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The importance of amino acid interactions
in the crystallization of hydroxyapatite

M. Tavafoghi Jahromi, G. Yao and M. Cerruti

Department of Materials Engineering, McGill University, Montreal, Quebec, Canada H3A 282

Non-collagenous proteins (NCPs) inhibit hydroxyapatite (HA; Cas(PO,);OH)
formation in living organisms by binding to nascent nuclei of HA and prevent-
ing their further growth. Polar and charged amino acids (AAs) are highly
expressed in NCPs, and the negatively charged ones, such as glutamic acid
(Glu) and phosphoserine (P-Ser) seem to be mainly responsible for the inhibi-
tory effect of NCPs. Despite the recognized importance of these AAs on the
behaviour of NCPs, their specific effect on HA crystallization is still unclear,
and controversial results have been reported concerning the efficacy of HA
inhibition of positively versus negatively charged AAs. We focused on a posi-
tively charged (arginine, Arg) and a negatively charged (Glu) AA, and their
combination in the same solution. We studied their inhibitory effect on HA
nucleation and growth at physiological temperature and pH and we deter-
mined the mechanism by which they can affect HA crystallization. Our
results showed a strong inhibitory effect of Arg on HA nucleation; however,
Glu was more effective in inhibiting HA crystal growth during the growth
stage. The combination of Glu and Arg was less effective in controlling HA
nucleation, but it inhibited HA crystal growth. We attributed these differences
to the stability of complexes formed between AAs and calcium and phosphate
ions at the nucleation stage, and in bonding strength of AAs to HA crystal faces
during the growth stage. The AAs also influenced the morphology of syn-
thesized HA. Presence of either Arg or Glu resulted in the formation of
spherulites consisting of preferentially oriented nanoplatelets orientation.
This was attributed to kinetic factors favoring growth front nucleation
(GEN) mechanism.

1. Introduction

Living organisms synthesize a variety of inorganic minerals, ranging from
apatite in bones, calcium carbonate in seashells, to iron oxide in magnetotactic
bacteria. These minerals form during a highly regulated process called bio-
mineralization, and often have exceptional mechanical properties, complex
shapes and intricate hierarchical structures, which distinguish them from
their artificially synthesized counterparts [1-3]. The unique characteristics of
these minerals are obtained under the direct influence of biomolecules, usually
proteins and peptides, which remarkably control and regulate their nuclea-
tion and growth under conditions that are much milder than those used in
conventional processing techniques [1,2,4,5].

The most well-known, and maybe most complex, example of biomineraliza-
tion is the formation of bone, an organic—inorganic hybrid material made of
collagen, non-collagenous proteins (NCPs) and carbonated hydroxyapatite
(HA) crystals. Collagen fibres provide a framework known as the extracellu-
lar matrix (ECM), where HA nucleates and grows. The ECM determines the
ultimate structure and orientation of HA (Cas(PO4);OH) crystals [6]; how-
ever, HA nucleation is mainly initiated by a set of negatively charged
phosphorylated NCPs associated with the ECM. These proteins attract calcium
and phosphate ions and increase the local supersaturation to a level sufficient
to form nuclei of a critical size, which can develop into HA crystals [7,8].
Another set of NCPs has the ability to inhibit an undesirable formation of
HA in tissues such as cartilage, blood vessels and valves, which are
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continuously exposed to body fluids. These inhibitory pro-
teins are dissolved in the plasma and limit the formation of
HA by binding to the surface of nascent nuclei of minerals,
thus restricting their further growth [9,10].

While striving to understand the process of biominerali-
zation, researchers have focused on the effect of smaller
biomolecules such as amino acids (AAs) and peptides on
HA mineralization. Despite their minimal concentration as
free biomolecules in human plasma [11], AAs are the build-
ing blocks of proteins, and negatively charged AAs such as
Glu and P-Ser are highly expressed in the acidic domains of
NCPs involved in HA mineralization in bone and dentine.
Similar to proteins, charged AAs can either inhibit or
induce HA mineralization depending on whether they are
dissolved in a solution or bound to a surface. AAs are also
effective in modifying the morphology and crystalline struc-
ture of HA owing to the electrostatic and stereochemical
effects of their charged residues [10,12-15]. In comparison
with proteins or peptides, AAs are much less expensive
and more stable, which makes them attractive candidates
for clinical applications. In vitro studies show that promoting
AAs are useful for improving bone regeneration in damaged
tissues [14], whereas inhibitory AAs are potential candidates
for treating pathological diseases caused by an excessive min-
eralization of HA in tissues such as cartilages [16,17], blood
vessels and cardiac valves [17-19].

Despite the well-documented importance of these AAs
in controlling HA mineralization, the mechanism by which
they interact with HA crystals to induce or inhibit mineraliz-
ation is still strongly debated. In general, it is believed that
negatively charged AAs, containing carboxylate and phos-
phorylated residues, play a key role in controlling HA
mineralization in bone [7,20-23]. However, contradictory
results reported by different authors make it difficult to
draw a comprehensive conclusion about the effect of AAs
on HA crystallization. For example, Jack et al. [24] reported
a significant inhibitory effect of alanine (Ala) and aspartic
acid (Asp) on the growth of HA particles. By contrast,
Palazzo et al. [10] showed that Asp promoted HA particle
growth, whereas Ala had no effect on HA particle sizes.
According to Jack et al. [24], a positively charged AA,
lysine, had the strongest affinity to HA surfaces; however,
Koutsopoulos and Dalas showed that the negatively charged
Asp had the largest affinity to HA among the AAs that they
investigated [25-29]. In addition to these contradictory
results, the studies on the effect of AAs are often focused
on HA crystal growth rather than investigating HA formation
at its very early stages (i.e. HA nucleation) [25-29] and are
mostly conducted under experimental conditions different
from the physiological ones (i.e. high supersaturation, high
temperature or high pH) [15,24,30,31]. These factors have
made it difficult to have a real insight into the effect of AAs
on biomineralization in living organisms.

