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A B S T R A C T   

Hydroxyapatite is a commonly researched biomaterial for bone regeneration applications. To augment perfor-
mance, hydroxyapatite can be substituted with functional ions to promote repair. Here, co-substituted lithium 
ion (Li+) and carbonate ion hydroxyapatite compositions were synthesised by an aqueous precipitation method. 
The co-substitution of Li+ and CO3

2− is a novel approach that accounts for charge balance, which has been 
ignored in the synthesis of Li doped calcium phosphates to date. Three compositions were synthesised: Li+-free 
(Li 0), low Li+ (Li 0.25), and high Li+ (Li 1). Synthesised samples were sintered as microporous discs (70–75 % 
theoretical sintered density) prior to being ground and fractionated to produce granules and powders, which 
were then characterised and evaluated in vitro. Physical and chemical characterisation demonstrated that lithium 
incorporation in Li 0.25 and Li 1 samples approached design levels (0.25 and 1 mol%), containing 0.253 and 
0.881 mol% Li+ ions, respectively. The maximum CO3

2− ion content was observed in the Li 1 sample, with ~8 wt 
% CO3, with the carbonate ions located on both phosphate and hydroxyl sites in the crystal structure. Mea-
surement of dissolution products following incubation experiments indicated a Li+ burst release profile in 
DMEM, with incubation of 30 mg/ml sample resulting in a Li+ ion concentration of approximately 140 mM after 
24 h. For all compositions evaluated, sintered discs allowed for favourable attachment and proliferation of 
C2C12 cells, human osteoblast (hOB) cells, and human mesenchymal stem cells (hMSCs). An increase in alkaline 
phosphatase (ALP) activity with Li+ doping was demonstrated in C2C12 cells and hMSCs seeded onto sintered 
discs, whilst the inverse was observed in hOB cells. Furthermore, an increase in ALP activity was observed in 
C2C12 cells and hMSCs in response to dissolution products from Li 1 samples which related to Li+ release. 
Complementary experiments to further investigate the findings from hOB cells confirmed an osteogenic role of 
the surface topography of the discs. This research has shown successful synthesis of Li+ doped carbonated hy-
droxyapatite which demonstrated cytocompatibility and enhanced osteogenesis in vitro, compared to Li+-free 
controls.   

1. Introduction 

Hydroxyapatite, a specific composition of calcium phosphates, 
remain highly investigated for applications in bone regeneration. As the 
most stable of calcium phosphate ceramics under physiological condi-
tions, hydroxyapatite possess a high degree of physicochemical simi-
larity to natural bone mineral. Nevertheless, their high stability results 
in reduced chemical solubility, and therefore slow resorption in vivo. 

To augment the performance of hydroxyapatite biomaterials, re-
searchers have investigated incorporating functional ions to enhance 
bone regeneration and repair. Examples of this are the substitution of 

strontium [1], magnesium [2] or zinc [3] ions for calcium ions, or sili-
cate [4] or carbonate [5] ions for phosphate ions, or fluoride [6] ions for 
hydroxyl ions in the hydroxyapatite structure, and such substitutions 
have been reviewed in detail elsewhere [7,8]. A recent systematic re-
view and meta-analysis studied the effect of inorganic supplementation 
of calcium phosphates on the enhancement of in vivo bone formation and 
showed strontium, magnesium and silicon supplementation specifically 
significantly enhanced bone repair [9]. 

Of interest in the present study, lithium ions (Li+) have demonstrated 
osteogenic potential in vitro [10,11] and in vivo [12]; the in vitro studies 
showed osteogenic stimulation with 5–20 mM LiCl. As a non-specific 
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GSK-3 inhibitor, Li+ induced osteogenesis is thought to involve activa-
tion of the canonical Wnt signalling pathway [13,14]. 

To date, there has been limited investigations into Li+ doped hy-
droxyapatite/calcium phosphates in the literature. In all these studies, 
however, a mechanism for charge balance to account for monovalent Li+

substituting for divalent Ca2+ was not introduced or proposed. This 
oversight may confine the accuracy of the fabrication process and the 
actual success of Li+ substitution for Ca2+ in the crystal structure, rather 
than just Li+ addition. For example, an earlier investigation mixed 
bovine hydroxyapatite powder with Li2CO3 prior to sample fabrication, 
however, chemical characterisation to validate the synthesis and 
dissolution analysis to confirm Li+ release was absent [15]. Other 
studies have used a variety of precursors to introduce Li+ as a dopant in 
single substitutions in hydroxyapatite or beta-tricalcium phosphate 
(β-TCP) including LiNO3 [16–19], LiCl [20,21], Li2O [22], and Li3PO4 
[23], but none of these attempted to account for charge balance that 
would be required for successful Li+ substitution for Ca2+ in the HA or 
β-TCP crystal lattice. On the other hand, a great deal of research has 
investigated carbonated hydroxyapatite owing to the presence of car-
bonate ions in biological apatite (~8 wt% in mammalian bone) and is 
thought to play an important physical and biological role [24]. The 
anionic carbonate ions are capable of substitution with hydroxyl ions or 
phosphate ions to forms A- and B-type carbonated hydroxyapatite, 
respectively [25]. Bone is comprised of both A- and B-type (AB-type) 
with a greater predominance of B-type carbonate with an A/B ratio of 
0.7–0.9 [26]. Cation co-doped carbonated hydroxyapatite typically 
constitute sodium or ammonium ion doping owing to their predomi-
nance in the precursor chemicals (i.e. Na2CO3, (NH4)2CO3) [7]. The co- 
substitution of e.g. monovalent sodium with carbonate ions (for phos-
phate ions) provides an effective method for maintaining charge bal-
ance, which single substitution of a monovalent cation for calcium does 
not. 

To address the limitations of studies to date, this study aims to co- 
substitute Li+ ions with CO3

2− ions for Ca2+ and PO4
3− ions, respec-

tively, to achieve charge balance, resulting in novel compositions. Thus 
far, there has been no reported studies on Li+ doped carbonated hy-
droxyapatite. To understand how Li+ substitution affects the properties 
of the resulting compositions, the in vitro assessment of cell response, 
specifically the direct and indirect osteogenic response of various cell 
types to the samples, will be assessed. 

