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ABSTRACT 
Nanostructured hydroxyapatite (NHA) was fabricated by Spark Plasma Sintering (SPS), 

while microstructured hydroxyapatite (MHA) by conventional method. Human Osteoblasts were 
cultured on both NHA and MHA and the cell attachment, proliferation and mineralisation were 
evaluated. After 90 min incubation the cell density on NHA surface is sibyificantly higher than 
that of MHA and glass control, whereas average cell area of a spread cell is significantly lower 
on NHA surface compared to MHA and glass control after 4 h incubation. Mineralisation of 
matrix has been determined after 14 days culture by using alizarin red assay combined with 
cetylpyridinium chloride (CPC) extraction. N H A  shows significant enhancement (p<0.05) in 
mineralisation compared to MHA. Results from this study suggest that NHA is a much better 
candidate for clinical uses in tern= of bioactivity. 

1. INTRODUCTION 
Interaction between cells and implanted materials depends on the physical and chemical 

characteristics of materials and particularly on its chemical composition, particle size and surface 
properties, which include their topography, roughness, surface energy, hydrophilicity and 
hydr~phobicity'-~. Such characteristics determine how biological molecules will adsorb to the 
surface. Specifically, maximum vitronectin (a protein contained in serum that is known to 
mediate osteoblast adhesion4), fibronectin and albumin adsorption was noted on hydtophilic 
surface with high surface roughness and /or energies, such selected protein has been identified to 
mediate adhesion of specific anchora ydependent cells (such as osteoblasts, fibroblasts, and 
endothelial cells) on substrate surfaces . Therefore, surface properties will affect cell adhesion, 
attachment on implanted materials in the first phase of cell/material interactions and thus further 
influence the cell's capacity to proliferate and to differentiate on contact with the implan?' '. 
Design of materials with improved physical and chemical properties could enhance cell response 
to biomaterial implants and further extend their lifetime and, therefore, decrease the rate of 
revision surgery. 

Tt has been reported that surface properties (such as surface area, charge, and topography) 
depend on the grain size of a materiaLs In this respect, nanostructured materials possess higher 
surface area with increased portions of surface defects and grain-boundaries.' Meanwhile, 
hydroxyapatite has been considered as a good candidate for designing hard tissue implants due to 
its excellent biological properties such as non-toxicity, lack of inflammatory response and 
immunological reactions, and is able to intimately bond to new bone', '. Consequently, It is 
extremely attractive to explore if and how nanostructured hydroxyapatite with enhanced surface 
properties (such as increased surface area and charge, as well as ability to alter adsorption of 

3 

Advances in Bioceramics and Biocomposites II  
Mineo Mizuno 

Copyright 0 2007 by the American Ceramics Society 



Initial in Vitro Interaction of Human Osteoblasts with Nanostructured Hydroxyapatite (HNA) 

chemical species) could be used to promote cell response and bonding of juxtaposed bone to an 
orthopaedic or dental implants composed of nanophase ceramics. However, only a few reports 
have been published till now. Webster has reported that osteoblasts adhesion and osteoblasts 
proliferation was significantly greater on nanophase alumina, titania, and hydroxyapatite than on 
conventional formulations of the same ceramic after 3 and 5 days and more importantly, 
compared to conventional ceramics, synthesis of alkaline phosphatase and deposition of calcium 
containing mineral was significantly greater by osteoblasts cultured on nanophase than 
conventional ceramics after 21 days and 28 days5. lo, '' In this article, a primary human 
osteoblast cell model has been used to study the cellular response to nanostructured HA (NHA) 
compared with microstructured HA (MHA). 

2 EXPERIMENTS 
2.1 Materials 

HA powder has been prepared by precipitation at room temperature using Ca(OH)2 and 
H3P04 as starting materials". Such powder has been characterized using XRD and FTIR as a 
hydroxyapatite phase with low crystallinity and with incorporation of carbonate ions. The shape 
of the HA crystals are acicular according to TEM images. Crystallite size calculated according to 
XRD results is about 20-40 nm, while the particle size measured by Mastersizer microplus 
(Malvem Ltd, UK) is several microns. All nanostructured HA (NHA) samples used for cell 
culture were sintered at 9OO0C for 3 min by the SPS process with a heating rate of 100°C.min-' 
and a pressure of 50 MPa at vacuum atmosphere. All microstructured HA (MHA) compacts were 
sintered by conventional method at 1200°C for 2 h with a heating rate of 5°C.min-' in air. 

