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A Step Toward Control of the Surface Structure of
Biomimetic Hydroxyapatite Nanoparticles:
Effect of Carboxylates on the

{010} P-rich/Ca-rich Facets Ratio

Yuriy Sakhn&, Pavlo IvanchenkdMichele lafiscd, Anna Tampierf, Gianmario Martra®

ABSTRACT

Two types of biomimetic hydroxyapatite (HA) nandpdes were prepared by acid-base
neutralization reactions, using Ca(Qlgy Ca(CHCOO), as s calcium source, to evaluate the effect
of acetate anions on particle formation. High-reBoh transmission electron microscopy
observations provided evidence that in both casamsypparticles are elongated along the c-axis, but
to a more limited extent when prepared in the presef acetates, and are mainly limited by {010}
facets. IR spectra of nanoparticles containing duxb CO revealed that the actual termination of
these are both of the {010} €ach and {010} P-rich type, the latter being significantly more
abundant for HA nanoparticles grown in the mediumtaining CHCOO species. Moreover, these
nanoparticles appeared to be more sensitive towggtegative stacking by thermal treatment,
resulting in a significant decrease in specificfatg area, while retaining the size of primary

particles.



1. INTRODUCTION

Hydroxyapatite (HA), [Ca(POQy)s(OH),], the calcium phosphate phase thermodynamically
stable in physiological environment, is nowadayssitered an important bioactive and
bioresorbable biomaterial for applications in opghedy and dentistfy® In particular, since the
group of Webster reported about the beneficialctfd® hydroxyapatite nanosizing in improving the
response elicited in osteobldsteveral research works have been devoted to Swosire of
preparation routes for the production of nano-hygapatites. The surface of biomaterials plays a
significant functional role, further enhanced wheey are in a nanosize form, because it is the
place where the interaction with host biologicaldmeoccurs, as recognized since the definition of
the concept of biological/lbiomedical surface scéeht Moreover, nano-HA have raised an
increasing interest as heterogeneous catdilystmother functionality mainly ruled by surface
features.

Focusing on nano-HA morphology, needle-kE2and plate-like*** nanoparticles can be
prepared, while in bone tissue only the second sgeens to be presefit’ For both morphologies
the prevailing surface terminations are of the {0tfe, which in the case of needle-like nano-HA
are the lateral facets of hexagonal nanopartid@sgated along the crystallographic c-axis, whilst
for plate-like nanoparticles they are the basakta®f nanoparticles preferentially grown along
both the c- and a- (or b-) axis*® breaking the crystal symmetry through a mecharsitinmatter
of investigation:"*8

The role of different surface crystal planes whemsidering the interaction of HA with
biomolecules has been initially recognized by Kandbal., who demonstrated that basic proteins
are mainly adsorbed on HA {001} faces, whereasatidic ones preferentially interacts with HA
{010} surfaces?’ This latter type of surfaces can be thought agltieg from the interruption of a
sequence of layers of the .=B-A-A-B-A-A-B-A-... type, where A and B correspond to
Cag(POy), and Ca(P(Oy)(OH), chemical compositions, respectively. Hence, a j0%Qrface

termination of the ..~A-B-A type give origin to stoichiometric HA{010} surfas, whilst ...
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-A-A-B, or ... -B-A-A types result in two nonstoichiometric HA{010} fets, labelled as
(010)_Ca-rich and (010)_P-rich, respectively. Thexistence of these non-stoichiometric surfaces
on HA particles was reported also by Sato € @nd by Ospina et &'. Moreover, theoretical
calculations indicated that the HA {010} stoichiome surface reacts spontaneously with water,

23 generating P-OH and new Ca-OH surface hydroxyligso resulting in {010} facets labelled as

{010}R (R="reacted”). A pictorial overview of alhiese types of {010} terminations is displayed in

Scheme 1.
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Scheme 1Upper part: side view of the sequence of A}(E8a)y), and B) Ca(POy)2(OH), layers in
the bulk structure of HA along the cross sectiorppedicular to the (010) surface. Bottom part: top
view of the three possible (010) terminations (&e¢ for details). The upper part is a courtesy by
Dr. F. Chiatti, PhD Thesis, Torino, 2014; the bottpart is adapted from ré.