In this study, we investigate the inhibitory effect of a posi-
tively charged (Arg) and a negatively charged (Glu) AA
dissolved in solution on the morphology and crystallization
(nucleation and growth) of HA synthesized at physiological
temperature and pH. Negatively charged AAs, such as Asp
and Glu are highly expressed in the family of proteins
called SIBLINGs (small-integrin-binding ligand, N-linked
glycoproteins), known to play a key role in HA mineraliz-
ation in the body [7]. SIBLINGs also contain positively
charged AAs, such as Arg and Lys. Here, we focus on Glu

and Arg to understand the relative importance of negative [ 2 |

and positive charges in HA mineralization, and we specifi-
cally select Glu and Arg because they have been less
investigated than their counterparts Asp and Lys [10,23—
29]. We also study the effect of combination of Glu and
Arg, with the goal of clarifying whether different inhibiting
or promoting mechanisms related to the two AAs could
enhance or dampen each other. Our results show a key role
of the positively charged AA on HA crystallization and
shed some light on the mechanism under which these AAs
influence HA nucleation and growth.

2. Material and methods

2.1. Synthesis of hydroxyapatite in the presence of

amino acids
2.1.1. Materials

Calcium (Ca) and phosphate (P) ion precursors were calcium
chloride dehydrated (CaCl,, Sigma Aldrich, purity >97%) and
sodium phosphate monobasic anhydrous (NaH,PO,, purity
>99%, Fisher Scientific). The AAs used in the study (L-arginine,
purity > 99.5%, and 1-glutamic acid, purity >99.5%) were pur-
chased from Sigma Aldrich, as well as the buffer agent
tris(hydroxymethyl)aminomethane (tris, purity > 99.5%). Hydro-
chloric acid used to adjust pH was purchased from Fisher. The
ninhydrin reagent from Sigma (N 7285) was used to measure
the concentration of AAs in the supernatant solution.

2.1.2. Hydroxyapatite synthesis

Ca and P precursor solutions (130 ml) were prepared by mixing
CaCl, (6.22mM), tris (100 mM) and AAs (Arg and/or Glu,
10 mM), and NaH,PO, (3.74 mM), tris (100 mM) and AAs (Arg
and/or Glu, 10 mM), respectively. Control solutions were pre-
pared with identical CaCl,, NaH,PO,4 and tris concentration, in
the absence of any AA. The pH of both Ca and P precursor sol-
utions was adjusted at 7.4 using adequate amounts of
concentrated HCI, and the temperature was adjusted to 37°C
by placing the reaction vessels in water bath equipped with
temperature controller (ColeParmer PolyStat Immersion Circula-
tor). The same volume of Ca and P precursor solutions was
added to the reaction vessel simultaneously, thus reaching final
Ca and P concentrations of 3.11 and 1.87 mM, respectively. The
ratio between these concentrations matches the physiological
Ca-to-P ratio, but the absolute values are approximately 1.5
times higher than those found in human blood plasma, and
they were chosen in order to decrease the required incubation
time prior to precipitation. The supersaturation value for HA at
these Ca and P concentrations is 122.96, calculated according to

equation (2.1),
P1Ye

S= [K—J , (2.1)
where IP is the ionic activity product and Kg is the solubility
constant equal to 2.35 x 10™% for HA at 37°C [32]. The pH of
the reaction solution was monitored, and remained constant at
7.4 + 0.05. The reaction solution was stirred at 5 rpm, and the
temperature was kept constant at 37°C. The samples were
taken out at the precipitation time and after 2 days of reaction,
and the precipitates were filtered using 200 nm filters, and
subsequently washed three times with deionized water. The pre-
cipitates were finally dried using a VirTis freeze drier. The
summary of the AAs present in different samples and their
concentration is reported in table 1.
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Table 1. Summary of AA concentrations in different samples.

sample Glu conc. (mM) Arg conc. (mM)
HA-Glu 10 0
HA-Arg 0 10
HA-Combo 5 5

2.2. Characterization techniques

2.2.1. Bulk characterizations of dried precipitates

Fourier transform infrared (FT-IR) spectroscopy. IR spectra were
recorded on a Bruker Tensor 27 FT-IR spectrometer using diffuse
reflectance (DRIFT) mode. The reflected signals are converted
and reported as absorbance in the figures shown in this study.
The powders were diluted with KBr to approximately 10% w/w
ratio. Pure KBr powder was used to collect background spectra.
The FT-IR spectra were recorded from 600 to 4000 cm ' using a
mercury—cadmium-—telluride detector. The spectra were collected
by averaging 256 scans at 4 cm ™ resolution.

X-ray diffraction (XRD). XRD spectra were collected using a
Bruker AXS XRD instrument with Cu K, radiation generated
at 40kV and 40 mA. A quartz sample holder was used for
these experiments. The range of diffraction angles collected (26)
ranged from 5° to 100°, with step size of 0.05°. The crystallite
sizes were measured using Debye—Scherrer equation [33],

KA

Crystalllte s1ze — m7

(2:2)
where k is shape factor (k = 0.9), A is the wavelength of the X-rays
(A =0.154 056 nm for Cu K, radiation), 6 is the diffraction angle
and FWHM is the full width half maximum of (001) and (310)
peaks at 26 values of 25.88 and 39.82, respectively, referring to
synthetic HA with hexagonal (P63/m) crystalline structure.

Inductively coupled plasma atomic emission spectroscopy (ICP-
AES). ICP-AES was performed on the precipitates to measure
the bulk Ca and P values in these samples. One milligram of
samples was dissolved in 10ml of 4 per cent nitric acid, and
the resulting Ca and P concentrations were measured using the
same procedure described in §2.2.3.

2.2.2. Surface characterization of dried precipitates

X-ray photoelectron spectroscopy (XPS). XPS measurements were
performed, using a monochromatic X-ray photoelectron spec-
trometer K Alpha (Thermo Scientific). The set-up was equipped
with an Al Ka X-ray source (1486.6 eV, 0.834 nm), a micro-focused
monochromator and an ultrahigh vacuum chamber (10° Torr).
Survey scans were collected with energy steps of 1 eV and spot
size of 50 pm. Scans were taken on at least three points on each
sample, and the quantitative results were averaged. A flood gun
was used to neutralize electrical built-up charge generated on
the non-conductive samples. The survey scans were analysed,
using the software Thermo Avantage (v. 4.60).

