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Abstract

A novel synthesis approach for coupling metallitdgmanoparticles (AuNP) to the facets of
hydroxyapatite crystalline nanoparticles (HapNP}haiit additional reducing agent was
developed. Hexagonal prism-shaped hydroxyapatiteoperticles (HapNP) were firstly
precipitated by a hydrothermal route assisted kyccacid which left behind carboxylate
species adsorbed on HapNP facets. HapNP were tked as templates for gold
precipitation: when exposed to gold ions, the caytade species on HapNP prismatic face..
were able to trigger the nucleation of metallicdgby reducing “in-situ” the gold ions. The
used conditions didn’t allow the extensive growtlgald nuclei and hence gold dots with
diameters not larger than 2.5nm were formed on HRafddets. The obtained (Hap-AuNP®
heteronanostructures combine nanoprisms of Hapgtdyhbiocompatible material easily

recognised by the human body, with metallic narembigold that imparts a plasmor.
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resonance (SPR) effect to the synthesized nantstescwhich is of great promise to be
further explored in the context of thermotherapg anaging strategies.

Human mesenchymal stem cells were exposed to @&etraton range of Hap-AuNP but no
cytotoxic effects from the heteronanostructuresewebserved. Furthermore, Hap-AuNP
greatly enhanced the expression of Runx2 and Allfes& results predict the synthesizec
Hap-AuNP patrticles to be also potentially intemegtfor medical needs requiring nontoxic
materials able of bone defect repair and furtheensidlled with SPR properties which can

be potentially advantageous for therapeutic angndisis purposes.
1-Introduction

The unprecedented developments in materials systhasd characterization
techniques at the nanoscale are encouraging awdaagproaches imatter manipulation
and assembling which are being exploited for desggmanostructures with improved or
new properties and functionalities as compared wighr bulk counterparts. Nanomedicine
is one of the multiple fields where such forefrargnotech achievements are fostering
innovative strategies as is the case of cancealosticS.

Gold nanoparticles (AuNP) are an emblematic exaraplromedical nanostructures
with a well-known Surface Plasmon Resonance e{f@eR) which frequency is affected by
nanoparticles (NP) size, shape, inter-distancerafndctive indexof NP surrounding media.
This effect has been largely exploited for labelingd probing a wide variety of
biomolecules that interfere with AUNP dispersedestnd with the refractive index of NP
environment due to adsorptfonSuch applications demand a close control of AuNF
morphological attributes (size and shape) and, Jemgortantly, of AuNP dispersed
condition. These pre-requisites have been coveyed large volume of publications and
hence different proposals for AuNP production idahg synthesis methods, reagents,
solvents, stabilizers among others are found ienedtterature. Currently AuNP are also
being explored as photothermal contrast agentsdiocer imaging and therajfy Plasmonic
AuNP strategically located in tumors are used toaece near-infrared laser absorption and
dissipation as heat and thus to produce a locgbeéeature increase which disturbs cellulé r
functions ending up on cell death. Additionally Xyrabsorbing properties of AUNP can b~

also used for biodistribution data acquisition dimgbtumor non-invasive imaging and 3D
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reconstruction®. Other treatment methods exploit spherical AuNRessitizing agents in
radio frequency ablation and X-ray radiation cartherapie$®?®

Hydroxyaptite (Hap) is an appealing inorganic bitenal as its chemical composition,
crystalline structure and particle morphology ijpegpriately engineered can replicate the
chemical and physical attributes of the inorgardmponent of human bone and tééth
while offering enhanced adsorptive ability towaedsonsiderable number of biomolecules
and drug§'? Addressing the combination of AuNPs and Hap eticeal properties and
benefiting from theability of AUNPs to be easily functionalized foregjfic protein binding,
hybrid hydroxyapatite gold nanoparticles (Hap-AulNR$ructures with a portfolio of
interesting properties for various bioapplicatioms immunosensifty bone tissue
regeneratiotf***° improvement othemocompatibility”*® have been often reported. The
methods found for producing and or assembling Hapi?s structures are quite diverse

but very often gold and Hap patrticles are predipdaseparately and then assembled to forn,
the composite materigl™**®*? Turkevich methotf or a variant of it is still being the
method of choice for AUNPs synthesis whereas nouiie method could be identified for
Hap synthesis as multiple techniques have beenessiidly employelf. Frequently
polymers are required (e.g. collagen, chitosanlirk®rs or agents for coupling gold and
Hap**>'" One easy method for producing uniform Hap nartapes (HapNP) is the
hydrothermal synthesis in presence of an organitating ion or molecuf®? used as a
“shape tailoring agent” that allows controlling tharticle size and shafie”. As recently
reported, citrate ion could modulate prismatic HRpider specific hydrothermal synthesis
conditiong®,