Despite experimental evidence of the exposure e$dhterminations can be provided by HR-
TEM,?*? the occurrence of proper orientation and stabdfty4A nanoparticles under the electron
beam in order to observe so subtle difference®tisn obvious task. Conversely, the use of probe
molecules does not usually suffer of relevant tmins, and IR spectroscopy of adsorbed CO has
been already used to investigate the Lewis aciditC&" ions exposed at the surface of HA
nanoparticles, (14a,6”) as well as the influence of Mgsubstitution on the basic properties of
HA? and features of surface hydroxy grodp this respect, Chiatti et al. reported thatghectra

of adsorbed CO can be exploited to evaluate tregivel contribution of (001) and three types of
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(010) terminations to the surface of HA nanopaettf This was the basis of the present study,
aimed to the evaluation of the effects of the preseof carboxylate anions in the synthesis medium
on textural and surface features of HA nanopasicle particular, acetates were considered, as
calcium acetate is among the possible source Bfi6as in HA synthesi$®?° The interest towards
the action of carboxylate groups stems from theeiasing awareness of their role in addressing
chemical, structural and textural properties of royglapatite®®>* Indeed, this is a bio-inspired
approach, which aim to mimic the apatite formati@chanisms that occurred in nature, since it is
well-known that nucleation and/or growth of bonestals is regulated by acidic functional
macromolecules, such as bone sialoprétéftand osteopontii as well as small acidic molecules,
such as citrate, which, in particular, was foundtabilize size and morphology of bone apafit&
Turning to synthetic apatites, citrate were foundirthibit apatite crystal growth by strongly
interacting with the surfac®,and very recently were proposed to play an impontale in driving

the bio-inspired formation of platy apatite nanctajs®

Furthermore, it was reported that amino acids ¢ad preferentially to specific HA crystal face and
inhibit growth in the direction perpendicular tatHace*'*> ENREF_44 Thus, on one hand they
can be viewed as shape controller of HA nanopadjdbut, on the other hand, amino acids amino
acids were also found to increase the bioactivityymthetic HA?***> At the best of our knowledge,

in all these cases the effects of carboxylatesimganolecules on the structure on HA surfaces
formed in the presence of these agents was nostigaéed, including the research works on HA
prepared by using Ca(GBOO), where, for instance, the attention was focusedhenrelative
importance of stoichiometry-non-stoichiometry vsrustural order—disorder in determining
structural feature of nano-H&.Hence, this paper is intended as a contributiathédnowledge of
factor which can affect the structure of the mdstralantly exposed surface termination of HA

nanoparticles.



2. EXPERIMENTAL
2.1. Materials

Two types of HA nanoparticles were prepared usirgjnalar procedure (i.e. similar Ca/P
ratio of reactants, pH of reaction medium and taw@pee), but changing the source of calcium
ions, namely Ca(OH)and Ca(CHCOOQO), resulting in materials hereafter referred to #s-H and
HA-2, respectively. For the preparation of HIA an HPQO, solution (1.26 M, 0.6 L) was dropped
into a Ca(OH) suspension (1.35 M, 1 L) and kept at 310 K, teoagaish the following theoretical
reaction:

5Ca(OH) + 3HPO; — Cas(PQy)3OH + 9H0
HA-2 was prepared by dropping thegR®d, solution (0.21 M, 0.8 L) into a Ca(GBOO)
solution (0.35 M, 0.8 L), kept at 310 K as in thepous case, and pH of approximately 10 by

addition of NH,OH solution, resulting in the occurrence of thédwing theoretical reaction:
5Ca(CHCOOQ), + 3HPO, + 10NH,OH — Ca(PO;)s0OH + 10CHCOOH + 9HO + 10NH

In both cases reaction mixtures were stirred ogatniThe stirring was then stopped and
mixtures were left standing for 2 hours to allow di@position of the inorganic phase. HA powders
were then isolated by centrifugation of the motiegror, repeatedly washed with water and dried at
213 K under outgassing (residual pressure: 3 mbaernight. HA granular fractions having
dimensions <38um (400 mesh) were selected for the study by sievhey powder. For IR
measurements, & and DO (99.9 atom % D, Aldrich) were admitted onto ttenples after
several freeze-pump-thaw cycles, whereas highyp@® (Praxair) was employed without any

additional purification except liquid nitrogen trapg.



2.2. Methods

Specific surface area (SSA) was measured with advheritics ASAP 2010 by nitrogen
adsorption at 77 K following the BET model. Befareeasurements, as-prepared materials were
outgassed at 300 K for 10 h (allowing for the att@@nt of a residual pressure ofl@* mbar),
while samples otherwise treated in vacuum at 48835313 K were re-outgassed at this temperature.

The Ca/P ratio was determined by inductively codglasma-optical emission spectrometry
(ICP-OES, Liberty 200, Varian). Samples were digsolin 1% wt ultrapure nitric acid. The
analytical wavelengths chosen were 422 nm for @Be2413 nm for P.

The carbonate content was evaluated on dried sargléhermogravimetric analysis (TGA)
using a Thermal Analysis SDT Q 600 (TA Instrumerdsyording to the weight loss observed
between 673 and 1223 R Heating was performed under a nitrogen flow (100mim %) using an
alumina sample holder at a rate of 10 K thiop to 1473 K. The weight of the samples was
approximately 5 mg.