Surface area and porosity determination. The specific surface
area (SSA), and porosity of the samples was determined at
77 K by the adsorption of N, using an automatic gas-volumetric
apparatus (TriStar, Micromeritics). The Brunauer—Emmett—
Teller (BET) model was adopted for SSA determination [34,35],
whereas the Barret—Joyer—Halenda (BJH) model was used to
analyse mesoporosity [34,36].

Morphology. Particle morphology was analysed with a scan-
ning electron microscope (SEM) from Hitachi (S-4700 FE-SEM),
using an acceleration voltage of 5kV. The specimens were
mounted on double-sided conductive carbon tape and were
coated with a thin layer of Au to increase their conductivity. The

coating was done with a HUMMER VI sputtering system under
vacuum of 70 mTorr and at the voltage of 10 V for 1 min.

2.2.3. (Characterization of supernatant solution
ICP-AES. Ca and P concentrations in solution were measured
using an ICP-AES instrument (ICAP 6500 Duo). For this pur-
pose, aliquots were taken from the supernatant solution at the
desired reaction times, filtered with a syringe filter with a pore
size of 100 nm to remove any trace of HA precipitates, and
then immediately diluted with 4 per cent nitric acid. Although
prenucleation clusters smaller than 100 nm were lost during
this procedure, the dilution with 4 per cent nitric acid ensured
that no more calcium phosphate aggregates formed in the super-
natant solution after filtration. The Ca and P concentrations were
measured at wavelengths of 3179 and 1782 nm, respectively.
Amino acid concentration determination. The concentration of
AAs in the supernatant solution was measured by a colorimetric
technique based on the use of ninhydrin to transform free amino
groups in a coloured product [37]. For this purpose, aliquots
were taken at desired times, and then diluted with 10 per cent
glacial acetic acid to stop the reaction. An adequate amount of
ninhydrin reagent was added to the samples, and the absorption
of the solutions was measured at 570 nm using a UV—vis spec-
trometer (Perkin Elmer, Lambda 20). According to Duggan
et al. [38], the free NH, groups from tris do not interfere with
the colour generated at 570 nm by the interactions between the
NH, group of AAs and ninhydrin. Despite this, in our exper-
iments, we found a minor interference owing to tris, and
therefore we removed the tris contribution by comparing the
results of the solutions containing both tris and AAs to those con-
taining tris only. Calibration curves were constructed using
3.125, 6.25, 18.75 and 25 uM AAs solutions made by dissolving
adequate amounts of AAs in 10 per cent glacial acetic acid.

3. Results

In order to understand the effect of Arg, Glu and their combi-
nation on HA precipitation, we compared HA precipitation in
the presence of these AAs with control samples that had no
AAs. We characterized the synthesized powder with a range of
different techniques, including FT-IR, XPS, XRD, SEM, ICP-
AES and UV-vis spectroscopy. The XRD results shown in
figures 6 and 7 confirmed that all the precipitates were mainly
composed of HA, as will be discussed in §3.4. From now on,
we will refer to the samples prepared in the presence of the
AAs and the control samples as HA-Glu, HA-Arg, HA-Combo
and HA-Cont (see table 1 for details of their AA content).

3.1. Precipitation times and precipitate weights

Figure 1 shows the effect of different AAs on the precipitation
time of HA. Although both Glu and Arg inhibited the for-
mation of HA precipitates, the effect of Arg was significantly
stronger. In the presence of Arg, the precipitates took approxi-
mately eight times longer to form compared with HA-Cont
sample prepared in the presence of tris alone, whereas in the
presence of Glu, the precipitation time was increased by only
approximately fivefold. The combination of Arg and Glu had
some inhibitory effects on the formation of HA particles,
however to a lower extent than either of the AAs alone.

It is worth noting here that we specifically tested the
inhibitory effect of tris alone as well. In fact, tris is known
to have an inhibitory effect on calcium phosphate formation
[39]. Samples prepared in the absence of both tris and AAs
precipitated immediately after mixing (results not shown),
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prec. time (h)
o

HA-Cont

HA-Glu

HA-Arg HA-Combo

Figure 1. Effect of AAs on the precipitation time (prec. time) of HA. The
precipitation time was considered to be the time at which the solution
became visibly cloudy. Each data point is the average of at least three
samples. Asterisks indicate the samples that were statically significantly
different (p << 0.003) from the control sample.

0.064
0.054

0.044

precipitate weights (g)
*

HA-Cont HA-Glu HA-Arg HA-Combo

Figure 2. Effect of Glu, Arg and combination of Glu and Arg on the weight of
precipitates after 2 days of reaction. Each data point is the average of at least
three samples. Asterisks and plus signs indicate the samples that were
statically significantly different from the control sample with p << 0.0005 and
0.02, respectively.

whereas HA-Cont samples prepared in the presence of tris
precipitated after approximately 2h (figure 1). This con-
firmed the inhibitory effect of tris reported by Kokubo et al.
[39]. However, the much longer delay in HA precipitation
observed for the AA-containing samples despite the small
concentration of the AAs (10 mM) relative to tris (100 mM)
indicates a stronger inhibitory effect for the AAs compared
with tris. This can be explained considering the electrical
charges of these molecules. The pK, of tris at 25°C is 8 [40],
whereas the pK, of the side chains of Arg and Glu are 12.5
and 4.25, respectively [41]. The larger electrical charges pre-
sent on the AAs at pH 7.4 may contribute to making them
more effective than tris in inhibiting HA formation.

Figure 2 shows the effect of the investigated AAs on the
precipitate weights after 2 days of reaction. If we consider
the initial moles of Ca and P present in solution, then we
should expect a theoretical precipitate weight of 0.081 g if
all of the Ca and P combined to form HA. This weight is
higher than the weights observed for all precipitates, even
after the reactions reached their stable state (figure 11). This
confirms the inhibitory effect of organic molecules dissolved

in the reaction solution. In line with the precipitation time n

results, both Glu and Arg strongly inhibited HA formation,
resulting in smaller amounts of precipitate after 2 days in
comparison with the control samples. The combination of
Glu and Arg also inhibited the precipitation of HA, but not
as strongly as the individual effect of Glu and Arg. This
result was also consistent with the precipitation time result
obtained for the HA-Combo samples.

