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This paper describes a novel method for the rapid manufacture of high quality 47 

bioinspired nanoscale hydroxyapatite. This biomaterial is of great significance in the 48 

manufacture of a wide range of innovative medical devices for clinical applications in 49 

orthopedics, craniofacial surgery and dentistry.   50 

 51 

LONG ABSTRACT:  52 

Hydroxyapatite (HA) has been widely used as a medical ceramic due to its good 53 

biocompatibility and osteoconductivity. Recently there has been interest regarding the 54 

use of bioinspired nanoscale hydroxyapatite (nHA). However, biological apatite is 55 

known to be calcium-deficient and carbonate-substituted with a nanoscale platelet-like 56 

morphology. Bioinspired nHA has the potential to stimulate optimal bone tissue 57 

regeneration due to its similarity to bone and tooth enamel mineral. Many of the 58 

methods currently used to fabricate nHA both in the laboratory and commercially, 59 

involve lengthy processes and complex equipment. Therefore, the aim of this study was 60 

to develop a rapid and reliable method to prepare high quality bioinspired nHA. The 61 

rapid mixing method developed was based upon an acid-base reaction involving 62 

calcium hydroxide and phosphoric acid. Briefly, a phosphoric acid solution was poured 63 

into a calcium hydroxide solution followed by stirring, washing and drying stages. Part of 64 

the batch was sintered at 1000 °C for 2 h in order to investigate the products’ high 65 

temperature stability. X-ray diffraction analysis showed the successful formation of HA, 66 

which showed thermal decomposition to く-tricalcium phosphate after high temperature 67 

processing, which is typical for calcium-deficient HA. Fourier transform infrared 68 

spectroscopy showed the presence of carbonate groups in the precipitated product. The 69 

nHA particles had a low aspect ratio with approximate dimensions of 50 x 30 nm, close 70 

to the dimensions of biological apatite. The material was also calcium deficient with a 71 

Ca:P molar ratio of 1.63, which like biological apatite is lower than the stoichiometric HA 72 

ratio of 1.67. This new method is therefore a reliable and far more convenient process 73 

for the manufacture of bioinspired nHA, overcoming the need for lengthy titrations and 74 

complex equipment. The resulting bioinspired HA product is suitable for use in a wide 75 

variety of medical and consumer health applications. 76 

 77 

INTRODUCTION:  78 

There is a great clinical need for advanced biomaterials with enhanced functionality in 79 

order to improve quality of life of patients and to reduce the healthcare burden of a 80 

global aging population. Hydroxyapatite has been widely used in medical applications 81 

for many years due to its good biocompatibility. Recently, there has been an increased 82 

interest in the use of nanoscale hydroxyapatite (nHA), particularly for mineralized tissue 83 

regeneration in medicine and dentistry. The mineral found in bone and tooth enamel is 84 

calcium-deficient, multi-substituted, nanoscale hydroxyapatite. Estimates for the size of 85 

biological nHA platelets report dimensions of 50 nm x 30 nm x 2 nm1, with even smaller 86 

structures described in immature bone2. Contrastingly, the mineral in tooth enamel is 10 87 

to 100 times larger than that found in bone tissue in both length and width3,4. Synthetic 88 

nHA might be better termed bioinspired rather than biomimetic, as we are seeking to 89 

translate observations regarding the characteristics of natural materials into medical 90 

technologies with improved performance. It has been suggested that bioinspired nHA 91 

may be more favorable in bone and tooth tissue regeneration applications due to its 92 



   

similarity to naturally occurring mineral5. 93 

 94 

There are various methods which have been reported to prepare nHA including 95 

hydrothermal6, spray-dry7 and sol-gel8 techniques. Of these, the wet precipitation 96 

method is considered a relatively convenient method for the production of nHA. The 97 

published nHA wet precipitation methods generally include a titration step when mixing 98 

calcium and phosphorus chemical precursors9-14. However, these approaches are 99 

associated with a number of disadvantages including lengthy and complex processes 100 

combined in some cases with the need for expensive equipment. Commercial 101 

production may be even more complex, with patents describing sophisticated reactors 102 

for manufacture of high quality medical grade nHA15. Despite this, the neutralization 103 

reaction between calcium hydroxide and phosphoric acid is advantageous due to the 104 

lack of noxious chemical by-products.  105 

 106 

The relationship between processing conditions and the morphology of the nHA product 107 

has been reported for slow titration reactions.  Specifically, for titration methods 108 

involving calcium hydroxide and phosphoric acid an elevated temperature appeared to 109 

favour the preparation of particles with a low aspect ratio13. This work was extended 110 

considerably by Gentile et. al.16 who demonstrated the relationship between 111 

temperature and other processing conditions on the quality of nHA products from a wide 112 

range of methods. He concluded that the wet chemical precipitation method of 113 

Prakash13 made the highest quality products, but it should be noted that the results 114 

were dependent upon technically challenging and slow/ mixing processes. The original 115 

