The

@ University

Vs Of
Sheffield.

AT
riaily

This is a repository copy of Cold sintering of bioglass and bioglass/polymer composites.

White Rose Research Online URL for this paper:
https://eprints.whiterose.ac.uk/196563/

Version: Published Version

Article:

Andrews, J., Bullock, G., Miller, C.A. et al. (5 more authors) (2023) Cold sintering of
bioglass and bioglass/polymer composites. Journal of the American Ceramic Society.
ISSN 0002-7820

https://doi.org/10.1111/jace.19022

Reuse

This article is distributed under the terms of the Creative Commons Attribution (CC BY) licence. This licence
allows you to distribute, remix, tweak, and build upon the work, even commercially, as long as you credit the
authors for the original work. More information and the full terms of the licence here:
https://creativecommons.org/licenses/

Takedown
If you consider content in White Rose Research Online to be in breach of UK law, please notify us by
emailing eprints@whiterose.ac.uk including the URL of the record and the reason for the withdrawal request.

N\ White Rose .
| university consortium eprints@whiterose.ac.uk
/‘ Universities of Leeds, Sheffield & York —p—%htt S://e I"IntS.WhlterOSG.aC.Uk/




Received: 1 August 2022

Revised: 23 December 2022

M) Check for updates

Accepted: 11 January 2023

DOI: 10.1111/jace.19022

RESEARCH ARTICLE

Ju American Ceramic Society

Cold sintering of bioglass and bioglass/polymer composites

Jessica Andrews' | George Bullock’? | Cheryl A. Miller> | Jonathan Booth® |
Hong Ren® | Nicole L. Kelly* | JohnV.Hanna*® | Ian M. Reaney'

!Materials Science and Engineering,
University of Sheffield, Sheffield, UK

2School of Clinical Dentistry, University
of Sheffield, Sheffield, UK

3Johnson Matthey Technology Centre,
Reading, UK

4Department of Physics, University of
Warwick, Coventry, UK

5School of Materials Science &
Engineering, Nanyang Technological
University, Singapore, Republic of
Singapore

Correspondence

Jessica Andrews, Materials Science and
Engineering, University of Sheffield,
Sheffield S13JD, UK.

Email: Jessica.andrews@sheffield.ac.uk

Funding information

EPSRC Centre for Doctoral Training in
Molecular Analytical Science,
Grant/Award Number: EP/L015307/1;
EPSRC, Grant/Award Numbers:
EP/M028186/1, EP/K024418/1; Advantage
West Midlands (AWM); European
Regional Development Fund (ERDF);
Engineering and Physical Sciences
Research Council, Grant/Award
Numbers: EP/K024418/1, EP/L015307/1,
EP/M028186/1

1 | INTRODUCTION

Abstract

Bioactive glasses are widely utilized to regenerate bone tissue and aid bonding
of orthopedic implants. Forming composites of bioglass with bioactive polymers
allow the mechanical properties and biological response to be tailored. Although
several methods for creating bioglass—polymer composites exist, they require dis-
solution of the polymer, controlled phase separation, and appear to have an upper
limit of ~30 vol.% bioglass. Cold sintering is a novel technique for the densi-
fication of ceramics and glasses which utilizes a liquid phase and pressure to
allow the production of components at reduced temperatures. We demonstrate
that cold sintering (100°C) of Bioglass 45S5 powder produced via flame spray
pyrolysis and the fabrication of Bioglass 45S5-polymer composites. Assessment
of the in vitro response revealed that composites were not cytotoxic. Solid-state
31p and ?°Si MAS NMR studies of the silicon and phosphorus speciation in the
glass powder, as-received, wetted, and sintered samples show similarities to reac-
tions expected when bioglass is implanted in the body which along with Raman
spectroscopy data gave insight into the cold sintering densification mechanism.