The present study addresses the nucleation andlg@dwAuNP onto the surface of
HapNP for producing organized composite nanostrasturhe ability of citric ion to play a
dual role, i.e. as HapNP tailoring agent andrasitu reducing reagent of Atileading to
local Al’ nucleation and growth on HapNP facets is the emmging tool here exploited.
From the application point of view, a wide potehiganticipated considering the benefits
of gathering the accurate control of AuNPs sizepshand surface chemistry with the highk
biocompatibility of HapNP. Due to the bone affinibjomimetic features and osteointegrity,
HapNP is particularly suited for bone-related aggtion$®?”. Thus, besides the interest c
using AuNP as excellent contrast elem&ftsdepending on their size, the tunability of SP™

is envisaged with great usefulness for impartinguiianeous imaging and therapeutic
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abilities to Hap-AuNPs nanostructures making thewarful tools for differentiated bone

applications. Therefore, another interest is tlseuBsion of the potential effects of HapNP
assembled with AuNPs on the proliferation and d&ifidtiation of human mesenchymal stem
cells, due to their role in bone metabolism andcenegation, an issue which has not beel

covered so far.

2-Materials and methods

2.1- Hydroxyapatite synthesis

An hydrothermal precipitation method\poeisly reported was followed for HapNP
synthesis. The starting precursors solution waparesl as follows: a 0.6M citric acid
monohidratate (gHs0;.H,O) (Riedel-deHaén, 99.5%) solution was mixed witl®.aM
calcium nitrate Ca(N¢).4H,O (Riedel-deHaén, 99%) solution and then added avith2M
ammonium hydrogen phosphate (NJ#HPO, (Merck, 99%) solution. The pH of the solution
was adjusted to 8.1 with small additions of a 25%menia solution (Riedel-deHaén). The
final solution was poured into a 100 ml teflon vadsdilling up 50% of the total vessel
volume. The teflon vessel was then sealed in aetiasteel autoclave and subsequently
transferred into an oven at 180°C where it stayedleu autogeneous pressure during 24
hours. After that the autoclave was quenched irewat room temperature. Finally the
precipitated particles were collected and filtemsthg a glass Millipore filter vessel and then

dried in a desiccator.

2.2- Gold precipitation

For the precipitation of gold, 86.pl of a hydrogen tetracholoroaurate (HALCI
solution were added to 500 ml of deionized watepiider to obtain a 0.25xTOM gold
solution with pH ~3. Then 25 ml of the gold solutizvere heated at ~100°C for 3 minutes
and subsequently added with 50 mg of HapNP whicte wgnthesized as described in 2.1.
The resulting suspension was maintained underngopiionditions during 5 minutes. The
overall procedure was repeated for covering differeaction times, i.e. 10 and 20 minutes
of boiling times. After that the particles (Hap-ABN were repeatedly washed witl
deionized water while being filtered with a glasdlilgbre filter vessel and then dried in &

desiccator.
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2.3-Particle characterization

The morphology of all the obtained particles bycppiation was evaluated by
electron transmission microscopy (TEM) using a &litaH-9000-NA microscope operated
at 200 kV and high resolution electron transmissimgroscopy (HRTEM) images were
carried out on a JEOL 2200 FS microscope operaing00 kV. For TEM analysis the
particles were dispersed with 2-propanol and seatt@ver copper grids coated with a
formvar film. TEM images were used to determine #iee of AUNP. More than 100
particles were randomly counted to determine thdigba size distribution using Image-J
software. Particle crystalline phases were identified by pewX-ray diffraction (XRD)
analysis (Rigaku PMG-VH with CukK radiation =1.5405 A). Fourier transform infrared
spectroscopy (FTIR) was performed for identifyihg functional groups, using a Mattson
galaxy 3020 spectrophotometer. The test samples w&pared by mixing ~2 mg of the
precipitated particles with ~300 mg of spectroscapade KBr (Merck) and then shaping
the mixture as a disk. The infrared spectra weterded in transmittance mode in the region
of 4000-400 crt with a resolution of 4 cil. The UV-vis absorption data were collected on
a Shimadzu MPC-3100 PC series spectrophotometeg @i auto scan between 200 and
700 nm. The specific surface area (SSA) of theiobtaparticles was determined by N
adsorption using a micromeritics — Gemini 2370 Vuipment. The samples were
thoroughly degassed at 120°C for 24 hours befon@gan adsorption. The SSA was
determined based on the multipoint Brunauer-Emrelier isotherm (BETY.

2.4 Interaction of Hap-AuNPswith human mesenchymal stem cells

Human Mesenchymal Stem Cells-bone marrow deriveM§8-bm, Innoprot),
according to the supplier, were found to stain fpgsifor CD44 and CD90 — characteristic
markers of the population phenotygehird subculture cells were used to evaluate thle ce
response to the nanoparticles.