3.2. Morphology
Figure 3 shows the morphology of the HA samples obtained
at precipitation time. Individual microspherulitic aggregates
of 2—4 pm were found in both HA-Glu and HA-Arg sam-
ples (figure 3ce), and were less evident for HA-Combo
(figure 3g), whereas HA-Cont only showed aggregated
particles without individual microspheres (figure 3a). The
microspheres observed for HA-Glu and HA-Arg were com-
posed of plate-like particles (figure 3d,f), more densely
packed on HA-Glu. High-magnification SEM images for
HA-Cont and HA-Combo (figure 3b,i) showed longer,
curved strands that were not observed on HA-Glu and HA-Arg.
The spherulitic morphology observed for HA-Arg and
HA-Glu became more evident after 2 days of reaction,
whereas the size of the microspheres decreased (figure 4c.e),
reaching approximately 2 pm for HA-Arg and 3 um for
HA-Glu. The microspheres at this point consisted of nanopla-
telets preferentially oriented with their long axis pointing
towards the centre of the microsphere. The platelets were
still curved, but they were less jagged at the borders in com-
parison with those seen at precipitation time. Similar
nanoplatelets were observed in HA-Cont (figure 4b), however
they lacked the orientation observed on HA-Arg and HA-
Glu, and were agglomerated in random structures rather
than organized in spherulitic particles. The morphology of
Combo-HA after 2 days (figure 4¢,1) was more similar to
the samples synthesized in the presence of AAs than to the
control sample. The microspheres in HA-Combo became
more evident after 2 days. They were made of nanoplatelets
similar to those observed on HA-Glu and HA-Arg.

3.3. BET-specific surface area of synthesized particles
Figure 5 shows the BET SSA results for HA particles synthesized
in the presence of different AAs after 2 days of reaction.
These results inversely correlated with the precipitation times
reported in figure 1: the largest SSA (97 + 6 m*g ') was
observed for HA-Cont, which precipitated first; values of
84 + 5 and 77 + 1m?g ' were measured on HA-Combo
and HA-Glu; and the lowest value of 60 + 1 m? g71 was
observed for HA-Arg, which showed the most delayed preci-
pitation time. The overall high SSA values obtained were
related to the presence of mesopores—in fact, a similar trend
was observed for mesopore volumes, and it was directly related
to the pore size (table 2).

3.4. (rystal structure and crystallite sizes measured by
X-ray diffraction

Figure 6a,b shows the XRD patterns for samples measured at
the precipitation time and after 2 days of reaction, respectively.
All precipitates were HA, as confirmed by comparison with the
standard HA pattern. The spectra collected on our samples
were also compared with the reference pattern for octacalcium
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Figure 3. SEM images of samples (a,b)
200 nm (b,d.fh).

phosphate (OCP), which has a structure similar to HA. Neither
the most intense peak of OCP at 26 = 4.7° nor the second most
intense peaks at 26 =9.308 and 9.703° matched the peaks
observed in the spectra of our samples (see electronic sup-
plementary material, S1). The large backgrounds observed
for all the powders at the precipitation time (figure 6a) indi-
cated the presence of an amorphous calcium phosphate
(ACP) component in these samples, which was partially
retained even after 2 days of reaction in the presence of Glu
and Arg (figure 6b). This result showed the ability of the AAs
to stabilize ACP, possibly because they were trapped in the
HA crystalline lattice, thus causing greater atomic disorder.
This was consistent with the results obtained by Palazzo et al.
[10], who showed the formation of less crystalline HA in the
presence of Arg, Asp and Ala. This lower degree of crystallinity
makes HA synthesized in the presence of AAs resemble natural
bone more closely than pure HA, because bone minerals are
composed of poorly crystalline HA [42].

The crystallite size along the [002] and [310] directions
was estimated using the Debye—Scherrer equation and the
FWHM of the corresponding peaks at 26=25.88 and

39.82°, respectively (equation (2.1); figure 7). No statistically
significant differences with HA-Cont were observed for
AA-containing samples at precipitation time, except for
HA-Combo along the [310] direction. After 2 days of reaction,
statistically significant differences were observed for both
HA-Glu and HA-Combo along [310]—in particular, a cry-
stallite size along [310] of 26 + 4 nm was measured for
HA-Cont, whereas values of 17 + 2nm and 16 + 2nm
were obtained for HA-Glu and HA-Combo, respectively.

3.5. FT-IR analysis

In line with the XRD results, the FT-IR spectra for all samples
recorded at the precipitation time and after 2 days of reaction
matched the spectra recorded on carbonated HA (CHA)
[43,44] (figure 8), and were very different from those obtained
for other crystalline phases of calcium phosphates such as
OCP [45]. However, the phosphate v; peaks on HA-Cont
and AA-containing HA samples were sharper than in
CHA, most likely indicating that the HA samples were
more crystalline than the reference CHA [46], which is very
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Figure 4. SEM images of samples (a,b) HA-Cont, (c,d) HA-Glu, (e,f ) HA-Arg and (g,h) HA-Combo after 2 days of reaction. Scale bars: 1 wm (a,c.e,9) and

200 nm (b,d,fh).

HA-Cont HA-Glu HA-Arg HA-Combo

Figure 5. Effect of Glu, Arg and combination of Glu and Arg on the BET SSA
of synthesized HA powders after 2 days of reaction. Asterisks indicate the

samples that were statically significantly different from the control sample
with p < 0.05.

