UNIVERSITY OF LEEDS

This is a repository copy of Interaction of bio-minerals and gels with ultrafast lasers for
hard tissue surface engineering.

White Rose Research Online URL for this paper:
http://eprints.whiterose.ac.uk/93219/

Version: Accepted Version

Proceedings Paper:

Anastasiou, AD orcid.org/0000-0003-3858-9431, Jha, A, Richards, BDO et al. (10 more
authors) (2015) Interaction of bio-minerals and gels with ultrafast lasers for hard tissue
surface engineering. In: International Conference on Transparent Optical Networks. 17th
International Conference on Transparent Optical Networks, 05-09 Jul 2015, Budapest.
IEEE . ISBN 9781467378802

https://doi.org/10.1109/ICTON.2015.7193313

Reuse

Unless indicated otherwise, fulltext items are protected by copyright with all rights reserved. The copyright
exception in section 29 of the Copyright, Designs and Patents Act 1988 allows the making of a single copy
solely for the purpose of non-commercial research or private study within the limits of fair dealing. The
publisher or other rights-holder may allow further reproduction and re-use of this version - refer to the White
Rose Research Online record for this item. Where records identify the publisher as the copyright holder,
users can verify any specific terms of use on the publisher’s website.

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.

eprints@whiterose.ac.uk
https://eprints.whiterose.ac.uk/



mailto:eprints@whiterose.ac.uk
https://eprints.whiterose.ac.uk/

| nteraction of Bio-Minerals and Gelswith Ultrafast L asersfor
Hard Tissue Surface Engineering

A.D. Anastasiou?, A. Jha**, B.D.O. Richards?, R. Mathieson?, T.J. Edwards®, C.L. Thomson®,
SA. Hussain®, N.K. Metzger®d, C.T.A. Brown®, A.P. Brown? M.S. Duggal’, S. Strafford®, M. M alinowski®

a The Institute for Materials Research, School of Chemical and Proceiseé&igg, University of Leeds, UK
®School of Physics and Astronomy, University of St. Andrews, St. Andieits
¢ Leeds Dental School, University of Leeds, Leddls,
4 School of Engineering & Physical Sciences; Photonics & Quantum Sciences, Watidtniversity, Edin-
burgh, U.K.

* Corresponding author and invited speallae’rha@leedsac.uk|

ABSTRACT

Acid-induced enamel erosion leading to dentine hypersensitivity is a gr@satdem for both the young and
ageing population worldwide. Dentinal hypersensitivity is rising forateing population because of additional
enamel wear. Both conditions adversely affect lifestyle and potentiallyiaran the systemic health of tha-p
tients. Since the loss of enamel is an irreversible process in vivo, lthevay for restoring it is via exogenous
means. In this work a novel route for enamel restoration using ameststhnt, calcium phosphate based bio-
mineral and ultrafast (femto-second, fs) pulsed lasers in the neaa®ength is demonstratedl mixture of
calcium phosphate (in the form of mineral brushite) powder with anireral gel was used to coat acid eroded
bovine enamel surfaces. After forming the mineral layers, the samples veeliated with two different 100-
200fs pulsed lasers, one at 800 nm with 1 kHz repetition rate, and the othetdatml@ith 1 GHz repetition
rate. The laser-irradiated samples were characterized using X-ray diffraction, SERamad microscopy. It
was found that irradiation with 1 GHz transformed brushite crystdgdscadcium pyrophosphate while the bio-
mineral gel coating was melted and formed a homogeneous fithe@namel surface.

Keywords. Brushite, phase transformation, dentine hypersensitivity, enamel resipfatitosecond lasers.