HMSC, 10" cells/cnf, were cultured in minimum essential medium Eagle, alpt .
modification ¢-MEM, Sigma) containing 10% foetal bovine serum $Bigma), 5qug/ml
ascorbic acid, penicillin (10 units/ml)/streptomy¢R.5ug/ml) (P/S solution, Sciencell) anc
2.5 ug/ml fungizone. After 24 hours, the medium was reetband fresh complete culture
medium, containing sterilized HapNP or Hap-AuNHs 10, 100 and 50Qg/ml was added
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to the adherent cells. Cultures were incubatedfdather 1, 3 and 7 days without any
medium change. Cultures performed in the absencewbparticles were used as control.
Incubation was carried out in a humidified atmosphef 95% air and 5% Cfat 37°C.
Cultures were characterized at days 1, 3 and follass.

DNA content. DNA content was analyzed by the PicoGreen DNAnNgtieation assay
(Quant-iT™ PicoGreen® dsDNA Assay Kit, MoleculawoPBes Inc., Eugene), according to
manufacturer’s instructions. Cultures were treat@t Triton X-100 (0.1%) (Sigma) and
fluorescence was measured on an Elisa reader (@yhr, Biotek) at wavelengths of 480
and 520 nm, excitation and emission respectively, @rrected for fluorescence of reagent
blanks. The amount of DNA was calculated by extlajprg a standard curve obtained b
running the assay with the given DNA standard.

Cellular viability. MTS 3! and LDH®? assays were used to estimate cell viability. THESM
assay is based on the reduction of MTS tetrazoltempound [3-(4,5-dimethylthiazol-2-
yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2etrazolium] to a purple formazan
product by the mitochondrial reductase enzymessysin viable cells. MTS solution (Cell
Titer 96® Aqueous One Solution Cell Proliferatiossay, Promega), 2@, was added to
the culture medium (100, 96-well plates), and cultures were incubatedraud h (37°C,

in a humidified atmosphere of 95% air and 5%, C@he absorbance was measured at 492
nm in a ELISA reader (Synergy HT, Biotek). The #detdehydrogenase (LDH) assay Is
based on the reduction of NAD by the action of LbHeased to the medium due to cell
damage (plasma membrane integrity) or lysis. Thault@g reduced NAD (NADH) is
utilized in the stoichiometric conversion of a éwlium dye. Determination of the total
LDH was performed using thin vitro toxicology assay kit lactate dehydrogenase basen
(Sigma-Aldrich; St. Louis, MO), according to the mudacturer’s instructions. The amount
of LDH leakage to the medium was normalized toltafaH. Results are expressed in
percent of cells viability compared to the control.

CLSM observation. Cultures were fixed (3.7% methanol-free formaigkd) 15 min),
permeabilized with 0.1% Triton, and incubated viatvine serum albumin (Sigma Aldrich)
10 mg/mlin PBS (1 h), in order to block non-spiedifiteractions. Cytoskeleton filamentous
actin (F-actin) was visualized by treating permkadd cells with Alexa Fluor® 488-
conjugated phalloidin (Invitrogen), 1:100 in PB® @in). Cells were counterstained witt

propidium iodide (Sigma Aldrich), 10 mg/ml in PBS {nin). Stained samples were
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mounted in Vectashield® (Vector laboratories) ardmeined in a Leica SP5 AOBS (Leica
Microsystems®) microscope.

Gene expression by RT-PCR. Adherent 24-hour HMSC were exposed to #1§0ml HapNP

or Hap-AuNPs nanoparticles for three days, and weeauated for the expression of the
housekeeping gene GAPDH (glyceraldehydes-3-phosplaghydrogenase) and the
osteoblastic genes Runt-related transcription fa@o(RUNX-2), alkaline phosphatase
(ALP), osteocalcin (OC) and osteoprotegerin (OPFRYA was extracted using RNeasy®
Mini Kit (QIAGEN) according to manufacturer’s institions. RNA was quantified by
measuring the absorbance of the samples at 26(RNA, 0.5 g, was reverse transcribec
and amplified (25 cycles) with the Titan One Tubé&-IRCR System (Roche), with ar
annealing temperature of 55°C. Table 1 show theng@s used in the RT-PCR analysis
After electrophoresis on a 1% (w/V) agarose ged, lihnds were analysed by densitometry
with ImageJ 1.41 software. Values were normalizethe corresponding GAPDH value of
each experimental condition.

ALP activity. ALP activity was evaluated in cell lysates (0.I%ton X-100, 5 min) by the
hydrolysis ofp-nitrophenyl phosphate in alkaline buffer solutigti~10.3; 30 min, 37 °C)
and colorimetric determination of the produginjtrophenol) at 400 nm in an ELISA plate
reader (Synergy HT, Biotek). ALP activity was nofimeéd to total protein content
(quantified by Bradford’s method) and expressedrael/min.mg,rotei,{l.

Satistical analysis. Three independent experiments were performedaaln experiment, six
replicas were set up for the biochemical assaystandeplicas for the qualitative assays.
Results are presented as mean * standard devi@Dyn Groups of data were evaluated
using a two-way analysis of variance (ANOVA) andsignificant differences in the pattern
of the cell behavior were found. Statistical diffieces between experimental groups werc
assessed by Bonferroni's method. Values of<p0.05 were considered statistically

significant.
3- Results and discussion
3.1- Synthesis of functionalized hydr oxyapatite nanosized particles (HapNP)

Literature reports on hydroxyapatite synthesis w@share plentiful. The choice of &

particular synthesis methodology is normally dietatby particle morphology and/or
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crystallinity criteria. In the present case, a logdermal precipitation method previously
reportedwas selected aiming to obtain crystalline HapNmwinometric dimensions and
well-defined facets easily imaged by electron nscaopy. Other issues including the surface
chemistry of the precipitated particles were takea account as well.