2. Materials and methods 

2.1. Sample preparation 

Compositions of Li+ doped AB-type carbonated hydroxyapatite were 
prepared based on an aqueous precipitation reaction, developed previ-
ously [27]. Three compositions were considered: Li+ free (Li 0), low Li+

substitution (Li 0.25), and high Li+ substitution (Li 1). Carbonate and 
Li+ were co-substituted in adherence with Eq. (1), where 0, 0.25, and 1 
correspond to the value of x; quantities of respective reactants were 
calculated to generate an approximately 0.025 mol (25 g) of material, 
and the masses used are listed in Table S1. For all compositions, car-
bonate was introduced into the synthesis by bubbling CO2 gas into the 
phosphoric acid solution prior to precipitation reaction, whereas the Li 
substituted compositions had an additional source of carbonate ions 
from the lithium carbonate (Li2CO3) reactant used. This proposed 
mechanism does not account for carbonate substitution on the hydroxyl 
site, which could occur by a mechanism independent of x. 

(10 − x)Ca2+ + xLi+ + (6 − x)PO3−
4 + xCO2−

3 + 2OH−

→Ca10− xLix(PO4)6− x(CO3)x(OH)2
(1) 

For Li+ doped compositions, Li2CO3 (255823, Sigma Aldrich, UK) 
was included in the calcium hydroxide (10304KA, VWR, UK) suspension 
preceding acid addition. In a typical synthesis, phosphoric acid 

(EMSURE 85 % assay, Merck, UK) in 250 mL of carbonated distilled 
water – achieved by bubbling CO2 gas for 30 min prior – was added 
dropwise to a 250 mL calcium hydroxide suspension in distilled water 
under continuous stirring and alkaline conditions (pH > 10, via the 
addition of 50 mL of concentrated ammonium hydroxide). Upon addi-
tion of all of the acid solution, the reaction was stirred for 2 h prior to 
aging unstirred for a further 24 h. Following aging, the mixture was 
filtered under vacuum utilising Whatman® grade 3 filter paper with the 
ensuing filter-cake dried at 80 ◦C overnight and then, ground finely 
using a mortar and pestle. 

To produce discs for sintering, approximately 300 mg of powder was 
pressed into a Ø 13 mm die set and a 1 ton force applied for 1 min using a 
hydraulic press. Produced discs were sintered in a tube furnace (Model 
STF 15/450 with 3216 controller; Carbolite, UK) under a CO2 rich 
environment with CO2 gas flowing into distilled water and then the 
furnace at 500 cm3/min. The heat treatment involved ramping up to the 
required temperature at 2.5 ◦C/min, holding for 1 h, and a cooling rate 
of 10 ◦C/min. Sintering temperatures of 1150 ◦C, 950 ◦C, and 750 ◦C 
were used for Li 0, Li 0.25, and Li 1, respectively, as experimentation 
identified that these temperatures allowed fabrication of discs with 
similar sintered density (data not shown). Sintered densities were 
determined from the masses and dimensions of the sintered discs, and 
were expressed as a percentage of the theoretical density of hydroxy-
apatite [28]. As sintering samples in a CO2 atmosphere can lead to 
partial substitution of hydroxyl groups for carbonate groups in the HA 
structure, all three compositions were sintered in the CO2 rich envi-
ronment to provide consistency. To generate samples with a higher 
surface area and thus, greater ion release, sintered discs were ground 
and sieved and fractionated to 500–1000 μm to produce granules or 
<200 μm to produce powder samples. 

2.2. Powder X-ray diffraction 

The crystalline phases of powder samples were identified using an 
X'Pert Pro diffractometer (PANalytical Ltd., UK) operating at 45 kV and 
40 mA using Cu Kα radiation (λ = 1.5418 Å). X-ray diffraction (XRD) 
patterns were collected from 10 to 80◦ 2θ with a step size of 0.01313◦

and time per step of 998.07 s. Confirmation of a hydroxyapatite phase 
was obtained by comparing experimental patterns with the ICDD stan-
dard pattern of HA (PDF Card No. 9-432 [28]). Unit cell parameters were 
calculated using unit cell refinement in HighScore Plus software, using 
the space group P63/m and unit cell parameters and reference peak 
positions from the ICDD standard pattern of HA as a starting point for 
the refinement. The crystallinity of the sintered samples was determined 
by the method described be Landi et al. [29]. 

2.3. Fourier transform infrared spectroscopy 

Fourier transform infrared (FTIR) spectra were obtained of the 
powder samples. The absorbance was measured between 4000 and 400 
cm− 1 at a 2.0 cm− 1 resolution with 8 scans using a Spectrum Two FTIR 
spectrometer (Perkin-Elmer, UK) equipped with a Diamond/ZnSe ATR 
crystal. The Solver add-in in Microsoft Excel was employed for com-
posite peak deconvolution of the carbonate ν2 region and the phosphate 
ν4 region of the Li 1 sample heated at 750 ◦C, using Gaussian profiles. 

2.4. Specific surface area determination 

The specific surface areas of powder samples were determined using 
a Micromeritics Tristar 3000 surface area analyser. Samples were pre- 
heated at 200 ◦C under flowing N2 gas prior to collection of isotherms 
for calculation using the BET method. Due to the low surface area of the 
samples, multipoint analysis to calculate BET surface area could not be 
performed, so only a single point (at a partial pressure of ~0.2) BET 
method was used. 
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2.5. Contact angle measurement 

The surface contact angle of sintered discs was measured using a 
FTA1000 B sessile drop instrument (First Ten Ångstroms, USA). A 5 μL 
droplet of distilled water was manually dispensed using a Gilmont 
goniometer and the resultant contact angle measured using the corre-
sponding Fta32 software (First Ten Ångstroms, USA). Measurements 
were taken at ambient temperature and humidity using 3 discs per 
composition for each sintering temperature. 

2.6. Scanning electron microscopy 

Observations of surface topography, microporosity, and grain mor-
phologies was performed using a Zeiss EVO MA10 scanning electron 
microscope employing a 10 kV accelerating voltage (Carl Zeiss, UK). 
Samples were mounted on aluminium stubs using carbon adhesive tabs 
and silver paint was added to form conductive paths between the sam-
ples and the stubs. Mounted samples were coated with an approximately 
10 nm gold/palladium mixture prior to imaging. 