1. INTRODUCTION

Tooth hypersensitivity has gained attention in oral health in recent gedtds a growing problem affecting
both the young and ageing population worldwide. Surveys concerrgngrévalence and distribution of the
disease suggest that almost 10-15% of the population sufferdadodmhypersensitivity [1]. This percentage is
expectedo dramatically increasm the coming yearasadvances in dental care redaltmore people retaining
their natural teeth for longer (and consequently providing more opyityrtfior enamel erosion). Although re-
searchers started investigating this condition almost one century gg¢2{¢.the exact mechanisms of tooth
hypersensitivity are not clear yet. On the other hand, it is certain thattiblege of the disease is linked to
exposure of the dentine tubule system (lesion localisation) whitdte isesult of enamel loss. According to the
hydrodynamic theory, when dentine is stimulated waithot or cold liquid, fluid flow in the exposed tubules
triggers a mechanoreceptor response of the fibre nerves causing gaénpatients [3]The quality of life of
those affected by dentinal hypersensitivity is markedly compromised astdomgpain relief is yet to be
achieved

Motivated by the need for an effective treatment with longevity, inwloidk we propose a novel route for
treating tooth hypersensitivity with an exogenous re-mineralization gyrdte the proposed method developed
below, we target directly the aetiology of the disease, since with thbimednuse of acid resistant calcium
phosphate based gels and femtosecond lasers we are aiming to restoreAsndematted in Fig. 1 the proposed
strategy can be described in three steps;leaning and drying of the tooth surfatg;use of a microfluidic
based delivery system to apply the calcium phosphate based gel on tottlke &mination of a thin film (<30
um); c) irradiation of the film with a femtosecond pulsed laser which denghiegoating and yields bonding
with the underlying tooth surface; thereby the blocking the exposetetubausing the sensitivity. The use of
femtosecond lasers is crucial in this strategy, since heat accumulatmnaismajor challenge unlike with con-
ventional CW lasers.
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Figure 1: Proposed method for enamel restoration (magnified stbeness section of exposed dentin tubules).
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The aim of the present work is to carry out experiments and est#idigsbrm of the interaction of our bio-
material with a femtosecond las&o achieve this, our biomaterial was appliedicid eroded enamel surfaces,
prepared using bovine incisors, in order to form thin §2Qun) compact layers. After forming the mineral lay-
ers, each sample was irradiated with two different pulsed lasers (db@ matn8with 1 kHz repetition rate and the
other atl044nm with 1GHz repetition rate) with pulse duration in the region of 100-200 fsil&iinradiation
experiments were also carried out on pressed pellets of the calcium pghasyktals. The laser-irradiated sam-
ples were characterized using X-ray diffraction, SEM and Raman microscopy.

2. SAMPLE PREPARATION AND LASER IRRADIATION

2.1 Synthesis of the calcium phosphate minerals

For the proposed treatment brushite powders could be considered twebsuitable than the more conventional
hydroxyapatite. The platelet-like forms of brushite powders wouldigeedarge occlusion area while potentially
would minimize heat accumulation. Brushite is a mineral that is chemuzattypatible with the natural enamel
and is known to be acid-resistant at pH lower than 5.5 (common oralrpbtdér to improve the laser radiation
absorption properties of the phosphate mineEfs,ion dopants were used for enhancing radiation absorption in
the 8001044nm.

For the synthesis of brushite 200 mL of a 0.1 M Ca{iN@H,O aqueous solutiowere heated until 37 C.
After reaching that temperature 0.1850 g of ErgNGH>O and 0.1660 g Al(Ng)z9H-O are added to the solu-
tion. The resulting mixture was continuously stirred during the paration of a 0.1 M (Nk)sPQs solution drop
by drop and the addition of 0.033 g GafFhe final mixturewas left under continuous stirring at 37°C for 2 h.
The solutionwas allowed to settle 1 h to allow precipitation while covering the top of the beakacludeCO;,
ingress into the mineral solution. After that the brushite crysteds collectecon a filter paper (Whatman grade
44 with pores of im) and dried for 24 h at 70 °C.

2.2 Synthesis of the biomineral gel

In order to form thin compact layers with good adhesion on the @ranface, the brushite crystals were mixed
with a biomineral based gel. For the synthesis of the gel 2 mL of ac&tiovas added to 98 mL of distilled
water and it waeated to 37 C. Then 10 mL of orthosilicate solution were added into the solutiorthenchix-
ture left to equilibrate under continuous stirring. To improve the laser dlosogroperties of the gel, 0.5 g of
Er(NGs)s5H20 were added. Usually gelification was complete after three days at rogartgnre.