Figure la shows a picture of the HapNP as synthéslzy the hydrothermal
procedure. As observed the particles display awth light colour. The crystalline phase
composition of these particles is revealed by tiRDXpattern presented in Figure 2 (curve
(a)) which diffraction peaks can be assigned tortwyhpatite (Hap) according to the
JCPDS N° 09-0432. Figure 3a shows the FT-IR spactiithe precipitated HapNP where
the characteristic peaks of hydroxyapatite are oflede®>> Furthermore some features
attributed to organic groups are also identifiedtia range of 1680 to 1350 chiFigure
3b). The band at 1384 ¢hmay be ascribed to Ghscissoring andarboxylate groups
differently coordinated to Hap surface under momoake or bidentate configuration$
may account for the bands at 140258, 1577 and 1669 ¢mSuch adsorbed carboxylate
species [R (COQ)]ags can be interpreted as fingerprints of the origrigate ions that
might have decompose under the temperature angupesegime used for Hap synthesis, in
line with the reports on citric acid thermal degxtoi*®=>°

The particle morphology assessed by TEM and imagddgure 4(a and b) can be
well described by a hexagonal prismatic shape avithdth (w) lying between 20 and 30 nn:
and a length (I) ranging from 50 to 100 nm. Thearascale dimensions of the prismatic
hydroxyapatite nanoparticles (HapNP) account ftarge specific surface area of 55/q
and an aspect ratio (l/w) larger than 1.7. Figwsesdows the HRTEM image of a HapNPs
where well-defined lattice fringe patterns are obsé. The distance between adjacent
lattice fringes corresponds to an interplanar disteof 0.65 nm that can be indexed to the d
spacing value of hydroxyapatite crystal (010) ptamdich are parallel to axis. The used
citrate-mediatedhydrothermal synthesis thus favored HapNP preferegtowth along the
c-axis which resulted on elongated particle morpbyl

The interaction of citric acid with HapNP surfaceddts effects on HapNP growth
have been frequently addressed, from both expetaheand theoretical perspectives.
Calcium phosphate precursor solutions containimtigccacid, have been reported to favc -
the precipitation of HapNP with elongated shapejeurvaried conditions of temperature

and pressufé According to computer simulations studie€ a strong binding of citric acid
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or of citrate ion to Hap lateral prismatic facetaymslow down their growth rate and
consequently enable its dominant expression on fithed particle morphology. Such

theoretical predictions might explain the presesutts assuming that citrate ions at an earl
stage of the hydrothermal processing and citratevelf moieties at a later stage of the
precipitation perform as lateral growth inhibiten@nce contributing to shape the particles
An accurate picture of citrate role under the terapge and pressure regime of this work
requires a complete follow up of the interplay o&mHnucleation, growth and citrate

degradation progress which is now an ongoing study.

3.2- Templating gold precipitation with HapNP
HapNP synthesized by hydrothermal technigeee used as substrate for the growth of
AuUNP. The effects of gold precipitation time wes@mined in order to assess its impact on

the gold particle size and size distribution.

3.2.1- Gold particle crystal structure, morphology and SPR

Figure 1b to 1d allows following the colour evotrtiof the HapNP after submitted
to the gold precipitation experiments during diéfiet reaction times. The original yellowish
colour of HapNP gives place to a purple colour eipitation occurs, hence anticipating
the presence of nanometric sized gold particleshin Hap-AuNPs powdels Further
evidences of gold precipitation are provided by XD patterns shown in Figure 2(b to d)
where the peak detected @ 2 38° was identified as the more intense peak etahc
gold** according to the JCPDS N° 071-4614.

Figure 5(a and b) shows the HRTEM images of the-NaNPs particles collected
after different precipitation times. It is cleadserved that the prismatic HapNP previously
imaged in Figure 4a, are now uniformly spotted wigimosized dark dots, which dimensions
vary approximately from 1,5 to 2,5 nm as the sysithéime increases from 5 min (Figure
5a) to 20 min (Figure 5b). These are nanosized afatsetallic gold which were precipitated
on HapNP facets, accounting for the HapNP colouiatian previously described. It was
also found that Hap-AuNPs after 20 min of reactapparently have a lower density of
larger AUNPs dots on their surfaces as documenyetthéb particle size distribution curves
(Figure 5c). This may be explained by an Ostwalénming mechanism favouring the growtt
of larger AUNP at the expense of smaller dhealthough the dots become larger, thev
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apparently preserve the spherical shape whichas/rto be the lowest-energy shape, ofter:
observed among metal nanoparticles obtained frormalnsalts reaction with reducing
agent§’. The present strategy proved to be highly repritieic consistently coupling
uniform spherical AUNP to HapNP.

