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Purpose: Compositional tailoring is gaining more attention in the development of advanced
biomimetic nanomaterials. In this study, we aimed to prepare advanced multi-substituted
hydroxyapatites (ms-HAPs), which show similarity with the inorganic phase of bones and
might have therapeutic potential for bone regeneration.

Materials: Novel nano hydroxyapatites substituted simultaneously with divalent cations: Mg**
(1.5%), Zn>" (0.2%), St** (5% and 10%), and Si (0.2%) as orthosilicate (SiO4*) were designed
and successfully synthesized for the first time.

Methods: The ms-HAPs were obtained via a wet-chemistry precipitation route without the
use of surfactants, which is a safe and ecologically friendly method. The composition of
synthesized materials was determined by inductively coupled plasma optical emission spectro-
metry (ICP-OES). The materials were characterized by X-ray powder diffraction (XRD),
FT-IR and FT-Raman spectroscopy, BET measurements and by imaging techniques using high-
resolution TEM (HR-TEM), FE-SEM coupled with EDX, and atomic force microscopy
(AFM). The ion release was measured in water and in simulated body fluid (SBF).

Results: Characterization methods confirmed the presence of the unique phase of pure
stoichiometric HAP structure and high compositional purity of all synthesized nanomaterials.
The doping elements influenced the crystallite size, the crystallinity, lattice parameters,
morphology, particle size and shape, specific surface area, and porosity. Results showed
a decrease in both nanoparticle size and crystallinity degree, coupled with an increase in
specific surface area of these advanced ms-HAP materials, in comparison with pure stoichio-
metric HAP. The release of biologically important ions was confirmed in different liquid
media, both in static and simulated dynamic conditions.

Conclusion: The incorporation of the four substituting elements into the HAP structure is
demonstrated. Synthesized nanostructured ms-HAP materials might inherit the in vivo effects
of substituting functional elements and properties of hydroxyapatite for bone healing and
regeneration. Results revealed a rational tailoring approach for the design of a next genera-
tion of bioactive ms-HAPs as promising candidates for bone regeneration.

Keywords: nanomaterials, hydroxyapatite, multi-substituted hydroxyapatites, bioceramics,

synthesis, characterization, ions release

Introduction

Multi-element substituted hydroxyapatites (ms-HAPs) are receiving increasing
attention, as in these nanomaterials the typical properties of hydroxyapatite can
be modified toward specific biological responses.''? In hydroxyapatite, even
a small amount of doping can create a significant alteration of critical properties
such as solubility, particle size, morphology, specific surface area, porosity, and
aspect ratio.” ®° Moreover, the doping elements will eventually be released in vivo,
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making these materials as multi-functional systems for the
release of biologically active ions."” Given this complex-
ity, it is to be understood that the mechanisms leading to
the putative modification of biological properties are still
debated."’

It is known that osteoporosis affects bone homeostasis,
protein synthesis as well as cell reactivity to both signaling
ions and signaling biomolecules, weakening bone remo-
deling and healing.'*'* Innovative strategies are currently
in progress for bone regeneration, especially based on
bone grafting using biophysical and biochemical stimula-
tion of osteoblasts and simultaneously decreasing the
osteoclast activities. Moreover, for a substantial supply of
graft biomaterials avoiding donor site injury, hydroxyapa-
tite (HAP) and ms-HAPs,'>"!” mimicking the composition

1820 are still under

of the main inorganic phase of bone,
development.

It is already recognized that biological hydroxyapatite
comprises diverse foreign ions, such as stable nonradioac-
tive strontium, Sr*", ions.?' Accordingly, the development
of strontium-containing biomaterials has received an

important attention.?***=¢ Sr is

reported as a vector for
bone regeneration.” Sr is recognized to adjust bone turn-
over in favor of bone formation by stimulating osteoblast

activity and their proliferation,*-*

as well as by reducing
bone resorption and mediating inhibition of osteoclast
activity.?> It was suggested that Sr concentration is greater
in the region of high metabolic turnover and in new bone
than in old bone.***’

Mg is associated with mineral phase in hard tissue and
makes about 0.44 wt% of human enamel, 1.23 wt% of
dentin, and 0.72 wt% of bone.!” The effect of Mg, as
a substituting element in HAP-Mg, on HAP characteristics
is a subject of numerous different studies.'®!'’>"*
Clearly, Mg is involved in skeletal metabolism and bone
growth by increasing osteoblast cell activity and avoiding
osteopenia and bone fragility, and thus playing an essential
role in bone remodeling.'®'"*7 It was also suggested
that Mg deficiency is linked to osteoporosis.

Zinc was found to trigger an inhibitory effect, similar

to Sr, on osteoclasts in vitro,***

increasing bone forma-
tion. Zn stimulates alkaline phosphatase activity and DNA
synthesis in rats,*® enhancing bone mineralization. Due to
Zn beneficial effects on bone formation, the synthesis of
substituted HAP with Zn (HAP-Zn) has been carried out
by using chemical precipitation methods for different Zn

substitution levels into the HAP lattice.'®*7~>°

Silicon, Si, was found to be essential in bone growth
and development.’! This discovery has inspired the devel-
opment of bioceramics based on Si-substituted hydroxya-
patite (HAP-Si),>>>” primarily by using precipitation
routes.””>* The role of HAP-Si biomaterial on bone for-
mation, mineralization, and remodeling by stimulating the
bioactivity of human osteoblasts and promoting bone
regeneration was tackled both in vitro and in vivo
studies.™ 7 It was suggested that the higher dissolution
rates of the HAP-Si compared to HAP might explain some
of the biological effects of HAP-Si biomaterials.’’

As shown above, there are many experimental studies on
mono-substituted HAP with Sr, Mg, Zn, or Si, whereas there
are only a few about double-substituted HAPs with these
elements, for instance HAP-Mg-Zn.>® Co-substitution of Mg
and Sr within HAP lattice (HAP-Mg-Sr) has been carried

41
out*!-3®

and ensured an improved biological response. The
Sr and Zn co-substituted HAP was shown to present excel-
lent osteoinductivity and antibacterial properties.”® Another
double-substituted HAP, with Mg and Si, was recently
obtained.’® It is important to mention that a compensation
effect was also determined in the structural modifications,
which prevents both a destabilization of the HAP structure
and a potential decomposition during the heat treatment
through the calcination process.

In addition, a triple-substituted HAP with Ag (0.25 wt
%), Au (0.025 wt%), and Zn (0.2 wt%), HAP-Ag-Au-Zn,
was produced by wet chemical method and used as carrier
embedded

a polymeric matrix,”’ and a strong antimicrobial effect

for silver nanoparticles together into
was evidenced against several pathogens.

Moreover, we first reported on substituting Mg**, Zn*",
and SiO44' ions, in the amount of 0.6 wt%, 0.2 wt%, and
0.2 wt%, respectively, simultaneously into the HAP lattice,
while retaining a HAP structure.®® The resulted HAP-0.6%
Mg-0.2%Zn-0.2%Si biomaterial was found to enhance the
adhesion, growth, and proliferation as well as the collagen
synthesis of human osteoblasts in vitro. We also demon-
strated that hydroxyapatite substituted with Si, HAP-Si,
stimulated the behavior of human osteoblast cells in cul-
ture better than pure hydroxyapatite,”* even for a low level
of substitution such as HAP-0.47 wt% Si. Recently, it was
shown that HAP-Sr, particularly HAP-5%Sr and HAP-
10%Sr, scaffolds revealed an excellent biocompatibility
and high performance in osteoblast cell culture,** promot-
ing osteoblast adhesion and proliferation.

Undoubtedly, chemical doping and topographical fea-
tures of these biomaterials are responsible for the in vitro
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response, namely their nanostructure, appropriate crystal-
linity, and rather large specific surface area. A further
understanding of the specific compositional role of doping
elements on the HAP structure and physical properties of
ms-HAPs is of great interest particularly in designing
synthetic hydroxyapatites for bone regeneration. In this
respect, the ms-HAPs comprising different physiological
elements, such as Mg, Zn, Sr, and Si (eg, HAP-Mg-Zn-Si
and HAP-Mg-Zn-Sr-Si), might have a great potential in
bone regeneration,” due to the biological role of these
elements,’ and to the excellent biocompatibility of native
HAP ceramic.

