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Abstract: For hard tissue regeneration, the bioactivity of a
material is measured by its ability to induce the formation of
hydroxyapatite (HA) under physiological conditions. It depends
on the dissolution behavior of the glass, which itself is deter-
mined by the composition and structure of glass. The
enhanced HA growth on nanoporous than on nonporous glass
has been attributed by some to greater specific surface area
(SSA), but to nanopore size distribution by others. To decouple
the influence of nanopore size and SSA on HA formation, we
have successfully fabricated homogeneous 30Ca0-70SiO,
(30C70S) model bioactive glass monoliths with different nano-
pore sizes, yet similar SSA via a combination of sol-gel, sol-
vent exchange, and sintering processes. After incubation in
PBS, HA, and Type-B carbonated HA (HA/B-CHA) form on
nanoporous monoliths. The XPS, FTIR, and SEM analyses

provide the first unambiguous demonstration of the influence
of nanopore size alone on the formation pathway, growth rate,
and microstructure of HA/CHA. Due to pore-size limited diffu-
sion of PO,%", two HA/CHA formation pathways are observed:
HA/CHA surface deposition and/or HA/CHA incorporation into
nanopores. HA/CHA growth rate on the surface of a nanopor-
ous glass monolith is dominated by the pore-size limited trans-
port of Ca%* ions dissolved from nanoporous glass substrates.
Furthermore, with increasing nanopore size, HA/CHA micro-
structures evolve from needle-like, plate-like, to flower-like
appearance. © 2018 Wiley Periodicals, Inc. J Biomed Mater Res Part
B: Appl Biomater 107B: 886-899, 2019.
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INTRODUCTION

In the field of hard tissue regeneration, bioactivity of a mate-
rial is measured by its ability to form hydroxyapatite (HA),
Cay0(PO4)6(OH),, under physiological conditions." HA is a
naturally occurring, inorganic mineral abundantly found in
hard tissues, that is, bones and teeth. It possesses a hexago-
nal crystal structure, and due to the symmetry of unit cell,
HA crystals preferably grow along the c-axis, naturally
shaped as hexagonal rods.>® With chemical and crystallo-
graphic properties similar to that of bones, HA layer formed
on bioactive glasses has been shown to be critical for the
biological interaction and bonding between glass substrate
and osteoblast cells.*

In the past few decades, melt-quench 45S5 Bioglass®
(46.1 mol % SiO;, 26.9 mol % CaO, 4.5 mol % Na,O0, and
2.5 mol % P,05), introduced in late 1960s by Hench,
has been studied widely because of its ability to readily
form HA layer, leading to exceptional bone-bonding prop-
erties.” The superior bioactivity of 45S5 Bioglass® comes
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from the strategic compositional features with its rela-
tively low content of silica (SiO;) and high content of
network modifiers Na,O and CaO, leading to fast dissolu-
tion of silica and calcium ions previously shown to
enhance cellular response.®’” Hench proposed a series of
reactions that leads to the formation of HA on the sur-
face of melt-quench 45S5 Bioglass® after immersion in
physiological solution, that is, simulated body fluid (SBF),
as follows®:

i. Rapid ion exchange reactions between glass network
modifiers (Na* and Ca®*) with H" or H30* from SBF
solution. This results in the formation of silanol
(Si—OH) groups on the glass surface and higher pH
due to consumption of H* from the solution:

Si-0O-Na+H" —Si-OH+Na" (aq) (1.1)
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Si-0-Ca+2H* — Si-OH+Ca’" (aq) (1.2)

ii. Dissolution of SiO, network in the form of silicic acid
(Si(OH)4) and the continued formation of Si—OH on
the glass surface:

Si-0-Si+Hy0— Si- OH+HO-Si (1.3)

iii. Condensation and repolymerization of amorphous
Si0, on Na/Ca-depleted glass surface, creating amor-
phous SiO,-rich layer.

iv. Formation of amorphous calcium phosphate (ACP)
layer on SiO,-rich film through the migration of solu-
ble Ca®" and PO3*™ from the continued dissolution of
glass and pre-existing ions from SBF solution.

v. Formation of HA via further growth and crystallization
of ACP layer.

Similar mechanism is expected for HA formation on
sodium/calcium silicate glasses. Since the formation of HA is
dependent on the concentration of Ca?*, P0,>~, OH™, and sol-
uble species like Si(OH)y, the characteristics of HA layer are
governed by the dissolution behavior and the composition of
the glass substrate. By introducing nanoporosity into the
glass structure via the sol-gel process, the dissolution rate
and HA growth rate on nanoporous sol-gel-derived glass are
drastically enhanced compared to that of nonporous melt-
quench glass substrate.” Whereas faster HA growth on nano-
porous glass, compared to nonporous glass, was hypothe-
sized to be associated with greater specific surface area
(SSA),*° a study by Peltola et al. argued that hydroxycarbo-
nate apatite formation on porous sol-gel-derived SiO, and
Ca0—P,05—Si0; substrates is enhanced by greater mesopore
volume and wider mesopore size distribution, while mini-
mally affected by the SSA of the underlying substrates.*
Although empirical differences in HA formation behaviors
between nonporous, melt-quench glass, and nanoporous sol-
gel-derived glass have been presented in previous
studies,”'! the effect of nanoporosity on the formation
mechanism and characteristics of HA layer has remained
unclear. In this article, we describe a series of experiments
that decouple the influence of nanopore size and SSA on HA
formation by investigating samples with different nanopore
sizes yet similar SSA. To establish chemical pathways of HA
formation unambiguously, we have selected a binary calcium
silicate composition 30Ca0—70Si0, (30C70S) as the model
system, which has shown strong potential as bioscaffolds for
hard tissue regeneration.'’™** In addition, we report direct
evidence of the influence of nanopore size on HA formation
and its microstructure that is also expected to influence its
performance as a bioscaffold.