2.3 Preparation of the bovine enamel blocks

Bovine tooth sections were prepared in a manner aimed at mimicking rextaraél loss. Rectangular sections
(6 mm long, 4 mm wide and 1 mm thick) were prepared using &driisors, which were collected from the
local abattoir, cleaned and sterilizedbyay irradiation. After sectioning, the blocks were polished on each side
by hand for 2 min, using a 2500 grade of silicon carbide pa#dehe centre of each section a lesion (2 mm
wide, 6 mm long and 3@m deep) was then etched with a 1% citric acid solution.

2.4 Coating of the enamel samples and pellet preparation

To coat the enamel blocks, the synthetic brushite powder was mixedheitiiomineral gel in a 1:10 weight
ratio resultingnto a shear thinning suspensianag viscosity 1000 Pa-s). Utilizing a medical cementum spatula
the lesionson eachenamel surface were filled with the biomineral brushite/gel mixture dguging a homoge-
nous flat surface. The samples were left to dry at room temperatur@-ficy min. To test the interaction of the
brushite with the laserswo powder pellets were also pressed in a die with diameteB wfim. Approximately
0.25 g of brushite powder was filled inside the die before pressingavdtad of 7 ton for 30 min.

25 LASER irradiation experiments

For irradiation of the pressed pellets and the coated bovine incisor samples, tige aosvar for the 800 nm
and 1044 nm lasers was adjuste®.400 W (measured at the output of the souileis resulted in correspond-
ing pulse energies of ~400 pJ (800 nm source) and ~0.4 A4 (B source)The spot diameter wa0 pm
while the scanning velocityas100 um/s for the pellets and 250n/s for the enamel samples.

3. RESULTS

X-ray powder diffraction techniques were used to characterise th&ltngs phases formed before and after
laser irradiation. The pellets were analysed on an X’Pert MPD, Philips using monochromatic CuKa radiation of
0.154098 nm. For each measurement, the step size was 0.0634° afidstfaarihg range was from 5 to 70°
over a period of 35 min. Besides X-ray diffraction, Raman spgmpic measurements were also carried out to
confirm the structural changes before and after laser irradiation.

For investigating the size and shape of the brushite crystals, the morpbbligyapplied coating and for
identification of physical and chemical changes induced by laser irradiation, a Hiti2B8& scanning electron
microscope (SEM) was used. Prior to SEM analysis, each sample was cibhtgdhmn thick Pt metal so that the
electrostatic charging during SEM analysis can be minimised and vacuuraccfeaiO min.



3.1 Characterisation of brushite before and after laser irradiation

Figure 2a shows the diffraction pattern of the non-irradiated material whezfmpared with the reference pat-
tern of brushite (JCPD81-074-6549) As can be seen all the major peaks are identified ¢fpl256, 21.14,
23.48, 29.38, 35.54, 39.83, 45.39, 47.90) and consdygube synthesized calcium phosphate may be densi
ered to be 98% brushite (with some monetite). Irradiating the material withkHe laser did not affeet the
crystal structure of the brushite and this is obvious if we compare &igitR Fig. 2b. The position and relative
intensity of the peaks is exactly the same in the two patternghveitbnly exception being the peak at211.56
[brushite (0 2 0) plane]. This difference may be attributed to méogloal change®n the surface of the pellet
caused by the 1 kHz laser (i.e. the texture of the crystals has been alleré¢ia@ other hand irradiation with the

1 GHz laser transforms the biomaterial dramatically. The data from XRD indicatheha¢w dominant phase
after irradiation ig-calcium pyrophosphate (e&0O) (referenced to the pattern JCPD&009-8733. In Fig 2b

we also see the peak (0 2 0) peak for brushitd® at 21.56° which appears to be the original preferred habit of
the brushite powder. Taking into account that the penetration depth ofrdne béam ranges from 220 um
(depending on the Bragg anglé)) 2ve suggest that although there is complete transformation of the material
the surface of the pellet some of the underlying mineral remains wdhl#&nalysis of the cross section of the
pellet with SEM supports this conclusion since thera dtear evidence that morphological changes in crystals
has occurred only up to 48n depth (Fig. 3a) (consistent with the laser radiation absorption depgisiahal
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Figure 2: Powder X-ray diffraction patterns for a) non-irradiated pellet; b Figure 3: SEM images of the irradiate
pellet irradiated with 1 kHz laser; c) pellet irradiatedh 1 GHz laser. (e pellets with 1 GHz laser; a) cross-sectic
brushite peaks; o B-calcium pyrophosphate). b) surface.