For the goal of the present work, a rational strategy
was used to design ms-HAPs on the basis of our in vitro

. . 4
previous studies,”**°

using Mg, Zn, and Si as doping
elements. In addition, Sr was also selected for HAP doping
due to its excellent role on osteoblasts in bone
regeneration.'?* The strategy consisted in establishing
a starting tailored composition as a new complex hydro-
xyapatite, noted HAPc, namely HAP-1.5%Mg-0.2%Zn-
0.2%Si, where the doping elements are in total under 2

19,60 and

wt%. This choice is based on our previous results,
is in accordance with the given data for co-substitution
of Mg and Si in the HAP lattice,” showing that HAP
structure can retain both elements in the total amount of
2 wt%. Further, a working hypothesis has been generated,
and it consisted in the addition of Sr within HAPc struc-
ture, based on the idea that the four-substituted HAP
ceramics are expected to inherit the demonstrated benefi-
cial effects due to HAP structure and to essential elements
present in its structure. This was done by adjusting the
compositions as follows: HAPc, HAPc-5%Sr, and HAPc-
10%Sr. Up to now, no study investigated these multi-
substituted HAPs with possible applications for bone
regeneration.

Specifically, a wet chemistry precipitation approach
was employed®°*®! for the simultaneous multi-doping
with Mg, Zn, Sr, and Si in HAP structure. The influence
of this type of doping on the physical and chemical
characteristics of ms-HAPs has not yet been reported.
The new synthesized nanomaterials have been developed
particularly for paste (precipitate) and nanopowder appli-

62,63

cations, like carriers for local drug delivery, inject-

able gels,** or as green (non-sintered) nanoparticles for

3460 a5 well as for chemical

scaffolding in cell culture,
coating onto metallic implants for bone regeneration and

healing."”

Materials and Methods

The Synthesis of HAP Powders

Stoichiometric hydroxyapatite (HAP) was synthesized by
a wet chemical route, as previously reported,*>#?->43%:¢0
but avoiding the use of any surfactant or other template
molecules. This wet chemical precipitation method is
a simple one-pot synthesis and the reaction temperature
is under 100°C. The low processing temperature makes the
process cost-effective, resulting in products of very high
purity. In addition, the wet chemical method is safe and
ecologically friendly, directing to HAP or ms-HAP nano-
materials, and ammonium nitrate, which is nontoxic. The
process parameters, such as the concentration and addition
rate of reactants, reaction temperature, and heat treatment
conditions are crucial factors and can be accurately con-
trolled and stabilized. This novel procedure offers opti-
mum working conditions to monitor and control the size
and shape of particles at nanoscale, as well as the crystal-
linity degree, specific surface area, and porosity of the
obtained ceramic products. The purpose is to realize the
reproducibility of the HAP and ms-HAP powders related
to the stoichiometry, particle size and shape, and morphol-
ogy of the synthesized powders having the same proper-
ties, such as specific surface areas, crystallinity degree,
and porosity.

For the preparation of pure HAP, two aqueous solu-
tions were used, namely a 0.25 M calcium nitrate solution
obtained from Ca(NOs), 4H,O (purity >99%, Sigma-
Aldrich, Germany) and a 0.15 M diammonium hydrogen
phosphate, (NH4),HPO, (purity 99.4%, Chempur, Poland),
solution. Each compound was dissolved in ultrapure water.
The pH was brought to 11.5 for both solutions by adding
a 25% ammonia solution (pure p.a. Chempur, Poland).

Equal volumes of these two solutions were mixed at
22°C, assuring a Ca/P mole ratio of 5/3 (1.67), character-
istic for stoichiometric HAP. Fast and thorough mixing
was assured using a peristaltic pump Masterflex L/S
Digital Drive, 600 RPM, 115/230 VAC, EW-07523-80
and an impact reactor type “Y” for the two liquid flows,
with a flow rate of the reagents of 1000 mL/min.

The maturation of the obtained suspension was per-
formed in two stages, first by maintaining it for 24 h at
22°C, and then for other 24 h at 70°C, in the reactor, under
stirring at 60 rpm. Next, the suspension was filtered (Filter
Disks Munktell, grade: 389), washed up repeatedly with
double-distilled water to nitrate free, and the HAP preci-

pitate (crude paste) was dried by lyophilization resulting in

International Journal of Nanomedicine 2020:15

submit your manuscript

1039

Dove


http://www.dovepress.com
http://www.dovepress.com

Garbo et al

Dove

lyophilized HAP (sample 1) or ms-HAP nanopowders,
named also green nanopowders.

These lyophilized powders were further calcined at
300°C for a dwelling time of 1 h, to make sure that
possible traces of ammonium nitrate were eliminated
from the synthesized HAP materials. The thermal decom-
position of ammonium nitrate takes place in a temperature
range of 140°C to 200°C® and the resulting calcined HAP
powder is named sample 2.

The Synthesis of ms-HAP Powders

The multi-substituted hydroxyapatites (ms-HAPs), namely:
complex hydroxyapatite (HAPc) with 1.5 wt% Mg, 0.2 wt%
Zn, and 0.2 wt% Si, and hydroxyapatites with the same Mg,
Zn, and Si content and with 5 wt% Sr (HAPc-5% Sr) as well
as with 10 wt% Sr (HAPc-10% Sr) were synthesized in an
analog manner, the only difference relates to the composition
of the two initial solutions. Solution 1 contained the cations
(0.25 M in Ca**+Mg*"+Zn*"+Sr*") and was obtained from
the corresponding nitrates Ca(NO5),-4H,0, Mg(NOs), 6H,
O (purity 99%), Zn(NOs;),-6H,O (purity >98%), and
St(NO3), (purity 99.995%) (all from Sigma-Aldrich,
Germany), dissolved in ultrapure water, in the ratios required
by the composition of the synthesized product.

The anions containing solution 2 (0.15 M in PO4*
+Si044') was obtained from (NH4),HPO,, and tetracthyl
TEOS, Si(OC,Hs)s (98%, Alfa Aesar,
Germany) as source for silicate ions, both dissolved in

orthosilicate,

ultrapure water, in the ratios required by the composition
of the synthesized product. All reagents were of the high-
est purity and were used as received.

The pH was adjusted to 11.5 by adding a 25% ammo-
nia solution. Solutions 1 and 2 (equal volumes) were
mixed at 22°C, so the mole ratio (CatMg+Zn+Sr)/(P+Si)
was maintained at the theoretical value 5/3 (1.67). The
subsequent maturation and the processing of obtained pre-
cipitate were the same as in the case of pure HAP. Further
on in this work, the lyophilized (noncalcined) powders are
indicated as samples 3 (HAPc), 5 (HAPc-5%Sr), and 7
(HAPc-10%Sr), while the calcined lyophilized powders as
samples 4 (HAPc), 6 (HAPc-5%Sr), and 8 (HAPc-10%Sr).

Digestion of Powdered Samples for
Elemental Analysis

For the determination of the chemical composition, the
digestion of the hydroxyapatite samples (powders) was
performed in a Teflon beaker. Each sample (200 mg) was

processed by microwave digestion system (Berghof speed
wave MWS-3", Eningen, Germany); for 5 min at 140°C
(power 800 W), then 25 min at 220°C (1000 W), and
15 min at 100°C (1000 W), followed by ventilation for
10 min. The composition of the solution used for digestion
was: 40% hydrofiuoric acid, HF (2.5 mL), boric acid, H;
BOs3 (2.5 g), and 65% nitric acid HNOs (5 mL). After
cooling down at room temperature, the sample was diluted
to 25 mL with ultrapure water, prepared by using Milli-Q,
Millipore, Bedford, USA, and filtered through cellulose
filter paper. The solutions for establishing the calibration
curves were prepared from multi-element [V storage solu-
tions (for Ca, Mg, Zn, and Sr), and mono-element storage
solutions for P and Si (all from Merck, Germany).