2.7. Dissolution studies 

To investigate the ionic release from the synthesised Li+ doped 
carbonated hydroxyapatite samples and/or changes in the soaking so-
lution ion composition, each of the three compositions (Li 0, Li 0.25, and 
Li 1) were prepared as sintered discs, granules, and powders and soaked 
in a 0.08 M acetic acid‑sodium acetate buffer solution (pH 5.5) [30] or 
Dulbecco's modified essential media (DMEM) in triplicate. The con-
centration of material per soaking volume for granules and powders was 
kept at 1.5 mg/mL as previously recommended [31], whilst the volume 
used for discs was calculated based on the apparent surface area as set 
out by ISO 23317. For DMEM experiments, granule and powder samples 
were soaked in a total volume of 20 mL, whilst samples in the acetate 
buffer were soaked in a total volume of 35 mL. Samples in the acetate 
buffer or DMEM were incubated at 25 ◦C/300 RPM or 37 ◦C/120 RPM, 
respectively. Experiments in DMEM involved complete replenishment 
with fresh solutions at timepoints, whereas for samples in acetate buffer 
aliquots of 1 mL were taken at timepoints and replaced with fresh ace-
tate buffer. Upon endpoint, test samples were washed in ethanol, air 
dried, and stored in a desiccator prior to preparation for SEM imaging as 
per the previous section. 

The soaked solutions were analysed for Ca2+ and Li+ using micro-
wave plasma – atomic emission spectroscopy (MP-AES), whilst phos-
phate ions were measured using a previously described colorimetric 
assay [32]. For measurement of Ca2+ and Li+, test samples were diluted 
10-fold with 1 % (v/v) HNO3 in deionised water prior to triplicate 
measurements using an Agilent 4100 instrument at the following 
wavelengths: 393.366 nm for Ca2+ and 670.784 nm for Li+. For mea-
surement of phosphate ions, 20 μL aliquots of test samples was added, in 
triplicate, to a 96 well microwell plate prior to the addition of 200 μL test 
reagent comprised of 1 part 4.2 % (w/v in 4 M hydrochloric acid) 
ammonium molybdate tetrahydrate and 3 parts 0.045 % (w/v in 
deionised water) malachite green oxalate salt. After a 15 min incuba-
tion, the absorbance was read at 650 nm using a BioTek Synergy HT 
microplate reader. 

2.8. Chemical analysis of powders 

The bulk composition of the powder samples was determined by 
dissolving 12.5 mg of powder in 100 mL of 1 % HNO3 and measuring the 
Ca2+ and Li+ and phosphate concentrations as per the previous section. 
Ca2+ and Li+ measurements using MP-AES were taken following a 100- 
fold dilution in 1 % HNO3 whilst, a 20-fold dilution was employed prior 
to the colorimetric phosphate assay. 

The carbonate content of the powder samples was determined using 
a LECO CS744 carbon/sulphur analyser (LECO Instruments UK Ltd., 

UK). For each sample, duplicate measurements were made and the mean 
value reported alongside the standard deviation. 

2.9. Cell culture 

C2C12 cells, human osteoblast (hOB) cells, and human mesenchymal 
stem cells (hMSCs) were purchased from the American Type Culture 
Collection (via LGC standards, UK), PromoCell (Germany), and AllCells 
(USA), respectively. Cells were maintained in routine culture conditions 
using: high glucose DMEM with 10 % FBS and 4 mM L-glutamine for 
C2C12 cells, Gibco™ low glucose DMEM containing pyruvate with 10 % 
FBS, 5 μg/mL ascorbic acid 2-phosphate, 1 % non-essential amino acids, 
and 1 % penicillin/streptomycin for hOB cells, and high-glucose DMEM 
with 10 % FBS, 2 mM L-glutamine, and 1 % penicillin/streptomycin for 
hMSCs. 

Supplementation with 10 nM dexamethasone, 10 mM β-glycer-
ophosphate, and 50 μM ascorbic acid 2-phosphate (hMSCs only) was 
used as a positive osteogenic control for hOB cells and hMSCs. As an 
additional control, to examine the effects of only Li+, cells were treated 
with 10 mM LiCl (in PBS). 

2.10. Resazurin assay 

The resazurin assay was used to indirectly monitor any cytotoxic 
effects of the sintered discs. C2C12 cells (40,000 cells/cm2) and hOB 
cells and hMSCs (20,000 cells/cm2) were seeded in a 100 μL volume 
onto the discs and allowed to adhere for 4 h. Cells were maintained in 
culture for 7 days with measurements taken at day 3 and 7. 

2.11. Osteogenic differentiation 

To evaluate the influence of the synthesised discs on osteoinduction 
and osteoblast functionality, C2C12 cells, hMSCs, and hOB cells were 
seeded per the previous section and cultured for 7 days prior to mea-
surement of ALP activity. This marker was chosen as it has been shown 
to be a good predictor of bone forming capacity of MSCs in vivo [33] and 
of correlating C2C12 cell osteogenic differentiation in response to doses 
of BMP-2 from demineralised bone matrix, and bone formation in vivo 
[34]. 

Owing to the response observed in hOB cells, two sets of experiments 
were performed to distinguish the effects of the discs' topography from 
their surface chemistry. A set of discs were manually polished to remove 
the effects of the topography using abrasive paper, whilst another set of 
discs were sputter coated with a gold/palladium mixture to insulate the 
seeded cells from the underlying ionic effects. 

In order to ascertain whether the dissolution products of the syn-
thesised materials were able to induce osteogenesis, sintered discs, 
granules, and powders were soaked in 5 mL DMEM for 7 days at 37 ◦C. 
The mass of granules and powders used was standardised to the mass of 
the discs (~300 mg) for a final concentration of 60 mg/mL. After the 7 
days soaking, the culture media was sterile filtered, supplemented to 
obtain growth media, and used to culture C2C12 cells for 7 days prior to 
measurement of ALP activity. Moreover, the sintered materials were 
evaluated in an insert culture setup which ensured C2C12 cells 
responded to the dynamic effects of the materials within the culture 
media. The sintered granules were considered as they provided a greater 
ionic release compared to discs whilst remaining fixed in position 
compared to the powders. Three concentrations were evaluated, 15, 30, 
and 60 mg/mL, for a 7-day culture prior to measurement of ALP activity. 
Furthermore, positive responses from these experiments were authen-
ticated in hMSCs. 