MATERIALS AND METHODS

The nanoporous bioactive glass samples of 30 mol % CaO -
70 mol % SiO, composition were fabricated via sol-gel process
using the following chemical reagents: tetramethoxysilane,
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TMOS (99%, Acros Organics); calcium nitrate tetrahydrate,
Ca(NO3),.4H,0 (Sigma Aldrich); acetic acid, CH3COOH (Fisher
Chemical); aqueous hydrofluoric acid, HF (Fisher Chemical);
and ammonium hydroxide, NH4OH (Fisher Chemical). The start-
ing sol was prepared by mixing 20 mL of 0.05 N CH3;COOH
(pH 3.0), 9 mL of TMOS, and 6.18 g of Ca(NO3),.4H,0. After
adding HF to induce gelation, the sol was transferred and left to
gel in closed Teflon jars at 40°C for 1 h. Depending on the
desired nanopore size, gelled samples were either left to age at
40°C for 4 days or subjected to a solvent exchange with NH,OH
under hydrothermal conditions in Teflon-lined autoclave con-
tainers for 4 days at temperatures ranging from 120°C to
200°C. The aged gels were dried in open atmosphere at gradu-
ally increasing temperature at the heating rate of 5°C/min up to
180°C for 2 days. The dried gels were then thermally stabilized
by heating at 2°C/min to 600°C and holding at this temperature
for 5 h.

To obtain flat, uniform, monolithic samples nanoporous
glass was ground and sieved to obtain glass powder with par-
ticle size <45 pm. The resulting powder was mixed, and then
pressed into ~0.5-g disks with a uniaxial press in a cylindrical
alumina die. To further strengthen and assure uniform green
density, the pre-shaped disks were further pressed isostati-
cally at 275 MPa. To achieve similar specific surface area
(SSA) for different nanopore sizes, nanoporous glass disks
were then sintered for 2 h in a Lindberg/Blue M three-zone
tube furnace (Thermo Scientific, Waltham, MA) at various tem-
peratures ranging from 600°C to 900°C. The pore size distri-
bution and SSA of samples fabricated with different aging and
sintering conditions were determined by nitrogen adsorption
porosimetry (ASAP2020, Micrometrics, Norcross, GA).

To induce formation of hydroxyapatite (HA), autoclave-
sterilized 30C70S nanoporous monoliths were immersed
and incubated in phosphate-buffered saline (PBS) solution at
37°C, 5% C02-95% air, and saturated humidity for 3 days.
The PBS solution is calcium-free, water-based salt solution
containing 137 mM of sodium chloride (NaCl), 2.7 mM of
potassium chloride (KCl), 10 mM of disodium hydrogen
phosphate (Na,HPO,), and 1.8 mM of potassium dihydrogen
phosphate (KH,PO,). Ionic concentrations, Ca** and P0,*",
and pH of the pre- and post-incubation PBS solutions were
measured using Quantichrom assay kits (BioAssays Systems,
Hayward, CA) and HI2210 pH meter (Hanna Instruments,
Woonsocket, RI), respectively.

After incubation in PBS, nanoporous samples were rinsed
with deionized water, and dried in ambient air. The chemical
composition and crystallinity of PBS-incubated samples were
determined by a Scienta ESCA 300 X-ray photoelectron spec-
troscopy (XPS) with monochromatic Al-K, X-rays
(1486.6 eV), and Panalytical Empyrean X-ray Diffractometer
with a Cu X-ray tube (45 mA/40 kV) at a wavelength of
1.5414, respectively. The binding energy scale of XPS spectra
was referenced to C(1s) of adventitious carbon at 285.0 eV
and the core levels of constituent elements were fitted with
70% Gaussian and 30% Lorentzian line shapes using
CasaXPS data processing software.

The microstructure of the HA layer formed on each nano-
pore size during incubation in PBS was characterized using a
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FIGURE 1. Pore size distribution of various nanopore sizes: A = 6-nm
pore size, B = 15-nm pore size, C = 31- nm pore size, and D = 44-nm
pore size, with similar specific surface area (SSA) of 35 + 2 m?/g.

Zeiss 1550 scanning electron microscope (SEM). To quantify
the thickness of HA layer, elemental maps of the cross-
sections from PBS-incubated samples were obtained by
energy dispersive spectroscopy (EDS). To further determine
the molecular structure of HA layer, attenuated total reflec-
tion Fourier transform infrared (ATR-FTIR) spectra from
PBS-incubated samples were acquired using a Bruker Vertex
70 spectrometer (Bruker Optics, Billerica, MA) equipped
with a MVP Pro single reflection diamond crystal ATR acces-
sory (Harrick Scientific, Pleasantville, NY). These spectra
were acquired using a mercury cadmium telluride (MCT)
detector in the mid-infrared range of 650 cm™ to 4000 cm™*
wavenumber by averaging 400 scans at 6 cm™ resolution
and were reported in absorbance units by referencing to the
spectrum of the bare ATR crystal.

RESULTS

Pore sizes and specific surface area of nanoporous glass
monoliths

The pore size distribution and SSA of samples fabricated
with different aging and sintering conditions are summa-
rized in Figure 1 and Table I, respectively. The selected
nanopore sizes of samples with similar specific surface area
were 6 £ 1 nm, 15 £ 2 nm, 31 £+ 2 nm, and 44 + 3 nm with
SSA of 35 + 2 m?/g.

XPS analysis of PBS-incubated nanoporous glass
monoliths

A representative XPS spectrum of a PBS-incubated nanopor-
ous glass monolith shows the presence of O, Ca, P, Na, C|, F,
and Ca on its surface, as shown in Figure 2. Here Na, Cl, and
P came from PBS solution, and the presence of F is from the
use of HF as a gelation catalyst in sol-gel process. Silicon,
the main component of the underlying nanoporous glass,
was not detected by XPS on PBS-incubated samples. Since
the presence of carbon (C) is in the form of adventitious
hydrocarbon contamination caused by the exposure of sam-
ples to ambient air prior to the XPS analysis, the peak posi-
tions were referenced and calibrated to the C(1s) binding
energy of C—C/C—H at 285.0 eV.'® Chemical composition of
the layer formed on the surface of different nanopore size
samples after 3-day PBS incubation is reported in Table IL