Characterization Methods and

Instrumentation

Elemental Analysis

The elemental analysis, namely the determination of the Ca,
Mg, Zn, Sr, P, and Si amount, of the obtained hydroxyapa-
tites was performed by using an inductively coupled plasma
optical emission spectrometer (/CP-OES) OPTIMA
5300DV (Perkin-Elmer, USA), and complied with ISO
11885:2009.°° The limit of quantification (LQ) is the lowest
concentration of an analyte that can be determined at an
acceptable level of repeatability and reliability.®® For the
present measurements, the limits of quantification for the
determined elements are: Ca (LQ=0.008 mg/L), Mg
(LQ=0.005 mg/L), Zn (LQ=0.005 mg/L), Sr (LQ=0.010
mg/L), P (LQ = 0.05 mg/L), and Si (LQ=0.005 mg/L).
These values are lower or at least equal to those requested
in ISO 11885:2009.

lons Release from HAP and ms-HAP

The behavior of HAP and HAPc-5%Sr samples, both
noncalcined and calcined, in the presence of water and
simulated body fluid (SBF) was investigated. Therefore,
the Ca, Mg, and Sr amounts were measured by immersion
of 0.15 g of each sample in 15 mL ultrapure water,
respectively, in SBF. Incubation of the samples was done
at 37°C in separated closed flasks for each sample/day.
The sample content in the mixtures was 10 g/L.

The SBF was prepared according to Kokubo’s SBF
solution, containing the following ions (mmol/dm®): Na*
(142.0); K" (5.0); Mg*" (1.5); Ca*" (2.5); CI” (147.8);
HCO; ™ (4.2); HPO,* (1.0); SO4* (0.5), and buffered at
the physiologic pH 7.40 at 37°C, with tris(hydroxymethyl)
amino methane and hydrochloric acid.
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After 1, 3, 7, 14, 21, 30, 60, and 90 days, the super-
natant was filtered through 0.45 pm paper filter and
Ca, Mg, and Sr amount was determined using ICP-OES.
Consequently, the release of Ca, Mg, and Sr from HAP
and HAPc-5%Sr was comparatively evaluated in water
and in SBF, in static conditions without the replacement
of immersion fluid.

In order to study the Ca, Mg, and Sr released from
HAP and HAPc-5%Sr in water, as well as the Sr released
from HAPc-5%Sr in SBF, in simulated dynamic condi-
tions, the experimental samples were prepared as above,
but the immersion liquid was changed every day, for 7
days. Each day the supernatant (after centrifugation) was
filtered, and a new volume of water, respectively SBF, was
added to the individual sample.

The regular replacement technique of different immer-
sion fluids represents an in vitro appropriate simulation of
in vivo dynamic conditions, which involve a continuous
flow of fluid in real system. This technique has advantages
of good reliability of data without interference with the
fluid rate in the system, which can cause an issue in actual
conditions, while still remaining a simulation of in vivo
dynamic conditions.

Mechanism Evaluation of lons Release from HAP and
ms-HAP

For the description of ion release mechanism, the
Korsmeyer-Peppas model®’ can be used. This model pro-
poses a simple equation:

M = kt" )
M
where My/M,, is the fraction of species (type of ions)
released at time t, M; is the amount of chosen ions (eg,
Ca*", Mg2+, or Sr2+) released at time t, M, is the total
amount of selected ions, k is the kinetic constant, and n is
the diffusional exponent (also named the release constant),
which is characteristic of the release mechanism. Usually,
equation (1) is used to evaluate the release of ions®® when
more than one release mechanism could be involved. For
spherical (or cylindrical) particles, the value n = 0.43 (or
0.45) is characteristic for Fickian diffusion,’” and higher
n values up to 1 describe an anomalous (non-Fickian) trans-
port, while n =1 means a zero-order process (linear release).
The n value can be obtained from the linear form of
equation (1):

Ig(M, /M) =gk +nlgt 2
as the slope of the straight line: 1g(M¢/M,,) = f(Ig t).

Crystal Structure

The crystal structure, specifically the calculation of unit
cell constants (¢ = b and c¢) and crystal lattice planar
spacing, d, was achieved by using XRD patterns and the

following formula:**

1 A_L(h2+hk+k2) P

- £ 3
d, 3 a? + c2 )

where 4, k and / represent the Miller indices and d is the
interplanar spacing

A
28inOy

diw =

“4)

for each diffraction plane, at Bragg’s angle (0) and 4 is the
wavelength of the incident X-rays. Accordingly, the lattice
parameters are calculated for every as-synthesized sample
by using the peak maxima (ie, 20) of XRD pattern, for
different hkl sets, which characterize the crystal structure.
The diffracted X-rays exhibit constructive interferences,
leading to the lattice fringes.

Instrumentation

X-Ray diffraction (XRD) investigations were carried out
using a DRON-3 diffractometer, in Bragg—Brentano geo-
metry, equipped with an X-ray tube with cobalt K, radia-
tion, wavelength 1.79026 A, 25 kV/20 mA. The XRD
powder patterns were collected from 20 angle scale (10°
—80°) with a step size of 0.02° and a normalized count
time of ls/step to 2s/step. The diffractometer settings
allow a resolution of 0.02° and a signal/noise ratio greater
than 20, and in majority of cases greater than 50, for the
peak 211 of the HAP.

FT-IR spectra were measured on KBr pellets, contain-
ing the sample powders (0.5 wt%), with an FT-IR spectro-
meter JASCO 6100 in the 4000400 cm '
wavenumbers, with a 4 cm™ ' resolution.

range of

FT-Raman spectra on the solid samples were obtained
with an FRA 106/S FT-Raman Module attached to Bruker
EQUINOX 55, using the Nd:YAG laser (wavelength 1064
nm) and a liquid nitrogen-cooled germanium detector
(D418-T). The FT-Raman spectra were recorded for wave-

-1

numbers below 3600 cm ', with 400 scans and a resolution

of 4 cm™.

An FEI Tecnai F20 field emission, high-resolution trans-
mission electron microscope (HR-TEM) operating at an
accelerating voltage of 200 kV was used to obtain the HR-
TEM images. Electron micrographs were recorded on Eagle

4k CCD camera. The hydroxyapatite samples were dispersed
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in pure water and then deposited on Cu grids previously
covered with carbon film. The fast Fourier transform (FFT)
was performed by using Gatan Digital Micrograph software
for the evaluation of lattice spacing in HR-TEM images.

Field emission scanning electron microscope (FE-SEM
or SEM), Hitachi SU-8230, operated at 30 kV, was used to
explore the nanostructure of HAP samples. FE-SEM was
equipped with Oxford energy-dispersive X-ray spectro-
meter (EDS) for elemental analysis (energy-dispersive
X-ray, EDX, spectra). SEM grids were of Cu, covered by
a carbon layer of 10 to 20 nm thickness. SEM samples
were prepared by deposition of HAP samples, as powder,
in thin layers on SEM grids. FE-SEM&EDS equipment
was also used on ms-HAPs for elemental analysis.

Atomic force microscopy (AFM) images were obtained
using an AFM JEOL 4210 equipment, operated in tapping
mode, using standard cantilevers with silicon nitride tips
(resonant frequency in the range of 200-300 kHz, spring
constant 17.5 N/m). The particles were adsorbed from
their aqueous dispersion on optically polished glass sup-
port. The HAPs aqueous dispersions needed for AFM
imaging were homogenized using a high-intensity ultraso-
nic processor Sonics Vibra-Cell, model VCX 750, for 5
min, at room temperature, 22°C.

Brunauer, Emmett, and Teller (BET) analysis was
achieved with an automated Sorptomatic 1990 instrument,
with nitrogen adsorption at 77 K. The calculation of the
surface area was made in the P/P, range between 0.03 and
0.3, and the total pore volume was determined at P/P, =
0.95. Before the BET analysis, the samples were first dried
at 120°C in oven until constant weight, and then, they
were outgassed for 6 h, at 70°C.

Statistical Analysis

All quantitative assessments were taken in triplicate
(n = 3), unless otherwise stated, and results are expressed
as mean + standard deviation (SD). Statistical comparison
of data for different compositions was carried out via
a one-way analysis of variance (ANOVA) using the
Origin 8.5 program from OriginLab. Differences were
considered statistically significant at p < 0.05.