X-ray diffraction (XRD) patterns of the powders weecorded with an Analytical X'Pert Pro
equipped with an X'Celerator detector powder ddtoemeter using Cu Ka radiation generated at 40
kV and 40 mA. The instrument was configured witB°ldivergence and receiving slits. A quartz
sample holder was used. Thé ange was from 5° to 60° with a step sizef)°@f 0.05 and a
counting time of 3 s.

The degree of HA crystallinity was calculated adiog to the formula (1):

Crystallinity (%) = [C/(A+C)]-100 (2)
where C was the area of the peaks in the diffragh@ttern ("the crystalline area”) and A was

the area between the peaks and the backgroundaftibephous area”).



Crystal domain size along the HA axis directionsravealculated applying the Scherrer
equation (2):

L= 0.94-[coB- (Ar*-Ag?) Y] 2)

where 0 is the diffraction angle for the plane (hkBy and Ay the widths in radians of
reflection hkl at half height for the synthesizeddapure inorganic hydroxyapatite (standard
reference material, calcium hydroxyapatite, Natiohsstitute of Standards & Technology),
respectively, anél=1.5405 A.

High-resolution transmission electron microscopyRHIEM) images of the materials
(powder grains dispersed on Cu grids coated widtay carbon film) were obtained with a JEOL
3010-UHR operated at an acceleration potential0of V. As apatite samples might evolve under
the electron beam, potentially leading to furtherstallization and/or to a loss of bulk waféf
observations were conducted under feeble illunmanationditions to avoid any modification of the
materials during the analysis. Fourier Transforindieect images were performed using the Gatan
Digital Micrograph program software.

For IR studies, the powders were pressed intossglporting pellets and placed in quartz IR
cells designed to perform spectroscopic measuremmth at beam temperature (b.t., ca. 323 K;
cell equipped with CgFwindows) or at low temperature (ca. 100 K, by aaphith liquid N,; cell
equipped with KBr windows). The cell was connecteda conventional vacuum line (residual
pressure = 1 x TOmbar, 1 mbar = 100 Pa) to perform in situ all thartreatments and adsorption-
desorption experiments. The spectra were colleatedresolution of 4 crh with a Bruker Vector
22 spectrometer, equipped with a DTGS detector. Atmeber of scans was adjusted from 150 to
250 to attain a good signal-to-noise ratio. Eaehaf measurements was carried out on three
different samples of each material. The data wemnalized to the intensity of a pattern in the
2200-1900 crit range due to a combination and overtone of vibnali modes of bulk phosphate

groups in order to render differences in intensigependent of differences in the thickness of the



pellets. For comparative analysis of the intengifysurface species, some spectra were also
normalized with respect to the SSA.

Spectra of adsorbed CO are reported in Absorbaafter, subtraction of the spectra of the
sample before CO admission. Moreover, the spectfigaseous CO was subtracted from the
spectra of the samples collected in the presen€QOoequilibrium pressures ranging from 25 to 4
mbar, with a proper adjustment of the intensityngghe interactive spectrum subtraction utility of
the OPUS 5.0 software by Bruker. For lower CO eluium pressures, the high SSA of the
materials (see Table 1) resulted in an overwhelnmgnsity of the spectral components due to
adsorbed CO with respect to the roto-vibrationadfig@ of CO molecules in gas phase. A
comparison between spectra of adsorbed CO befateatiar subtraction of the contribution of
gaseous CO in equilibrium with the sample is digpthin the left panel of Figure S7 in the
Supporting Information, hereafter Sl, where all pbementary data dealing with experimental IR
spectra of adsorbed CO are reported.

IR spectra of adsorbed CO were fitted accordinglshe procedure reported in f&f.In summary,

for each structure of carbonyl adducts (containing from 1 to 4 CO ecoles) computed in that
work, the CO stretching IR spectru§(v) was computed as a linear combination of Gaussian
functionsG(v-v;), each one centered at tjte CO B3LYP rescaled frequency valyeand a 15

cm* full width at half-maximum (FWHM), weighted by tlerresponding calculated IR intensity

(1)

ZI*" - Gv-v;)

S(v)=1
Hence, at this level, the only guess was the FWHiMier adopted, which was consistent with the
FWHM = 15 cm' of the vCO band at very low CO coverage, where only mormayls,
producing a single band, should be overwhelmingésent.
A linear combinationT(v) of all the computed ;&) spectra represents the resulting spectrum in

which, however, the weightg of each §v) have to be, somehow, determined



The criterion adopted to choose the weightfias been to run a nonlinear regression between the
experimental IR spectrum and the compulég) one, by keeping constant the relative ratios ef th
computed; intensities within the same casevhile changing their absolute values.

The analyses were performed three times on the sgntleesis product. Data from SSA, ICP,

TGA, and XRD are presented as mean value * starttasdtion.