Prakash titration step takes over one hour. However, longer titration times may be 116 

required for larger batches to be prepared. 117 

 118 

To summarize, while the influence of several factors including temperature have now 119 

been studied extensively, almost no attention has been directed at reducing the 120 

complexity and associated time needed to perform titration-based methods. The aim of 121 

this study was therefore to investigate the effects of applying a rapid mix approach to 122 

the manufacture of a bioinspired nHA, and to fully characterize the resulting materials. If 123 

successful, a simplified rapid mix approach would have great benefits for laboratory 124 

researchers and industry alike where costs of manufacture could be substantially 125 

reduced without comprising quality. 126 

 127 

PROTOCOL: 128 

 129 

1. Rapid Mix Production of Nanoscale Hydroxyapatite 130 

1.1) Preparation of calcium and phosphorus solutions to prepare 5 g of nanoscale 131 

hydroxyapatite using a calcium to phosphorus molar ratio of 1.67.  132 

1.1.1) Add 3.705 g of calcium hydroxide to 500 mL deionized water and stir on a 133 

magnetic stirrer plate for 1 h at 400 rpm.  134 

 135 

1.1.2) In a separate beaker, add 3.459 g of phosphoric acid (85%) to 250 mL deionized 136 

water.  137 

 138 



   

1.2) Pour the phosphorus solution into the stirring calcium hydroxide suspension at a 139 

rate of approximately 100 mL/s. Cover beaker with Parafilm (Bemis, USA).  140 

 141 

1.3) Leave the suspension to stir for 1 h at 400 rpm. 142 

 143 

1.4) Take the beaker off the stirrer plate and leave to settle overnight. 144 

 145 

1.5) Wash the suspension by pouring off the supernatant and adding 500 mL 146 

deionized water and stirring for 1 min at 400 rpm. Repeat this step three times in total, 147 

with 2 h between each wash.  148 

 149 

1.6) Leave nHA suspension to settle overnight. 150 

 151 

1.7) Pour off the clear supernatant and place the settled nHA suspension in a drying 152 

oven set to 60 °C. 153 

 154 

1.8) When dry, place the dried nHA into an agate mortar and pestle and grind until 155 

fine. 156 

 157 

1.9) Place 2.5 g of produced nHA powder in an alumina crucible and sinter powder at 158 

1000 °C for 2 h using a ramp rate of 10 °C/min. After the heat treatment, leave the nHA 159 

to cool in the furnace.  160 

 161 

1.10) Store powders in a vacuum desiccator.   162 

 163 

2. Characterization of Nanoscale Hydroxyapatite 164 

2.1) X-ray diffraction (XRD) using transmission mode diffractometers  165 

2.1.1) Place a small amount (i.e. less than 200 µL) of poly(vinyl alcohol) (PVA) glue on 166 

acetate film and mix with a small amount (i.e. less than 100 mg) of nHA powder. 167 

 168 

2.1.2) Treat with a hot air gun until dry.  169 

 170 

2.1.3) Mount the sample into a sample holder and load onto a transmission mode X-ray 171 

diffractometer with Cu Kg radiation.  172 

 173 

2.1.4) Use diffractometer settings of 40 kV and 35 mA, with a 2し range of 10-70°.  174 

 175 

2.1.5) Analyze the resultant XRD patterns. 176 

 177 

2.1.6) Use the following XRD cards for phase identification: Hydroxyapatite: 9-432. く-178 

tricalcium phosphate: 04-014-2292.  179 

 180 

2.2) Transmission electron microscopy (TEM) 181 

2.2.1) Place a small amount of powder (i.e. less than 10 mg) in a bijou and add 182 

approximately 3 mL ethanol.  183 

 184 



   

2.2.2) Ultra-sonicate sample for 15 – 30 minutes until a homogenous suspension is 185 

observed.  186 

 187 

2.2.3) Pipette a small amount of solution (i.e. less than 1 mL) onto a 400 mesh copper 188 

grid with carbon film, and allow to dry.  189 

 190 

2.2.4) Image samples at an accelerating voltage of 80 kV. 191 

 192 

2.3) X-ray fluorescence (XRF) service by the Materials and Engineering Research 193 

Institute (MERI) at Sheffield Hallam University 194 

2.3.1) Combine 0.8 g nHA powder with 8 g of lithium tetraborate. 195 

 196 

2.3.2) Melt mixture in a platinum-gold alloy crucible using a furnace set to 1200 °C. 197 