The transformation of brushite facalcium pyrophosphate
was also verified by Raman spectroscopy. Figure 4 shows
a comparison between an unirradiated sample and a sam-
ple irradiated with the 1 GHz lasdfor the first case the
most intense vibration peak is observed at the @88
and this may be assigned to thePy3 groups while the
lower peaks at 575 chmay be assigned to ~ PQy®
groups and the peak at tl872 cnt! to the symmetric
stretching vibrations of POH units [4]. In the case of the
irradiated sample multiple strong peaks were identified in
the range 0942to 1150 cmt. These peaks are assigned to ~—z; 50 w50 500 1000 1500
the W PQO; groups of the3-calcium pyrophosphate [5]. Raman shift, 1/cm

The transformation of brushite flacalcium pyrophos-  Figure 4: Comparison of Raman spectroscopy betw
phate is known to occuat temperatures higher than 750°C  nonirradiated and irradiated with 1 GHz laser.
a fact that proves the localized temperature incursion may
be arising during irradiation with the 1 GHz laser.

—— non-irradiated

—— 1 GHz laser irradiated




3.2 Irradiation of the coated enamel samples

Figure5 shows images of samples prior to irradiation (a), and after irradiatiortiwiitkHz source (b) and the

GHz source (c). For both types of repetition rates, the laser irradiation heaed aawelear modification of the

original biomineral layer, which was applied to the bovine surface as a gék kase of the 1 kHz laser the
modified surface seems to be quite porous, as a result of ablation wiiighdeminant process. On the other
hand the results from the 1 GHz indicate the formation of reconstitutecenydtallized biomineral showing a

homogeneous layer (Fig. 5¢) which is the result of ultrafast transfonraiih melting of the biomaterial.
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Figure 5: Comparison of the biomaterial a) before laser irradiation; b) after 1 kHz ftdecllaBHz fts irradiation.

After analysing the irradiated samples there is evidence for localized mghgusing 1 GHz repetition rate
laser indicating that the local temperature rise may be of the ofd&50 “C (melting point of the CaP,O7
phase). In Fig. 5three different zones are clearly identifiable. Moving from left to r{ghtst probably from
low to high intensity regions) we can speculate how the neer iayformed. In zone 1 (low intensity) discrete
brushite crystals are observed. In zone 2 (higher intensity) thalksgeem to fade and bond together, while for
the maximum intensity (middle of the focussed beam zone 3) it is seibp®to distinguish individual crystals
since a homogeneous surface has been formed. Elemental analgsierfy dispersive X-ray spectroscopy
(EDS indicates that all the chemical compounds of the biomineral gel are homogegndistributed in the
transformed layer witla relative composition (by % weight)fi: O (40%), C (22%), Ca (16% and Si (8%). Alt-
hough there are many studies demonstrating melting of semiconductmetals with femtosecond lasers (e.g.
[6]), to the best of our knowledge there are no reports of melsimgy such lasers in ceramic materials.

4. CONCLUSIONS

The following are the main conclusions of our investigation:

e Irradiation with 1 kHz laser causes change in the mineral (brushite pelletsaied enamel samples) only
due to ablation.

e Irradiation with the 1 GHz laser causes local temperature to rise resnoltimg transformation of brushite
to B-calcium diphosphate in powder pellets while in the case of the brushiteAgeigs on enamel, melt-
ing of the synthetic biomineral was achieved.

e The local temperature rise, based on the transformations observed appearstiseen 750 and 1Bt

e On the coated enamel samples irradiation with the 1 GHz laser resuttedformation of a homogeneous
reconstituted mineral surface which is crititathe technique proposed for enamel restoration.
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