Figure 6 shows the UV-vis spectra of HapNP as qmexp (a) and of Hap-AuNPs
after 5 min (b) and 20 min (d) of synthesis. Canfirg previous report no UV-vis band is
detected in the range of 300-800 nm for HapNP apagred. Conversely, a characteristic
SPR band of AuNPs is clearly observed around 550mthe spectra of Hap-AuNPs. The
observed SPR accounts for the strong colour chanbssrved on the particfésand
confirms the formation of spherical AUNP by thisihesis method, in a good agreeme: -
with TEM results. Moreover, it was observed that BPR band is similar for the two
selected precipitation times, which may be relatedhe small variation in particle size
which is not significant to be detected by UV-Mispowders. The SPR band shift from the
well-known value of 520 nm reported for isotropipherical gold particles (<20 nm)
dispersed in watét**to the value here observedd@50nm may reflect the influence of the
substrate (Hap) refractive index (1.64) which isgéa than that of water (1.33), the
surrounding medium usually referf8dA similar shifting effect was also reported fald)

nanoparticles of 5.5 nm deposited over Si(3i substrate&®.

3.2.2-Mechanism of gold precipitation

The process of AUNPs growth on HapNP serfaas also followed by FTIR spectra
analysis aiming to assess modifications on adsospedies. Figure 3a compares the full
spectrum of HapNP as prepared with those of Hapf2aibbllected after 5, 10 and 20 min,
being the details of the carbonate region (1350168") magnified in Figure 3b. Although
Hap characteristic features are observed in allsiertra, some differences are noticed ir
the 1350-1700 crhregion as gold precipitation proceeds (Figure &b)this spectral slot
where citrate derived species containing carbogylgtoups differently coordinated to
HapNP surface are expected to be detéGtedme features are seen to disappear or under.:-
a strong intensity decrease as observed for thelsban 1384, 1567 and at 1670 tm
although the bands at 1402 ¢mand 1458 cil remain unaffected by the Au synthesis

process. All together these results indicate tloabhes adsorbed species containing COC

10
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groups may be appropriately configured to partigp@ Au nucleatioff whereas other
groups appear to be less strategic in the metalptation.

As referred by S. Kumar et &.gold precipitation in bulk solution by Turkevich
method can be systematized according to the fatigugiteps: an initial step comprises the
oxidation of citrate (ChCOQ),C(OH)COO to an acetone dicarboxylic acid (gEDO
).CO accompanied by the reduction of auric salt (Ay@b aurous salt (AuCl). The
subsequent step requires the disproportionatioku@fl into gold atoms (A and AuC} as
schematized by the equation 3AsBE2AL° +AuCls. This last step requires various aurous
chloride molecules to be in a nearby condition Whi facilitated by acetone dicarboxylic
species that tethers aurous chloride molecules.

In this work, gold precipitation took place on HdpMNurface, most likely on the
lateral prismatic faces as confirmed by TEM imad¥ben HapNP are added to the reagent
HAuCIl, aqueous solutior(pHB), HapNP acquire a neutral or weakly positive zeta

potentiaf® which favours electrostatic attachment of neghtiharged auric complexes,
i.e. [AUCLOH] and/or [AuCbOH,] which are abundant species in HApSblution at pH

3-4*%C |t is here proposed that [R (COQ.gs groups undergo oxidation under the therma'
conditions of the precipitation process (T=100%Gus enabling the reduction of the auric
complexes on HapNP surface to aurous species amgickmg the role of acetone
dicarboxylic acid reported by Kumar etflFurthermore, the vicinity of the resulting aurous
species will be an advantageous condition for tisprdportionation reaction to proceed,
towards Ad nucleation.

Although previous reports have shown that gold ipi&tion may take place on
oxides pristine surfaces wheré @ OH are the protagonist surface species interactitiy wi
solution gold complexé8 long precipitation times are however requireelh) as
compared to the few minutes reported in this wditke used HapNPs thus behaved as a
substrate that prompted the heterogeneous nuaieattiBuNPs without the addition of any
reducing agent like NaBHone of the most used reagents for gold ions texhf& Another
method for depositing gold on the surface of Hapoparticles was reported by J.-D.Wan_
et al®* using urea as a precipitating agent, a gold psecu(Au(OH}) was precipitated
which was later converted to metallic gold uponthe@atment at 350°C. Therefore, a*
compared to that synthesis route the present metfies a straightforward way to product

metallic gold, exempting any precipitating agent iotermediate calcination step. The

11
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carboxylic species attached to HapNP surface are dhstrategic tool for the “in situ” gold
reduction and nucleation hence leading to AuNP$otmiy distributed on HapNPs facets,
without the need of any additional surfactant fabgizatior®. Being attached to HapNPs
surfaces AuNPs are not prone to aggregation thesdinyinating potential drawbacks
associated to aggregates.