3. RESULTS AND DISCUSSIONS

3.1. Compositional and textural features

Codes, composition, and specific surface area (2% #j)e investigated materials are listed in
Table 1. For both samples, the Ca/P ratio wastblighwer than the stoichiometric one (1.67), and
a limited amount of carbonate groups, derived fromintentionally dissolved CQOin the
preparation media and from GQ@dsorbed onto the surface materials during theagéo was
present.

Table 1. Codes, compositional features (Ca/P ratio, carteomantent), specific surface area

(SSAger), average size of crystal domains along the [0&&] [310] directions and degree of
crystallinity of the two HA materials.

Materials Bulk Carbonate SSAgeT D002 D310  Degree of
Ca/P species (m%g™?h) (nm)*  (nm)* crystallinity
(mol) (wWt%) (%)

materials as materials
prepared outgassed
and at573 K
outgassed
at 433 K

HA-1 1.65:0.2 1.60.1 130+6 120+ 6 375 9+3 72% + 3

HA-2 1.620.2 1.80.2 160+10 9015 22+4 7+3 60% + 3

obtained by applying the Scherrer equation

10



In the as-prepared form, HA exhibited a ca. 20% lower SSA than HA in agreement with
the reverse order of nanometric size observed by [¥ee next section), and the same values were
obtained after outgassing the materials at 433 Bnversely, in the case of HAR, thermal
treatment up to 573 K resulted in a significantrdase (ca. 45%) of SSA, which decreased less
than 10% for HAL.

General structural insights were obtained fromXRD patterns (Figure 1), characterized by
quite broad diffraction peaks located & values characteristic of a hydroxyapatite sindlage
(JCPDS 9-432). Using formula (1) reported aboverekes of crystallinity of 72% + 3 and 60% * 3
(difference statistically significant: p-value <0001) for HA-1 and HA-2, respectively, were
found. Furthermore, in both cases, an elongatiothefcoherent scattering (crystalline) domains
along the eaxis of the HA hexagonal structure (data dealinth e [002] direction in Table 1)
were obtained, although more limited for HA Finally, essentially the same XRD patterns were
obtained for the material treated at 573 K (seef@@1 in the Sl). The lower degree of crystalinit
of HA-2 might result from the larger content in lsanate species of this materials, because larger
amounts of substituent species in the bulk/largariadion from stoichiometry contribute to the

shortening of the coherency domains.

(211)

Intensity counts (a.u.)

Ll v Ll v l v U v 1

10 20 30 40 50 60
Position 20 (°)

Figure 1. XRD patterns of: a) HA-1 and b) HA-2. Diffractipeaks assigned on the basis of
JCPDS 9-432.
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3. 2. Structural and morphological characterization

Complementary structural and dimensional invesbgat were performed by HR-TEM
observations. Low magnification images represergadi the size and morphology of the particles

constituting the two materials are displayed inuFég2.

Figure 2. TEM images representative of the size and morghobtd: A) HA-1 and B) HA-2.

In the case of HAL, a significant portion of particles appeared @ctgd on the image plane
(it is worthy to remember that TEM images are 2presentation of 3D objects) as a needle-like
shape, with sizes (lengthwidth) of ca. 4670 x 5-10 nm (panel A). Interestingly, a few roundish
shapes, ca. 10 nm in diameter, were also presembigng a much higher contrast. Taking into
consideration that at low magnification the onlfeefive contrast mechanism is the mass-thickness
mechanisni® such roundish shapes likely resulted from thegmtign in the image plane of needle-
like particles viewed along their major axes Following TEM imaging of HA2, mainly
rectangular shapes with sizes (lengtiwidth) of ca. 30x 5-10 nm and 30< 10-15 nm, were
observed (panel B), indicating that this materiasvweomposed of smaller (in particular, shorter)
nanoparticles, in agreement with the slightly lai§8A (see Table 1). After outgassing up to 573 K
(treatment required for the IR study, see belohg, grimary particles of both materials essentially
retained their original size and shape (FigurerS3l). Hence, the decrease in SSA resulting from
such treatment (see Table 1) might be ascribedstacking-like particle aggregation, occurring to a

large extent in the case of HA. At higher magnifications (Figure 3), latticenfgies were observed,

12



and their orientation with respect to the bordemiled insights on the crystallographic features o

the particles.

Figure 3. HR-TEM images of HA nanoparticles. HA-1 : panel side view of a particle, and
related FT; panel A’, cross-sectional view of atige. HA-2: panel B, side view of a particle, and
related FT.