2.2 Surface characterisation 
The sintered compacts were polished using Silica colloid (0.06um) and chemically 

etched in 18.0 mM HCl solution to reveal the grain boundaries, and then microstructural 
observations of sintered ceramics were conducted using a high-resolution scanning electron 
microscope (FESEM-XL30, Philips). Topography and surface roughness of NHA and MHA has 
been evaluated by Atomic force microscopy (AFM). Five measurements were made on each 
sample with a scanning area of 5 x 5 pm. The classical mean surface roughness parameter & has 
been used to characterize surface roughness. Aqueous wettability of nanostructured HA and 
microstructured HA has been analysed by contact angle measurements on polished samples. 
Measurements were run in triplicate per sample and repeated at three different times. 

2.3 Cell morphology 
HOBs in complete Dulbecco's modified Eagles medium (DMEM) containing 10% foetal 

bovine serum (FBS), 1% antibiotics and 0.85mM ascorbic acid-2 phosphate were seeded onto 
microstructured HA (MHA) and nanostructured HA (NHA) discs at a density of 4x104 cells/cm2, 
then incubated at 37°C in a humidified incubator with 5% C02 for 90 min, 4 h, and 24 h. Glass 
coverslips purchased from Chance Glass Ltd were used as control materials. At the pre- 
determined time points, samples were rinsed in phosphate buffered saline (PBS) to remove any 
non-adherent cells and medium. The remaining cells were fixed in 1.5% glutaraldehyde for 30 
min at 4"C, then dehydrated through a series of ethanol concentrations (50%, 70%, 90%, and 
100%) and dried using hexamethyldisilazane (HMDS). Once dry, the samples were coated with 
gold and examined in a JEOL JSM-840 Scanning Electron Microscope at IOkVI3. 14. 
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2.4 Cell proliferation 
Cells were harvested with 0.1% %sin-EDTA solution in phosphate-buffered saline 

(PBS, pH 7.4) from cell culture flasks and were resuspended in culture medium. then were 
seeded at a concentration of 4x104 cells/cm2 onto disks of MHA and NHA. Tissue culture 
polystyrene was used as a control material. Cells were left to grow on the disks for 1,3, 7 days in 
a 37°C incubator with 5% C02. At the pre-determined time points, each of the disks was 
transferred to new wells in a new 24-well plate and 1.5 ml medium were added to each disk. 150 
pl of freshly prepared 5 mg/ml 3-(4,5-dimeth~~olyl-~)-2,5-  diphenyltetrazolium bromide 
(MTT) were added to each well containing the disks. The plates were placed in an incubator at 
37°C for 3 h. Afterwards, the supernatant of each well were removed and acidified isopropanol 
(0.04 M HC1 in isopropanoi) was added to all wells and mixed thoroughly to dissolve the dark- 
blue crystals. After all crystals were dissolved, the plates were read on a Micro late reader 
(Ascent) with a test wavelength of 540 nm against a reference wavelength of 620 nm . 
2.5 Alamar BlueN assay 

Cells were harvested with 0.1% trypsin-EDTA solution in phosphate-buffered saline 
(PBS, pH 7.4) from cell culture flasks and were resuspended in culture medium, then were 
seeded at a concentration of 4x104 cells/cm2 onto disks of MHA and NHA. Tissue culture 
polystyrene was used as a control material. After 1 day incubation in a 37'C incubator with 5% 
COZ, samples were taken out into new wells and 1.25 F g / d  Alamar were added into 
each well, then incubated for 3 h. The tluorescence was measured using a FLUOstar OPTIMA 
(BMG LABTECH) plate reader at 53Oex-59Oem nm wavelengths. The suspension containing 
Alamar BlueN was removed from sample wells and new medium added to incubate further'"". 

2.6 Mineralisation 
Ability of cells to produce mineralised matrix is essential with regard to development of 

materials for bone regeneration. Whether mineralisation of matrix occurred was determined 
using alizarin red4 (AR-S) assay combined with cetylpyridinium chloride (CPC) extraction'8. 19. 