Table 2. Pore volume and pore size for HA samples synthesized in the
presence of Glu, Arg and their combination after 2 days.

mesopore volume

sample (cmsg_1) pore size (nm)
HA-Cont 0.45 + 0.01 1292 + 033
HA-Glu 0.22 + 0.06 6.77 + 0.68
HA-Arg 0.17 + 0.03 7.99 + 0.65
HA-Combo 0.34 + 0.05 1038 + 0.23

defective owing to the incorporation of carbonate ions in its
crystal lattice. Also, the HA samples did not show strong car-
bonate v; peaks because the carbonates were not present in
the bulk, but rather at the surface most likely due to reaction
with atmospheric CO, dissolved in the reaction solution—
indeed, more carbonates were observed on the HA samples
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Figure 6. (a) XRD patterns of HA-Cont, HA-Glu, HA-Arg and HA-Combo collected at the precipitation time, and (b) after 2 days. The vertical lines are the reference

pattern for HA (PDF no. 00-009-0432).

(@) 357 (002

30-. 77(310]

2

7

Ny
N
N

N
=

N

AN

mean crystallite sizes (nm)
AR

A\

%
.
7
%
/
%

_
7
.
%

HA-Cont HA-Glu HA-Arg HA-Combo

5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85
260(°)

—

S

~
)

I 002]
77313101

Z
%

A7 -

average crystallite sizes (nm)

. : A
HA-Cont HA-Glu HA-Arg HA-Combo

Figure 7. (a) Average crystallite sizes along [002] and [310] measured by XRD for HA-Cont, HA-Arg, HA-Glu and HA-Combo at the precipitation time and (b) after 2
days. Asterisks indicate samples that were significantly different from HA-Cont (p << 0.05 in (a) and p << 0.08 in (b)).

after 2 days of reaction. More water was adsorbed on the HA
samples than on CHA, as shown by the stronger dyon peak
at 1660 cm ™' and more pronounced voy band in the 2600—
3700 cm ' region. The peak at 3650 cm ' present on all
samples is attributed to voy; from structural OH groups in HA.

FT-IR spectroscopy can also provide information relative
to the presence of organic components in the samples.
Peaks at 1200-1300 cm ™! were attributed to vc_p; these
peaks were observed on HA-Arg more strongly at precipi-
tation time, and were present after 2 days on both HA-Arg
and HA-Glu, thus indicating the presence of AAs on these
samples [10]. Confirming this, a small vc—o peak, origina-
ting from the carboxylate groups in AAs, was observed for
HA-Arg and HA-Glu samples after 2 days of reaction [10].
The vc_py peaks observed in the 2800-3000 cem ! region
showed that organic material, either tris or AAs, was present
in all of the precipitates. The peaks at 2958 and 2873 cem !
correspond  t0 Vcp,asym and Ve sym, Tespectively, and
those at 2920 and 2852 cm ' to VCH, asym aNd Ve, sym
(figure 8, inset) [47]. While tris has only CH, groups, AAs
contain both CH, and CHj; groups; therefore, the CHj; to
CH; ratio can be considered as an indication of the presence
of AAs in the samples. As shown in figure 8 (inset), the

samples with higher CH; to CH, ratio were HA-Arg and
HA-Glu, followed by HA-Combo and finally HA-Cont.
This further confirmed the presence of AAs in HA-Arg and
HA-Glu, and to a lower extent in HA-Combo.

3.6. Surface composition determined by X-ray
photoelectron spectroscopy

XPS allows identifying the elemental composition, and
chemical species present on the outmost few nanometres of
the sample surface. Figure 9 shows the C/Ca and N/Ca
ratio for the control, and AAs samples collected at different
reaction times, calculated based on the areas of the C 1s,
N 1s and Ca 2p peaks recorded in XPS survey spectra. The
C measured on all the samples can originate from three
sources: contamination, always present in some amount on
any sample; carbonate ions; and organic material, including
both tris and AAs. N too can originate from organic com-
ponents, including both tris and AAs. Therefore, it is
possible to estimate the amounts of Arg and Glu in the
AAs samples if the C/Ca and N/Ca ratios for the AAs
samples are compared with those for the control samples at
the same reaction times. While the C/Ca ratios measured
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Figure 9. C and N atomic % relative to Ca atomic % for HA-Cont, HA-Glu,
HA-Arg and HA-Combo at precipitation time and after 2 days of reaction,
measured from XPS survey spectra. Asterisks indicate the samples that were
statically significantly different from the control sample with p < 0.02.

on HA-Arg were approximately six and eight times higher
than those measured on HA-Cont at precipitation time and
after 2 days, respectively, the same C/Ca ratios on HA-Glu
were only approximately two and 1.6 times higher than
those measured on HA-Cont. No significant differences

between HA-Combo and HA-Cont were observed after
2 days of reaction and only minor differences were observed
at precipitation time. These results thus indicate that HA-Arg
samples synthesized both at the precipitation time and after 2
days of reaction contained significantly larger amounts of
AAs in comparison with the HA-Glu and HA-Combo
samples. Small amounts of N detected in HA-Arg samples
at the precipitation time and after 2 days of reaction further
confirmed the presence of Arg in these samples (figure 9).
The fact that no N is detected on HA-Glu, whereas IR clearly
shows the presence of AAs on this sample may be related to
the fact that less N is present in the Glu structure than in Arg,
and thus the small amount of N present on the HA-Glu
sample is not detectable by XPS. Indeed, XPS is a more
surface-sensitive technique than IR, and if small amounts
of AAs are present all throughout the sample and are not
concentrated on the surface, then it might be harder to
detect them using XPS rather than using a bulk technique
such as IR.

Figure 10 shows the surface Ca/P ratios measured from
XPS survey spectra. All samples showed Ca/P ratios lower
than the stoichiometric value for HA (1.67). This may be
attributed to the presence of Ca vacancies and less crystalli-
nity at the surface of HA particles [48]. No significant
difference was observed in the Ca/P ratios for the HA
samples collected at the precipitation time, and all of them
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Table 3. AAs adsorbed to HA particle surfaces after 2 days of reaction.

sample HA-Glu

adsorption of AAs to particles (mmol m™?)

1.404
1 V//77) prec. time

1.354

1.304

1.254

1.204

Ca/P

1.154
1.104

1.054

1.00-

HA-Cont HA-Glu

HA-Arg HA-Combo

Figure 10. Ca atomic % relative to P atomic % for HA-Cont, HA-Glu, HA-Arg
and HA-Combo at precipitation time and after 2 days of reaction, measured
from XPS survey spectra. Asterisks indicate samples that were significantly
different from HA-Cont (p << 0.03).

showed lower ratios than the corresponding samples after
2 days of reaction, indicating more highly defective surfaces
at the early stage of precipitation. After 2 days of reaction,
HA-Glu and HA-Arg showed a lower Ca/P ratio in compari-
son with the control samples. These results were consistent
with the XRD results (figure 6b) showing ACP was still
present in the HA-Glu and HA-Arg samples after 2 days
of reaction.