The representative deconvoluted C(1s), Na(ls), F(1s),
Cl(2p), O(1s), Ca(2p), and P(2p) core level spectra of a PBS-
incubated sample are shown in Figure 3(a-g), respectively.
The core level binding energy with corresponding com-
pounds based on values in the literature, and average con-
tent in mol % present on PBS-incubated samples with are
summarized in Table III for 30C70S samples with different
nanopore sizes. The deconvoluted C(1s) spectrum in
Figure 3(a) depict three distinct peaks located at 285 =+
0.0 eV (used as the binding energy reference), 286.1 +
0.1 eV, and 289.4 £+ 0.1 eV, which correspond to the binding
energies of C(1s) in C—C/C—H,*®> C—0,'® and 0—C=0""
molecular units, respectively. The C—C/C—H and C—0 peaks
are due to hydrocarbon contamination, and the 0—C=0 peak
indicates the presence of carbonate groups. The area under
the peak of each carbon species in the deconvoluted C
(1s) core spectra yielded the concentrations of various car-
bon species as 5.2 + 0.5 mol % in the form of C—C/C—H,
1.2 £+ 0.5 mol % in the form of C—0, and 1.2 &+ 0.2 mol % in
the form of 0—C=O0 (carbonate groups).

The Na(1s) spectrum in Figure 3(b) depicts a single peak
at 1072.0 £ 0.1 eV, which corresponds to the binding energy
of Na in NaH,P0,.'® The deconvoluted F(1s) spectrum in
Figure 3(c) also shows a single peak at 684.8 + 0.1 eV,
which agrees with the binding energy of F in CaF,.'° The
deconvoluted Cl(2p) spectra in Figure 3(d) exhibits two dis-
tinct peaks at 200.5 £ 0.1 eV and 199.0 £ 0.1 eV, which are
assigned to Cl(2py,2) and Cl(2ps,2), respectively. The main
Cl(Zps,7) binding energy peak at 199.0 eV corresponds to
the Cl in CaCl,.2° It is worth noting that, although Na* ions in
PBS solution can compete with Ca?* ions to form NaF and

TABLE I. Summary of Aging and Sintering Conditions During Sol-Gel Process Leading to Various Nanopore Sizes with Similar

Specific Surface Area
Aging Condition
Sample Pore Size Surface Area Solvent Exchange Temperature (°C) Sintering Temperature (°C)
A 6+1nm 36 + 1 m%g None 40 775
B 15+ 2 nm 35 + 2 m%g 1 M NH4OH 120 755
C 31+£2nnm 35+ 1 m%g 1 M NH4OH 180 740
D 44 + 3 nm 37 + 1 m?%g 1 M NH,4OH 200 None
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FIGURE 2. Representative XPS spectrum of a PBS-incubated nanopor-
ous glass monolith.

NaCl, the Gibbs free energy of formation (AGf) of CaF,
(-1111 kJ/mol) and CaCl, (-816 kJ/mol) are lower than AG;
values of NaF (~541 kJ/mol) and NaCl (=393 kJ/mol),?* thus,
favoring the formation of CaF, and CaCl, as suggested by
XPS analysis.

The deconvoluted O(1s) spectrum in Figure 3(e) depicts
two distinct peaks located at 532.2 + 0.1 eV and 5314 +
0.1 eV. The O(1s) peak at 532.2 eV agrees with the binding
energy of O(1s) of NaH,P0,.'® The O(1s) peak at 531.4 eV is
in agreement with the O(1s) binding energy of hydroxyapatite
or HA (Ca;(P04)s(OH)2)** and carbonated hydroxyapatite or
CHA,'” which can be either Type-A CHA, wherein CO32~ substi-
tutes for OH™ yielding (Caio(PO4)s(CO3)x(0OH)22:),2>** or
Type-B CHA, wherein CO;%" substitutes for PO, yielding
(Caz0(PO4)6-12:/31(CO3)x(OH)2).>>*® Since the binding energy of
Na(1s) at 1072.0 eV obtained from the XPS spectra of PBS-
incubated samples does not correspond to the presence of
Na,CO3 with Na(1s) binding energy of 1071.5 eV,?’ it can be
assumed that all carbonate groups are incorporated in CHA.
By balancing the content of detected elements, CHA found in
this work is derived to be Type B with the chemical formula
of (Ca;9(P0O4)2(C0O3)6(OH),). The average molar ratio of HCA to
HA is approximately 0.19 + 0.03. By analyzing the area under
the peak of each oxygen species in the deconvoluted O
(1s) core spectra, there are 13.6 + 0.9 mol % of oxygen in
NaH,PO, and 36.7 + 1.0 mol % of oxygen in HA/CHA form.

The deconvoluted Ca(2p) spectrum in Figure 3(f) depicts
two distinct peaks at 347.7 £ 0.1 eV and 351.3 eV £ 0.1 eV,
representing Ca(2psz/,) and Ca(2p,,,), respectively. The bind-
ing energy of Ca(2ps/;) at 347.7 eV is comparable to that of
Ca in CaF,'? CaCl,*® HA (Cayo(PO4)s(OH),),?* and Type-B
CHA  (Caio(P04)2(CO3)6(OH),).” The deconvoluted P
(2p) spectrum in Figure 3(g) shows two distinct peaks at
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1339 eV £+ 0.1 eV and 134.9 £ 0.1 eV which are assigned to P
(2ps3/2) and P(2pq,;), respectively. The binding energy of P
(2p3j2) at 1339 eV corresponds to the P in HA
(Ca10(PO4)s(OH),),** Type-B CHA (Cay(PO4)2(CO3)s(OH)2),"”
and NaH,P0,.'®

Based on the deconvolution of measured core spectra,
five chemical compounds besides adventitious hydrocarbon,
appear to be present on the surface of nanoporous samples
after 3-day PBS incubation: NaH,PO, CaF,, CaCl,, HA
(Ca10(PO4)s(OH)2), and CHA (Ca;0(P04)2(CO3)s(OH)z). The
XPS binding energies derived from the deconvolution of the
core spectra of detected elements were indistinguishable for
the HA layers formed on various 30C70S monoliths with dif-
ferent nanopore sizes, indicating that they consist of the
same chemical compounds.