Alizarin red is a dye which binds selectively to calcium salts and is widely used for calcium 
mineral histochemistry. AR-S binds -2 mol of Ca2' /mol of dye in solution. Briefly, Cells were 
seeded onto disks of MHA and NHA at a concentration of 4x104 cel1dcm2 by using medium, 
which was supplemented with 10 mM P-glycerophosphate and 100 nM dexamethasone. Tissue 
culture polystyrene was used as a control material. At the pre-determined time points (7,14 days), 
saniples were briefly rinsed with PBS followed by fixation (ice-cold 'i'oyo ethanol, 1 h). Samples 
then were rinsed with nanopure water and stained for 10 min with 40 mM AR-S, pH 4.2, at room 
temperature. Afterwards, samples were rinsed five times with water followed by a 15 min wash 
with PBS to reduce non-specific AR-S stain. Stained cultures were destained by using 10% (w/v) 
cetylpyridinium chloride (CPC) in 10 nm sodium phosphate, pH 7.0. for 15 min at room 
temperature. After destain, the plates were read on a Microplate reader (Ascent) with a test 
wavelength of 540 nm against a reference wavelength of 620 nm. Furthermore, for determination 
of the matrix mineralisation directly on HA samples, two groups of samples were used. Group1 
was cultured with HOBs, and Group 2 without HOBs as background. To calculate the mineral 
content of the extracellular matrix, group 2 values were subtracted fiom group 1. 

2.7 Statistical analysis 

P, 
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All samples were run in triplicate and repeated three times. Statistical analysis was 
performed using student's t-test, and a p value of <0.05 was determined to represent a significant 
dBerence. 

3 RESULTS 
Fig.1 shows the scanning electronic microstructure of NHA and MHA. Dense compact 

consisting of equiaxed grains with an average grain size of -90 nm was obtained by SPS (as 
shown in Fig. 1 A), whereas the grain size is about 2 p n  when sintering by conventional method 
at 1200°C as shown in Fig. 1B. The relative density of NHA is loo%, whereas 95% of MHA 
measured by Archimedes method with deionized water as the immersion inedium. After 
sintering. NHA was characterized as pure HA with nanostmctured feature, while MHA was 
characterized with slightiy decomposition to tetracalcium phosphate (results not shown in this 
article). 

Fig2 Topography of (A) NHA and (B) MHA 

According to contact angle measurement. aqueous contact angle on NHA is 30", whereas 
42' on MHA, which was significantly (piO.05) higher than that on NHA. The decrease in contact 
angle corresponds to an increase in surface aqueous Wettability an& thus, an increase in 
hydrophilicity and surface reactivity for NHA. Topography measured by Atomic force 
microscopy (AFM) presents in Fig.2 shows that surface of MHA is much smoother than that of 
NHA. Surface roughness calculated from AFM data provided evidence that NHA possesses 
significantly higher roughness (37.2 f 5.5 nm) compared to MHA (12.1*3.0 nm). 

Fig. 3 shows the SEM morphologies of human osteoblasts cultured on NHA and MHA 
after 90 min. 4 h, and 24 h with glass as control material. Different morphologies have been 
observed on various surfaces. At 90 min most cells present a spherical, spiky appearance on both 
HA surfaces, whereas more spread cells are observed on glass. Abundant filopodia were visible 

6 - Advances in Bioceramics and Biocomposites II 



Initial in Vitro Interaction of Human Osteoblasts with Nanostructured Hydroxyapatite (HNA) 

at the edge of cells on both HA surfaces, in particular on the NHA surface. Those spiky and more 
three-dimensional morphologies of cells cultured on HA surfaces might be attributed to surface 

Fig.3 SEM micropphs of osteoblasts cultured for 90 min (A-C), 4 h (D-F), 24 h ((3-1) on the 
surface of NHA, MHA and glass control respectively. Arrow indicates filopodia arrowhead 

indicates ruffles. 
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Fig. 4 Cell density on NHA, MHA and Glass after 90 min incubation, * significantly higher than 
MHA and Glass @<0.05, n=5) 

ro~ghness.’~ After 4 h incubation, cells spread on all surfaces with the edge of the cells becoming 
very thin. At 24 h, cells became thicker at the center of nucleus, and mitosis was evident on some 
surfaces. 