3.7. Colorimetric technique to measure the adsorption
of amino acids to hydroxyapatite surfaces

The amount of adsorbed AAs on HA surfaces was further
evaluated by measuring the amount of AAs remaining
in solution after 2 days of reaction. The AAs remaining in
solution were converted to a coloured derivative using
ninhydrin, and the absorption of these compounds was
evaluated with a UV-vis spectrometer according to a pro-
cedure widely reported in the literature [24]. By knowing
the initial concentration of AAs in solution, it was then
possible to estimate the amount of AAs adsorbed on HA
particle surfaces. The amounts of adsorbed AAs were nor-
malized with respect to the SSA of the particles reported in
figure 5, and the final results are shown in table 3. In accord-
ance with XPS results (figure 9), the AA that adsorbed in
larger amount on HA after 2 days was Arg, and lower amounts
were observed when Glu or both Glu and Arg were present
during HA synthesis.

3.8. ICP analysis on [Ca] and [P] in solution and on
hydroxyapatite precipitates

[Ca] and [P] in the supernatant solution were measured
by ICP shown in figure 11. A sharp decrease in both [Ca]

0.12 + 0.03
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(@)
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reaction time (h)

Figure 11. (a) [Ca] and (b) [P] in the supernatant solution for HA-Cont,
HA-Combo, HA-Glu and HA-Arg samples.

and [P] was observed after 1 and 5h on HA-Cont and
HA-Combo, respectively. This time corresponded very well
to the time at which visible precipitation occurred on these
samples. However, for HA-Glu and HA-Arg, the curves rela-
tive to [Ca] and [P] showed a much less sharp decrease at 8
and 12 h, respectively. This time was earlier than the time
at which visible precipitation was observed for HA-Glu
(11h) and HA-Arg (17 h). This most likely indicated the
formation of smaller nuclei even before visible precipitation
occurred for these samples. The longer delay observed
before [Ca] and [P] decreased in HA-Arg and HA-Glu
samples in comparison with HA-Cont and HA-Combo can
be related to the inhibitory effect of Arg and Glu when
they are present separately in the crystallization solution.
This is consistent with the results obtained for precipitation
times and precipitate weights shown in figures 1 and 2,
respectively. Steady values of 0.4 mM for [Ca] and 0.2 mM
for [P] were observed after 10h for HA-Cont and
HA-Combo, and after 24 h for HA-Glu and HA-Arg.
ICP-AES was also used to measure the amounts of
Ca and P present in the precipitates. The resulting Ca/P
atomic ratios are reported in figure 12. Values of

90607107 ‘0L ey 205 y 1 biobunsyqndiraposieforys: [



2.0
1.84
1.64
1.44
1.24
1.04
0.8 1
0.6 1
0.4 1
0.24

prec. time
B 2 days

Ca/P

7

HA-Cont HA-Glu HA-Arg HA-Combo

Figure 12. Bulk Ca/P atomic ratios as measured by ICP-AES on HA-Cont, HA-
Glu, HA-Arg and HA-Combo at precipitation time and after 2 days of reaction.
Asterisk indicates the sample that was significantly different from HA-Glu, HA-
Arg and HA-Combo samples synthesized after 2 days (p << 0.05).

approximately 1.55 were obtained for all samples except
for HA-Cont after 2 days, which showed a significantly
higher Ca/P ratio (1.76). Because the stoichiometric Ca/P
value for HA is 1.67, these results confirm that the samples
prepared in the presence of AAs never become fully crys-
talline HA, and are Ca-defective not only at their surface,
where much lower Ca/P ratios were measured by XPS (figure
10), but also in the bulk. The achievement of a higher Ca/P
value after 2 days of reaction for HA-Cont may indicate that
this sample was more crystalline than the others, as previously
observed in the XRD spectra (figure 6), which showed a smaller
background for HA-Cont synthesized after 2 days than for the
AA-containing samples.

4. Discussion

We investigated the effect of Arg, Glu and their combina-
tion on HA crystallization with a number of techniques.
From all the results obtained, we can outline three main
discussion items.

(1) The positively charged AA (Arg) showed the strongest
inhibitory effect on HA precipitation and the largest adsorption
on HA, whereas the negatively charged AA (Glu) had the strongest
effect on HA crystallization. Specifically, all of our results
pointed out that Arg had the largest ability to inhibit HA
nucleation (figure 1), it was adsorbed in more massive
amounts to HA while it nucleated, and it remained adsorbed
on the HA particles during the growth stage (indeed, as evi-
denced by IR (figure 8), XPS (figure 9) and colorimetric
techniques (table 3), Arg was more abundant both at precipi-
tation time and after 2 days of reaction). Despite this, the
presence of Glu (alone or in combination with Arg) was
more effective at inhibiting HA crystal growth (figure 7).

We can explain the stronger inhibitory effect of Arg
on HA nucleation by considering what happens during
crystal formation. At nucleation, the AAs present in solution
can inhibit crystal formation by chelating the ions that
form the crystals. We briefly review here what has been
reported on complex formation between Arg and Glu and
Ca”* and PO;.

