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ABSTRACT

The emergence of mode-locked n#ar{NIR) lasers has opened novel and exciting opportunities in dental and
orthopaedic medicine. In a mode-locked laser cavity the pulse duratisemetiion rates may be controlled between
10-100s of femtosecond (fs) andHk-GHz ranges, respectively. This unique capability for controlling the incident
laser power in a near-IR mode-locked laser has been explored fdngttioymaterials phase transformation, sintering
and bonding mechanisms in calcium phosphate and chitosan/calciuphateosuspensions as biomaterials. The
investigation primarily focusses on interaction of such a laser in a lingane, resulting in a plethora of phase
combinations and morphologically controlled structures, which are well doitéd-theatre processing of hard-soft
tissues for personalized therapy. In this article, the engineered medical deidbecambines the materials and laser
power delivery at the point of tissue restoration is also discussed.tithearemplifies the case for enamel restoration
using such a medical device, which then sets the scene for much sédartissue engineering.

INTRODUCTION

In mammalian bone and dental enamel, the naturally occurringtyapratite (HAp formulaCas(PQs)sOH) is the
main bio-mineral. The crystalline form of HAp has an anisotropicsire with P63/m space group, with hexagonal
symmetry which then attributes to the needle like shape in natural mineralehimeedle structure the c-axis is
parallel to the needle axis. The lattice parameters of HAp with formula uni{PCe)(OH),, are a = 9.423 A and ¢

= 6.875A[1]. Although at the cellular level, the formation of bio-mineral starts aittamorphous state closeao
neutral pH environment, however the local electrochemically active surfactagferts, which is the most abundant
proteins in the bone, determines the thermodynamically stable physical stet@ldsphate mineral by forming HAp
in platelet forms along the a-axis of the hexagon lattice of HAp. The plateletgrthes along the c-axis, supported
by the anisotropic assemblies of collagen fibrgs the mechanism of which is controlled by osteoblast/osteoclast
cells, the growth factor and the bone-morphogenic proteins.elhtiman body, théifferentiation pathways for
specific types of stem csltontrol the growth and physiological development of tissue types, which ertaigdered

by a specific growth factor for that tissue type! The apparent stélbrased differentiation mechanism in an osteogenic
and angiogenic biomaterials provides a right environment for bone and béssel growth, respectivelBy
comparison the dental enamel and dentine tissue grow with the helptaf pelp stem cells (commonly found in 10-
20 millions in wisdom tooth), which may be expressed to becometagkaric, osteogenic and angiogenic with the
help of a specific growth factor. Depending on the genetic lineages tieetieéocrystalline structure of HAp evolves
to support specific hard-tissue functions; e.g. as in load-bearing boas, dentine or enamel. Once the stem cell
expression reaches the end of genetic lineage, no further differentiatiorapatimvbe expressed and this where the
tissue structure regeneration stops. For this reason, unlike a dabmagedhe enamel tissue, once lost, never grows
back again due to the lack of regenerative capagjty [

With this background on regenerative capacities of bone and other typaslef tissues in human body, and the lack
of regeneration of enamel, the article focus on the interaction of ultrafast laskrdiodminerals for tissue
regeneration which can be adopted for in-theatre use. Using the ultraofdestionked lasers, the resulting materia
may provide the desired physiologically acceptable functional structures hwlliog the average power and
repetition rate which, otherwise, is impossible to achieve in a slow-pusadIR lasers (e.g. Nd-YAG, or Ti-
Sapphire). With the emergence and growing popularity of mode-locked,l&s®main objectives of our research in
this area of biomaterial-mode-locked laser interaction is to develop tissueengintechnology and manufacturing



capabilities for synthetic tissues for replacing the damaged tissues in-thgatoenbining with the regenerative
therapies already known and practiced in theatre during surgery. In tikle, ave cite examples of materials
morphological structures using mode-locked near-IR lasers, develapkarfbtissue engineering. An essential part
of the mode-locked laser/bio-mineral interaction is also to work in a nes@game in which the incident laser energy
(Io) absorbed follows the LambeBeer’s law: | =1 _.exp(—a.l) . Here | is the scattered or transmitted intensity of
photons in the medium, having a linear absorption coefficierand¢ is the path length of the photord.[The
resonant absorption of energy induces rapid phase transformation rimirttsk&al and helps in forming bonds and
changes the density of materials. This type of density change thevernagd for controlling the average bulk density,
by controlling the porosity, which are exemplified herein.

METHODOLOGIESAND RESULTS

The methods for synthesizing the calcium phosphate minerals; e.gxhgdatite (HAp), brushite (CaHRQH;O)

and fluorine-doped apatite are described in our previous artizigs [For the analysis of resonant absorption of mode-
locked femtosecond (fs) pulsed (120fs) laser radiation at 104G00kiz, 200MHz, 1GHz repletion rates) using
Yb3*-YAG crystal, we studied the phase transformation reactions in both theide (Fé*)-doped and undoped
brushite and apatite minerals. The doping with iron oxidé*\Feas particularly chosen for enhancing the linear
absorption of photons. In this research we also used the 120fs-p&B@cm (Ct-tungstate) crystalsi] for Er’*-
doped brushite. In a previous investigation we had compared the o¥loédlGHz repetition ratéb®*-YAG lasers

on the resulting microstructures of doped and undoped calcium phosphatals B, 5].