Results
Chemical Composition of Synthesized

Nano Materials
The chemical composition of synthesized products, using
rational design strategy, is summarized in Table 1 for the

calcined lyophilized powders, noted as samples: 2 (HAP), 4
(HAPc), 6 (HAPc-5%Sr), and 8 (HAPc-10%Sr). The
cations Mg”*, Zn*", and Sr** partially substitute Ca®" ions in
the hydroxyapatite lattice. Si is assumed to form silicate
(SiO4*) anions, partially substituting phosphate (PO>)
anions, while the number of hydroxide (OH") anions is corre-
spondingly decreased to assure the electro-neutrality of the
lattice. With these assumptions, we calculated the theoretical
formulas given in Table 1 for the multi-substituted
hydroxyapatites.

Theoretical compositions based on the synthesis and
the experimental values from ICP-OES chemical ana-
lysis are also compared in Table 1. For the experimen-
tal amounts, the standard deviations, calculated from
six measurements (n = 6) on six different samples
(calcined at 300°C) prepared for each synthesized
nanomaterial of a given theoretical composition, are
indicated in Table 1.

X-Ray Powder Diffraction: XRD

XRD data were collected for 26 between 10° and 80°
(Figure 1). The XRD patterns for the noncalcined HAPs
are given in Figure 1A and for the calcined HAPs are
shown in Figure 1B. Phases were identified by comparing
the peak positions of the experimental X-ray powder
with those of the ICDD
(International Centre for Diffraction Data) powder dif-
fraction files (PDF), such as PDF 74-0566 and PDF
09-0432 of HAP used for stoichiometric hydroxyapatite,
and PDF 34-0484 of CagSr(PO4)¢(OH), for calcined
HAPc-Sr10%, as exemplified in Figure S1. No matches

diffraction patterns

could be found for diffraction peaks of B-tricalcium phos-
phate, B-TCP (PDF 09-0169), a-TCP (PDF 09-0348),
CaO (PDF 82-1690), or tetracalcium phosphate, TTCP
(PDF 25-1137).

The average crystallite size for these samples was
evaluated by the Scherrer method, from the width of
the most intense diffraction peaks, measured at half-
maximum, as shown previously in the case of HAP
mono substituted with various Si amounts.’® The
degree of crystallinity was estimated using Reflex com-
of Material Studio
(Accelrys Software Inc. Materials Studio, Release 5.5,

puter program part software
2010) as the ratio of the area of all crystalline peaks
to the total area (crystalline peaks and amorphous
halo).

The crystal lattice parameters, a=b (for hexagonal lat-
tice) and c, in the HAP and ms-HAP ceramics were
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Table | Theoretical and Experimental Composition

of Synthesized Hydroxyapatites, and Their Theoretical Formulas

No | Sample | Elements | Theoretical Composition, from Mole Ratio (Cat+Mg Theoretical Formula
Composition, wt% Analysis, wt% +Zn+Sr)/(P+Si)
2 HAP Ca 39.9 39.77 £ 0.31 1.679 = 0.040 Ca9(PO4)6(OH),
P 18.5 18.31 £ 0.29
4 HAPc Ca 37.7 3795 £ 0.34 1.672 = 0.044 Cag 36Mgo ¢
Mg 1.5 1.44 £ 0.07 Zno03 (PO4)5.93(Si04)0.07
Zn 0.2 0.207 £ 0.013 (OH), 93
P 18.5 18.49 + 0.26
Si 0.2 0.183 £ 0.018
6 HAPc- Ca 343 3424 £ 0.21 1.669 + 0.038 Cag 76Mg0.63ZN0 03510 58
5% Sr Mg 1.5 1.47 £ 0.08 (PO4)5.93(Si04)0.07 (OH) 93
Zn 0.2 0.205 + 0.007
Sr 5.0 4.87 £ 0.26
P 18.0 17.85 = 0.19
Si 0.2 0.19 £ 0.0l
8 HAPc- Ca 31.0 31.32 £ 038 1.67 = 0.05 Cag 12M80.65ZN0.035r 20
10% Sr Mg 1.5 1.46 + 0.05 (PO4)5.93(Si04)0.07 (OH) 93
Zn 0.2 0.198 + 0.007
Sr 10 9.78 £ 0.38
P 17.5 17.54 + 0.23
Si 0.2 0.208 £ 0.013

Notes: The samples Nos. 2, 4, 6, and 8 were lyophilized and calcined HAPs. The errors for the cations/anions mole ratio were calculated from the errors for the

compositions of individual elements according to the theory of error propagation.

calculated from XRD data (Figure 1), using the equations

(3) and (4), as given in the characterization methods.

4,43

The results are given in Table 2.

FT-IR and FT-Raman Spectroscopy

FT-IR spectra are compared in Figure 2A for the noncal-

cined samples and in Figure 2B for the calcined ones. All

the spectra are normalized to 1 for the highest absorption

maximum. The positions of the main absorption maxima

are given in Table S1.

FT-Raman spectra in the wavenumbers range from

1500 to 400 cm ' are given in Figure 2C and D, for

noncalcined and calcined samples, respectively.

The FT-IR spectra for all samples are similar, presenting

all absorption peaks for the PO, group in hydroxyapatites:

asymmetric stretching v (the most intense band, doublet),

symmetric stretching v, (low intensity, since it is forbidden

in IR), and the low intensity bending modes, such as asym-

metric v4 (doublet) and symmetric v,. The characteristic
peak for the structural OH groups in HAP®* ' is also

2700
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2700 B A noncalcined samples { 2¢00 | B calcined samples -
\, ' 1
2400 B 2100 '\"\ -
2100 £ o'y . HAPC-10%Sr | wo mh k HAPC-10%Sr
ik Ao ] F 1500 - e
'S 1800 F i !
g \\_ £ 1500 \ | ]
. pa ke ’ HAPcS%ST 1 2 I N HAPC-5%Sr
2 MW ALIWSL . A T § 1200 | W N WL oA
2 1200 P \ e & | |\
£ ' E 900 F | i
Eooo0f o ] b TN B 1
Y HAPC WWAVE LA " HAPC
600 f- ‘ 1 SN A e B l S WSA
300 -\. ) | 4 300 h\\_‘_ i i ) E
WU, _ o, HAP WA W, Wl i, AR
0 e A 0 SRS, vy oy
10 17 24 31 38 45 52 59 66 73 80 10 17 24 31 38 45 52 59 66 73 80
2theta (°) 2theta (°)

Figure | Experimental XRD powder patterns for noncalcined (A) and calcined (B) samples.
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Table 2 Crystallites Size, Crystallinity Degree, and Lattice Parameters, Estimated from XRD for Multi-Substituted Hydroxyapatites

and for Pure Hydroxyapatite

Sample 1 HAP 2 HAP | 3 HAPc 4 HAPc | 5 HAPc-5%Sr | 6 HAPc- 7 HAPc-10% Sr | 8 HAPc-
Non Calc. | Calc. Non Calc. | Calc. Non Calc. 5% Sr Calc. | Non Calc. 10% Sr Calc.

Crystallite size (nm) 39 43 32 35 37 39 32 36

Crystallinity degree (%) 52.5 55.3 375 388 377 39.6 382 40.1

Lattice parameters a=b (A) | 9.424 9.413 9.429 9.418 9.452 9.448 9.463 9.469

Lattice parameter c (A) 6.872 6.868 6.883 6.877 6.908 6.912 6.928 6.931

Abbreviations: non calc, lyophilized, noncalcined; calc, lyophilized calcined.

present at about 3570 cm ', while the libration peak at
about 630 cm '
samples. Some vibrations assigned to carbonate ions’'

is visible only as a shoulder in some

appear as broad and very weak shoulders denoting the
presence of carbonate ions but only in traces within HAP
structure. However, their presence may somewhat improve
the bioactivity of HAPs rather than being a cause of con-
cern, since the bone mineral phase is carbonated.

In FT-IR spectra the bands assigned to vibrations of
non-apatitic HPO,* ions, at 530-540 cm ™' or at 1125 and
1145 cm ',7% as well as maxima characteristic for non-

stoichiometric apatites (1018 cm ') are missing.””

18] A
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All characteristic vibrations for the PO, group also
appear in the FT-Raman spectra (Figure 2C and D). The
most intense is the symmetric stretching vibration v, at
960-962 cm !, which is forbidden in IR.