KEYWORDS
bioactive glass, biocompatibility, composites, low temperature, sinter/sintering

formation of an interfacial bond if the material is nontoxic
and biologically active."” Various materials are used in

All materials implanted into living tissues elicit some form
of response such as tissue death if the material is toxic;
replacement of implanted tissue if the material is both non-
toxic and soluble; formation of a fibrous tissue capsule if
the materials are nontoxic and biologically inactive; and

biomedical applications, including metals, ceramics, poly-
mers, coatings, and composites thereof.> The human body
is complex with a range of pH within bodily fluids and
cyclic stresses applied to bones, joints, and soft tissues.’
Materials used in biomedical implants should ideally cause
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no adverse response once implanted and have mechanical
properties compatible with the surrounding tissues.*

Bone is a natural, hierarchical composite material which
exhibits complex anisotropic mechanical behavior due to
structural heterogeneity.>® The mechanical properties of
human bone vary between trabecular (spongy) and corti-
cal bone and differ significantly from those of, for example,
Bioglass 45S5.7 Bioactive glasses, such as Bioglass 45S5,
are designed to enable the formation of interfacial bonds
with surrounding bone tissues and are used to improve
fixation of orthopedic implants, in turn improving the
expected lifetime of an implant.®’ Bioglass 45S5 consists
of SiO, (45 wt.%), CaO (24.5 wt.%), Na,O (24.5 wt.%), and
P,05 (6 wt.%).!° A silica-CaO/P,Os-rich layer forms when
a Bioglass 45S5 surface is exposed an aqueous biological
environment, which mineralizes to form hydroxycarbon-
ate apatite and subsequently encourages the growth of
bone 2791112

To tailor not only the bio-response but also the mechani-
cal properties, composites of bioactive glass/ceramic mate-
rials and biocompatible polymers are required."® Bioactive
glasses exhibit good biocompatibility and bio-functional
performance but suffer from brittleness and low frac-
ture strength.' In contrast, polymeric materials have a
wide range of physical characteristics and may be read-
ily processed into useful structures but are usually too
flexible for load bearing applications.>> Composites may
be produced by combining bioglass particles with a poly-
mer substrate, which exhibit better mechanical properties,
such as higher stiffness and compressive strength, and
therefore widen clinical usage.'>'® PLGA/PDLLA and
Bioglass 4555 composites have been previously produced
via thermally induced phase separation (TIPS) (Boccaccini
et al.) and by dissolution in chloroform (Tsigkou et al.) but
each only achieves an upper limit of ~50 wt.% Bioglass 4555
loading (~30 vol.%)."-2

The low temperatures (<200°C) typically used during
cold sintering allow polymers to be integrated with ceram-
ics and glass in a manner not possible with conventional
densification routes (>1000°C).**~*! Tailoring of electri-
cal, thermal, and mechanical properties of ceramics has
already been demonstrated when composites are formed
with polymers such as PTFE, PVDF-HFP, PEDOT:PSS,
and PEL?*?-3! In this study, cold sintered bioglass—PLA
(Polylactic acid) composites have been fabricated for the
first time with up to 60 vol.% bioglass loading, 2x higher
than reported by other fabrication routes. The cold sintered
method is quick and simple, avoids the use of harmful sol-
vents, may potentially be used to develop coatings through
screen printing, and could be utilized to fabricate biomed-
ical components with graded properties.*>** By varying
the ratio of the end members, mechanical and bioactive

properties may also be matched with surrounding tis-
sues whilst encouraging bone growth and stronger, longer
lasting implant fixation.

2 | EXPERIMENTAL PROCEDURES

Bioglass 45S5 powder was produced via a flame spray
pyrolysis with a 1 M precursor solution of Na2-
ethylhexanoate, hexamethyldisiloxane (HDMSO), Ca
acetate hydrate, tributyl phosphate in the correct cation
ratios for Bioglass 45S5 are add to a solvent composed of
methanol/ethanol and 2-ethylhexanoic acid (2-eha). The
solution is injected into the flame which results in rapid
pyrolysis and the formation of powdered Bioglass 45S5.
The average particle size (Dsg) of the Bioglass 45S5 powder
was found to be 14.9 um, with significant agglomeration,
leading to particle sizes up to 200 pm, whereas D5, of PLA
powder is 116 pm.

2.1 | Cold sintering

Bioglass 45S5 powder was weighed and mixed in a pestle
and mortar with 80 wt.% distilled water until homogenous.
The wetted powder was transferred to a pressing die, and a
uniaxial pressure of 250 MPa was then applied to the sam-
ple before heating to 100°C, with a dwell time of 60 min
before cooling.

Bioglass 45S5 and PLA composites were produced by
mixing the dry powders in a pestle and mortar and adding
distilled water at 80 wt.% of the Bioglass 45S5 mass. Sam-
ples were again placed in a 0.5” @ die and pressed at
250 MPa before heating to 100°C for 60 min.