The cell density on both HA samples and Glass sample after 90 min incubation has been 
measured by counting cells in 5 randomly selected areas under SEM with a magnification of200. 
results of which is shown in Fig. 4. The cell density on NHA is significantly higher compared to 
that on MHA and glass. which suggested that nanostructured surface promote osteoblast 
adhesion 
in the first stage. The average areas of spread cells on various samples after 4 h incubation were 
measured by image analysis software (UTHSCSA image Tool) from 20 randomly selected cells, 
which is shown in Fig. 5. The results indicated that cell spread significantly widely on both glass 
and microstructured HA compared to nanostructured HA. 

Fig. 5 The average area for a spread cell on various samples after 4 h incubation. 20 cells were 
measured from 5 randomly selected areas of each sample, and average area was calculated from 

the measurements. * Significant from NHA (p<0.05. ~ 2 0 )  
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Fig 6 Cell viability on the surface of microstructure HA and nanostructured HA after 1,3,7 days 
incubation by Alamar Blue assay, control is tissue culture polystyrene 

In order to study the long-term cell response, cell proliferation on various samples was 
measured by Alamar blue assay and MTT assay, which are presented at Fig. 6 and Fig.7, 
respectively. Both figures showed a similar trend that cell proliferation increased significantly 
(p<0.05, n=3) on both NHA and MHA from 1 day to 7 days. According to Alamar blue assay 
results. there was no significantly difyxence between each sample irrespective culture time. 
However, according to MTT results. cell proliferation was significantly higher on NHA 
compared to MHA (p<0.05, n=3) after 7 days incubation, though there was no significant 
difference between both surfaces after 1 day and 3 days incubation. 

Fig.7 Osteoblasts proliferation on the surface of nanostructured HA and microstructured HA 
after 1,3,7days in culture. * Significant kom microstructured HA, (p<O.OS, n=3), control is tissue 

culture polystyrene 

The ability of calcium-containing mineral deposition in extracellular matrix is essential 
for bone regeneration. The amount of calcium-containing mineral deposited onto the matrix has 
been quantified by alizarin red stain followed by CPC extraction, results of which are shown in 
Fig. 8. From 7 days to 14 days incubation, the amount of calcium-containing mineral on NHA 
surfaces and control increased significantly (p<0.05), but increase slowly on MHA surface. 
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Furthermore, the amount of calcium-containing mineral on NHA was significantly higher 
(p<0.05, n=3) compared to MHA after 14 days incubation. 

Fig.8 Quantification of alizarin red stain via extraction with 10% CPC in lOmM phosphate 
buffer on the surface of nanostructured HA and microstructured HA after 14 days in culture. * 

Significant from microstructure HA (p<0.05, n=3), control is tissue culture polystyrene 

4. DISCUSSION 
Nanostructured ceramics with grain size less than 100 nm have been widely studied these 

years due to enhanced magnetic, catalytic, electrical, and optical properties when compared to 
conventional formulations of the same materials'. Nanostructured materials also provide the 
capability for specific interactions with proteins, DNA, viruses, and other nanoscales biological 
structures. Highly specific interactions between these components and nanostructured materials 
can provide unique biological functionalities not seen with conventional microstructured 
materialsM. In the present work, we examined the effect of grain size (nano-size, and micro-size) 
of HA on cellular adhesion. proliferation, and matrix mineralisation. The cell culture system used 
was human osteoblast. 

Cells in contact with a surface will firstly attach, adhere and spread. This first phase of 
cell adhesion and spreading is known to affect the long-term phenotype of anchorage dependent 
cellsz3 14. Osteoblasts, for example, are well documented in the literature, and it can be seen that 
on some surfaces they ap ar extremely flattened and on other surfaces they have a more three- 
diniensional morphology2 . In th~s study, the cell morphology for both NHA and MHA as shown 
by SEM i s  three-dimensional, while quite flat for glass control. Cells on NHA surface presented 
more 'spiky' or stellate appearance than that on MHA surface, since more filopodia or 
microspikes have been observed on NHA surface. The filopodia or microspikes of cells are used 
in sensing the substrate. Microspikes of neurons extend over significant distances to determine 
areas suitable for attachment22. Therefore, the roughened surface in this study, i.e. NHA surface 
appears a greater surface area of the cell can adhere. Gough et.al" and Dalby et alZ3 have 
observed similar morphologies of osteoblasts cultured on 4585 bioactive glass and HAPEXm (a 
composite of hydroxyapatite and polyethylene) with various roughened topography, respectively. 