For demonstrating the restoration of damaged enamel usiHedéieed brushite and apatite and fs-pulsed laser
radiation, we used bovine incisors in which the controlled acid-erodexhdesiere created ex vivo, using citric acid
medium maintained at pH=3.5. The acid eroded lesion was typically 1.0alv@ide, ~1mm deep and 10 mm in
length. We planned such a large lesion for the characterization of synthai@lsibefore and after laser irradiation
using the X-ray powder diffraction, Raman and FTIR spsctpy, and profilometry. Also designing a large lesion
for enamel restoration helps in the characterisation of bonded syntheticalljaleairrbovine enamel surface using
brushing trials and in-depth stress and image analyses, for ascgrtamafficacy of restorative procedure. In parallel
with the bovine enamel related studies, we also investigated the bondindnasbadnechanism using the die-pressed
pellets of bio-minerals which were sintered in air muffle furnace above tlse plamsformation temperatures (400
85(C°C). Using the die-pressed pellets we also compared the laser-radiation intlased fransformation in bio-
minerals, for comparing with the transformed materials on and aroundidheraded bovine enamel lesion and the
air-muffle furnace heat treated materials. The results of phase transformadi@s stere also used for the analysis
and estimation of potential temperature rise and energy accumulation in synthetiodérals during tissue restoration
process J]. The effects of laser-induced cell and genotoxicity studies were also imtedtig detail and these are
reported elsewheré],

For materials delivery at the point of tissue restoration and its subsequervesddser sinteringd] for bonding with

the surrounding natural bovine enamels, a medical device was also desiggeal Q8D package, the schematic of
the materials and laser delivery system is shown in Figure 1. The fibrefgledivstem connected laser and materials
delivery ports are identified in this figure. The middle and rear compatdroéthe medical device house the materials
cartridge, piezo-electric assisted drive and power control systems, respe€tvalgsisting the ease of materials flow
like tooth-paste through the delivery nozzle at the front of the device, the rheofmgipalties of the ib-mineral
suspension in water and ethanol was studied and for a stable flewspension, it was found that the suspension
viscosity of more than 5Pas must be maintained (see Figure 2) to achieve the control delivery-afiBilitre (ml)

per minute.

An example of laser-irradiation experiments on the layers of brushéggadite laid over enamel is shown in Figure 3,
in which the large regions of Fedoped brushite or apatite were irradiated using a 1GHz repetition rate fs-pulsed
mode-locked laser, operating at 1048nm. The laser source was fixee @uitteroded enamel with a defined lesion,
into which the synthetic mineral was deposited, was translated under b#@ahataser beam spot of 88 diameter
can be pre-programmed to move along a track, as shown in Figbueil3g translation along the mineral surface each
30um-spot irradiated the mineral surface for 0.3 seconds for initiatingrmpadd sintering with surrounding natural
enamel. The extent of sintering was analyzed, as explained abovethesipbase analysis and scanning electron
microscopic techniques. In Figure 4 a typical coated surface of enamel is whahnwas irradiated with a 1048nm
fs-pulsed laser with an average power of 420mW. The post irradiatiomstriectures, analyzed by SEM, are
compared in Figure 5, from which we clearly see the extensive eeden melting, coalescence and above all
intergranular and particle bonding with the surrounding phase.

CONCLUSIONS

Based on the microstructural (in Figures 5b) and phase analysisXusay diffraction (not shown here}f, it is
evident that the phases identified are consistent with the thermal analyksineSigure 5¢. This comparative analysis



implies that the temperature during selective laser sintering with 0.42W averegiedmes reach above 8@0ocally.
Further energy accumulation and dissipation analysis, however has corifiahéige rate of heat dissipation might
be of the order of ~f&s* or so, as a consequence of which the high temperature pyrophgsiphsees preserved.
Independent temperature measurements on the irradiated mineral surfigcinasivire thermocouple buried below
~0.5 mm into the synthetic mineral coating showed a cyclical variation betaesntemperature and 94D occurs,
during 0.3s radiation dose at each spot of 30um diameter.
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Figure 1: A computer-aided-design of combined materials &iglire 2: Viscosity of brushite mineral in ethanol
laser power delivery system.
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Figure 3: Pre-programmed laser tracks for Figure 4: An SEM image aftt lesion filled and
selective laser sintering synthetic minerals. selectively sintered with bio-msinerghe eroded bovine
enamel.
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Figure 5[a] Figure 5[b] Figure 5[c]
Figure 5: [a] shows a low magnification cross-section of enamel; [l§ Hgh-magnification image of the
microstructures showing different regions phase transformation vanécimapped on the STA trace in Figure 5[c].
Zone 1 is brushite/monetite, zone 2 is mixture of monetiteyazalcium pyrophosphate and zone 3Bisalcium
pyrophosphate.
REFERENCES: [1] Maria Vallet-Regi and Daniel Arcos NavarreRSC Nanoscience & Nanotechnology No. 39
Nanoceramics in Clinical Use: From Materials to Applications, 2nd Edition (2pf3)%29.[2] M. M. Matrtino, P. S.
Briquez, K. Maruyama, J.A. HubbeAdvanced Drug Delivery Review34 (2015) 4152. [3] AD Anastasiou, C L
Thomson, S A Hussain, T J Edwards, S Strafford, M Malinowskilatieson, C Tom A Brown, AP Brown, MS
Duggal, A JhaMaterials & Design101 (2016) 346354, [4] E Elmadani, A Jha, T Perali, C Jappy, D Walsh, C Leburn,
T Brown, W Sibbett, M Duggal, J Toumba, J. Am. Ceramic 9602012) 2716-2724[5]. AD Anastasiou et al,
Materials Science & Engineering @& (2017) 885-894.