Recent reports have covered the multiple functitaalrecognised to AUNP some of which
in a concerted manner may convey to a synergy afopmeances in the field of
therapeutics®* In the present case the coupling of AuNp to Hapiiparts a SPR effect
to the resulting composite nanostructure which @dd further exploited for thermotherapy:
AuNP are envisaged to empower HapNPs with hypertizeability for treating near-surface
tumours or skin-type cancers where the laser reménts are less strict than for tumours
located deep within bodily tissue for which a laksgint in the near-infrared (NIR) region of
the biological water window (650-900 nm) would Beomended. Moreover HapNP can
also behave as drug delivery systems (DD@)e to their ability of adsorbing and releasing
therapeutic drugs. Endowing such DDS with a thermal response aédrbdy AuNP could
open the possibility of customizing a HapNP-basdaSXo a target of interest. It was
reported that by adding a thermo-responsive codbng DDS allows to use the induced
thermal stimulus to trigger the drug delivery oatythe local of intere¥, thus confining the
drug effects to the unhealthy tissue while minimgzdrug losses before the diseased cenc
are reached. Besides thermotherapeutic benefitdyPAumay also provide imaging
capabilities as demonstrated in a recent study evhiee ability of gold nanopatrticles to
perform as a CT imaging contrast agent for tumotriBaging was reportéd Therefore
the hydroxyapatite based nanostructures (Hap-AulRgineered in the present work offer
promising characteristics for thermotherapeutic amaging functionalities. The exploration
of such attributes will warrant a large interesitasight expand the pool of applications of

Hydroxyapatite beyond its well knownedical use irthard tissue regeneration.

3.3- Interaction of Hap-AuNPs with human mesenchymal stem cells

As already pointed out, because of the similarftiiap to the mineral phase of bone
tissue and thus its natural bone affinity and bimopatibility, a range of bone tissue-relate 1
applications are envisaged for HagR®. In a previous work, HapNP similar to thosr

reported here proved to be non-toxic to MG63 odsmtic cells regarding cell

12
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viability/proliferation, F-actin cytoskeleton orgaation and apoptosis rate and, in addition,
they increased the expression of ALP and BMP-2n order to assess the potential of the
synthesized Hap-AuNPs for bone-related applicafidhe particles obtained after 5 min
reaction time were selected to be cultured with &mnmesenchymal stem cells-bone
marrow derived, due to their potential in bone regative approaches. HMSC were
cultured in standard culture conditions, with thedmm supplemented with ascorbic acid,
because of its role in the synthesis of the bolagenous extracellular matri% but in the
absence of any osteogenic inducer. Cell respons#V8C to the NPs was assessed for cel!
viability/proliferation and osteoblastic-related moers.

DNA content. The DNA content of control cultures (absence d?sN increased
throughout the culture time. Comparatively, expestor HapNP or Hap-AuNPs (1 - 500
ug/ml) did not result in any evident effects. As IRA content reflects the number of cells
present on the cultures, this observation suggleatshe two nanoparticles did not interfere
in the proliferation of HMSC. Results are showrrigure 7a.

Cdlular viability. The viability of HMSC grown with the NPs was assed by the
MTS reduction assay and the LDH release assay.l\@ssults for the MTS assay, based
on the reduction ability of cell mitochondrial delnggenases by viable cells, showed similar
values for the control and NPs-exposed culturegyrei 7b. However, cultures exposed to 10
and 100um/ml NPs for 7 days displayed a slight increaséha metabolic activity, which
attained statistical significance for Hap-AuNPs apzarticles. On the other hand, cultures
treated with 50Qug/ml HapNP or Hap-AuNPs, during 7 days, displayeslight decrease,
suggesting lower reduction ability. On the LDH asdéigure 7c, the LDH released to the
medium throughout the culture time revealed lowugalon the control cultures and those
exposed to 1-10Qg/ml NPs, suggesting minimal deleterious effectsrancell membrane
integrity; however, an increase was seen in thegmee of the higher nanoparticles levels
(500 pg/ml), following 3 and 7 days exposure, suggestingomewhat compromised cell
viability; still, the increase on the percentagd biH leakage was only around 9% upon 7-
days exposure, compared to ~6.5% in the contral@d. These observations are in lir. -
with that observed in MTS assay.

F-actin cytoskeleton. Observation of the cultures under CLSM, followstgining for
F-actin cytoskeleton and nucleus counterstainiogroborated the low toxicity profile of

HapNP and Hap-AuNPs particles. The cell adhesiortht culture substrate and the
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subsequent cytoplasmic expansion were similar enabsence and in the presence of the
nanoparticles. At day 1, cells displayed an eloagjahorphology, establishing elementary
cell-to-cell contacts. Following, a high cell grdwtate was noticed; at day 3, areas of higl-
cell density were already visualized and, at daguftures showed confluent zones with
continuous cell multilayers. Cells exhibited a waiyanized F-actin cytoskeleton, with
intense staining at the cell boundaries, promimereus and on-going cell division, signs
of mechanical integrity and healthy behaviour. Repntative images are shown in Figure 8
for the cultures exposed to 1Q@/ml NPs. The F-actin cytoskeleton, which is highly
concentrated just beneath the plasma membranagdpsostructural stability and elasticity tc
the cell undergoing substrate adaptation, butatiss a key player in the cellular mechanc
transduction mechanisms modulating complex sigmalibathways, such as Rho family
GTPases, which affects the overall cell behavfbirhus, these results further support the
cytocompatibility of HapNP and Hap-AuNPs towardsserehymal stem cells.