2.2 | X-raydiffraction

X-ray diffraction (XRD) was used to analyze powder
and bulk samples after cold and conventional sintering.
Diffraction data were obtained using a Bruker D2 Phaser
(Karlsruhe, Germany) in Bragg-Brentano geometry with a
Cu K, radiation source (1 = 1.5408 A), with 2.5° Soller slits
and a 1 mm divergence slit at 30 kV and 10 mA. Data were
collected across the 26 range of 20°-60°.

Pellet samples were mounted in Bruker PMMA hold-
ers using Apiezon putty and to avoid height displacement
errors, the surface flattened in-line with the top of the
holder with a glass slide. Powder samples were placed
into a zero-background holder and pressed using a glass
slide to ensure that the specimen height was level with the
holder.

2SUAOIT suowwo)) aanear) a[qedridde ay) Aq pautdA03 aIe sa[onIR Y fasn Jo sa[ni 10j A1eiqry AuluQ £3[IA\ UO (SUONIPUOD-PUR-SULIA)/ WO K[1M’ ATRIqI[auluo//:sdny) suonipuo) pue swia, ) 32S *[€207/20/8¢] uo Areiqry autuQ L[Ip ‘proyJays JO Asioatun £q g6 1 29Rl/1 [ 11°01/10p/wod KA[IM®AIRIqI[UI[UO"SOTWRId//:sdNy woiy papeoumod ‘0 ‘916Z1SS1T



ANDREWS ET AL.

Journal | -

2.3 | Scanning electron microscopy
Scanning electron microscopy (SEM) and energy-
dispersive spectroscopy (EDS) were performed using an
Inspect F50 (FEI, Hillsboro, Oregon, USA) operating with
spot sizes of 3.00 and 5-10 kV. Samples were sputter coated
with Au using an Agar AGB7340 Manual sputter coater to
prevent charging.

2.4 | Nuclear magnetic resonance and
Raman spectroscopy

NMR and Raman spectroscopy were performed on as-
received, “wetted,” and cold sintered bioglass samples.
Wetted samples were analyzed to understand changes at
each stage of the cold sintering process and were produced
by mixing powder with distilled water (80 wt.%) in a pestle
and mortar until homogenous.

The °Si MAS (magic-angle-spinning) NMR data used
in this study were acquired at 7.05 T using a Varian-
Chemagnetics Infinity-Plus 300 spectrometer operating
at a »Si and 'H Larmor frequencies (vo) of 59.6 and
300.13 MHz, respectively. Both single pulse (Bloch decay)
29Si MAS NMR and 'H-?°Si CPMAS (cross polarization,
magic-angle-spinning) NMR experiments were performed
using a Bruker 7 mm HX (dual channel) probe which
enabled an MAS frequency of 5 kHz to be implemented.
The #Si pulse length calibration was performed on solid
kaolinite (Al,05-2Si0,-2H,0) from which a 7z/2 pulse time
of 4.5 us was measured. All single pulse °Si MAS NMR
data were measured with a /4 pulse time of 2.25 ps,
a recycle delay of 240 s, and a 'H decoupling field of
80 kHz during data acquisition. The corresponding 2°Si
CPMAS NMR measurements were undertaken using an
initial 'H 7r/3 pulse time of 3 ps, a "H-?Si contact duration
of 5ms, a recycle delay of 20 s, and a 'H decoupling field of
80 kHz during data acquisition. All reported 29Si chem-
ical shifts were externally referenced against the TUPAC
recommended primary reference of Me4Si (1% in CDCI3,
8 = 0.0 ppm) via the secondary solid kaolinite reference
(6 = —92 ppm).>*

The accompanying single pulse P MAS NMR and 'H-
3P CPMAS NMR data were acquired at 11.7 T using a
Bruker Avance III-500 spectrometer operating at the 3'P
and 'H Larmor frequencies (v,) of 202.4 and 500.13 MHz,
respectively. These experiments were undertaken using a
Bruker 3.2 mm HX (dual channel) probe that enabled an
MAS frequency of 20 kHz to be implemented. The 3'P
pulse length calibration was performed on solid ammo-
nium dihydrogen phosphate ((NH4)H,PO,) from which
a /2 pulse time of 3 us was measured. All single pulse
3lp MAS NMR measurements were undertaken using a

TABLE 1 Mass and approximate volume fractions of PLA and
bioglass in the composite samples