2.12. Statistics 

For in vitro characterisation, 3 discs per composition were evaluated 
in each experiment, with experiments performed in triplicate. Statistical 
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analysis was carried out using GraphPad Prism 7.04 (California, USA) 
with assessment of statistical differences between multiple conditions 
using one-way analysis of variance with a post-hoc Tukey's test. Results 
are presented as mean ± standard deviation (SD); p values < 0.05 were 
considered statistically significant. For graphical presentation, * in-
dicates p < 0.05, ** indicates p < 0.01, and *** indicates p < 0.001. 

3. Results 

3.1. Physicochemical characterisation 

With the exception of Li 1, samples synthesised were phase-pure, 
showing only X-ray diffraction peaks corresponding to an HA phase 
(Fig. 1A); for Li 1 samples a small calcite impurity phase was detected by 
a single diffraction peak at 29.4◦2θ. The determined unit cell parameters 
indicated modest changes; comparisons of a and c unit cell parameters 
suggested negligible difference between Li 0 and Li 0.25 samples, whilst 
Li 1 samples illustrated a slight reduction in both a and c unit cell pa-
rameters compared to the other samples, Table 1. Likewise, similar 
observations were found with respect to the volume of the unit cell. The 
crystallinities of all samples were calculated as being >95 %. 

Infrared spectra showed the typical vibrations previous reported data 
on AB-type carbonated hydroxyapatite in the literature, with the spec-
trum for the Li 1 sample between 400 and 1800 cm− 1 shown in Fig. 1B 
[35,36]. Only a weak vibration at approximately 3569 cm− 1, corre-
sponding to hydroxyl group stretching, was observed at wavenumbers 
above 1800 cm− 1

, so spectra are only plotted for the region below this. 
Typical bands for carbonate groups were observed in all samples at 
approximately 1540, 1497, 1450, 1412 and 1350 cm− 1 for ν3 vibrations, 
with the Li 1 sample showing an additional peak at approximately 1381 
cm− 1. Deconvolution of the carbonate ν2 and the phosphate v4/hydroxyl 

libration regions of the sample with the highest carbonate content (Li 1) 
provided a clearer overview of the carbonate substitution (Fig. 2). The 
carbonate ν2 region could be fitted to three peaks corresponding to A- 
type, B-type and labile carbonate (Fig. 2A), although the region relating 
to labile carbonate (850–865 cm− 1) does not fit very well to a single 
peak suggesting slightly different environments for labile carbonate. A 
clear OH libration peak at approximately 630 cm− 1 was observed 
(Fig. 2B), with 3 peaks corresponding to apatitic phosphate ν4 vibrations 
and a peak at approximately 532 cm− 1 that has been assigned to HPO4 
groups. 

SEM micrographs of the sintered discs portrayed heterogeneous 
porosity and grain attributes between the compositions examined 
(Fig. 1C). Li 0 discs possessed a polygonal grain shape with variable pore 
and grain sizes. In contrast, Li 0.25 discs displayed two classes of grain 
shape: grains comparable to Li 0 discs and the other more elongated and 
cylindrical with the latter retaining a relatively uniform size. Li 1 discs 
displayed predominantly elongated, cylindrical grains with greater 
uniformity compared to the other compositions, although Li 1 discs 

Fig. 1. XRD patterns (A) and SEM micrographs (C) of Li 0, Li 0.25, and Li 1 samples. FTIR spectrum of Li 1 samples (B). Diffraction peaks attributed to calcite are 
denoted by ●. Scale bars in (C) correspond to 2 μm. 

Table 1 
Physicochemical characterisation of Li+ free (Li 0) and Li+ doped (Li 0.25 and Li 
1) carbonated hydroxyapatite samples. Contact angle and sintered density 
values are listed as mean values, with standard deviations in brackets.   

Li 0 Li 0.25 Li 1 

a-Axisa (Å) 9.418 (1) 9.418 (1) 9.4086 (9) 
c-Axisa (Å) 6.878 (2) 6.878 (1) 6.870 (1) 
SSAb (m2/g) 0.14 0.21 0.31 
Contact angle (◦) 58.7 (5.1) 59.9 (2.2) 63.0 (2.8) 
Sintered density (%theor) 72.8 (3.4) 75.9 (1.3) 71.2 (1.9)  

a Values in brackets refer to the calculated e.s.d from the refinements. 
b Values were calculated using a single point BET method. 
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depicted variable pore sizes. SEM images of granules and powders (data 
not shown) showed irregular shaped particles with dimensions within 
the sieved ranges of each. 

Calculation of sintered densities of sintered discs indicated general 
parity between compositions as per optimisation of sintering tempera-
ture, with mean values ranging from 71.2 to 75.9 % of the theoretical 
density (the mean actual sintered densities for Li 0, Li 0.25 and Li 1 were 
2.30, 2.39 and 2.25 g/cm3, respectively). Likewise, this effect was re-
flected in the contact angle measurements, with values showing a small, 
but not significant, increase with increasing Li substitution. Measure-
ments of the specific surface area of Li 0, Li 0.25, and Li 1 powders are 
given in Table 1. A general trend of increased specific surface area of the 
powders with increased Li+ doping is observed. However, it should be 
noted the different sintering temperatures used for these samples (1150, 
950, and 750 ◦C for Li 0, Li 0.25, and Li 1 samples, respectively). 

Elemental analysis of the chemical composition of the powders, 
using MP-AES (Ca and Li) and a colorimetric assay (P) showed that the 
Ca/P and (Ca + Li)/P molar ratios increased with increasing Li+ sub-
stitution, consistent with the design compositions from Eq. (1) that 
require increasing carbonate substituting on the phosphate site (B-type), 
Table 2. The measured Li+ content in the samples, quoted as a mol% of 
Li+ compared to the total moles of cations (Ca + Li), was close to the 
designed compositions of 2.5 mol% Li and 10 mol% Li for Li 0.25 and Li 
1, respectively. The measured carbonate contents of the samples showed 

that the Li+ free (Li 0) sample and the low Li+ (Li 0.25) samples had 
comparable quantities of carbonate, with the high Li+ composition (Li 1) 
having approximately four times the carbonate content, consistent with 
the difference in the level of Li+ substitution. 