Osteoblastic gene expression. Additionally, gene expression by reverse-tramsiom
polymerase chain reaction (RT-PCR) was performedinteestigate osteogenic signal
expression in the presence of HapNP and Hap-AuldReparticles (10Qig/ml), Figure 9a.
Hap-AuNPs nanoparticles greatly induced the expessf Runx2 (~100%), compared to
the slight increase observed with HapNP parti¢léss is an interesting finding, as Runx2 is
the earliest transcription factor for the osteogetiferentiation pathway and, in addition, it
Is a master regulator for the expression of mudtipke stage genes, being determinant for
osteoblastic differentiation and bone formatforBoth particles showed a trend for an
increase in the expression of Col 1, the main comapbof the bone extracellular matrix,
synthesized during the proliferative stage of tiseeoblastic differentiation pathwdly Of
interest, Hap and Hap-AuNPs particles had a sigamti impact in the expression of ALP,
with more than a 4-fold increase in the expressievel of this early osteoblastic
differentiation marker. Expression of osteocal@rate osteoblastic differentiation marker,
with a role in the regulation of crystal growthwas not particularly affected by HapNP or
Hap-AuNPs particles. This suggests that these gestiappear to not interfere in the
regulatory mechanisms of the matrix mineralizatiBegarding the expression of OPG, a
key molecule in the interplay between osteoblasts @steoclasts during bone remodelling .

it was not affected by Hap but was slightly reduitethe presence of Hap-AuNPs particles

14
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ALP activity. Cultures exposed to HapNP and Hap-AuNPs partid€® pug/ml)
were also assessed for ALP activity. In line witle increased gene expression for this
enzyme, ALP activity was greatly induced by the taamoparticles. The inductive effect
was observed already after 1 day exposure, butlgieareased at day 3 (~150%) and day 7
(~80%) (Figure 9b). ALP, a hallmark of osteoblagtifferentiation, is synthesized during
the early matrix formation and maturation periotlisTenzyme has an essential role in the
onset of matrix mineralization, by providing phoafions which, together with calcium
ions, ensure the chemical conditions for the osémtic-mediated mineral deposittin

Literature reports on the interaction of osteobldisteage cells with Hap
nanoparticles show a great variability of result$ich is expected considering the wid
versatility and diversity of the physicochemicabperties of the tested particles, the ce!
system and the experimental protodt§®® However, regarding the present HapNP, the
observed cell response is in line with previousorep showing low cytotoxicity of Hap
nanoparticles towards osteoblastic cells, and @ew ability to modulate cell proliferation
and differentiation events. Upon exposure to HapiNEreased proliferation was found in
bone marrow-derived mesenchymal stem &&#sd enhanced osteoblastic differentiation
features was also observed for these ¥eft and also for the osteoblastic cell lines hFOB
1.19% and MG63%. On the other hand, cytotoxicity/biocompatibilispudies involving
AuNPs coupled with hydroxyapatite are rare or eweexistent. About AuNPs, the
osteoblastic cell response also showed variabldtsesn the murine preosteoblast cell line
MC3T3-E1, AuNP did not affect cellular viabil§ and in another study they promoted
their viability and osteogenic differentiation, @epling on the particle si% In
mesenchymal stem cells, AUNPs promoted the vighilitd osteogenic differentiatith but
they were also reported to be toxic to these stells,cdepending on the particle size
AuNp aggregation state also influences the cellufgiake and cytotoxicity as reported for
different cell type®®° though not following a simple rule of thumb as mggted AuNP
may result in cytotoxicity or favour cell growth mending on the aggregate size which in
turn conditions its internalizati6h The conflicting results could also arise from th-
variability of the used toxicity assays, cell sys$e and nanoparticles chemical/physical
properties; additionally, the dosing parameters #ml exposure time to AuNPs vary
making it difficult to compare. In the present wattke synthesized Hap-AuNPs showed lo.
cytotoxicity and this may reflect the use of a eystwhere AuNP of very low size are fixed

15
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to a HapNP template and thus inhibited to undergglomeration. Hap-AuNPs also
evidenced the ability to enhance early phenotypekena for osteogenic differentiation in
HMSC, i.e. ALP expression and activity. Further relevance, is the great increase in the
expression of Runx2, pointing to a higher commitmeh the mesenchymal stem cells
towards the osteogenic lineage in the presenceesktparticles. Regarding this, it has beei |
reported that AUNPs are able to activate the p38KlAignaling pathway in MSCs, which
leads to the up-regulation of the osteogenic mdsdescriptio factor Runx2, driving MSCs
to differentiate toward osteoblast céils

The promise of AUNP for many different biologicgipdications has led to a strong
interest in their cellular and tissue compatibilitfRegarding this, the response of th
synthesized Hap-AuNPs towards mesenchymal stera seims to substantiate interestinn
features in bone related applications, from imagargl drug delivery to regenerative
approaches. However, their ability to affect thee faf mesenchymal stem cells, i.e. by
enhancing the osteogenic differentiation pathwdngul also be carefully considered in

bone-related and other biomedical applications.