ATR-FTIR analysis of PBS-incubated nanoporous glass
monoliths

To further identify the molecular structure of HA, ATR-FTIR
spectroscopy was performed on PBS-incubated samples with
different nanopore sizes. ATR-FTIR spectra of HA layer
formed on 6-, 15-, 31-, and 44-nm are shown in Figure 4(a-
d), respectively. Six characteristic absorbance peaks are
observed for samples of all nanopore sizes: 3295 + 15 cm ™,
1637 £ 5 cm™', 1463 + 5 cm™', 1418 + 5 cm™,1008 +
7 cm'l, and 869 + 4 cm ' The absorbance peaks at
3295 cm™" and 1637 cm™! are attributed to the stretching
and the bending vibrations of OH groups, respectively, in
HA/CHA and adsorbed water residue.?®?° The absorbance
peak at 1016 cm™! corresponds to the antisymmetric
stretching vibration (v3) of PO,>” molecules in HA/CHA and
NaH,P0,3° The absorbance peaks at 1463 cm™* and
1418 cm™! are attributed to asymmetric stretching vibration
(v3) of CO3%", whereas the absorbance peak at 869 cm™ is
attributed to the bending mode (v,) of CO3™23*

C05%” molecules present in CHA can either substitute
OH sites (Type-A CHA) or PO, sites (Type-B CHA), as pre-
viously discussed in XPS analysis of PBS-incubated nanopor-
ous glass monoliths section. The positions of v3(C05%7)
peaks can be shifted relative to HA, depending on which
sites CO3%™ substitutes in the apatite lattice.>*> The v5(C057)
peaks of Type-A CHA were previously reported at 1546 cm™*
and 1465 cm™}, and those of Type-B CHA were shown to be
at 1465 cm™! and 1413 cm™1.3® Whereas v3(C05%7) in both
types of CHA has a common position at 1465 cm™, the v3
peaks at 1546 cm™' and 1413 cm™ are characteristic of
Type-A CHA and Type-B CHA, respectively. Since ATR-FTIR

TABLE Il. Composition of Hydroxyapatite (HA) Layer Formed on Different Nanopore Sizes with Similar Specific Surface Area by

XPS Analysis

Composition in mol %
Sample (0] Ca P Na F Cl C
6-nm pore size 50.8 + 5.1 179+ 1.8 11.1£11 3.6+04 7.1 £0.7 1.9+0.2 7.6 £0.8
15-nm pore size 51.8 £5.2 18.2+1.8 11.5+1.2 3.4+0.3 6.8 + 0.7 1.2 £ 0.1 7.1+0.7
31-nm pore size 51.5+ 5.2 18.1+1.8 11.2+1.1 35+04 7.0+ 0.7 1.4 + 0.1 7.3+0.7
44-nm pore size 51.3+5.1 184+ 1.9 11.1£11 3.1+£03 6.9 £ 0.7 1.5+0.2 7.7 +£0.8
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FIGURE 3. Representative core-level XPS spectra of a PBS-incubated 30C70S nanoporous glass monolith (a) C(1s), (b) Na(1s), (c) F(1s), (d) Cl(2p),

(e) O(1s), (f) Ca(2p), and (g) P(2p).

spectra of all PBS-incubated samples depict strong v3 absor-
bance of C032_ at 1465 cm™? and 1418 cm'l, we establish
the presence of Type-B CHA primarily on PBS-incubated
nanoporous glass monoliths.

XRD analysis of PBS-incubated nanoporous glass
monoliths

The XRD patterns of HA/CHA formed after 3-day PBS incu-
bation on 6-, 15-, 31-, and 44-nm pore sizes are shown in
Figure 5(a-d), respectively. The patterns show five main

890 THAMMA ET AL.

peaks at the diffraction angles 26 = 25.9°, 31.8°, 32.9°, 49.5°,
and 53.1°, which correspond to (002), (211), (300), (213),
and (004) reflection planes of stoichiometric hydroxyapatite
standard from the Joint Committee on Powder Diffraction
Standards (JCPDS) data base, card number 09-04323* [-
Figure 5(e)]. Since the XRD patterns of CHA and HA are
indistinguishable due to its resemblance in both crystal
structure and lattice parameters,3® it is not possible to sepa-
rate HA and CHA from the XRD patterns, but we simply con-
firm the predominance of HA/CHA deduced from XPS

NANOPOROSITY INFLUENCE ON HYDROXYAPATITE FORMATION
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TABLE lll. Summary of the Binding Energy and the Corresponding Peak Assignment of Detected Elements at its Core Level for

PBS-Incubated Samples with Different Nanopore Sizes

Binding Energy (eV)

Core Level 6 nm 15 nm 31 nm 44 nm Average Content (mol %) Peak Assignment
C(1s) 285.0 285.0 285.0 285.0 52+ 0.5 C-C/C-H"®
286.0 286.0 286.0 286.2 1.2+05 c-0'®
289.5 289.5 289.3 289.4 1.2+0.2 0-c=0"
Na(1s) 1071.9 1071.9 1072.0 1072.0 3.5+ 0.1 NaH,P0,'®
F(1s) 684.8 684.9 684.8 684.8 7.0 + 0.1 CaF,"
Cl(2p3/2) 198.9 199.0 199.0 199.0 15+0.3 CaCl,?°
0O(1s) 531.4 531.4 531.4 531.5 36.7 + 1.0 HA(Ca10(PO4)(OH),)?!
Type-B CHA
(Ca1o(P04)2(C03)e(OH)2)17
532.2 532.1 532.1 532.2 13.6 + 0.9 NaH,P0,'®
Ca(2p3/2) 347.7 347.7 347.5 347.8 18.2 £ 0.2 CaF,'®
CaC|220
HA(Ca10(PO4)6(OH)2)21
Type-B CHA
(C310(P04)2(C03)6(OH)2)17
P(2p3/2) 133.9 133.8 133.8 133.9 11.2 £0.2 NaH,P0,'®
HA(C310(PO4)6(OH)2)21
Type-B CHA
(Ca1o(PO4)2(C03)6(OH)2)17
compositional analysis. In addition to the main peaks, there 0.94
are two minor peaks in the XRD patterns at 20 = 28.0° and ki ~ BcosO )

29.2°, which correspond to (121)-plane reflections of
NaH,P0, and (111)-plane reflections CaF,/CaCl,, respec-
tively. The XRD reference patterns of CaF,, CaCl,, and
NaH,P0,4.H,0 were obtained from International Center for
Diffraction Data (ICDD) with Powder Diffraction File (PDF)
number as follows: PDF-00-004-0864 [Figure 5(f)],>® PDF-
00-024-0223 [Figure 5(g)],*> and PDF-00-011-0651 [Figure 5
()], respectively.