Indeed, HA-1 nanoparticles were elongated towards the c-#&igufe 3A), whereas cross-
sectional views (particles oriented with the c-geasallel to the electron beam/line of observation)
revealed that facets parallel to such axes arbeofOtL0 type (Figure 3A’). Similar features were
observed in the case of H& particles, which exhibited the same type of fecbtt appeared less
elongated toward the c-axis (Figure 3B; note thahis figure, the b-axis lies in the image plane,
whereas a ca. 20° angle exists between the lattethee c-axis: particle view along the [201] zone
axis). Essentially, it can be inferred that thespree of acetate anions in the preparation medium
limited the growth of HA2 nanoparticles along the c-axis, which is in agrest with the findings
of Puvvada et al*

Finally, it must be noted that HRHEM and XRD data agree in providing evidence of the
elongation of nanoparticles, whereas particle saasined by TEM appeared to be larger than

crystal domains observed by XRD (Table 1). Suchisgrépancy stems from the fact that i)

13



polycrystalline particles might be present, andTiM allows the determination only of ranges of

values, whereas by XRD average values are obtained.

3.3. Surface features of the “as-prepared” materia: hydration state and carbonate groups

Figure 4 shows the patterns representative ofRhgpkctra of the materials in contact with 20
mbar of HO vapor (curve a), outgassed at beam temperature ¢brve b), and after the final
outgassing at the end of a series gDladsorption/desorption cycles (curve c). In palar the
data displayed were obtained for H& while the equivalent data collected for HAare reported

in Figure S3in SI.

0.5 a
b
24 1642
g. ”
g; .
)
=
S 14 1500 1400
o
[
o \
7]
o
<

T v T v T Y | T
3500 3000 2500 2000 1500
-1
Wavenumber (cm )

Figure 4. IR spectra of HA-2: (a) in the presence of 20 ndfa#,O, (b) after 60 min outgassing at
b.t., (c) after exchange with,D and subsequent 60 min outgassing at b.t.. lzeetn of the
carbonateCO region.
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Table 2. General assignment of the bands present in thepHetra (3800-1350 chrange) of
nano-HA in contact with 20 mbar of ¥, after 60 min outgassing at b.t., and after enghawith
D,0 and subsequent outgassing at'.t..

Band position Assignments
(cm™)
3800-2500 stretching modes of adsorbed® bulk and surface hydroxy groups
(range) (e.g. of HPG?) involved in H-bonding
3570 stretching mode of bulk OHoccupying the 4e position in the
(centre of a hexagonal lattice (“columnar OH”, because alignedalumns
narrow band) parallel to thec-axis)
2750-2000 stretching modes of adsorbed,@ and surface —OD groups
(range) involved in H-bonding

2000-1900 combination modes of fundamental phosphate bulkratisn

(weak; range) (falling below the limit of transparency of the le¢$ used for this
study)
1640 H,O deformation modedH,0)
(band centre)  (shifted at ca. 1200cthfor D,O, below the transparency limit of
the materials pellettized in a self-supporting fprm
1600-1370 antisymmetric stretching modes of carbonate groups
(range)

The assignment of the various signals is summaiizddble 2. Focusing on Figure 4, it can
be observed that th8H,O band (at ca. 1640 ¢ still exhibited ca. 30% of the original intensity
after outgassing at b.t. (curve b), witnessing aberdination of water molecules on surfacéCa
ions!* ?® The stretching modes of such molecules contributéme broad absorption in the 3700-
2750 cm® range, overlapping the sharp peak at 3570"dgpical of bulk columnar OH in a 4e
lattice position. The shift to lower frequency bktsignals due to water molecules aftg©HD,O
exchange (curve c) reveals the resistance to sucharge not only of the peak at 3570tm
(expected), but also of a broa®H band in the 3500-2750 ¢hrange. The absence of3&i,0
partner indicated that this feature must be asdigmdulk hydroxyl groups involved in H-bonding,
likely belonging to HPGF species? and not to entrapped water molecutes.

It is important to note that no signals due to ateespecies, the antisymmewiCOO mode

which should produce a band in the 1650-1550"cragiort®, were detected, indicating that

15



CH3COQO ions were neither entrapped in the bulk nor |d&abed on the surface of nanoparticles.
Accordingly, TGA curves did not exhibit peculiaatares assignable to acetates (see Figure S4 in
the SlI, and related comment). Thus, the data dellendicated that these species were effectively
removed during the washing procedure. Likely, theted as weaker ligands for Caons with
respect to di- and tricarboxylic €achelating agents and amino acids, which typicediynained

associated to HA nanoparticles after wasHf{:*°

Moving to lower frequency, the pattern in the 135¥0 cm" range (expanded as an inset),

related to the antisymmetric stretching modes dimaate grougé >**°

appeared to be sensitive to
the amount of adsorbed water (curves a, b), inidigahat they were present to some extent on the
surface of HA nanopatrticles. To avoid any additieféect of this spectral evolution, possibly due
to the low frequency tail of th&8H,O band, the response of carbonates to surface tigmnaas
evaluated by hydrating and dehydrating the sampiéls DO, exhibiting the band due to the

deformation mode at ca. 1200 mThe results obtained for the two materials anmgared in

Figure 5.