Interactions with Ca’". Clarke & Martell [49] have investi-
gated the formation of Arg/Ca®" complexes at different pH,
and they observed that at pH 7.4 complexes of the form
HArgCa*" are formed, whose stability constant (log K) is
2.21. To form such complexes, Arg (normally in the form
H,Arg™ at pH 7.4) loses the proton in the a-amino position.
Complexes between Glu and Ca®" are more heavily investi-
gated [50]. Lumb & Martell [51] estimated a value for log K
of 1.43 for the formation of such complexes and, more
recently, De Stefano et al. [52] estimated a value of 1.7. Both
works hypothesize the formation of complexes of the type
(CaHGIu™), where Glu is in the form HGlu . This is the chemi-
cal species we expect for Glu at pH 7.4, in which the alpha-
amino is neutral, and one of the carboxylate groups is deproto-
nated. Lumb & Martell [51], who analysed this complex in
detail, concluded that the carboxylate group involved is the
a, and not the y-carboxylate. In fact, Ca** would be interacting
with both the a-carboxy and the a-amino group. This hypoth-
esis is in agreement with findings from older studies [53]
focusing on interactions between Ca®" and compounds con-
taining both amino and carboxylate groups. By comparing
the log K values reported for Arg/Ca and Glu/Ca complexes,
we can conclude that Arg can interact more strongly with Ca
than Glu. This is confirmed by a recent mass spectroscopy
study by Ho et al. [54], who showed that among the 20 AAs,
Arg is the one creating more stable homodymer complexes
with Ca ions (Ca*"(Arg)(Arg)).

Interactions with PO; . Arg is well known for its ability to
interact with phosphate groups, and in fact this interaction is
crucial in the stabilization of protein/nucleic acid complexes
[55]. In these complexes, Arg is positively charged (H,Arg™),
and phosphate groups interact with the guanidyl side chain
of Arg [56]. A stability constant of 1.9 is reported by Lancelot
et al. [56] for this complex. Glu/phosphate interactions, on the
other hand, are not heavily investigated, most likely because
they are not very strong. In fact, we could not find reported
stability constants for complexes involving Glu and phos-
phate or phosphonate groups. To estimate the value of this
constant, we can consider a study by Luscombe et al. [57].
In this work, the authors analysed the interactions between
the 20 AAs and the bases and backbone groups of DNA by
modelling 129 protein-DNA structures. With respect to inter-
actions with phosphate groups in all the structures analysed,
Arg was the AA that formed the largest number of hydrogen
bonds and water-mediated bonds, and was second only to
Lys in the number of van der Waals bonds formed. Glu
instead was among the AAs forming the least number of
bonds with phosphate groups. If we just consider the differ-
ence in number of hydrogen bonds observed in these 129
structures for Arg/phosphates and Glu/phosphates, we can
roughly estimate the stability constant of Glu/ PO} to be to
be 0.34 (see electronic supplementary material, S2 for more
detail). These values clearly show that Arg has a much stron-
ger tendency than Glu to interact with both Ca*" and POj
thus indicating that these ions are less free to form calcium
phosphate nuclei in the presence of Arg than of Glu. We
hypothesize that this can explain why we observed a
longer delay in HA precipitation in the presence of Arg
than Glu (figure 1), and we found less precipitate after 2
days in the presence of Arg (figure 2). Also, the stronger ten-
dency of Arg to interact with the ions in solution can explain
why larger amounts of Arg than Glu were present in the
HA-Arg sample at precipitation time (figure 9).
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The effect of AAs on crystal growth is more complex than
on nucleation, because during crystal growth AAs can both
chelate the remaining ions and interact with the growing
HA nuclei. HA particles at pH 7.4 are negatively charged,
owing to the presence of Ca vacancies and to the acidic pK,
of HA surfaces [10,24,58,59]. Therefore, a stronger electro-
static interaction should occur between HA growing nuclei
and the positively charged AA, Arg. Indeed, our XPS
(figure 9) and colorimetric results (table 3) showed the high-
est adsorption of Arg on HA after 2 days of reaction. These
results seem to confirm Jack ef al.’s results, who measured
greater affinity constants of positively charged AAs towards
HA surfaces [24], while disputing Koutsopoulos and Dalas’
results, who instead showed higher affinity of negatively
charged AAs for HA surfaces [25]. However, more specific
interactions need to be considered to explain the effect on
crystal growth inhibition in specific directions. Several studies
show that the chemical interactions between the zwitterionic
alpha-amino and carboxylate groups and Ca and O atoms at
HA surfaces are more crucial in determining the interactions
between HA and AAs than the electrostatic interactions of
AA side residues [24,60,61]. Jack ef al. [24] showed that the
main interaction between AAs and HA surfaces is through
the covalent bonding between —COO™ and calcium ions.
Therefore, the stronger chemical bonding between Glu and
HA surfaces might have been responsible for the stronger
inhibitory effect of Glu on HA crystal growth despite of its
lower adsorption to HA surfaces.

Also, here we found that both Arg and Glu were more
effective in inhibiting crystallite growth along the [310] than
the [002] direction (figure 7). This can be explained by consid-
ering the higher surface free energy of the (100) plane (almost
perpendicular to [310]) than the (001) plane (perpendicular to
[002]), and also the higher polarity of the (100) plane, which
make it more favourable to interact with dipolar molecules
such as AAs [62]. Also, there are six equivalent (100) surfaces
in HA crystal while there are only two equivalent (001)
surfaces. Therefore, the (100) surfaces are more prone to inter-
act with the AAs, and the crystal growth is more influenced
along their perpendicular [310] direction. Our results also
showed that Glu was more effective than Arg in inhibiting
crystallite growth along [310]. In line with the results
reported in this paper, Palazzo et al. [10] showed that AAs
had the ability to inhibit HA crystal growth. However, they
reported the equal inhibitory effect for the negatively,
positively and non- charged AAs while in this work we
showed that the negatively charged AA, Glu, was more effec-
tive in reducing crystal growth along [310] axis. This
discrepancy may be attributed to the different experimental
conditions, such as lower pH and different precursors used
in this experiment for HA precipitation.

The larger adsorption of Arg on HA compared with
Glu might also be responsible for the lower SSA and poro-
sity observed for HA-Arg particles (figure 5 and table 2).
In fact, both Arg and Glu caused a decrease in SSA when
present separately during the synthesis of HA; this has
to be related to the formation of compact spherulitic parti-
cles, which have lower SSA compared with the loser
aggregates formed in the absence of AAs. The larger decrease
observed for HA-Arg can be attributed to the higher
adsorption of this AA on HA. The presence of Arg could
screen the negative charge on HA nanoparticles, thus
decreasing their electrostatic repulsion and allowing them

to get in more intimate contact and form microsphares with [ 11 |

lower overall SSA.