The size of HA/CHA crystallites (t.py) was calculated by
peak broadening analysis using the Scherrer equation®”-3%;
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FIGURE 4. ATR FTIR spectra of PBS-incubated nanoporous glass
monoliths with (a) 6-nm, (b) 15-nm, (c) 31-nm, and (d) 44-nm nanopore
sizes.
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where 4 is the wavelength of the monochromatic X-ray beam
(1.541A), B is the full width at half maximum (FWHM) in
radians, ) is the location of the (hkl) peak. By using the
(002) diffraction peaks at 26(gg2) = 25.9°, HA/CHA crystallite
sizes formed on 6-, 15-, 31-, and 44-nm samples were
0.37 nm, 0.93 nm, 1.11 nm, and 0.56 nm, respectively.

Thickness and microstructure of PBS-incubated
nanoporous glass monoliths

Cross-sectional backscattered electron (BSE) micrographs
and corresponding EDS elemental maps for Ca, P, and Si of
PBS-incubated nanoporous glass monoliths are shown in
Figure 6. Due to its higher molar mass, HA/CHA layers in
BSE micrographs appear as a relatively brighter region com-
pared to the underlying nanoporous glass substrate.
HA/CHA layer is identified by the coexistence of Ca and P
signals in the same region in EDS elemental maps, and the
nanoporous glass substrate is recognized by strong Si signal.
The contiguous coverage of surface by HA/CHA layer is
clearly seen in these micrographs.

For 6-, 15-, and 31-nm pore size samples, there is no
overlap of HA/CHA layer (Ca and P) and Si in EDS elemental
maps, indicating that HA/CHA was formed only on the sur-
face of nanoporous glass substrates. In contrast, for 44-nm
pore size sample, there are two different HA/CHA layers:
“Pure HA/CHA” where HA/CHA formed on the surface of
glass substrates and “HA/CHA + Glass” where HA/CHA was
incorporated into the nanopores of glass substrates. The
“Pure HA/CHA” layer with an overlap of only Ca and P is
approximately 0.7 pm thick, whereas “HA/CHA + Glass” layer
with an overlap of Ca, P, and Si is approximately 3.0 pm
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thick. The thickness of HA/CHA layer formed on the surface
of nanoporous glass monoliths with 6-, 15-, 31-, and 44-nm
pore sizes are 1.5 pm, 2.1 pm, 2.7 pm, and 0.7 pm, respec-
tively. The overall growth rate of HA/CHA layer over the
PBS-incubation period can be ranked according to its thick-
ness on the surface, excluding the thickness of “HA/
CHA + Glass” layer formed by HA/CHA incorporation into
the nanopores as seen in 44-nm samples. This average
growth rate of surface-deposited HA layer on 6-, 15-, 31-,
and 44-nm samples is 0.5 + 0.1 pm/day, 0.7 + 0.2 pm/day,
09 + 0.2 pm/day, and 0.2 £+ 0.1 pm/day, respectively.
Therefore, nanopore sizes that provide the slowest to the
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fastest overall growth rate of HA are on 44-, 6-, 15-, and
31-nm samples.

Four distinct microstructures of HA/CHA layer on the
surfaces of samples with different nanopore sizes were
observed by SEM as shown in Figure 7. Specifically, micro-
structures appearing as long needles (LN), plates (PL),
flowers (FW), and short needles (SN) were found on the sur-
face of PBS-incubated samples with 6-, 15-, 31-, and 44- pore
sizes, as seen in Figure 7(a-d), respectively. As the overall
growth rate increases, HA/CHA microstructure evolves from
short-needle, to long-needle, to plate-like, and then to
flower-like appearance.

Ion concentration and pH of PBS solution before and
after incubation

Since the dissolution behavior of glass is critical to HA/CHA
formation, pH and the concentrations of calcium (Ca®*) and
phosphate (P0,37) ions in PBS were measured before and
after exposure to glass monoliths with different nanopore
sizes as described in Figure 8. Calcium, which is not a part of
initial PBS, was detected in PBS after exposure to nanopor-
ous glasses along with higher pH. Conversely, phosphate
concentrations in the post-incubation PBS were lower com-
pared to the initial PBS.

Both pH and calcium concentration in the post-
incubation PBS rise as the size of nanopores increases; how-
ever, phosphate concentration after exposure to nanoporous
glasses decreases with increasing nanopore size. The pH of
PBS solutions after 3-day incubation of nanoporous samples,
shown in Figure 8(a), was 8.64 + 0.04, 8.67 + 0.05, 8.72 +
0.06, and8.77 £ 0.05 for the 6-, 15-, 31-, and 44-nm nano-
porous samples, respectively, which is higher than the pH of
the pre-incubation PBS at 7.46 + 0.05. While the pre-
incubation PBS was calcium-free, calcium concentration in
post-incubation PBS for samples with 6-, 15-, 31-, and
44-nm pore sizes was 3.7 + 0.8 mM, 7.3 + 1.3 mM, 15.2 +
1.9 mM, and 18.4 + 1.3 mM, respectively [see Figure 8(b)].
Phosphate concentration in post-incubation PBS for samples
with 6-, 15-, 31-, and 44-nm pore sizes, shown in Figure 8
(c), was 7.3 £ 0.5 mM, 6.1 + 0.4 mM, 3.8 + 0.3 mM, and
2.7 £ 0.3 mM, respectively, all of which were less than the
pre-incubation phosphate concentration of 8.5 + 0.3 mM.
Since all nanopore sizes possess similar SSA, these results
suggest that diffusion of dissolved Ca?*, a consequence of ion
exchange and dissolution reactions of nanoporous glass sub-
strate, and the removal of phosphate ions from PBS due to
HA/CHA formation are determined by the size of nanopores.