Absorbance (a.u.)

1700 1600 1500 1400 1700 1600 1500 1400
Wavenumber (cm'1)

Figure 5. Spectra, in the 1600-1350 chrange, of (A) HA1 and (B) HA-2. Samples underwent
D,O adsorption/desorption cycles until invariancethed spectra, and then were outgassed for 60
min at: a) beam temperature, b) 433, ¢) 573 K. Bpet:c’. spectra collected in the presence of
D,0 vapor (20 mbar) on the samples pre-outgassdn andicated temperatures.
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The two patterns exhibit a relative intensity cetesat with the difference in carbonate content
of the two materials (see Table 1); the assignroktite various components is reported in Table 3,

based on the voluminous literature on IR spectq@g@d carbonate in the bulk of apatites, ranging

b,57,58

from pioneering studie to the most recent proposafs.

Table 3. General assignment based on ¥etsof the IR pattern due to antisymmetric stretching
modes of carbonates in apatites in the 1650-1406 mmge.

Band position Assignment

(cm™)

1600-1500 carbonates substituting columnar OH- : A-type
(range)

1500-1450 both carbonates substituting columnar OH- (A-tyg&)
(range) carbonates substituting phosphates (B-type)

1420-1410

(centre of a carbonates substituting phosphates: B-type

narrower band)

On such a basis, weak and unresolved featureseirl®0-1500 ciit range monitor the
scarce content in A-type carbonates, whereas thyg®&-characterized by bands in the 1550— 1350
cm %, rangeshould be predominant and is expected for pret¢gutapatites*>***"**The removal
of DO multilayers from the materials in the “as-preplréorm (curves a, a’ in both panels)
affected to a larger extent thé:@z'asym spectral pattern of HA2, indicating that a larger amount
of carbonate groups should be present on the sudfaihese nanoparticles. This effect significantly
decreased for both materials pre-outgassed at 4@uKes b, b’ in both panels), monitoring the
removal of most of the surface carbonate groups tia@n disappeared following outgassing at 573
K curves c, ¢’ in both panels), demonstrating tbenplete removal of surface carbonate groups.
Moreover, it can be observed that the relativenisitg of the various components in the 1550-1350
cm* range appeared different in the spectra of thematerials in the “as-prepared form” (curves a
in both panels), and then, by increasing the treatnbtemperature, the spectral profile of +2A
became progressively similar to that of HA indicating the initial presence in H& of B-type

17



carbonate with a different local structutethen evolving by thermal treatment towards species

more similar to those present in HAnanoparticles.

3.4. Amounts of surface hydroxyl groups and adsorleeH,O molecules

The next target was the quantitative assessmeatiebrbed water molecules and surface
hydroxyl groups in the two materials. In this resgpspectral patterns containing only signals due t
such surface species were obtained by subtradt@gpectra collected after exchange witt©D
and subsequent outgassing from those recorded aftiggassing at b.t. [curves (c) and (b),
respectively, in Figure 4 and Figure S3 in Sl].eyi, spectra obtained along the adopted stepwise
procedure are displayed in Figure S5 in the Sljemie results of the quantitative analysis of such
spectra are reported here in Table 4 and in thebeow. Before the subtraction, all spectra were
normalized both to the amount of sample (see theefmxental section) and to the specific surface
area in order to refer to spectral intensities teelato equivalent surface extensions. Hence,
differences in intensity of the components obtairedter the subtraction must only reflect
differences in the amount of surface hydration leetwthe two materials. The relative integrated
intensities of thevOH signal (3750-2500 crh due to both surface hydroxyl groups and water
molecules) andH,0O (1800-1550 cht, only due to surface water molecules) for samplegassed
at b.t. were then calculated (Table 4). A similaalaation was performed for materials in
equilibrium with 20 mbar KD, but limited to theéH,O band, as the maximum of th&®H signal

was out of scale.
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Table 4. Relative integrated intensity (1) of t®©H band in the 3750-2500 chrange (resulting
from both hydroxy groups and,8 molecules) andH,0O band (1800-1550 ctf) in the spectra of
HA-1 and HA-2 outgassed at b.t. for 60 min (spectral data Hgare S5 of the SI).

samples outgassed at b.t.

| &H,0 conversion H.O relative relative* | VOH /
(cm™/nm? factor molecules | 8H,0 | VOH | 8H,0
nm? (cm™) (cm™)
HA-1 3.3:0.3 1.30.1 4.3+ 0.3 1.1+ 0.2 26413 24.23.8
HA-2 3.0t0.3 1.30.1 3.9+ 0.3 1.20.2 25213 25.24.1
HA from 3.5+0.5 1.30.1 4.5 0.5 1.20.2 33817 27249
previous
studies*

* with respect dH,O of HA-2 assumed as unity (second row, fifth catdm
**from ref.