3.2. Dissolution behaviour of sintered powders, granules and discs 

Measurement of Ca levels in DMEM after incubating samples illus-
trated several trends with respect to differences between compositions 
and the form of material evaluated. As expected, powders resulted in 
greater consumption of calcium ions from the media, as a result of 
surface precipitation of a CaP layer, followed by granules and then discs 
(Supplementary Fig. S1B, A, and Fig. 3A, respectively). Considering the 
continuous exchange of media at timepoints, findings indicated sus-
tained consumption of calcium for the duration of the timepoints 
examined. Although the progression of Ca consumption remained 
similar between the compositions, the data highlighted slight differ-
ences in relation to one another, and these were more evident for 
incubating granules and powder, rather than the granules. The granules 
upheld increased consumption of Ca up to day 14 which then plateaued 
from day 21 (Fig. 3A). For P measurements, Li 0 granules demonstrated 
a sustained increase in P consumption throughout the soaking period 
whilst Li 0.25 and Li 1 granules began to plateau at day 14, although, 
increased depletion was observed with Li 1 granules at day 28 (Fig. 3C). 
Data from Li+ measurements indicated a burst release profile for the Li+

doped compositions regardless of the form of material evaluated. As 
expected, Li 1 granules demonstrated a higher Li release compared to Li 
0.25 granules with an approximately 6-fold increase at day 1 (Fig. 3E). 
Following a sharp incline at day 1 for all samples, pH levels remained 
stable throughout the soaking period (Supplementary Fig. S2); dissolu-
tion experiments were not performed in a CO2 enriched atmosphere, 
resulting in the initial pH increase observed in the first 24 h. 

In general, the solubility of granules in the acetate buffer was 
dependent on the design substitution value with greater Ca, P, and Li 
release per increased Li+ substitution with Ca and P release from Li 0.25 
granules closely following the results of the Li 1 granules (Fig. 3B, D). 
Furthermore, a burst Li+ release was observed for Li 0.25 and Li 1 
granules which began to plateau at an earlier stage in Li 0.25 granules 

Fig. 2. Deconvolution of the FTIR spectrum for the CO3 ν2 (A) and PO4 ν4 (B) regions of Li 1 sample heated to 750 ◦C. Dashed lines correspond to the individual fitted 
peaks, the solid black line corresponds to the fitted model spectra, and the red data points correspond to the acquired experimental data. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web version of this article.) 

Table 2 
Chemical analysis of Li+ free (Li 0) and Li+ doped (Li 0.25 and Li 1) carbonated 
hydroxyapatite powders; results are reported as mean values with standard 
deviations in brackets.   

Li 0 Li 0.25 Li 1 

Ca/Pa 1.61 (0.04) 1.63 (0.01) 1.68 (0.06) 
(Ca + Li)/Pa 1.61 (0.04) 1.67 (0.01) 1.85 (0.07) 
Li (mol%)a 0 (0.00) 2.53 (0.02) 8.81 (0.03) 
CO3 (wt%)b 2.04 (0.01) 2.06 (0.02) 7.99 (0.10)  

a Ca and Li values determined by MP-AES analysis and P values determined by 
a colorimetric phosphate assay. Li content reported as mol% of the cations, Li/ 
(Ca + Li). 

b CO3 values determined by combustion analysis. 
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compared to Li 1 granules (Fig. 3E). The burst release profile for Li 
reaffirmed data from DMEM experiments but differed from the Ca and P 
findings in the acetate buffer which depicted a sustained release of these 
elements throughout the soaking period. 

To confirm calcium phosphate precipitation on the surface of ma-
terials following incubating in DMEM, SEM micrographs were taken 
post-dissolution to visualise the surface for apatite formation (Fig. 4). 
Observations proved challenging, particularly at higher resolutions, 
with indications of charging effects presumably due to an air gap 
resulting from the separation of the comprehensive precipitation layer 
and the underlying surface of the disc. Indeed, visualisation of granules 
following DMEM experiments indicated widespread bulbous surface 
morphology characteristic of apatite formation. 

3.3. In vitro osteogenesis in response to dissolution products 

Treatment with conditioned media, derived from incubating discs, 
granules, and powders, failed to induce a significant increase in C2C12 
cell ALP activity with the exception of Li 1 powders (p < 0.0001) which 
generated a greater response than a positive control of 10 mM LiCl 

stimulation (Fig. 5A). The Ca concentrations in the conditioned media 
for each composition/sample type was measured (Fig. 5B) and does not 
show a clear correlation with the corresponding ALP activity. To confirm 
whether the aforesaid response was a result of Li+ release, a lower (30 
mg/ml) and higher (90 mg/ml) mass of Li 1 powders was soaked prior to 
use in culture. Findings demonstrated a proportional increase in ALP 
activity with increased Li 1 powder concentration (Fig. 5C). Ca con-
centrations in the conditioned media were also measured for each 
composition, sample type and also powder concentration used for Li 1 
(Fig. 5D). Although the Ca concentration varied significantly for the 
different compositions and sample type tested, consistent with the 
dissolution data in Fig. 3 and Supplementary Fig. S1, when different 
powder concentrations of Li 1 were used to produce conditioned media 
the Ca concentration in these media were comparable, but the ALP ac-
tivity values were significantly different. Analysis of ALP activity upon 
exposure to sintered granules held within inserts demonstrated a Li+

specific osteogenic response (Fig. 5E). Li 0 granules failed to induce a 
significant response regardless of concentration examined (p = 0.9997 
at 15 and 60 mg/mL, and p > 0.9999 at 30 mg/mL). In contrast, Li 1 
granules prompted a significant increase in ALP activity for all 

Fig. 3. Dissolution profiles of Li 0, Li 0.25, and Li 1 granules in DMEM (A, C, E) and acetate buffer (B, D, F).  
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concentrations studied, albeit levels peaked at 30 mg/mL (p = 0.0002 at 
15 mg/mL, and p < 0.0001 at 30 and 60 mg/mL). The Ca concentration 
in the media showed an increase with increased incubation time of the 
granules within the culture inserts, with the Li 0 granules resulting in a 
slightly greater Ca increase (Fig. 5F). 