DISCUSSION

Chemistry of hydroxyapatite formed on nanoporous
30C70S samples

As mentioned in the Introduction, reaction of calcium silicate
glass with body fluids or PBS solution produces a layer
of hydroxyapatite (HA) of standard composition,
Ca;9(P04)s(0OH),, or its variant, carbonated hydroxyapatite
(CHA). The later may be formed such that CO;*” ions substitutes
for OH™ ions, yielding (Ca;o(P04)s(CO3)x(OH)22x) (Type-A
CHA), or for PO,>” ions, yielding (Ca10(PO4)6-2x/31(CO3)x(OH),)

NANOPOROSITY INFLUENCE ON HYDROXYAPATITE FORMATION
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FIGURE 6. Cross-sectioned PBS-incubated nanoporous monoliths presented by backscattered electron (BSE) micrographs and its corresponding
EDS elemental maps for Ca, P, and Si (scale bar = 5 um).
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FIGURE 7. SEM micrographs of HA/CHA layer formed on nanoporous glass monoliths with (a) 6-nm (b) 15-nm, (c) 31-nm, and (d) 44-nm pore size
and SSA of 36 m?/g, yielding long-needle (LN), plate-like (PL), flowerlike (FW), and short-needle (SN), respectively (scale bar = 1 pm).
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face area: (a) pH (b) calcium concentration (c) phosphate concentration.

(Type-B CHA). We determined the kind of HA/CHA formed on
30C70S nanoporous glass monoliths after immersion in PBS by
XPS and XRD as described in sections XPS analysis of PBS-
incubated nanoporous glass monoliths and XRD analysis of
PBS-incubated nanoporous glass monoliths, respectively. The
type and chemical formula of the newly formed surface layer
were deduced to be Type-B CHA [i.e, Ca;o(P04)2(C0O3)s(0OH);]
by balancing the atomic concentration of each element detected
by XPS, with the assumption that all CO3%~ ions were incorpo-
rated in the apatite lattice during HA/CHA formation. This
assumption is based on the lower Gibbs free energy of forma-
tion of CaCO3 compared to that of Na,COj3 from respective ions
in solution. Note that there are only two cations, Ca?* and Na*,
available to react with COs*” in PBS solution during HA/CHA
formation.?® ATR-FTIR spectra of PBS-incubated samples with
different nanopore sizes also suggest the presence of Type-B
CHA by the position of v5(C03%7) band at 1418 cm™?, as shown
in Figure 4 and discussed in ATR-FTIR analysis of PBS-
incubated nanoporous glass monoliths section.*® Furthermore,
the ATR-FTIR spectra indicate the absence of Type-A CHA
which would have produced an absorbance peak for v5(C03%7)
at 1546 cm 1%
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Influence of nanopore size on HA/CHA formation
pathway

The microstructural analysis, as described in Thickness and
microstructure of PBS-incubated nanoporous glass monoliths
section, reveals two distinct patterns of HA/CHA layer for-
mation after the incubation of nanoporous glass monoliths
in PBS: (a) deposition of HA/CHA only on the outermost sur-
face of monoliths, and (b) formation of HA/CHA on the sur-
face as well as within the nanopores below the surface. To
establish the pathways that lead to these two morphologies
of HA/CHA layer, we note that in pathway (a), there is negli-
gible formation of HA/CHA inside the pores, as shown sche-
matically in Figure 9(a). This pathway was observed on
samples with 6-, 15-, or 31-nm pore size, where the cross-
sectional EDS elemental maps, as depicted in Figure 6, show
no overlap between Ca or P signal from the HA/CHA forma-
tion, and Si signal from the underlying glass substrate. How-
ever, if the nanopore size is sufficiently large (e.g., 44 nm),
HA/CHA form also within the interconnected nanopore net-
work, resulting in HA/CHA incorporation deep inside. Since
HA/CHA deposition can take place on the surface of nano-
porous monoliths regardless of nanopore size, there are two
layers of HA/CHA created in pathway (b): HA/CHA surface-
deposited layer and HA/CHA layer incorporated inside the
nanopores, as illustrated in Figure 9(b). This pathway was
observed on 44-nm samples after PBS incubation. The cross-
sectional EDS elemental maps of such samples in Figure 6
show that the surface-deposited HA/CHA layer consists of
only Ca and P signals indicating a “Pure HA/CHA” layer. By
contrast, the HA/CHA-incorporated layer (marked as “HA/
CHA + Glass”) shows an overlap of Ca and P signals (from
HA/CHA) with Si signal (from the underlying glass sub-
strate), indicating that HA/CHA formed within the nanopore
network.

HA/CHA formation is dependent on the presence of both
Ca®* and PO,® in the solution to be present at the deposi-
tion surface. During the glass dissolution process, Ca®* ions
are readily supplied by ion exchange reaction at the interface
between glass network and PBS shown in eq. 1.2. Thus, the
availability of PO,3 ions at the forming surface controls the
formation of HA/CHA there. Then the differences between
the two morphologies of HA should be caused by a pore-size
limited diffusion of PO, ions.

We may anticipate two phenomena occurring during
glass dissolution and HA/CHA formation, which could
restrict the diffusion of PO,3” ions and make it pore size
dependent: electrostatic screening of ions and “clogging” of
nanopores. The electrostatic screening is expected from the
negatively charged glass surface with the formation of sila-
nol (Si—OH) species during glass dissolution (see eq. 1.3). As
pH in PBS increases during ion exchange process (eq. 1.2),
Si—OH should undergo a dissociation equilibrium reaction
with OH™ as follows *°:

Si-OH+OH =Si-0 +H,0 (4.1)

The layer of Si—0~ creates an electrical double layer due
to the negative electric field on the surface of nanopore

NANOPOROSITY INFLUENCE ON HYDROXYAPATITE FORMATION
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FIGURE 9. Schematic drawings of the two pathways of HA/CHA formation: (a) HA/CHA surface deposition seen on 6-, 15-, and 31-nm nanoporous

samples (b) HA/CHA incorporation seen on 44-nm nanoporous samples.

walls, making the effective pore size, seen by P0,>  ions,
smaller than the actual nanopore size. The expanse of the
electrostatic screening can be expressed as the Debye length
(Ap) which is a measure of the distance over which electro-
static forces decay in an electrolyte solution.*' The Debye
length is inversely proportional to the square root of the
ionic strength of the electrolyte solution and is written as
follows™:

ErkBT
21

o=

where ¢, is the relative permittivity of the electrolyte solu-
tion, kg is the Boltzmann constant, T is the absolute tempera-
ture of the electrolyte solution, and I is the ionic strength of
the electrolyte solution. For PBS solution at pH 7.4, ¢, =80
and I = 162.7 mMol.** The Debye screening length is approx-
imately 1 nm. Since the ionic diameter of hydrated PO,>™ in
aqueous solution is only 0.678 nm,** the effective pore size
for all the samples seen by P0,>” is still significantly larger
than the size of hydrated PO43’ ions, and therefore, should
not be able to prevent their diffusion into the nanopore net-
work. Hence, the electrostatic screening effect, although can-
not be ignored, does not play a major role in restricting
diffusion of phosphate ions through the nanopores of glass
monoliths investigated here.