Cell adhesion was also quantified in this study by counting the cell density on various 
surfaces after 90 min incubation, the results of which show a significant increase of cell adhesion 
on NHA surface compared to MHA surface and Glass control. Such increased cell adhesion is in 

p " .  
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agreement with the more spiky morphology of osteoblasts on NHA surface. It has been 
previously found that the cell adhesion and spreading are influenced by the physico-chemical 
characteristics of the underlying solid surface, such as surface free energy of the substrate, 
surface charge, and surface topography of the bi~materials~~. In addition, Thomos Webster et.al 
also found that osteoblast adhesion increased with grain size of ceramics decreasing to nano 
scale''. A possible explanation for such phenomena they suggested could be directly related to 
the greater surface area exhibited by NHA. The nanostructured surface might promote 
interaction (such as adsorption, configuration, bioactivity, etc.) of select serum protein(s), which 
subsequently, enhance osteoblast adhesion' I .  Proteins mediate adhesion of anchorage-dependant 
cells, and thus influence subsequent cellular functions (such as cell proliferation, matrix 
mineralisation etc.). The mechanism of protein interaction with nanostructured ceramic is not 
clear and needs to be further investigated. 

Furthermore the average area of spread cell on NHA is significantly lower than that on 
MHA and Glass control materials. Similar results have been reported by Thomas Webster 
et.al.", which he suggested might be attributed to the motility of cells. The dynamics of cell 
migration require continuous forming and breaking of focal contacts at the proximal and distal 
sides of the cell, respectively. Cell migration is inhibited on substrate surfaces that promote cell 
adhesion; in other words, contractile forces necessary for cell migration cannot overcome the 
strength of cell contact points formed on highly adhesive substrate surfaces2'* 26. Surface 
occupancy experiments have been utilized as an index of cell population motility". The 
increased cell adhesion couples with decreased cell motility, as well as enhanced proliferation 
and matrix mineralisation has been observed on surface (for example, borosilicate glass and 
titanium) modified with immobilized peptide sequences (such as arginine-glycine-aspartic acid- 
serine (RGDS) and lysine-arginine-serine-arginine (KRSR)28-30) contained in extracellular matrix 
protein such as vitronectin and collagen. 

Matrix mineralisation plays a critical role for the bonding (i.e. osseointegration) between 
biomaterials and natural bone and bone remodelling. Mineralisation on NHA was significantly 
greater (p<0.05) than that on MHA after 14 days culture in vitro, which indicates that NHA may 
greatly enhance osseointegration compared to microstructured HA, and subsequently promote 
the life span of the implant. The reason for this is not clear yet, however, the more spiky 
morphology may promote faster matrix production and subsequent mineralisation. It is generally 
thought that a roughened surface is preferential to strong bone bonding at the tissue-implant 
interfa~e'~, 3'. In addition, it has been reported that spark plasma sintering3' also affect the 
cellular responses; and the presence of soluble calcium phosphate of the MHA will also impact 
cell proliferation and differentiati~n~~. Therefore, further studies are needed to separate the 
sintering effect and impurity phase effect by fabricating both NHA and MHA structure by SPS 
process. 

5.  CONCLUSION 
In vitro cell culture showed that HOBs attached the surface of NHA with a lot of 

filopodia after 90min incubate, cell density on NHA surface is significantly higher than that of 
MHA surface and Glass control after 90 min incubation, whereas the average area of a spread 
cell after 4 h incubation is significantly lower on NHA surface than that on MHA surface and 
glass control, which might be attributed to the higher roughness, surface area and wettability of 
NHA surface, since such difference will affect the protein adsorption on the surface. After 14 
days culture, NHA showed a significant enhancement (p<0.05) in matrix mineralisation 
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compared to MHA. In general, NHA will not only promote the first stage of cell attachment, 
adhesion and spreading, but also improve the long-term cell proliferation and differentiation. 
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