Nanostructure and Morphology:
HR-TEM, FE-SEM, and AFM

High-resolution TEM (HR-TEM) images are given in
Figure 3, for noncalcined lyophilized powder of pure
HAP (A, B, C), and calcined lyophilized powder of
HAPc-5% Sr (D, E, F) and for HAPc-10% Sr (G, H, I).

1.64 B

calcined samples
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Figure 2 FT-IR spectra of noncalcined samples: 1, 3, 5, and 7 (A), and calcined samples: 2, 4, 6, and 8 (B); FT-Raman spectra of noncalcined samples: |, 3, 5, and 7 (C), and

calcined samples: 2, 4, 6, and 8 (D); all the spectra are normalized.
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p—————— 10 N

Figure 3 HR-TEM images for noncalcined HAP sample (A—C), and for the calcined samples HAPc-5%Sr (D—F) and HAPc-10%Sr (G-1); the bars are 50 nm (A, D, G) and 100 nm
(B, E), 20 nm (H), 10 nm (F, 1), 5 nm (C). In figures (C, F, and I), crystal structure is selected in (black or white) square with nearby amorphous (non-crystalline) zone.

HR-TEM images reveal the morphology, the shape,
and size of HAP (Figure 3A-C), HAPc-5%Sr
(Figure 3D-F) and HAPc-10% Sr (Figure 3G-I) nano-
particles. In these images, synthesized HAP nanoparticles
are well illustrated and display nanorods and elongated
shapes, like needles.

Therefore, these powders are well dispersed in water
and their dispersions have good stability as proved by
HR-TEM images. The size of particles decreases with

doping of HAP lattice (Figure 3) in substantial accord
with XRD patterns (Figure 1) and Table 2.

Figure 3A, D, and G reveal that nanoneedles/nanorods
are almost transparent. This feature suggests that those
nanoparticles are very thin, whereas some black rods (or
plates) might result from loose associated particles in agree-
ment with the FE-SEM observations (Figure 4), or from the
standing projection of self-assembled nanoparticles as
reported on related materials.”
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EDS Layered Image

Figure 4 Calcined lyophilized HAPc-5%Sr (sample 6, in Table |); EDX spectrum (A), multi-color distribution map showing jointly all elements on FE-SEM image (B). Gold
appears in the EDX spectrum due to the imaging technique that uses coating of biomaterial with a gold layer.

Further, Figure 3 evidences that the nanoneedles (or
nanorods) are built from small spherical nanoparticles that
are interconnected with each other to form predominantly
not aggregated needle-like structure. The length of needles
or rods is between 20 and 50 nm, and their thickness is
from about 5 to 20 nm, considering more than 200 parti-
cles from images similar to those given in Figure 3.
Furthermore, the Sr, Mg, Zn, and Si doping of HAP
appears to play a role in the formation of loose self-
assembled nanoparticles with a porous structure, illu-
strated as black arrangements in Figure 3D and G.
Accordingly, it can be assumed that the ion doping can
of HAP.
Consequently, ms-HAPs might have a superior biological

change the crystallinity and solubility
performance against pure stoichiometric HAP.

The detailed structural analysis is further illustrated in
Figure 3C for HAP, Figure 3F for HAPc-5%Sr, and in
Figure 31 for HAPc-10%Sr samples. These HR-TEM
images show a mixture of crystalline nanostructures and
amorphous ones. The continuous lattice fringes, for
instance, those in the black or white squares, indicate indi-
vidual crystalline nature for these samples. The clearly
resolved fringes by fast Fourier transform, FFT, correspond
to FFT patterns, shown as inset in those Figure 3C, F and L.
The calculated lattice spacing of 0.34 nm corresponds to the
interplanar distance of the 002 planes for the hexagonally
structured HAP and is given in FFT patterns, demonstrating
the unique crystal structure of HAP, found also in HAPc-
5%Sr and HAPc-10%Sr.

FE-SEM coupled with £DS is used for chemical analysis
of HAP samples. Further, FE-SEM&EDS gives the EDX
spectrum and distribution maps of elements in all as-

synthesized HAP samples. In the following example, the

EDX spectrum is given in Figure 4A and the multi-color
distribution map of Ca, P, Mg, Zn, Sr, Si, and O is presented
in Figure 4B in the case of calcined lyophilized HAPc-5%Sr
powder, sample 6 in Table 1. Moreover, the uniform distribu-
tion of all elements is evident both in multi-color distribution
map (Figure 4B) and in the individual maps for each element
(Figure S2). Similar results were obtained for the other
as-synthesized nanomaterials in substantial agreement with
chemical analysis by ICP-OES, indicating a homogeneous
distribution of all elements in these powders.

Atomic force microscopy, AFM images were obtained
for all synthesized nanomaterials. Different areas from
10 pm x 10 pm to 0.5 pm x 0.5 pm were scanned on
a particular nanomaterial, adsorbed from its aqueous dis-
persion on optically polished glass plates.”* ¢ As an exam-
ple, the AFM images, ie, 2D-topography (A) and phase
image (B), as well as cross-section profiles (C) for noncal-
cined, lyophilized powders of hydroxyapatites: HAP, HAPc,
HAPc-5% Sr and HAPc-10% Sr are presented in Figure 5.

AFM images on needles, rods or spindle-shaped particles
of HAP and ms-HAPs gave spherical or oval shapes of
nanoparticles, as exemplified in Figure 5. The average size
of particles is 41 & 3 nm for HAP, 38 +£ 2 nm for HAPc, 36 + 2
nm for HAPc-5%Sr, and 35 + 3 nm for HAPc-10%Sr, as
determined from cross-section profiles of each noncalcined
sample. These values are comparable with those given by
XRD (Table 2). A similar trend is also found for the average
size of particles in calcined, lyophilized HAP and ms-HAPs.

Specific Surface Area (SSA) and Porosity
The Brunauer-Emmett-Teller (BET) theory explains the

physical adsorption-desorption of gas molecules on
a solid surface and represents the basis for the analysis
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Figure 5 AFM images of nanoparticles from noncalcined HAPs adsorbed on glass support; 2D topography (A) and phase (B) images; cross-section profiles (C) along the

arrow in panel (A); scanned area of | pm x | pm.

of measured data. For exemplification, some representative
adsorption-desorption isotherms and pores size distribu-
tions are given in Figure 6.

Specifically, the nitrogen adsorption-desorption iso-
therm and pores radius distribution for HAP and HAPc-
10%Sr, calcined samples, are shown in Figure 6A-D,
respectively. Similar results were obtained for the other
six samples as-synthesized in this study. The isotherms
exhibited type IV isotherm behavior with a distinct hyster-
esis loop, indicating that the as-synthesized HAPs con-
tained mainly mesopores in the size (radius) range of

about 2 nm to 20 nm.

The pores of about 20 nm in diameter were also evi-
denced in HR-TEM (Figure 3) and AFM images
(Figure 5). These pores were probably placed at about
20 nm as voids among the needle/spindle-shaped HAP
and ms-HAP particles. Therefore, BET measurements
and HR-TEM and AFM images demonstrated that the as-
prepared HAP and ms-HAP nanoparticles were well-
dispersed in aqueous systems from mesoporous powders.

BET analysis in terms of specific surface area and
pores specific volume is presented in Table 3, for eight
nanomaterials, eg, calcined lyophilized and noncalcined
lyophilized powders of HAP, HAPc, HAPc-5%Sr, and
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Figure 6 Adsorption-desorption isotherms (A, C), and pore size distributions (B, D)

pores radius, nm

for calcined HAP (A, B) sample 2 in Table I, and calcined HAPc-10%Sr (C, D), sample

8 in Table I; the relative pressure p/py is the ratio of equilibrium pressure to saturation pressure of the adsorbate gas (N,).

HAPc-10%Sr. The determinations were made in triplicate,
and the standard deviations for specific surface areas are
given as errors in Table 3, and in Figure S3.