PLA Bioglass
Mass% Vol.% Mass% Vol.%
A 100 100 0 0
B 80 90 20 10
C 75 87 25 13
D 60 77 40 23
E 50 69 50 31
F 30 49 70 51
G 25 42 75 58
H 0 0 100 100

/3 pulse time of 2 ps, a recycle delay of 45 s, and a
'H decoupling field of 100 kHz during data acquisition,
whereas the corresponding 'H-3'P CPMAS NMR data
were measured using an initial 'H 7/2 pulse length of
3 ps, a '"H-'P contact duration of 5 ms (consisting of a
CP ramp from 50%-100%), a recycle delay of 10 s and a 'H
decoupling field of 100 kHz during data acquisition. The
reported 3'P chemical shifts were externally referenced
against the [IUPAC recommended primary reference of 85%
H;PO, (6 = 0.0 ppm) via the secondary solid (NH,)H,PO,
reference (6 = 0.99 ppm).>*

Raman spectra were collected on as-received powder,
wetted powder, and cold sintered material. Raman spectra
were obtained using an inVia Raman microscope (Ren-
ishaw, UK), equipped with a 514 nm laser. The laser power
was 20 mW, and the acquisition time was 10 s with 30
acquisitions. Spectra were collected in the range of 200-
1200 cm™! where the main peaks associated with silicate
and phosphate species are expected.> >’

2.5 | Cell culture assays

Cytotoxicity tests were performed on cold-sintered PLA-
Bioglass 45S5 composites (as indicated in Table 1) with
samples compared to tissue culture plastic (TCP). Human
osteosarcoma cells (MG-63) from passages 15 to 20 were
used and cultured in Minimum Essential Medium Eagle-
Alpha Modification (xMEM) containing 100 IU/mL peni-
cillin, 100 pg/mL streptomycin, 1% nonessential amino
acids (all Sigma-Aldrich), and 10% fetal calf serum
(Biosera).

Bioglass 4555 and bioglass-PLA composite samples
were sterilized by placing in 70% ethanol for 1 h then rins-
ing in sterile PBS three times. Preconditioning of bioglass
samples is commonly utilized in the assessment of cyto-
toxicity, as in vitro testing is often performed in stationary
systems and can be lead to unrepresentative results due to
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high concentrations of alkali ions.*® In this study, samples
were pretreated for 7 days, incubated in fully supplemented
aMEM with a change of media on Day 3. Samples were
incubated on a Bibby Scientific rocking plate set at 45 rpm
for 4 h to ensure mixing of the new medium. Follow-
ing 7 days of pretreatment, MG-63 cells were seeded into
a 6 well plate at 5.2 x 103 cells/cm?. A transwell insert
with a 0.4 ym membrane was inserted into the well. The
samples were removed from medium, washed thrice with
sterile PBS, and placed into the inserts. Fresh medium was
then added to cover the bioglass. Transwells without bio-
glass or composite samples were used as TCP controls.
Transwells and cold sintered Bioglass 45S5 pellets were
also added to wells with no cells for normalization. After
incubation for 24, 72, and 168 h, the transwells containing
the Bioglass 45S5 were moved and washed with PBS. The
MG-63s were imaged using a phase contrast microscope
(Motic AE2000), and resazurin reduction assays were used
to measure metabolic activity with cells washed with PBS
and incubated in resazurin sodium salt (25.1 yg/mL) for
4 h. Samples of the resazurin media were then read in a
fluorescence plate reader (excitation = 540 nm, emission
635 nm).

Values from wells containing no cells were subtracted
from the other values to leave a no cell value of 0
and values normalized to the control on Day 1. Prism
7 (GraphPad) was used to perform all statistical analy-
sis, unless otherwise stated. Statistical significance was
defined as p < .05. Standard deviation was used for
all error bars. Statistical significance was determined
using two-way analysis of variance tests, with Dunnett’s
multiple comparison tests used to determine the sig-
nificance between each Bioglass 45S5 group and the
control.

3 | RESULTS

3.1 | Cold sintering of bioglass

Pellets produced via cold sintering were mechanically
stable, with good handling characteristics and relative den-
sity of ~95%, measured based on a theoretical density of
2.7 g/cm3.%° Densities were obtained using the geometric
method as the Archimedes method is unreliable due to dis-
solution of the Bioglass. Surface structures are influenced
by the contact surface with the die faces, with any scratches
or indentation being transferred (as seen in Figure 1A).
Fracture surfaces of cold sintered bioglass (Figure 1D-F)
indicate that the microstructure is not homogenous, with
more compacted regions of diameter 5-10 pm surrounded
by finer grains. The regions that appear denser are tightly

packed agglomerated particles, likely retained from the
starting powder.