Using the conversion factor from the integrateenmsity of thesH,O band, the number of
water molecules per surface unit derived in previstudie’ (Table 4, last row), the amounts of
water molecules remaining coordinated to surfad®ms after outgassing at b.t. were calculated
(Table 4, columns 4). It is worthwhile to note thia interaction of bO molecules with the surface
is governed not only by the coordinative interattigith cationic sites, but also by a strong H-
bonding interaction with oxygen atoms of phospl@taups, as indicated by both theoretical and
experimental investigation§®® The analysis of the broad signal in the 3500-2&60 range was
less straightforward because of the superpositioth@vOH components due to adsorbed water
molecules and surface hydroxyl groups involved isbdtiding. Then, the ratio between the
integrated area of the OH stretching bahdv@QH), due to both hydroxyl groups and water
molecules, and th&H,O band [ dH,0), due to water molecules only, was calculateck fTtest
carried out at a 95% confidence level on boint and | vVOH/I 8H,0 values indicated that, in
this respect, HA-1 and HA-2 materials are equivialan another type of HA nanoparticles
considered in previous studi¥sexhibiting at their surface ca. 4.53®1and 1.0 OH per nfn

Then, the collection of data resulting from HREM observations and analysis of IR spectra
of surface hydration species indicate the predonteaof {010} surface terminations for both
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HA-1 and HA-2 materials, where {010}R expected to expose 3@dblps per nfshould be a

minor fraction®® To investigate in more detail the types of facatsually exposed by the two

materials, IR spectra of adsorbed CO were thenigezju

3.5. Surface structures as revealed by IR spectraguy of adsorbed CO
To probe surface Gaions by infrared spectroscopy of adsorbed C@Q tholecules left

irreversibly adsorbed on HA nanoparticles by owtgag at b.t. must be removed (as well as

carbonates, see above) at higher temperattires.

1004
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Figure 6. Relative amount of D molecules left adsorbed on HA (blue) and HA2 (red) after
outgassing at increasing temperature, with resjgetite materials outgassed at beam temperature

(100%). The evaluation was carried out on the bafstee integrated intensities of thel,O band
in the IR spectra (see figure S6).
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As shown in Figure 6, ca. 80% of water was desoftmd both materials by outgassing at 373 K.
The complete dehydration of H& was then attained by increasing the outgassimgeeature to
433 K, whereas after such treatment HAstill retained ca. 10% of the initial amount o$CH

molecules, which were completely desorbed at 578HsS outcome suggests several differences in

the surface structure of the two types of HA namoglas.
The full sets of spectra collected at decreasingcG@rage for HAL and HA-2 materials

pre-outgassed at 433 K are shown in Figure 7 AwB)le those related to materials pre-outgassed

at 573 K are reported in Figure S7 in the SI).

(remaining part of the page left intentionally bkan

in order Figure 7 and related caption appear in g@ne page)
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Figure 7. IR spectra of CO adsorbed at ca. 100 K on Ay-#HAnd B) HA-2, both pre-outgassed at
433 K. The lettering is in the sense of decreasi@gpressure, from (a) 25 mbar to (f) outgassing
for 1 min. Spectra are reported after subtractibrthe spectrum of the material before CO
adsorption. Panel C: spectra at maximum CO coveddgdA-1 (blue curve) and HA2 (red-
curve), the same as curves “a” in both A and B [sarie the insets are the original spectra in the
3680-3625 cr region (left: HA-1, right: HA-2) of: (a) in contact with 25 mbar CO and (f) after
(6{0) outgassing.
Panels C’,C”: blue and red solid lines are theeximental spectra (the same as in section C),
while all the other curves represent B3LYP spec#iaulated on the basis of the method reported in
ref?* Green curves: spectra of 4 CO molecules adsorlpe@0) Ca-rich surface; solid grey
spectra: B3LYP spectra of 4 CO molecules adsorlme(@d0) P-rich surface; dotted grey spectra:
B3LYP spectra of 2 CO molecules adsorbed on (01@cH? in each panel, the sum of the B3LYP
spectra resulted in the black-dotted spectrum.
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In both cases, a broad band, initially locatedaat2168/2169 cil and then shifting, while
decreasing in intensity, to ca. 2180 ¢mwas observed, which was related to CO molecules
adsorbed on surface Eaations'* 2 Recent findings indicated that the evolution @O band
by changing the CO coverage is not simply due te@hange in the amount of adsorbed
monocarbonyls per Ga**, but to the conversion among GA'-(CO)n adducts, with “n” ranging
from 1 to 4** Noticeably, Ca,#"-CO monocarbonyls exhibited almost the same catedilaCO
frequency for {001} and (010)R, (010) Ca-rich ar@l@) P-rich terminations (see Figure S8),
whereas differences appeared among the calcule@€l patterns of Ga#'—(CO), carbonyls on
such surfaces for n=2 (ref?* and Figure S8 in the SI). Indeed, the spectract at maximum
CO coverage for both HA materials exhibited sonffedince in position and shape. In addition to
calcium cations, surface P-OH can also act as ptisorcenters for CO, producing an IR band at
ca. 2170 crt.®! Indeed, a weak band at ca. 3680 tmonitored the presence of such P-OH groups
at the surface of both HA and HA-2 (curves f in the insets of panel C). This sighatreased in
intensity when CO was admitted to the sample (@ievén the insets of panel C), indicating their
interaction with probe molecules. As a consequefdbis interaction, the OH signal due to P-OH
was downshifted to 3590 cin(Figure S9 in the SlI), with Av = 90 cm® probing that these groups
should exhibit a weak acidity. ENREF *8INevertheless, an evaluation based on literatuta®'da
of the ratio between the integrated intensity c¢ WOH band of unperturbed P-OH and that
expected for the stretching band of CO adsorbetthem suggested that the latter should contribute
for a negligible part of theCO signal observed when dosing the probe moleaurelsoth HA-1
and HA-2 (displayed in panel C as the simulated shadovesdponents). However, it must be
considered that the relative amount of hydroxylupwith respect to surface cations, as revealed
by CO adsorption, can change significantly depemdimthe preparation meth&d.