A statistical analysis by one-way ANOVA revealed that for
the noncalcined samples, at the 0.05 significance level, the

Table 3 Some Characteristics from BET Analysis on Eight
Samples of Hydroxyapatites (HAPs), as Calcined Lyophilized
and Noncalcined Lyophilized Powders

HAPs Specific Surface Pores Specific

Sample Area, m?/g Volume, cm’/g
Noncalcined | Calcined | Noncalcined | Calcined

HAP 9% +7 86+ 6 0.358 0.344

HAPc 135+ 11 107 £ 6 0.376 0.383

HAPc-5%Sr 106 + 5 100 + 7 0.229 0.237

HAPc-10%Sr | 126 7 1147 0.333 0.302

means are significantly different, except for the pairs HAP
compared to HAPc-5%Sr and HAPc compared to HAPc-10%
Sr. For the calcined samples, the means are not significantly
different at the 0.05 level, except for the pairs HAP&HAPc
and HAP&HAPc-10%Sr. The mean specific surface area for
the same type of sample, noncalcined and calcined, differs
significantly only for HAPc, where a significant SSA decrease
was produced by calcination process.

The SSA values are larger for HAPc, HAPc-5%Sr, and
HAPc-10%Sr than those of mesoporous HAP nanoparti-
cles, both in noncalcined and calcined powders. Generally,
the as-prepared ms-HAPs have higher surface area than
HAP, indicating that these ms-HAPs might have superior
potential applications in drug delivery, taking into account
the higher absorption capacity besides the possibility of
ions released from ms-HAP in vivo conditions.
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The crystalline structure of mesoporous HAP and ms-
HAP nanomaterials was confirmed by XRD (Figure 1,
Table 2) and by HR-TEM, Figure 3C, F and 1. Actually,
a unique HAP lattice structure was identified with lattice
fringes and interplanar spacing of 0.34 nm, corresponding
to (002) planes.

lons Release from HAP and ms-HAP in
Water and in SBF

The results for ions release in static conditions (without
changing the medium) for 90 days are presented graphi-
cally in Figure 7 for Ca, Mg, and Sr release in water (A, B,
and C) and in SBF (D, E, and F). The Zn and Si released
amount could not be monitored in this study, because as
tracers they were under the detection limit of ICP-OES.

For the ions release in simulated dynamic conditions,
with changed liquid each day, the results are given in
Figure 8 for Ca (A) and Mg (B) release in water, and for
Sr release both in water and in SBF (C and D).

The kinetics of the Sr*" release was investigated by
using the Korsmeyer—Peppas model on the values of
cumulative ion release (Figure 8D), both in water and
in SBF, measured for a daily change of the medium
(simulated dynamic method). The M,, value for Sr
(500 mg/L) was calculated from the formula of the
HAPc-5%Sr, sample 6 in Table 1, for a sample weight
of 10,000 mg (10 g), corresponding to 1 L solution, as the
released amount of Sr*" ions is given in mg/L, as in
Figure 8D. The M, values were the cumulated release
values for the 1 to 7 days.

The regression lines corresponding to equation (2) are
represented in Figure S4, for strontium release from
HAPc-5%Sr noncalcined (A) and calcined sample (B), in
water, and for HAPc-5%Sr, noncalcined (C) and calcined
sample (D), in SBF. The k parameter is obtained from the
y-intercept, and the release parameter n is obtained from
the slope of line. These values are given in Table 4, along
with their standard errors and the coefficients of determi-
nation, denoted r°.

The k value is the ratio of M/M,, for the time, t,
corresponding to the first day of the Sr** ions release
calculated from Figure 8D, by using equation (2). The
k values are higher for the Sr** ions released from the
calcined samples against noncalcined ones, both in water
and in SBF, in substantial agreement with the release rate
in the first day, which is higher for the calcined HAPc-5%
Sr in immersion fluids, water and SBF (Figure 8C).

Discussion

There is a very good correspondence between calculated
and measured content, for each constituent element
(Table 1). The mole ratio of the total amount of cations
(Ca*" + Mg*" + Zn*" + Sr*") to the amount of anions
(PO,> + SiO,*) for all samples is very close to that of
theoretical value (1.67) characteristic for the stoichio-
metric hydroxyapatite structure. No impurities (such
as Mg or Sr traces) could be found by the ICP-OES
analysis either in the HAP samples, or in the raw materials
used in their synthesis.

The diffraction patterns indicate that each of these
powders is synthesized at the nanoscale level. Only the
HAP phase was found by XRD; hence, the calcination at
300°C for 1 h could not lead to the decomposition of
obtained ms-HAP structures. The highest diffraction max-
ima (Figure 1) positioned at a 20 value of about 32°
correspond to the (211) diffraction maximum of HAP
structure.”” Thus, although the substitution ions carry dif-
ferent charges, or have various sizes, they can facilitate the
formation of a stable isostructural lattice for this range of
composition (Table 1). Additionally, the diffraction peaks
for ms-HAPs were apparently broader than those of pure
stoichiometric HAP, suggesting that the multi-ionic sub-
stitution within HAP lattice resulted in a decrease of
crystallinity degree for the ms-HAP materials, in agree-
ment with similar data for co-substituted HAPs with Si
and Sr (HAP-Si-Sr).*

The average size of crystallites is at the nanoscale level,
with the highest value for pure HAP and the lowest value
for lyophilized noncalcined HAPc-10%Sr. The degree of
crystallinity (Table 2) is higher for pure HAP (52-55%)
compared to all multi-substituted HAPs (37-40%). This is
expected as the presence of the dopants and the heteroge-
neity of the lattice composition hinders the formation of
periodical structures on a wider length scale. A reduction of
both the crystallite size and degree of crystallinity after Ca
substitution by Mg was also reported.**

Consequently, almost the same reduction in the crystal-
linity degree of pure HAP was observed for all multi-
substituted HAPs, rather independent of the increasing
amount of Sr in HAPc lattice. Therefore, it clearly appears
that the Sr amount has a minor impact on the crystallinity
of triple-substituted HAPc, in this range of concentration.

The calcination at 300°C for 1 h caused only a slight
increase of crystallite size for all obtained nanopowders:
HAP, HAPc, and for HAPc containing Sr. The crystallinity
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Figure 7 Variation of Ca (A), Mg (B), and Sr (C) amount in water, and Ca (D), Mg (E), and Sr (F) amount in SBF, in the presence of HAP and HAPc-5%Sr, for calcined and
noncalcined samples. The vertical bars represent the standard deviations of the measured values.

degree was slightly increased by calcination and is in agree-  structural modifications, which prevents both a destabiliza-
ment with other similar observations.”® Due to multi- tion of the HAP structure and a potential decomposition
elements doping, a stabilizing effect is clearly induced in  during the heat treatment through the calcination process.
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HAPc-5%Sr in water and in SBF (D). The vertical bars represent the standard deviations of the measured values. The immersion liquid was changed every day to simulate

dynamic conditions.

The calcination at 300°C slightly modified the HAP
lattice parameters (Table 2) compared to values obtained
for samples, as-synthesized and only lyophilized. The sub-
stitutions in the HAP lattice resulting in HAPc (for doping
element amount <2%) brought about only small increases
2+

of the lattice parameters. Further, the substitution of Sr
for Ca®* in the HAPc led to HAPc-5%Sr and HAPc-10%

Sr, where the presence of the larger Sr** ions caused
a gradual increase in the lattice parameters (Table 2)
with increasing Sr content, similar to that observed for
strontium-substituted HAP, HAP-Sr.** For example,
HAP-5%Sr, the estimated parameters were a = 9.443 A,
and ¢ = 6.903 A, while for HAP-10%Sr they were: a =
9.463, and ¢ = 6.926 A.**

Table 4 Korsmeyer—Peppas Parameters of Sr2* Release from HAPc-5%Sr in Water and in SBF

Sample Medium k10® n r?

HAPc-5%Sr noncalcined Water 6.12 £ 0.36 0.893 + 0.040 0.988
HAPc-5%Sr calcined Water 8.63 £ 0.22 0.717 + 0.020 0.996
HAPc-5%Sr noncalcined SBF 12.6 £ 0.6 0.831 + 0.038 0.988
HAPc-5%Sr calcined SBF 152+ 1.0 0.826 + 0.047 0.981
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These findings (Table 2) obtained with increasing con-
tent of doping elements/ions can be considered as an
important proof of the integration of foreign ions into the
HAP structure causing a slight gradual increase in the
a and c values, while the HAP lattice was not disrupted,
and is in very good agreement with related data.>>-*¢!