XRD patterns of Bioglass 45S5 pellets (Figure 2A) indi-
cate that the material remains amorphous after densi-
fication via cold sintering. SEM images reveal a largely
pore-free microstructure, consistent with a relative density
of ~95%. Whisker-like structures are present on inter-
nal fracture surfaces. According to EDS, the whisker-like
structures have elevated levels of calcium and phosphorus
compared to the surrounding material (Figure 2E)**~*? and
are most likely composed of hydroxycarbonate apatite (see
Section 3.5). Hydroxycarbonate apatite is a crucial stage of
the interfacial reactions seen in bioglasses and is the foun-
dation for promotion of bone growth.?”%!12 It is proposed
that when the powder is wetted prior to cold sintering, sol-
uble ions leach from the material, which upon sintering
at elevated temperature and pressure form hydroxycar-
bonate apatite in a process similar to that seen at lower
temperatures and pressures within the body, albeit more
rapidly.

3.2 | Cold sintering of PLA-Bioglass 45S5
composites

Optical images (Figure 3) show the surface of bioglass/PLA
composites after cold sintering. The pellets were mechan-
ically stable and component materials well distributed
within samples.

Figure 4 shows SEM of the composite sample surfaces,
which display regions of both the polymer and Bioglass
45S5 phases. In the 100 wt.% PLA samples, the surface
is smooth with a low prevalence of pores. At the sinter-
ing temperature, the polymer particles have softened, and
the applied pressure allows for a well densified material.
As the concentration of Bioglass 45S5 is increased, iso-
lated regions are seen on the surface similar in size to the
agglomerates in the as-received material. Smaller particles
of Bioglass 45S5 are also attached to the surface of PLA
particles.

Fracture surfaces of the composites shown in Figure 5
also aid the understanding of the interaction between the
two component materials. The internal microstructure of
the 100 wt.% PLA (Figure 5A) shows that the particles
have bonded together well, and there is very low porosity.
With increasing Bioglass 45S5 content, as with the pellet
surface, distinct regions of PLA and Bioglass 45S5 can be
seen on the fracture surface (Figure 5C,E,G). In Figure 5G,
where Bioglass 45S5 accounts for 60 vol.% of the pellet,
the interface between the two materials is distinct but the
particles of Bioglass 45S5 appear well-adhered to the PLA
surface.
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FIGURE 1

Scanning electron microscopy (SEM) images of pellet surface (A-C) and internal fracture surface (D-F) of cold sintered

Bioglass 45S5. Surface shows low levels of porosity and some texture related to the surface finish cold sintering die. The internal structure
shows some inhomogeneity with agglomerated particles thought to contribute to denser regions in the material.

A major advantage of the TIPS process to produce scaf-
folds is the ability to control the porosity and final structure
by altering processing parameters.”” From SEM images of
the composites (Figures 4 and 5), the final microstructure
appears to be mainly influenced by the morphology of the
particles of the constituent materials. The PLA particles
form distinct regions surrounded by Bioglass. The wetted
Bioglass 45S5 powder forms a layer around the PLA on
mixing and is then forced into gaps between polymer clus-
ters under applied pressure. Homogeneity at shorter scales
could be improved by reducing the PLA particle size to
be more comparable with the Bioglass 45S5 powder. This
also suggests that if more complex, tailored microstruc-
tures are desired, this could be achieved by utilizing
alternative polymer particle morphologies. In addition,
the pressure, time, and temperature of the cold sinter-
ing process may be varied to control the porosity level if
required.

3.3 | Cell culture assays

Figure 6 shows the metabolic activity in the presence of the
composite samples, after three sets (N = 3) of tests using
three samples (n = 3) at each composition, normalized to

the TCP values at Day 1. The red, dotted line in Figure 6
indicates 70% of the control metabolic activity measured
in the TCP well, which is taken as the level at which the
material is not cytotoxic.*

After 1-day incubation, the metabolic activity of indi-
rectly seeded cells in the presence of PLA composite
samples with 0-75 wt.% Bioglass 45S5 was at a comparable
level to the TCP, whereas the 100% Bioglass 45S5 sample
shows a 70% reduction in activity.

