to hydration, swelling, and subsequent
physical interlocking of the particles. The addition of NaSi
in the range of 25 to 50 wt% drastically decreased the
working and setting time due to the formation of the
hydrated silica matrix and the physical interlocking of CaP
particles. However, when NaSi content is >75 wt% the
cements were never observed to set because they do not
have the structure provided by the slow-corroding particles
of CaP.

The linear trend observed in setting time with varying
amounts of NaSi was not followed by the 25NaSi cement
composition (Fig. 2). 25NaSi appears to deviate from the
general trend with a much lower setting time than either the
pure CaP or 33NaSi compositions. The low setting time of
25NaSi appears to be due to the interactions between two
factors: temperature and hydrated matrix formation. Gen-
erally, decreases in setting time and increases in temperature
during setting correlate well with one another in that the

@ Springer



12 Page 10 of 12

Journal of Materials Science: Materials in Medicine (2020) 31:12

corrosion of CaP is expected to be faster at higher tem-
peratures. Though higher temperatures were reached in the
33NaSi and 50NaSi samples, the hydrated matrix formed by
the dissolved NaSi quickly coated the CaP particles and
appears to have inhibited their corrosion [38]. Conversely,
the NaSi present in the 25NaSi sample caused a sufficient
increase in temperature to begin the corrosion of the CaP
particles but did not form enough of a hydrated matrix to
interfere with the reaction. Additionally, it was observed
that vibrations indicative of Si-O-Si linkages were more
intense in the 25NaSi composition (Fig. 4). This shows that
in the 25NaSi samples, the lower number of sodium ions
interact preferentially with the CaP before the SiO4 tetra-
hedra. Unimpeded by the sodium, more of the SiO4 tetra-
hedra can interact to form Si-O-Si bonds, leading to a
quicker setting time.

The chemical reaction responsible for setting continues
to occur as mature phases are formed during the incubation
of these cements. It is proposed that this process may be
expressed by the following reaction:

Na,O - SiO, + CaO - P,O5 + nH,O — CaO - mP,0s5 Hydrate
+Si02Hydrale + (C37 Na2)o : PZOS Hydrate
(1)

where m and n are constant moduli based on the relative
amounts of CaO to P,Os and H,O respectively. The
products of this reaction are hydrated SiO,, hydrated
calcium phosphates, and hydrated calcium phosphates with
a portion of the calcium ions substituted for pairs of sodium
ions. In addition to the breakdown and release of sodium
ions from the NaSi structure, the formation of products in
the above reaction also produces heat [39]. The shift in the
ATR-FTIR peak, which indicates the symmetric bending
mode of PO, vibration, from 1075 cm~ ! in the set samples
(Fig. 4) to 1085 cm™! after incubation (Fig. 8) indicates that
sodium is taking the place of some calcium in the products.

25NaSi samples formed a crystalline brushite phase after
one week of incubation in PBS. Brushite is a known
bioactive and bio-resorbable calcium phosphate phase and
is a precursor for hydroxyapatite formation in the body [40].
It is of particular note that brushite did not form in the pure
CaP, 33NaSi or 50NaSi samples. Instead, these composi-
tions showed phases indicative of sodium incorporation and
substitution: canaphite and hydrated sodium phosphates.
Additional evidence of sodium incorporation into the cal-
cium phosphate structures is seen in the relative increase in
size of the ATR-FTIR peak associated with the symmetric
bending mode of PO, vibration located at 1085cm™!
(Fig. 10). This peak has the greatest relative size in the
incubated 50NaSi samples, which correlates with the pre-
sence of sodium phosphate phases found using XRD pre-
sent only in that composition.
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NaSi on its own is highly hygroscopic and therefore
allows for the diffusion of water. As NaSi undergoes
hydrolysis and sodium ions are released during setting,
SiO4 tetrahedra with non-bridging oxygens disassociate
from each other to form hydrated silicates such as silicic
acid [38]. After setting, the cements no longer exhibited
the same degree of hygroscopicity because the majority
of the silica had already hydrated as evidenced by the
broad, low absorption band attributed to OH groups at
1650 cm ™! (Fig. 4). The resulting hydrated species acted
as binders to hold the particles of CaP together. In pure
CaP samples, liquid moved through the entire sample and
degraded it until the form slumped. The 50NaSi swelled
and subsequently degraded, forming cracks and porosity
which allowed liquid to penetrate through the bulk sam-
ple [38].

While dye penetration is not a direct corollary for bac-
terial leakage [41], it can serve as a conservative pre-
liminary analog to screen candidate endodontic materials.
When a pulp-capping material does not allow penetration of
small dye molecules, it has the potential to prevent leakage
of larger substances such as bacteria and their byproducts
[34, 42—44]. In the context of this study, dye penetration is
used as a means of exploring the effects of NaSi content on
the sealing behavior and physical robustness of these glass-
derived cements.

The ability of water to diffuse through the 25NaSi and
33NaSi samples without a corresponding compromise in the
structural cohesiveness of the material may be beneficial in
pulp-capping. Diffusion could allow blood components and
soluble bioactive factors from the dentin pulp complex to
infiltrate the cement. Such infiltration should also enhance
the bioactivity of the material. Moreover, this cement is
expected to be placed under a restoration and is not intended
as a direct restorative material. Therefore, water perme-
ability is not likely to enhance microleakage from the oral
cavity around the margins of the restoration.

5 Conclusion

Like MTA, the NaSi-CaP pulp-capping material investi-
gated in the present study was inspired by materials used in
the construction industry. NaSi and CaP glasses can be
combined to form a material which has favorable setting
properties, can form an effective seal, and produces mature
phases suitable for pulp capping. The working and setting
times can be adjusted by varying the relative amounts of
NaSi and CaP due to the varying interactions between these
two glasses. NaSi-CaP cements were shown to mature into
appropriate phases in the presence of PBS. The material
forms a structural seal while allowing for the diffusion of
liquid. This material achieves properties which are like
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those of clinically used materials while having a relatively
simple inorganic composition.
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