The positive response illustrated in C2C12 cells were further 
authenticated in hMSCs. For this experiment, conditioned media from Li 
1 powders (60 mg/mL) and 30 mg/mL Li 1 granules in inserts were 
assessed, compared to corresponding Li 0 powders and granules. Fig. 6A 
demonstrated a significant induction of ALP activity upon treatment 
with the conditioned media (p < 0.0001) and the granules (p = 0.0028). 
In contrast to C2C12 cells, conditioned media from Li 1 powders did not 
generate a greater response than LiCl treatment. The Ca, P and Li ion 
concentrations in the media of these experiments were measured, giving 
an indication of the ion release or CaP precipitation that occurred during 
the incubation of the granules in the cell culture wells. The Li+ release 
was greater from powders than granules, consistent with the dissolution 
experiments, but the Li+ concentrations achieved were significantly 
higher than from the dissolution experiments (Fig. 6D). Incubating the 
granules within the cell cultures did not result in the large consumption 
of Ca and P from the media that was observed in the dissolution 

experiments (Fig. 6B & C), but the concentrations used were very 
different in these two experiments. 

3.4. In vitro response to sintered discs 

In both hOB cells and hMSCs, Li 1 discs caused faster cell spreading 
compared to Li 0 and Li 0.25 discs with recognisable cell polarisation 
within 4 h and the typical fibroblast-like morphology (Fig. 7). In 
contrast, cells on Li 0 and Li 0.25 discs remained predominantly rounded 
albeit with extensive cell projections (filopodia) indicative of the onset 
of cell polarisation. At 24 h, hOB cells and hMSCs exhibited cell 
spreading regardless of disc composition with no noticeable differences 
in cell morphology. 

A significant increase in ALP activity was observed in C2C12 cells 
seeded onto the sintered discs across all the compositions evaluated 
compared to cells in the growth media control (p = 0.0007 for Li 0, p =
0.0006 for Li 0.25, and p < 0.0001 for Li 1) (Fig. 8A). A similar trend to 
C2C12 cells was observed in hMSCs (Fig. 8C), although, differences in 
the level of statistical significance was detected. In contrast to C2C12 
cells, only Li 1 discs induced a significant difference in ALP activity 
compared to the growth media control with an over 3-fold increase (p =

Fig. 4. SEM micrographs of the surface of Li 0, Li 0.25, and Li 1 granules (0.5–1 mm size) prior and post soaking in DMEM for 28 days. Scale bars equate to 2 μm.  
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0.0004). Exposure to Li+ doped carbonated hydroxyapatite failed to 
induce a significant response in hOB cells compared to cells in the 
growth media control (Fig. 8E). However, cells seeded onto the Li 0 discs 
generated a significant increase in ALP activity (p < 0.0001). Moreover, 
a proportional relationship of decreased ALP activity with increased Li+

substitution was observed. 
Generally, findings demonstrated C2C12 cells, hOB cells, and hMSCs 

seeded onto discs retained comparable growth to cells in the growth 
media control, with no significant changes in mitochondrial activity 

with culture time (Fig. 8B, E, F). Overall, findings illustrated sintered 
discs retained cytocompatibility for all the compositions analysed 
regardless of the cell type considered. 

3.5. Influence of surface topography on hOB cell differentiation 

To evaluate the influence of the surface topography on hOB cells, two 
experiments were considered. Firstly, to abrogate the underlying surface 
chemistry but retain the overall surface topography, discs were sputter 

Fig. 5. ALP activities of C2C12 cells (A, C, E) with corresponding measurement of Ca concentrations in the media (B, D, F). Cells cultured in conditioned media 
derived from a 7 day soaking of discs, granules, and powders at 60 mg/mL (A, B). Cells cultured in conditioned media derived from a 7 day soaking of Li 1 powders at 
30, 60, or 90 mg/mL (C, D). Cells cultured with granules held within inserts at 15, 30, or 60 mg/mL (E, F). 
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coated with gold/palladium, as per SEM preparation. Measurement of 
calcium ion levels, from media collected during culture, authenticated 
the experimental setup which masked ion release from the sintered 
discs. Findings from these experiments demonstrated a significant in-
crease in ALP activity in coated Li 0 and Li 0.25 discs compared to the 
growth media control (p = 0.0422 and p = 0.0166, respectively) 
(Fig. 9A). In contrast, although a 2-fold increase was measured in Li 1 
discs, no statistical significance was detected. Nevertheless, additional 
analysis indicated no difference in ALP activity of cells between Li 1 
discs and those of the other compositions. Sputter coating of the discs led 
to no changes in the Ca concentration of the culture media (Fig. 9B). 

In a complementary experiment, sintered discs were polished to 
generate a uniform surface, and thereby, remove the influence of the 
surface topography. Here, hOB cells remained unresponsive with no 
noticeable increase or decrease in ALP activity measured, regardless of 
composition examined (p < 0.9999) (Fig. 9C); polished surfaces of all 
discs appeared similar by SEM (Fig. 9D). 

4. Discussion 

The aim of this study was to address a significant deficiency in pre-
vious studies that have attempted to substitute Li+ ions into hydroxy-
apatite or tricalcium phosphates, which has been the exclusion of a 
charge balancing mechanism for the designed Li+ for Ca2+ ion substi-
tution. To achieve this, we performed a co-substitution of Li+ and CO3

2−

ions for Ca2+ and PO4
3− ions in hydroxyapatite using an aqueous pre-

cipitation method. This approach produced compositions with a low or a 
high concentration of Li+ ions, allowing us to identify the effect of these 
compositions on their physical, chemical and biological properties, 
compared to a Li-free control prepared in a similar manner. 

In determining the mechanism for the physicochemical changes 

observed in the samples studied, several factors are of significance 
including the sintering conditions (time, temperature, gaseous envi-
ronment) and precursor concentrations (particularly Li+ and carbonate). 
Notably, previous investigations into sintering parameters in carbonated 
hydroxyapatite demonstrated densification from 700 ◦C [37], whereas 
stoichiometric hydroxyapatite typically exhibits densification from 800 
to 900 ◦C [23]. Although heat treatments are considered isochronal, this 
fails to take into account the ramp-up process which may result in 
samples undergoing densification for several hours prior to reaching the 
sintering temperature. Results from density measurements indicated 
improved sinterability (i.e. lower temperatures required for densifica-
tion) with increased Li+ doping. Doping of β-tricalcium phosphates 
using Li2O as a precursor illustrated minimal differences in bulk and 
apparent density with increased dopant and no apparent trend [22]. In 
contrast, commercial hydroxyapatite powders doped with LiNO3 resul-
ted in moderate increased densities in Li 0.2 and 0.4 (wt%) samples but 
markedly reduced densities in Li 0.6 (wt%) samples [16]. Preceding 
work has demonstrated carbonate as paramount for sintering improve-
ment in pure carbonated hydroxyapatite with carbonated water and 
heat treatment under a CO2 rich environment as the sources of carbonate 
ions [35]. Thus, the improved sinterability observed in the present study 
is caused by increased carbonate ions derived from Li2CO3, and also CO2 
present in the sintering atmosphere. 