(2) At precipitation time, both AAs induced the formation of
spherulitic particles, while only random aggregates were found in
the presence of tris alone (figures 3 and 4). The formation
of HA spherulites under the influence of AAs and other
organic additives is also reported by other authors [63,64],
but the mechanism by which these small molecules induce
such a micrometre-scale ordering is still unclear. Granasy
et al. [65] showed that spherulitic particles form by growth
front nucleation (GFN) in which new crystals nucleate at
the surface with a different lattice orientation than the
parent crystal. Thermodynamically, GFN is favoured at
higher supersaturation, because the nucleation driving force
is higher relative to the orientational mobility of crystals
[63,64,66,67]. With increasing driving force, the branching
frequency increases, and the particles assume an overall
spherulitic morphology. However, GEN can also be favoured
by kinetic factors, in systems where new crystals nucleate on
random sites on the growing crystals surfaces, rather than in
continuous layer-by-layer structures on the parent crystal, as
would be predicted by the classical growth mechanism [66].
In fact, spherulite formation strongly depends on the surface
structure of the growing seed crystals [68]. The formation of
complexes between the AAs and Ca®" and POj;~ ions (see
§4.1 and discussion relative to figure 11) indicates that the
overall concentration of free Ca®>* and PO;  ions should be
lower in the AA-containing samples compared with the con-
trol sample. Thus, the effective supersaturation at which
precipitation occurs in the AA-containing samples should
be lower than in the control sample. This implies that the
observation of more spherulitic particles for HA-Glu and
HA-Arg than HA-Cont and HA-Combo cannot be explained
based on thermodynamics. Instead, the presence of AAs
interacting with the growing crystalline surfaces (confirmed
by both IR (figure 8) and XPS (figure 9) results) may provide
differently charged sites for the random nucleation and
growth of HA, thus kinetically favouring spherulite for-
mation. The XRD results shown in figure 7 confirmed that
the GFN mechanism was more favoured for the HA-Arg
and HA-Glu than the HA-Cont and HA-Combo samples:
the average crystallite size along [310] increased with time
for HA-Cont and HA-Combo while the crystallite size
along [310] decreased for H-Glu, and did not significantly
change for the HA-Arg. This is consistent with the GFN
mechanism for HA-Arg and HA-Glu: on these samples,
new crystals grow with different orientations relative to the
parent crystals, thus resulting in smaller average crystallite
sizes and no significant overall crystal growth, differently
from the classical model in which the parent crystal grows
continuously [62].

(8) The combination of Arg and Glu in the same solution
resulted in a much smaller effect on HA precipitation than when
any of the AA was present alone. Specifically, we observed
fewer AAs adsorbed on HA particles in HA-Combo than
on HA-Arg or HA-Glu (figures 8 and 9), a more similar
surface Ca/P ratio for this sample to HA-Cont (figure 10),
weaker effect on precipitation time (figures 1 and 11) and
precipitate weights (figure 2), and on the morphology
of HA particles during the early stage of precipitation
(figure 3g,h). These results can be explained by considering
that when the two AAs are present in solution together,
they have a higher tendency to interact with each other
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rather than with the ions in solution. Indeed, the interaction
between Arg and carboxylate groups is known to be very
strong, and crucial in the selective recognition of nucleic
acid base sequences by proteins containing Arg in their struc-
ture [55]. This strong interaction is due to the formation of ion
pairs between the positively charged guanidyl side groups of
Arg and negatively charged y-carboxylate groups of Glu [69].
The reported log K for this interaction is 2.3 [56], which is
higher than any of those reported for Arg or Glu and Ca*"
or PO~ [49,51,56]. This high constant can also help explain
why some of the HA-Combo results were more similar to
HA-Glu than to HA-Arg (see the results relative to crystal
size (figure 7), surface area (figure 5) and affinity to HA sur-
faces (table 3)). Indeed, Arg can interact with carboxylate
groups from both Glu and from other Arg molecules.
Hence, more Glu than Arg is free in solution to interact
with growing HA nuclei.

These observations imply that if more than one type of
AAs is present in solution, the effects of the single AAs do
not simply add up. Rather, they can end up damping each
other, because the AAs can form complexes among them-
selves rather than with the ions in solution. This behaviour
would be observed to a much lower extent if the AAs were
bound together along protein or peptide chains, because
their ability to combine with each other would be severely
limited. Still, the affinity constant between Arg and carboxy-
late groups is almost as high as that measured for poly(Glu)
and HA (199.5 [56] versus 240 [70], respectively), which indi-
cates that even in the presence of proteins or peptides,
complexes formed between terminal AAs and side groups
of AAs could be partially responsible for the overall effect
observed on HA formation.

References

5. Conclusions

Polar and charged AAs are the main components of NCPs, and
are involved in HA mineralization in bone. These AAs are able
to inhibit HA mineralization by binding to the nuclei of HA and
preventing their further growth. Here, we investigated the effect
of a positively charged AA, Arg and a negatively charged one,
Glu, as well as their combination, at physiological pH and temp-
erature. Our results showed that the positively charged AA,
Arg, had a stronger inhibitory effect on HA formation, and
was adsorbed in larger amount on HA particles, whereas the
negatively charged AA, Glu, was more effective in inhibiting
HA crystal growth along specific crystallographic directions.
These results were interpreted in terms of the differences in stab-
ility constants between AAs and the ions in solution. The
formation of AA/ion complexes was also deemed responsible
for the observed formation of spherulitic particles in the pres-
ence of either Arg or Glu. We also showed that the inhibitory
effect of the single AAs on HA nucleation was dampened if
the two A As were present together in solution, which we inter-
preted to be a consequence of the preferential interaction of the
AAs with each other rather than with ions or nuclei in solution.

Overall, this study gives a basis for the understanding of
the effect of single AAs on HA mineralization in physiologi-
cal conditions, and may provide a guideline to rationally
designed oligopeptides with the purpose of inhibiting HA
nucleation. These could be used for treating pathological dis-
eases caused by an excessive mineralization of HA in tissues
such as cartilage, blood vessels and cardiac valves.
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