Over the course of the study, the metabolic activity in
the TCP control samples increases, indicating the prolif-
eration of cells, which was seen in optical images of the
cells (Figure 7) where cell density increased over time. The
metabolic activity recorded at Day 3 for cells incubated in
the presence of PLA and composites with 25 and 50 wt.%
Bioglass 45S5 was slightly lower than those incubated with
TCP alone but are within 10%. A reduction of approxi-
mately 45% in the metabolic activity is seen in the 75 wt.%
composite at Day 3. In the 100 wt.% Bioglass 45S5 samples,
the metabolic activity reduced to approximately 10% of the
TCP control values.

Similar trends were observed at Day 7, with cold sin-
tered composites containing 0-75 wt.% Bioglass 45S5 all
displaying good levels of activity compared to controls with
all metabolic activity for all samples lying within 10% of
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FIGURE 5 Scanning electron microscopy (SEM) of internal fracture surface of PLA (A), bioglass (H), and composite pellets (C, E, and
G). Inset figure labels are consistent with those in Table 1. Areas of PLA are indicated with white arrows, whereas bioglass regions are
indicated by black arrows.
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FIGURE 6 Metabolic activity at Days 1, 3, and 7 for composite
samples, where % BG represents the percentage of Bioglass 45S5 in
the as produced composites.

TCP. Samples with 75 wt.% showed approximately 80% via-
bility compared to the control. At Day 7, the 100 wt.%
cold sintered composite samples again show a significant
reduction in the metabolic activity to around 10% of the
control.

Optical images (Figure 7) of indirectly seeded cells agree
well with the metabolic activity. The number of cells
observed on all plates increased over time, and the pres-
ence of a bright “halo” around a cell indicates that it has
detached from the cell plate and is therefore either dividing
or dead.

Results after Day 1 of cytotoxicity testing showed a
metabolic activity range for 0-75 wt.% samples, 90%-110%
of that observed in the TCP with all above the activity level
which indicates that the samples are noncytotoxic. The
reduction in metabolic activity for 100 wt.% Bioglass 45S5
was likely due to higher levels of leachable ions present
which remain at high levels after pretreatment. These
ions will continue to be released during the incubation
period and contribute to the reduction in metabolic
activity due to an increase in pH of the media. For this
reason, pretreatment of these materials before in vitro
testing is often performed,** and here, we used a 7-day
pretreatment to stabilize the release of leachable ions into
the media during testing to ensure the pH stayed within a
physiological range and remained suitable for the cell lines
used. Indirect cell seeding also significantly improved the
observed metabolic activity compared to direct seeding
(not shown) as the well plate surface is smoother than the
composite samples and allowed for the imaging of cells to
assess morphology and proliferation.

The morphologies of cells seen in Figure 7 are typical
MG-63 cells***’ and have become so confluent for com-
posite samples with up to 75 wt.% Bioglass 45S5 at Day 7
that the precise morphology is no longer discernible. In
100 wt.% Bioglass 45S5 samples, low proliferation of cells
at Days 1 and 3 agrees with the low metabolic activity data.
At Day 7, the metabolic activity increases, and the cell cov-
erage increases, with a reduction in the proportion of cells

which are surrounded by “halos” indicating that rate of cell
death may have reduced. This may relate to a reduction in
concentration of alkali ions in the transwells after rinsing
at each metabolic activity testing timepoint.

3.4 | Speciation of wetted and sintered
Bioglass 4555 and its role in the
densification and bioactive response