Changes to the crystal structure of hydroxyapatite are caused by an 
aggregate of the relative incorporation of Li+, A-type carbonate, and B- 
type carbonate ions, and sintering temperature. Formation of A-type 
carbonated hydroxyapatite is generally agreed to expand the a axis 
length and contract the c lattice parameter as CO2 reacts with two hy-
droxyl groups to form carbonate resulting in reduced occupancy in the 
hexagonal channel [38]. Whilst, the inverse is true for B-type carbonated 
hydroxyapatite as the smaller planar carbonate substitutes the larger 

Fig. 6. ALP activities of hMSCs cultured in Li 0 and Li 1 granules held within inserts at 30 mg/mL or conditioned media derived from a 7 day soaking of Li 0 and Li 1 
powders at 60 mg/mL (A). Corresponding measurements of Ca (B), P (C), and Li (D) in the media are presented. 
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tetrahedral phosphate [39]. On the other hand, much of the data on Li+

effect on the unit cell parameters remains inconsistent. Increased Li+

doping, by way of higher concentrations of Li2NO3 in the precursor 
solutions, in hydroxyapatite nanoparticles resulted in a smaller unit cell 
volume and reduced a and c parameters [40]. In contrast, other findings 
demonstrated minimal differences in lattice parameters at 900 and 
1200 ◦C but indications of reduced a and c parameters and a smaller unit 
cell volume at 1400 ◦C [41]. Li+ possess a smaller ionic radii compared 
to calcium ions (0.076 and 0.100 nm in a 6-fold coordination) and 
therefore, are capable of substitution with calcium ions at either the Ca 
(I) or Ca(II) site, and reduce the unit cell volume [42]. The similarity in 
unit cell parameters between the Li 0 and Li 0.25 samples, and the 
similar carbonate contents in these samples, suggests that carbonate and 
not Li+ is the main controller of change in the unit cell dimensions. The 
Li 1 sample does show a notable decrease in both unit cell parameters, 
but the specific role of Li+, A-type or B-type carbonate substitution on 
this change can not be inferred here. 

The Li+ contents of the samples were close to their design values, and 
the equal exposure to carbonate/CO2 during synthesis and heating, 
except for the additional carbonate in the Li2CO3 for the Li+ substituted 
compositions, resulted in Li 0 and Li 0.25 having comparable carbonate 
contents, but the Li 1 sample having a much higher carbonate content 
that was consistent with the design composition. The similarity in all 
measured parameters for Li 0 and Li 0.25, except the Li+ content, pro-
vides a good pair of samples to test the effect of Li+ specifically on cell 
response. Equally, the Li 1 sample has a significantly larger Li+ and 
carbonate content than the other two samples, but most of the physical 
parameters were comparable. 

Thermal decomposition of Li 1 samples was observed at higher 
temperatures, above the 750 ◦C used here, evidenced with physical 
bloating of the samples, from the density and contact angle measure-
ments (data not shown). These findings are consistent with previous 

data which indicated carbonated hydroxyapatite decomposition 
occurred at higher temperatures and with increased carbonate content 
[43]. Thus, fabricated discs were heated to attain 70–75 % sintered 
densities to prevent this change in morphology. Although a small calcite 
impurity phase was observed in the Li 1 sample, the consequence of this 
on subsequent cell response is considered minimal due to the relative 
low solubility of this phase. 

In hydrolytic dissolution studies, investigations into mechanisms of 
hydroxyapatite dissolution indicated sequential processes of calcium 
and phosphate dissolution [44]. On the other hand, cell-mediated 
dissolution tends to occur more rapidly presumably due to the 
secreted acidic metabolites and enzymes [45]. This was previously 
illustrated in a comparison between porous Li+ doped hydroxyapatite 
soaked in SBF and osteoblast biodegradation experiments [17]. In gen-
eral, experimental data indicated greater solubility and thus, ion 
dissolution with Li 1 compared to Li 0.25 and Li 0 samples. This increase 
was likely due to the lower crystallinity and greater surface area in Li 1 
samples. Previous studies have shown greater accumulative phosphate 
release in Li+ doped hydroxyapatite compared to non-doped samples 
[17,19]. Likewise, prior investigations have established greater solubi-
lity with carbonate substitution [5,46]. 

Findings from the cell adhesion experiments demonstrated the 
impact of the varied surface topography on initial cell-material inter-
action with accelerated spreading on Li 1 discs. These findings were 
demonstrated in hOB cells and hMSCs and hence, were not considered a 
cell-dependent response. Earlier studies have illustrated the influence of 
microporosity, roughness, stiffness, surface charge, and wettability on 
protein adsorption [47]. Regarding the sintered discs analysed for in 
vitro experiments, the contact angle approximated to 60◦ with minute 
but insignificant changes between the different compositions. Therefore, 
the cell spreading differences observed with Li 1 discs are thought to be a 
result of factors other than surface wettability. Investigations into cell 

Fig. 7. SEM micrographs of hOB cells and hMSCs cultured on Li 0 (top row), Li 0.25 (middle row), and Li 1 discs (bottom row) for 4 h and 24 h. The scale bar 
corresponds to 10 μm. 
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adhesion on Li+ doped hydroxyapatite remain scarce. A prior study re-
ported improved MG63 cell adhesion and growth on Li+ doped hy-
droxyapatite porous discs compared to the Li+ free hydroxyapatite [17]. 
The authors speculated this was caused by a more compact bulk density 
in the Li+ doped discs, in addition to the Li release to support prolifer-
ation. However, observations were made at later timepoints (day 4, 14, 
and 21) which failed to capture cell morphology during initial 
attachment. 