FT-IR and FT-Raman spectra confirmed the high phase
purity of all synthesized HAP samples, as it was evident
also from the XRD patterns.

The HR-TEM images give an insight into the details of
particle morphology. They show that the oblong particles
consist of arrays of nanodomains with mostly spherical
symmetry. The average size of particles is 20 to 50 nm.
HR-TEM images at the highest resolution (Figure 3C, F,
and I) allowed us to observe in all samples both crystalline
areas (evidenced in these images by white and black
squares) and predominantly amorphous zones. These
results are in substantial agreement with XRD data related
to the crystallinity degree of tailored hydroxyapatites:
HAP, HAPc, HAPc-5%Sr, and HAPc-10%Sr.

The crystalline structure of all HAP and ms-HAP
confirmed by HR-TEM
(Figure 3). For instance, Figure 3A—C showed the rods

nanoparticles was also
and needle-like morphology of synthesized HAP nano-
particles. Figure 3C displays the lattice fringes (marked
zone in the black square) of HAP nanoparticles, which
were further analyzed by fast Fourier transform. The FFT
pattern (inset in Figure 3C) revealed that the lattice
fringes correspond to the plane (002), with an interplanar
spacing of 0.34 nm, which is in very good agreement
with the calculated value of 0.343 nm for the (002) peak
in XRD (Figure 1). The HR-TEM images of HAPc-5%Sr
are shown in Figure 3D-F and revealed needle-like
shapes. The data in Figure 3F revealed the lattice fringes
(shown in white square) with an interplanar spacing of
0.34 nm, as illustrated in FFT pattern (inset in Figure 3F)
with respect to plane (002) in substantial agreement with
the calculated value of 0.344 by using XRD (Figure 1).
This d value coincides with the distance (d) between
successive parallel planes of atoms in a HAP crystal,
with an interplanar spacing of 0.344 nm, which was
assigned to the (002) planes of the HAP crystal.”> The
morphology of HAPc-10%Sr nanoparticles is also illu-
strated in Figure 3G-I, as rods and needles. The FFT
pattern (inset in Figure 3I) of the HR-TEM fringes
(included in black square) indicated the interplanar spa-
cing of 0.34 nm corresponding to plane (002), which is in
substantial agreement with a calculated value of 0.345

nm by using XRD (Figure 1). These results confirm that
a unique HAP structure is formed in all as-synthesized
nanoparticles, either in lyophilized noncalcined or lyo-
philized calcined samples, in excellent agreement with
XRD patterns.

According to FE-SEM analysis (Figure 4) of calcinated
HAPc-5%Sr powders at 300°C for 1 h, this thermal treat-
ment does not bring about significant changes in the aspect
of particles; however, a loose self-assembly of particles
was observed.

The EDX results are reasonably close to the expected
values from synthesis and to those determined by ICP-
OES chemical analysis (Table 1).

The EDX spectrum (Figure 4A) and the multi-color map
(Figure 4B) on elemental composition indicate a fairly
homogeneous distribution of all elements for calcined lyo-
philized HAPc-5%Sr nanopowder, in total agreement with
the individual elemental maps (Figure S2). Similarly, the
same results were found for each of the eight synthesized
powders, in this work. These results are consistent with the
presence of a unique phase of hydroxyapatite structure, both
in pure HAP, and in HAP substituted simultaneously
with Mg, Zn, and Si or with Mg, Zn, Sr, and Si.

AFM images and cross-section profiles (Figure 5) indi-
cated that the nanosuspensions of HAP powders are
formed of nanoparticles of size, in the range of 35 to 41
nm, in good agreement with crystalline domains found in
XRD data (32-39 nm, Table 2). These particles seem
somewhat bigger than values given by XRD probably
due to particle clustering caused by the adsorption and
drying process. They had a near-spherical shape with
slight deformation to oval shape.

All eight HAP samples present a rather high specific
surface area (SSA), as determined from BET analysis
(Table 3, Figure S3), due to the high degree of dispersion
of powders, as well as due to the synthesis by an aqueous
precipitation method that is recognized to lead to nanoma-
terials with high SSA.>®

In the case of HAPc-5%Sr, SSA values are higher in
comparison with those of pure HAP but are smaller with
respect to those of HAPc powders. This finding suggests
that a dual effect might be responsible for SSA values,
mainly the presence of Mg might cause an increase in
SSA with respect to HAP, but Sr might be responsible for
a slight decrease in SSA, as found in related compounds.’®
For HAPc-10%Sr sample with Sr (10 wt%) content that
specific trend is not further observed.
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By calcination, the specific surface area is diminished
as an effect of changes that occurred in the structure of the
nanoparticles. The specific surface areas of the samples are
comparable with reported data on similar nanomaterials.
For instance, crystalline HAP was reported to possess
a surface area 90 m?/g after oven-drying and 113 m?/g
after freeze-drying.”®"

The adsorption—desorption isotherms are of type IV.
These samples can be classified as mesoporous materials,
according to the ITUPAC notation,* with pore diameters
between 2 and 50 nm. Since the nanoparticles themselves
(according to HR-TEM images) are apparently not porous,
this porosity results mainly from the self-assemblies of
nanoparticles (interparticle porosity), as seen in FE-SEM
images. However, the presence of intraparticle nano-
porosity of HAPs cannot be completely excluded.

The non-substituted pure HAP, as calcined powder,
presents a narrower distribution of pores sizes (about 8
nm diameter, Figure 6B) in comparison with the multi-
substituted HAPs, namely calcined HAPc-10%Sr powder
(Figure 6D), where most pore diameters between 10 and
20 nm (Figure 6D). The same trend is generally deter-
mined for noncalcined ms-HAPs. This is a consequence of
foreign ions being present in the HAP lattice.

The SSA and porosity might be considered as critical
factors for the behavior of the ms-HAP bioceramics at the
interface with the surrounding medium, because they can
affect the dissolved species in that medium.®' The released
elements can interact with cells and tissue leading to an
improved in vivo behavior of the ms-HAP bioceramics.'’
Furthermore, these findings also suggest that the synthe-
sized ms-HAP bioceramics can be employed as appropri-
ate orthopedic implants and as coatings on metallic
implants for bone repair and regeneration.

The ions release in water (Figure 7A—C) for cations is
increasing in time, slowing down at a longer time, but
without attaining a saturation value. It is always higher for
calcined samples than for noncalcined ones. The substituted
hydroxyapatites release a higher amount of each element
than pure HAP. Thus, the presence of the substituting ele-
ments clearly increases the solubility of doped hydroxyapa-
tite. The dissolution of HAPs is incongruent,**** and the
equilibrium state has not been reached. The amount of
released Mg (Figure 7B) and Sr (Figure 7C) is higher than
the quantities expected from their content in the solid phase,
ie, the Mg/Ca and the Sr/Ca ratios are higher in solution
than in the solid. Moreover, magnesium seems to be

. 2
released the easiest.”

Although the Zn amount and Si amount in ms-HAPs
were very low, their release even as tracers in various
liquid media can be important for a collective synergistic
effect on cells and tissues, due to the simultaneous release
of the other ions from ms-HAP bioceramics.

In SBF (Figure 7D), the Ca®" concentration is decreas-
ing in time in the presence of HAP, from its initial value in
SBF (100 mg/L). The diminution is rapid in the first 20
days, and then it continues, but much slower, and in
a similar way for all the samples. This behavior can be
explained by the formation of HAP from the ions in SBF
and/or the adsorption of Ca”" ions on the HAP lattice. The
Sr release in SBF is somewhat higher (Figure 7F) than in
water (Figure 7C), as signaled also in literature.** However,
the ionic exchange with Ca®" and perhaps Mg®" from SBF
could contribute to this. The Mg amount (Figure 7E) in SBF
(36 mg/L) strongly decreases in presence of HAP, while
with HAPc-5%Sr the decrease is limited probably by the
higher release of Mg®" from the dispersed solid, and possi-
bly by an ionic exchange with the Ca®" ions from SBF.*

The observed behavior of HAPs can be described in terms
of competing processes, ion release, dissolution, and ion
adsorption as well as precipitation of hydroxyapatite. For
example, the decrease in Ca>" ion concentration can be attrib-
uted to the precipitation process, namely calcium and phos-
phate precipitate to form the HAP layer. The other ions might
act as nucleation sites for the formation of hydroxyapatite
layer. Thus, multi-substituted HAPs could act as a source of
retarded release of valuable ions for biological processes.