To understand the mechanism of the cold sintering process
and how it affects the Bioglass 45S5 structure, 2°Si and 3'P
MAS NMR measurements were also performed on wetted
and sintered material (see Figure 8). Both CPMAS and sin-
gle pulse excitation, MAS techniques were used to study
the Si and P speciation in this suite of Bioglass 45S5 prepa-
rations. The CPMAS measurements should, in principle,
enhance the signal-to-noise of those P and Si positions
proximate to protonated species such as OH and H,O
groups; however, a comparison of the acquired CPMAS
and MAS data for each nucleus demonstrates that these is
little change, suggesting that the proton network is homo-
geneous throughout the Bioglass 45S5 structural networks.
Furthermore, the signal-to-noise from both 3'P and #Si
CPMAS measurements is comparable, and sometimes less
that obtained from the 3'P and ?°Si MAS counterparts indi-
cating that these protonated species are mobile and thus
modulate the 'H-3'P and '"H-?Si heteronuclear dipolar
interactions required for efficient CP contact and signal
enhancement. The single pulse MAS measurements are
quantitative and have been used to determine the formal
distribution of the P and Si Q speciation comprising these
systems. Deconvolution of the 3'P CPMAS and MAS NMR
data shown in Figure 8A,B indicates that three P species
are observed in the ~3-8 ppm chemical shift range signify-
ing Q! speciation (possessing one bridging O) in all cases.
The observed 3'P chemical shifts of these Q! species will be
influenced by their proximity to other bridging and non-
bridging O species, as well as network modifiers such as
Ca, thus resulting in a chemical shift distribution. Upon
wetting, the incorporation of H,O within Bioglass 45S5
network is identified the appearance of an additional P
species appears at ~0 ppm, with all 3'P resonances shift-
ing to lower frequency by ~2 ppm. This wetting process is
largely reversible as subsequent the sintering and removal
of free water is associated with the return of the 3'P chem-
ical shifts to their initial positions (Figure 8A,B), although
a small change within the final Q! species distribution is
observed.

Figure 9 shows how the proportions of phosphorus Q;
species are affected by the stages of cold sintering. The
addition of distilled water to the “wetted” samples pro-
motes the formation of phosphate species, not seen in the
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in the as produced composites.

as-received and sintered material. The proportion of all
phosphate species changes during the cold sintering pro-
cess but is similar between as-received and final sintered
samples.

Figure 10 shows how the proportion of the Q" sil-
ica species, as determined from the 2°Si MAS NMR
(Figure 8D), changes during the cold sintering process.
The powder wetted with 80 wt.% distilled water shows

Optical micrograph of cells after 1-, 3-, and 7-days indirect incubation, where % BG represents the percentage of Bioglass 45S5

a significant decrease in Q> species, whereas all other
species increase. After cold sintering, the proportion of Q>
species continues to increase. Q! and Q* species decrease
after sintering to levels below those seen in the as-received
powder. The amount of Q? species increases but recovers
to the level of the as-received powder. The overall Si net-
work connectivity is shown to reduce when the powder is
wetted and then increases after the materials are sintered.
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FIGURE 9 The percentage of Q1 species as determined from
the 31P magic-angle-spinning (MAS) NMR data of as-received,
wetted, and sintered Bioglass 45S5 powder.

The increase in the proportions of Q! and Q? species
in wetted powder corresponds with an increase in non-
bridging oxygens, indicating a reduction in connectivity
of the network. This is attributed to breaking Si-O-Si
bonds and the formation of Si-O-H bonds. These changes
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FIGURE 10 The percentages of Q species as determined from
the 29Si magic-angle-spinning (MAS) NMR data of as-received,
wetted, and sintered Bioglass 45S5 powder.

are analogs to the mechanism proposed in the second
stage of the interfacial reactions of Bioglass 45S5 during
implantation.>”*!1? As soluble alkali ions are dissolved
into the water from the powder, they no longer act as
network modifiers within the glass structure, creating a
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FIGURE 11 Raman spectra of as-received, wetted, and sintered Bioglass 45S5 powder.

solution with a higher pH, which contributes to enhanced
dissolution of the silica network. The increase in the fully
condensed Q* species in the wetted material is indicative of
the formation of a silica-rich region due to the loss of alkali
ions from the powder surface with condensation reactions
leading to the formation of Si-O-Si bonds.

These changes in Si species agree with the proposed
stages of interfacial reactions observed during the forma-
tion of bonding between bioactive glasses and bone.>”-!1:12
In stage 4 of these interfacial reactions, PO,*~ and Ca**
ions are adsorbed from the Bioglass 45S5 and surround-
ing media, creating an amorphous layer of CaO-P,05 on
the silica-rich surface. This amorphous calcium phosphate
layer subsequently crystallizes in the fifth reaction stage to
form HCA.

3.5 | Raman spectroscopy

To understand further the changes occurring within the
structure of the bioglass powder during cold sintering,
Raman spectra were collected on as-received powder,
wetted powder, and cold sintered pellets (Figure 11).

At 520 cm™!, the intense mode in the wetted powder
sample and the small intense band in the as-received pow-
der are attributed to Si Q4 species. This agrees well with the
Si NMR, which indicates an increase in Q4 species in the
wetted material but which reduces after cold sintering.