Whilst initial cell attachment is predominantly dictated by the un-
derlying surface features, the ion release from calcium phosphate sam-
ples influence the ensuing cell proliferation and differentiation. 
Nevertheless, the surface topography remains a crucial regulator of 
proliferation and specifier of lineage commitment [48–51]. Findings 
from the resazurin assays indicated the sintered discs maintained cyto-
compatibility for the 7-day culture period but induced no noticeable 
changes in cell proliferation. These responses differed from previous 
studies which demonstrated increased MG63 cell proliferation, as 
measured by the MTT assay, seeded on porous low Li+-doped hy-
droxyapatite (99.5:0.5 Ca2+:Li+ molar ratio) [17]. Similar findings were 

observed in hFOB cells on Li+ doped β-tricalcium phosphate discs [22]. 
In contrast, no significant differences were observed in hMSC prolifer-
ation on Li+ doped β-tricalcium phosphate discs compared to the non- 
doped controls, in agreement with findings from this study [20]. Dif-
ferences in Li+ release, surface topography, and culture conditions are 
presumably attributable for these discrepancies. 

Owing to the capacity for osteoinduction in response to the surface 
topography, surface chemistry, and dissolution products, a series of 
experiments were performed to assess these effects. In hOB cells, the 
osteogenic role of the surface topography was illustrated with the pro-
motion of ALP activity on the sputter coated discs and the absence of 
differences in ALP activity on polished discs. Although not statistically 
significant, an increase in ALP activity was observed in sputter coated Li 
1 discs compared to the unresponsiveness of hOB cells seeded onto un-
coated Li 1 discs. Taken together, these findings would indicate that 
exposure to Li+, either from the surface chemistry or material dissolu-
tion, impaired ALP activity of hOB cells. These results are in agreement 
with those obtained previously in hFOB cells on Li+ doped hydroxyap-
atite pellets [15]. At lower Li+ doping, hFOB cells remained 

Fig. 8. ALP (A, C, E) and relative mitochondrial activity (C, D, F) of C2C12 cells, hOB cells, and hMSCs cultured on Li 0, Li 0.25, and Li 1 discs for 7 days.  
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unresponsive, whilst, a higher doping (2 wt%) resulted in impaired ALP 
production and secretion. In addition, the authors observed different 
degrees of impairment with sintering temperature which despite the 
absence of topography visualisation, would indicate a function of the 
topography on ALP production and secretion [15]. Moreover, the oste-
ogenic potential of the surface topography was observed in C2C12 cells 
and hMSCs with upregulation of ALP activity in Li 0 discs compared to 
cells in the growth media control. On the other hand, the osteogenic role 
of Li+ release was established in C2C12 cells exposed to Li 1 granules 
and conditioned media of Li 1 powders which were further authenti-
cated in hMSCs. Determination of Li+ content of the Li 1 powder 
conditioned media indicated hMSCs were exposed to a concentration of 
approximately 100 μg/mL (Fig. 6D); of note, 10 mM LiCl constitutes a 
Li+ concentration of approximately 70 μg/mL. Whilst these experiments 
remove the influence of the surface topography, other factors such as 
changes in calcium and phosphate concentrations may influence cell 
differentiation. Typically, increased supplementation of calcium and 
inorganic phosphate have resulted in enhanced osteogenic 

differentiation [52–55]. Although the effects of calcium and phosphate 
release/depletion are capable of confounding findings, several lines of 
evidence would suggest this not to be the case. Measurement of calcium 
concentrations in the conditioned media indicated depletion with Li 
0.25 granules and Li 0 and Li 0.25 powders, in addition to Li 1 samples, 
yet no differences in ALP activity were observed (Fig. 5B). Separately, 
calcium concentration of conditioned media remained comparable 
despite increasing mass of soaked Li 1 powders though disparate out-
comes in ALP activity was measured (Fig. 5D). On the other hand, the 
elevated calcium release in Li 0 granules compared to Li 1 granules 
during culture failed to induce an increase in ALP activity (Fig. 5F). 
Thus, these findings would reasonably suggest Li+ as the prime driver of 
osteogenic differentiation. The osteogenic role of the dissolution prod-
ucts derived from Li 1 samples was in accordance with prior in-
vestigations into Li+ doped calcium phosphate cements using MG63 and 
MC3T3-E1 cells [21,56]. In addition, other investigations have shown 
similar trends in calcium/phosphate levels during culture with compa-
rable osteogenesis in response to Li+ doped samples [18,20]. 

Fig. 9. ALP activities of hOB cells on sputter coated discs (A) with corresponding measurement of Ca concentration in the media (B) and on polished discs (C) with 
corresponding SEM micrographs of the disc surface following polishing (D). 
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The observed effects of Li+ ions released from the compositions 
studied on the ALP activity of hMSCs and C2C12 cells, but not hOB cells, 
are consistent with the effect of Li+ ions introduced from LiCl added to 
the media, as observed as a control in our studies, but also from pub-
lished studies adding LiCl [11,12]. How this would translate to bone 
formation would need to be tested in a preclinical model, but this was 
out with the scope of this study. Although Li+ ions released from samples 
did not appear to enhance the ALP activity of hOB cells, the surface 
topography of all samples did appear to enhance ALP activity when hOB 
cells were seeded on sintered discs, and this effect was inversely related 
to the level of lithium substitution. Although all compositions were 
prepared to have comparable sintered densities, the loss of this effect on 
ALP activity when sintered discs were polished suggests that distinct 
surface microstructures existed for each composition after sintering that 
altered cell response. The significance of this would depend on these 
different surface structures being produced in more relevant sample 
forms, such as macroporous scaffolds. 

5. Conclusions 

This study set out to synthesise and characterise a novel, charge 
balanced, Li+ doped carbonated hydroxyapatite material with follow-up 
in vitro studies to evaluate suitability as a bone graft or scaffold. Findings 
demonstrated successful synthesis of carbonated hydroxyapatite with 
relatively low and high Li+ substitutions. Furthermore, Li 1 samples 
were shown to possess improved sinterability, enhanced dissolution, and 
a disparate microstructure compared to Li 0 and 0.25 samples. In vitro 
assessment indicated favourable cell attachment and cytocompatibility 
for all the compositions evaluated. In addition, Li 1 samples demon-
strated augmented osteoinduction in C2C12 cells and hMSCs in response 
to direct seeding onto discs, granules held within inserts, and condi-
tioned media from soaked powders. Of interest, experiments using the 
non-LiCl responsive hOB cells indicated a functional role of the surface 
topography with a potential compounded effect from the surface 
chemistry. 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.bioadv.2022.213068. 
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