4-Conclusions

Gold nanoparticles (AuNPs) were successfully syigesl on the surface of
Hydroxyapatite nanoparticles (HapNP). The presenfeorganic species containing
carboxylate groups on HapNP surface left by thet®sis process of the HapNP themselves
was a key condition for enabling situ ionic gold reduction to metal gold which resultad
spherical AUNPs with a diameter of few nanomet&éhe presence of nanometric gold on
the resulting composite particle (Hap-AuNPs) imp&PR effect to the final particles which
may be further explored for imaging and therapyppaes. Interaction of Hap-AuNPs with
mesenchymal stem cells converged to confirm thepanicles cytocompatiblity and also
their enhancing osteoblastic differentiation projesr This profile substantiates Hap-AuNPs

as promising materials for bone-related applicatias well.
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Table 1 — Primers used on RT-PCR analysis.

RSC Advances

Gene Forward primer Reverse primer

GAPDH CAGGACCAGGTTCACCAACAAGT GTGGCAGTGATGGCATGGACTGT
Runx2 CAGTTCCCAAGCATTTCATCC TCAATATGGTCGCCAAACAG
coL1 TCCGGCTCCTGCTCCTCTTA ACCAGCAGGACCAGCATCTC

ALP ACGTGGCTAAGAATGTCATC CTGGTAGGCGATGTCCTTA

oC CACTCCTCGCCCTATTG CCCACAGATTCCTCTTCT

OPG AAGGAGCTGCAGTAGGTCAA CTGCTCGAAGGTGAGGTTAG
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Captions

Figure 1-Optical pictures of hydroxyapatite nanoparticles) &s synthesized at 180°C
(HapNP) and after being submitted to gold precifmta(Hap-AuNP) during (b)
5min, (c) 10min and (d) 20min. The particle colgokeition denotes the presence
of metallic gold.

Figure 2-X-ray diffraction patterns of hydroxyapatite nandpdes: (a) as produced at
180°C (HapNP) and after being submitted to goldcipiation (Hap-AuNP)
during (b) 5min, (c¢) 10min and (d) 20min. The peddtected at @ ~ 38° is
assigned to metallic gold.

Figure 3-FTIR spectra of (a) HapNP synthesized at 180%-) and its evolution with
metallic gold precipitation after 5min=& ), 10mf ==) and 20 min-= ); (b) the
1200-1900 criispectral region is amplified.

Figure 4- (a) TEM images showing the elongatednpaisc shape of HapNP. (b) The
hexagonal base of prismatic particles is confirroed particle top view.

Figure 5- HRTEM images of Hap-AuNPs collected afteo different precipitation times:
(@) 5 min and (b) 20 min. The particles are spotteti nanosized dark dots of
metallic gold (AuNP) which were precipitated on MNép facets. (c) AUNP size
distribution precipitated after 5 and 20 min.

Figure 6- UV/Vis spectra of (a) HapNP synthesized&0°C and after reacting with gold
solution (Hap-AuNPs) during (b) 5 min and (c) 2hmfhe characteristic surface
plasmon resonance band of gold nanopatrticles &lglebserved at ~552 nm for
the Hap-AuNPs.

Figure 7- (a) DNA content, (b) MTS reduction anyl (OH leakage of HMSC cultured for
1, 3 and 7 days in the presence of HapNPs and H&R8, 1 — 50Qug/ml. NPs
did not interfere with the cellular proliferatiomé metabolic activity in the range
1 - 100ug/ml, but exposure to 500g/ml caused a slight decrease in the cellula
viability.*Significantly different from control (atence of NPs).

Figure 8- Representative Confocal Laser Scanningrddcopy images of HMSC cultured
for 3 and 7 days in the presence of HapNPs andAdgyPs, 100ug/ml. Cultures
were stained for the cytoskeleton (green) and mgc{ead). Cellular morphology
and organization of the cell layer were similar aantrol and NPs-exposec
cultures. Bar: 5um.

Figure 9- (a) Gene expression and (b) ALP actieitydHMSC cultured in the presence or
HapNPs and Hap-AuNPs, 19@/ml; (a) cultures with 3 days; (b) cultures with 1
3 and 7 days. *Significantly different from conti@bsence of NPs). Hap-AuNP:
caused a significant increase in the expressidRumix2, and both NPs increasea
ALP expression and activity.
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