The other phenomenon that can restrict the diffusion of
PO, % ions is the clogging of nanopores with the formation
and growth of HA/CHA layer. We propose that chronological
progression of HA/CHA formation and growth during PBS
incubation for relatively small nanopore sizes occurs as
shown schematically in Figure 10. Here, nanopores are
quickly clogged by the initial formation and growth of
HA/CHA due to their small size, allowing only HA/CHA sur-
face deposition. Conversely, if the nanopores are sufficiently
large, it would be too difficult for the growing HA/CHA layer
to completely clog them. Then, it is reasonable to expect that
both HA/CHA surface deposition and HA/CHA incorporation
within the nanopore network will occur, as shown in
Figure 11. As PBS comes in contact with the present 30C70S
nanoporous glass monoliths, calcium within glass structure
leaches out as Ca®' ions into the solution through ion
exchange process, as illustrated in Figures 10(a) and 11(a).
Since PO, ions are readily available in PBS, the adsorption
of amorphous calcium phosphate (ACP) begins on the top
surface of nanopore network [Figures 10(b) and 11(b)].
HA/CHA layer is then formed via crystallization of ACP. At
the early stage of HA/CHA formation, PO,*” ions can freely
move into the nanopores which causes HA/CHA to grow
along the “throats” of nanopores at the same rate as on the
top surface, thereby narrowing the openings of nanopores
[Figures 10(c) and 11(c)]).
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FIGURE 10. Chronological representation of HA/CHA formation and growth on relatively small nanopores as observed on HA/CHA surface deposi-

tion pathway: (a) PO4%~ ions from PBS encounters dissolved Ca*?

at the top surface as PBS first comes into contact with nanoporous glass mono-

liths (b) amorphous calcium phosphate (ACP) begins to adsorb on the top surface of the nanoporous glass monoliths (c) HA/CHA forms via
crystallization of ACP and grows along the throats of nanopores, narrowing the openings of nanopores (d) HA/CHA layer starts to fully cover the

openings of nanopores (e) HA/CHA layer fully clogs the openings of nanopores, PO,*"

from entering the nanopores while allowing Ca*? to diffuse

into PBS (f) HA/CHA continues to grow only on the top surface of the nanoporous glass monoliths after HA/CHA fully clogs the nanopore openings.

With relatively small nanopore sizes, the growth of
HA/CHA layer quickly clogs the openings of nanopores, as
illustrated in Figure 10(d). Although the diffusion of both
Ca®* and P0O,*” ions is restricted by HA/CHA layer covering
the openings of nanopores, the reduction in diffusivity of
P0,3" ions due to HA/CHA coverage of nanopore openings
can be orders of magnitude higher than that experienced by
Ca?* jons. This is because hydrated PO,  ions with
0.678 nm in diameter,*® is approximately three times larger
than hydrated Ca%* ions, 0.233 nm in diameter.** Also, P043'
ions have a higher total free charge which can lead to higher
degree of restriction by electrostatic screening effect com-
pared to Ca®* ions. Hence, Ca®* ions can readily diffuse into
PBS, while PO,>” ions cannot easily enter the nanopore net-
work, causing HA/CHA to grow only on the top surface of
the nanoporous monoliths after HA/CHA coverage of the
nanopore openings, as illustrated in Figure 10(ef). This is
the case of HA/CHA surface deposition pathway [Figure 9
(a)], observed on 6-, 15-, and 31-nm nanoporous samples.
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Conversely, with larger nanopore sizes, the growth of
HA/CHA layer takes longer to fully clog the openings of nano-
pores compared to the case of smaller nanopore sizes, and we
suspect that the larger structure of HA/CHA occupying the
openings of larger nanopores has poor integrity, comprising of
sufficient porosity. Such porous clogs allow the PO,3™ ions to
enter nanopores and form HA/CHA within the nanopore net-
work [Figure 11(c,d)]. As previously discussed, because the
diffusion of PO4>” into nanopore network is more severely hin-
dered by HA/CHA layer compared to that of Ca®*, after
HA/CHA fully covers the nanopore openings, HA/CHA layer
only continues to grow on the surface-deposited layer at a
much faster rate than inside the pores, as depicted in
Figure 11(ef). Hence, the depth to which HA/CHA can form
inside the nanoporous monoliths is governed by how quickly
the nanopore openings is covered by HA/CHA layer and the
integrity of such a layer. Obviously, the thickness of HA/CHA
incorporation layer is ultimately dependent on the size of
nanopores. This latter case is referred to as HA/CHA

NANOPOROSITY INFLUENCE ON HYDROXYAPATITE FORMATION
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(f) HA/CHA layer fully clogs the openings of nanopores, allowing HA/CHA to continue growing only on the top surface of nanoporous glass

monoliths.

incorporation pathway [Figure 9(b)], where both surface depo-
sition and incorporation of HA/CHA were observed on 44-nm
nanoporous samples. Evidently, the clogging of large pores
within the 44-nm samples did not become fully effective after
PBS incubation, since the HA-incorporated layer, referred as
“HA/CHA + Glass” layer in Figure 6, is significantly thicker
than the HA/CHA surface-deposited layer, referred to as “Pure
HA/CHA” layer in Figure 6. So HA/CHA continues to grow
both inside the pore and on the surface of this sample, as
shown schematically in Figure 11(e). We expect that the
HA/CHA incorporation will continue deeper inside the nano-
porous monoliths if the PBS incubation period were to con-
tinue beyond 3 days.