To understand the nature of the difference in@6 profiles, the method established in7ef.

was exploited, fitting the spectrum at high CO cage with a weighted linear combination of the
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calculated B3LYP spectra for all G&*-(CO)n adducts (n=1-4) on (001), (010)R, (010)_{eh-r
and (010)_P-rich surfaces which are shown in Edb8. To elucidate the relative importance of
the considered cases in an unbiased manner, thedan@ was initiated by setting all the weights to
unity. After the refinement, only the spectra of,Ga—(CO)n adducts on {010} Gaich with n=3,

4 and on {010} Prich surfaces with n=4, 2 exhibited a ratio of eifnt weights significantly
different from zero (C’,C”). The values of the i@atbetween {010} Carich and {010} P-rich
surfaces found for the two materials are liste@able 5. The most striking feature is the differnc
in the Ca-rich: P-rich ratio exhibited by HA and HA-2 pre-outgassed at 433 K (ca. 1:1.4 and
1:5.0, respectively). This result indicated tha gresence of acetate anions during the preparation
of HA nanoparticles affects the formation of {01Ghcets, favoring the terminations of
{010} P-rich type. Moreover, the {010} Caich:{010} P-rich ratio exhibited a significant
evolution for HA-2 pre-outgassed at 573 K, becoming equivalent tatwbtained for HAL1 (ca.
1:1.7 and 1: 1.8, respectively), which, converse@yhibited a limited modification after such
treatment. This evolution exhibited the same traadhe SSA of the materials when outgassed at
573 K, which decreased significantly in the casélAf-2 and only to a slight extent for HA (see
Table 1). Considering that TEM observations indidathat such a decrease should result from an
agglomeration of HA2 nanoparticles, the combination of SSA and IR specf adsorbed CO
suggests that the treatment at 573 K of these H¥operticles resulted in a preferential stacking
among {010} P-rich facets.

Table 5. Relative ratio of (010)_Ca-rich surfaces towar@s0) P-rich as revealed by the analysis
of the IR spectra of adsorbed CO

(010)_Ca-rich : (010)_P-rich
Pre-outgassing temperature:

433 K 573 K
HA-1 1.00+0.04 : 1.40+0.06 1.00+0.09 : 1.80+0.13
HA-2 1.00+0.05 : 5.05+0.18 1.00+0.03 : 1.74+0.04
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4. CONCLUSIONS

The collection of data obtained in this work allowssto conclude that the presence of acetate
ions in the reaction media significantly influeng¢ke formation of hydroxyapatite nanopatrticles, in
terms of size and surface structure. Indeed, naticlgs appeared shorter along the c-axis with
respect to HA nanoparticles produced in the absendeH;COQO, indicating that these species
might stabilize {001} facets during particle growtMoreover, {010} facets remained the most
abundant for HA nanoparticles prepared in the preseof acetates, but, once synthesized in the
absence of CRCOO groups, their surfaces appeared to be definitalycleed in {010} P-rich
terminations with respect to the {010} @&h. Apparently, such terminations are preferéntia
surfaces for stacking during particle aggregaticonmted by thermal treatment. Hence, this work
indicated that the use of calcium chelating ageltsng the synthesis of HA nanoparticles for
different biomedical applications is an effectivppeoach to tailor size and surface structural
features.

Finally, from a methodological point of view, it table that the synergy between the use of
HR-TEM and IR spectra of adsorbed CO resulted isignificant added value, allowing the
recognition of differences in the actual terminatioof nanoparticle facets of the same

crystallographic type.
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