The daily release rate of Ca®" ions and of substituting
elements (Sr*" and Mg”" ions) from HAP and HAPc-5%Sr
(noncalcined or calcined) in water and in SBF is displayed
in Figure 8A—C. The release rates of Ca®" in water were
higher from HAPc-5%Sr than from HAP, and particularly
from calcined than from noncalcined samples (Figure 8A).
A similar trend was obtained for the release rate of Mg>"
ions from HAPc-5%Sr in water (Figure 8B). Specifically,
the Sr** ions amount released in SBF was around twice as
much as that in water and more evidenced for calcined
HAPc-5%Sr than for
(Figure 8C).

Further, a two-step release was observed in these simu-

particles noncalcined ones

lated dynamic conditions. The graphs show that the release
of Ca**, Mg®", and Sr** ions progressed rapidly in the first
2 days. The initial fast release of ions could be explained
by an accelerated process, which is probably due to the
release of ions from the surface of HAP nanoparticles.
This behavior is in agreement with data reported on related
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materials, but the understanding of release is still
limited. %%’ Therefore, in the initial stage, the ions are
released mainly from the surface of nanoparticles by diffu-
sion into the surrounding (immersion) medium. Then,
a diffusion of ions from the interior of particles to the
immersion fluid could take place. Accordingly, the ions
release process involves dissolution and diffusion, result-
ing in a sustained release behavior.

Furthermore, the cumulative profile for the release of
Sr*" ions from HAPc-5%Sr (noncalcined or calcined) in
water and in SBF is illustrated in Figure 8D, in simulated
dynamic conditions. It is observed that the Sr*" ions are
released in larger amounts in SBF than in water. At 7 days,
the released Sr amount in SBF is at least twice than in
water.

To study the influence of dynamic and static conditions
on Sr** ion release, the data given in Figure 8D, Figure 7C
and F were used. A comparative analysis of Sr release
profiles revealed that the Sr amount released in water (at 7
days) increased at least 3 times in dynamic conditions
(Figure 8D) than in static conditions (Figure 7C), being
higher from calcined HAPc-5%Sr against noncalcined
one. A similar trend was observed between release profiles
of Sr in SBF (Figures 8D and 7F), but at 7 days, the
cumulative released amount of Sr in simulated dynamic
conditions is much (about 5 times) higher than its value in
static conditions. Therefore, cumulative release of Sr**
ions was much faster in SBF than in water, and the release
was more efficient in dynamic conditions than in static
conditions. Evidently, the Sr profiles have a similar trend,
but the sustained release is higher in SBF, Figure 8D
(simulated dynamic conditions) than in Figure 7F (static
conditions). For biological applications, ms-HAPs can be
considered as a source of trace elements and might have
promising applications for bone regeneration.

To study the mechanism of Sr* ions release from
HAPc-5%Sr, particularly in simulated dynamic conditions
(Figure 8D), the Korsmeyer—Peppas model was applied.
The linearity of the regression lines (Figure S4) according
to equation (2) is good, as shown by the coefficients of
determination (r* about 0.98-0.99, in Table 4). Thus, the
Korsmeyer—Peppas model is suitable for describing the Sr
release. The values of the release parameter (n) in water
are between 0.7 and 0.9 (Table 4), indicating a non-Fickian
transport. It could be understood as a combination of
diffusion and dissolution of the material, in substantial
agreement with similar reported data.’® For the release in
water, the dissolution seems to have a higher contribution

for the noncalcined sample (higher n value). In SBF this
difference is attenuated, both samples presenting an
n-value of about 0.83 (Table 4), which could be explained
by the combination of diffusion, dissolution, and ion-
exchange processes. The tendency of n values toward 1
is correlated with the near-linear release (zero-order pro-
cess) in the last days of the experiment.

Moreover, as synthesized ion-doped hydroxyapatites,
HAP-Mg-Sr-Zn-Si, could have promising applications as
bone/tooth materials, primarily due to trace release of
therapeutically active ions. For instance, it is already
known that the low dose administration of silicon and
strontium could increase bone mass and strength by inhi-
biting bone resorption and enhancing bone formation.®%-*?
Certainly, a local release of these trace elements, Sr, Mg,
Zn, and Si, in a low dosage from coatings on metallic
implants might improve bone regeneration and have
a strong positive impact on clinical applications.

The present work provides evidence for triple- and
four-substituted HAPs as powders, particularly about the
effect of co-doping, with different elements, such as Mg,
Zn, Sr, and Si within HAP lattice, on physical and chemi-
cal properties, such as nanostructure, crystallite size, crys-
tallinity degree, morphology, nanoparticle size, lattice
parameters, specific surface area, porosity and ion release.

A correlation between lattice parameters (Table 2) and
ion release (Figures 7 and 8) can be used to confirm this
aspect in accord with recent published data.”® The lattice
parameters revealed an increase with the increased substi-
tuting ions within HAP lattice, which can explain the
rather high release of ions in water and in SBF.

Apart from ion release, the unique pure nano HAP
structure of these ms-HAPs bioceramics plays an impor-
tant role in regulating cell viability and functionality, in
substantial agreement with similar data.”’ As mentioned
already, HAP has an excellent biocompatibility and these
ms-HAPs might inherit this quality.

The combined effect of ions released from ms-HAPs
might promote an increased performance of these ms-
HAPs scaffolds compared to pure HAP ones in cell cul-
ture. Further in vitro and in vivo studies using these
nanomaterials are in progress in our laboratories.

In this work, we demonstrated how the wet chemical
synthesis route is suitable for producing complex multi-
substituted hydroxyapatites preserving the main crystallo-
graphic hydroxyapatite features. The absence of surfactants
makes the synthesized materials suitable for direct use or in
combination with other biomaterials to prepare composites
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for applications in tissue engineering and regenerative
medicine.

Our synthesis approach has several advantages over
other preparation techniques used for pure HAP and/or
substituted HAP with various ions, eg, simplicity, low
processing temperature, and production of highly pure
products. In addition, this chemical method is safe and
ecologically friendly and offers the possibility to monitor
and control the size and shape of nanoparticles as well as
the crystallinity, surface area, and porosity of the resulted
products.

The physical characterization revealed that the average
size of crystallites is at the nanoscale level, with the high-
est value for pure HAP and the lowest value for lyophi-
lized noncalcined HAPc-10%Sr. The
crystallinity is higher for pure HAP (52-55%) compared
to all multi-substituted HAPs (37-40%). This finding
shows that almost the same reduction in the crystallinity

degree of

degree of pure HAP was observed for all multi-substituted
HAPs, rather independent of the increasing amount of Sr
in HAPc lattice. Therefore, it clearly appears that the Sr
amount does not essentially modify the crystallinity of
triple-substituted HAPc, in this range of concentration.
Additionally, this evidence represents an important proof
that these functional elements are incorporated into the
HAP structure and a stabilizing effect is prompted due to
this multi-elements doping, in total agreement with slight
modifications in lattice parameters.

The control over complex multi-substituted hydroxyapa-
tite synthesis and physicochemical properties is an important
step toward the preparation of bio-minerals embracing the
complexity of biological hydroxyapatite, in understanding
the uniqueness of the hard tissues and in the design of
biomaterials with improved biological response.

Conclusion
The synthesized nanomaterials represent a meaningful
addition to the field, and their optimal composition was
tailored to obtain a unique multi-doped hydroxyapatite
phase of very high purity for all ms-HAP biomaterials
developed in this study. Moreover, these novel biomater-
ials might possess the therapeutic effects of substituting
functional elements and the properties of hydroxyapatite
for bone formation, and thus, they are well suited for
biomedical applications in bone regeneration.

Our present study clearly revealed a rational tailoring
approach for the design of a next generation of
multi-substituted bioactive hydroxyapatites as promising

candidates for bone regeneration and bone replacement appli-
cations as well as implants or coatings on metallic implants.
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