The nanopore size not only determines the pathway of
HA/CHA formation by restricting or permitting the transport
of P043' ions, but also affects the transport of Ca®* ions
required for the HA/CHA formation. Since PO,>” ions are not
able to diffuse into nanopores in the case of HA/CHA

deposition pathway seen in samples with pore sizes <33 nm,
the HA/CHA deposits only on the external surface where PO,*
" ions are freely available. Then the growth rate is determined
exclusively by the transport rate of Ca®* through nanopores.
As nanopore size increases from 6 nm to 31 nm, Ca®* trans-
port becomes less hindered, resulting in higher concentration
of Ca®* ions in PBS during incubation [see Figure 8(b)], faster
consumption rate of PO,*” [Figure 8(c)], and thicker surface-
deposited HA layer (Figure 6). Conversely, because PO, ions
were able to diffuse into 44-nm nanopores, they readily
reacted with Ca®" inside the nanopores to form HA/CHA. This
results in relatively lower PO,*" concentration available at the
surface of nanoporous monoliths compared to other nanopore
sizes, which explains why PO, concentration in PBS is the
lowest after incubation with 44-nm samples. Furthermore, as
previously mentioned, it is suspected that the 44-nm pores are
not yet fully clogged after PBS incubation, so a greater number
of Ca®* ions leached from the bulk of the samples are able to
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diffuse into PBS, resulting in the highest Ca** concentration in
PBS used with 44-nm samples. Hence, despite having the larg-
est nanopores and the highest concentration of Ca®* in post-
incubation PBS, 44-nm samples had the thinnest surface-
deposited HA/CHA layer and the slowest HA/CHA growth rate
among the four nanopore sizes, as seen in Figure 6.

HA/CHA microstructure development

An insightful observation of the present work, which is also of
practical importance, is that nanopore size affects the micro-
structure of HA/CHA layer. In particular, as the overall growth
rate of HA/CHA layer increases with change in nanopore size
as discussed above, its microstructure evolves from needle-like,
to plate-like, and to flower-like microstructure. At a relatively
slow growth rate, needle-like microstructures were observed
on 6- and 44-nm nanoporous samples with the overall growth
rate of 0.5 + 0.1 pm/day and 0.2 + 0.1 pm/day, respectively.
With higher overall growth rate of 0.7 + 0.2 pm/day on 15-nm
and 0.9 £ 0.2 pm/day on 31-nm nanoporous samples, plate-
like and flower-like HA/CHA microstructure were found,
respectively. The influence of growth rate on HA/CHA micro-
structures can be explained by the following mechanism:

At slow HA/CHA overall growth rate under nearly equilib-
rium condition with just enough supply of Ca®* and PO,*" for
HA/CHA formation, the HA/CHA crystals grow predominantly
in [0001] direction (along the c-axis), with a much slower rate
within the basal plane.*® As a result, long hexagonal rods or
needles comprising of stable (1100) planes of HA crystals are
formed under near-equilibrium condition as illustrated in
Figure 12(a). At intermediate overall growth rate with low
supersaturation of Ca** and P0,>” supply, the growth condition
of HA/CHA shifts to kinetic-limited crystal growth, where the
fluctuation of Ca®* and PO4>~ supply favors one growth direc-
tion along a-axis over the other, leading to single-direction
growth distortion in basal plane. Since the growth rate of nar-
row faces is higher than the larger faces due to a smaller
required amount of supply per unit area, the single-direction
distortion in basal plane is enhanced as HA/CHA crystals

a3 ;
@ c-axis

(a)

continue to grow, and plate-like microstructure is consequently
formed as seen Figure 12(b). At fast overall HA/CHA growth
rate with high degree of supersaturation, multiple growth
directions along a-axis can be favored over few others under
kinetic-controlled condition, leading to multidirection growth
distortion of HA/CHA crystals in basal plane. As distorted
HA/CHA crystals continue to grow with faster growth rate of
narrower faces compared to larger faces, the enhanced, multi-
direction distortion results in the formation of flower-like
microstructure as illustrated in Figure 12(c).

CONCLUSIONS
Due to its close chemical crystallographic resemblance to
natural bones, the newly formed HA layer has been shown
to be critical for the biological interaction and bonding
between the surfaces of bioactive glasses and osteoblast
(bone) cells. Recent studies suggest that the presence of
nanopores significantly improves the performance of bioac-
tive glass under in vitro as well as in vivo conditions. Here,
we report the influence of nanopore size alone (i.e., keeping
specific surface are fixed) on the pathway, growth rate, and
microstructure of HA/CHA layer formed on 30Ca0—70SiO,
model bioactive glass when incubated in PBS. Glass mono-
liths of very similar specific surface area but different nano-
pore sizes were fabricated by combining conventional sol-
gel process with hydrothermal solvent exchange and sinter-
ing to exclude the surface area effects on HA/CHA formation.
The results show a complex influence of nanopore size
ranging from 6 nm to 44 nm on the morphology, growth rate,
and microstructure of HA/CHA layer that mostly comprises of
Type-B CHA (i.e, Ca;o(P04)2(CO3)s(OH);). Due to pore-size
dependent diffusion of PO,3" ions, two HA/CHA formation
pathways were observed: plain deposition only on the surface,
and formation of HA/CHA within the nanopores together with
surface deposition. The thickness of HA/CHA layer formed on
the surface of a nanoporous glass monolith is determined by
the pore-size limited transport of Ca®* ions that leach out via
ion-exchange from nanoporous glass substrates. Furthermore,

Increasing Growth Rate

FIGURE 12. Schematic illustrations of the influence of HA/CHA growth rate on its microstructures: (a) equal growth rate in all directions in basal
plane under equilibrium condition at slow overall HA/CHA growth rate, resulting in needle-like microstructure (b) single-direction growth distortion
in basal plane under kineticcontrolled condition at intermediate HA/CHA overall growth rate, resulting in plate-like microstructure (c) multidirection
growth distortion in basal plane under kinetic-controlled condition at fast HA/CHA overall growth rate, resulting in flower-like microstructure.
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with rising overall growth rate controlled by nanopore size,
HA/CHA microstructures evolve from needle-like to plate-like
to flower-like appearance, respectively.
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