The peaks at 722 cm™~! in the as-received sample and
712cm~!in the cold sintered are attributed to CO5%~.%7*¢ In
the as-received powder, this is likely to be due to adsorption

of CO, onto the surface of the powder and to carbonated
hydroxyapatite in the sintered pellet.

Raman spectra for the cold sintered sample show a
band at ~960 cm~' which can been attributed to sym-
metric stretching of P-O bond, a characteristic peak
associated with carbonated hydroxyapatite.’>*%>? Raman
peaks observed below ~310 cm™' have previously been
attributed to Ca®* and PO, in hydroxyapatite.”> The
broad peak between 400 and 475 cm~!, although not
well resolved, might be attributable to bending vibra-
tions within PO,>~ tetrahedra. This agrees with EDX of
the fracture surface of cold sintered bioglass which indi-
cates the likely presence of carbonated hydroxyapatite.
Evidence of this phase is not seen in the XRD data (a
bulk technique) due to its low volume fraction but is
detected by Raman as it is a surface characterization tech-
nique. Its presence is a positive indication of potential
bioactivity.

Modes are seen in all samples between ~1050 and
1100 cm™! whose intensities vary. Modes in the 1060—
1080 cm™! range are commonly attributed to v5 phosphate
species,’’#825% whereas those at ~1086 cm™! are associ-
ated with carbonate groups. Kane et al. indicated that a
Raman shift of 1079-1080 cm ™! may be assigned to amor-
phous potassium carbonate.” The intensity of these modes
increases in the sintered pellet compared to as-received
powder and further indicates the formation of carbonated
hydroxyapatite within the cold sintered samples.>*”*% In
the wetted sample, the mode in the 1050-1100 cm™! range
is broad and could be ascribed to a number of differ-
ent structural groups, such as phosphates and carbonates,
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FIGURE 12

detected in the as-received powder and cold sintered
pellet.

4 | CONCLUSIONS

Densification of Bioglass 45S5 at temperatures significantly
lower than T, using the cold sintering process at 100°C
with distilled water has been demonstrated for the first
time. Changes in chemical structure of Bioglass 45S5 indi-
cated by NMR and Raman spectroscopy before, “during,”
and after cold sintering have been studied, allowing the
potential cold sintering mechanism to be revealed. XRD
patterns of cold sintered Bioglass 45S5 confirm that the
materials remain amorphous during sintering, whereas
Ca- and P-rich whiskers are observed in SEM images of the
surface.

Structural changes observed from NMR are character-
ized by an initial reduction in the silica network connec-
tivity with the addition of distilled water and a partial
recovery of the network connectivity after the cold sin-
tering stage. A reduction in silica network connectivity is
expected in the wetted powder due to the creation of Si-OH
bonds alongside the dissolution of alkali ions. Raman spec-
tra generally confirm the NMR results with an increase
in Si Q4 species in wetted samples and the presence of
carbonate and phosphate species in as-received powder
and cold sintered pellets. Based on NMR and Raman spec-
troscopy, we propose that hydroxycarbonate apatite forms
during cold sintering and acts as part of the densification
mechanism.

Bioglass 45S5 is designed to interact with fluids within
the body and has a well-reported sequence of inter-
facial reactions. The inherent interactions of Bioglass
45S5 with body fluids during implantation appear closely
related, although accelerated through temperature and
pressure, to those responsible for cold sintering, as illus-
trated Figure 12.>7%!112 The physical-chemical features of

During Cold Sintering
Some repolymerisation of silica network
Adsorption of P and Ca to particle surfaces

Schematic representation of the proposed mechanisms seen during the cold sintering of Bioglass 45S5.

bioglasses vary significantly with composition and fabrica-
tion route. Although inherent dissolution behavior might
indicate that all bioglasses can be densified through cold
sintering, the mechanism and impact of the process on
properties is likely to depend on composition.

The very low temperature involved in cold sintering
Bioglass 45S5 (100°C) enables fabrication of bioactive com-
ponents in a manner not previously reported. Not only can
crystallization be avoided but Bioglass 45S5-polymer com-
posites can be readily fabricated with 2Xx greater volume
loading than by other methods. After standard precon-
ditioning of the composites, the cytotoxicity of Bioglass
45S5-PLA composites in this study was promising and
indicated that the cold sintering could be used to pro-
duce implant materials with tailored to physical properties.
Mechanical properties and bioactivity have not been stud-
ied in this work, it will be necessary to understand how
composites prepared through cold sintering compare with
previously reported methods when considering potential
future applications.
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