 198 

2.3.3) Analyze resultant samples in an XRF spectrometer to determine the elemental 199 

composition of the samples.  200 

 201 

2.4) Fourier-transform infrared spectroscopy in attenuated total reflectance mode 202 

(FTIR-ATR) 203 

2.4.1) Perform 64 background scans from 4000 – 500 cm-1 with a resolution of 4 cm-1.  204 

 205 

2.4.2) Place a small amount (i.e. less than 100 mg) of nHA powder on top of the 206 

diamond in the attenuated total reflectance mode adapter and compress onto the 207 

surface of the diamond using the screw top.  208 

 209 

2.4.3) Perform 32 scans from 4000 – 500 cm-1 with a resolution of 4 cm-1 with the 210 

background scans subtracted from the sample scans.  211 

 212 

REPRESENTATIVE RESULTS:  213 

XRD patterns (Figure 2) showed the precipitation of a pure HA phase with broad peaks, 214 

indicating a relatively small crystallite size and/or amorphous nature. After high 215 

temperature sintering, く-tricalcium phosphate (く-TCP) was detected, alongside a main 216 

phase of HA. The sharpening of the diffraction peaks, i.e. a reduction in the full width 217 

half maximum, indicated an increase in the crystallite size after sintering.  218 

 219 

[place figure 2 here] 220 

 221 

FTIR-ATR spectra (Figure 3) confirmed the formation of a HA phase by the 222 

characteristic phosphate and hydroxyl bands17,18. In detail the bands were assigned as 223 

follows 3750 cm-1 (OH- stretch ちOH); 1086 and 1022 cm-1 (PO4
3- ち3); 962 cm-1 (PO4

3- ち1); 224 

630 cm-1 (OH- libration hOH); 600 and 570 cm-1 (PO4
3- ち4). In the unsintered sample the 225 

additional peaks were assigned as follows: broad peak centred around 3400 cm-1 226 

(absorbed water molecules); 1455 and 1410 cm-1 (CO3
2- ち3); 880 cm-1 (CO3

2- ち2). The 227 

absorbed water and carbonate groups observed in the unsintered powder were 228 

removed during the high temperature sintering stage. The sintering process also 229 

sharpened the hydroxyl and phosphate bands which was manifested by a greater peak 230 



   

to trough distance.  231 

 232 

[place figure 3 here] 233 

 234 

TEM images (Figure 4) showed the formation of nanoscale particles with approximate 235 

dimensions of 50 nm by 30 nm. The particles had a low aspect ratio (particle length / 236 

particle width) of around 1.7. The size and shape of the nanoscale products were of 237 

similar dimensions to biological apatite1.  238 

 239 

[place figure 4 here] 240 

 241 

Quantitative chemical analysis of the nHA powder by XRF (Table 1) allowed the 242 

calcium: phosphorus ratio to be calculated as 1.63, which is slightly lower than the 243 

stoichiometric HA which has a calcium: phosphorus ratio of 1.67. XRF also showed the 244 

high purity of the nHA product with only trace amounts of other elements recorded.  245 

 246 

[place Table 1 here] 247 

 248 

Figure 1. Schematic diagram of rapid mix preparation of bioinspired nanoscale 249 

hydroxyapatite.  250 

A. The phosphoric acid solution was poured into the calcium hydroxide suspension. 251 

After the suspension settled overnight, the nHA was washed with deionized water 252 

before being dried at 60 °C. The nHA was then ground in an agate mortar and pestle 253 

and sintered to investigate the thermal stability of the nHA product.  254 

 255 

Figure 2. Crystal phase analysis of products.  256 

X-ray diffraction (XRD) patterns of unsintered nanoscale hydroxyapatite (nHA) powder 257 

and nHA powder sintered at 1000 °C for 2 h. Peak labels: hydroxyapatite peaks ﾔ, く-258 

tricalcium phosphate peaks ﾐ.   259 

 260 

Figure 3. Infrared spectra of products.  261 

Fourier transform infrared in attenuated total reflectance mode (FTIR-ATR) spectra of 262 

unsintered nanoscale hydroxyapatite (nHA) powder and nHA powder sintered at 1000 263 

°C for 2 h.  264 

 265 

Figure 4. Nanoscale morphology of product.  266 

Transmission electron micrographs (TEM) of nanoscale hydroxyapatite (nHA) prepared 267 

using the rapid mixing method at two magnifications. 268 

 269 

Table 1. Quantitative chemical analysis of product.  270 

X-ray fluorescence (XRF) results for unsintered nHA powder showed >99% purity by 271 

weight.  272 

 273 

DISCUSSION: 274 

Natural apatite is composed of nanoscale particles of non-stoichiometric carbonated 275 

hydroxyapatite with the approximate chemical formula of Ca10-x-y[(HPO4)(PO4)]6-276 



   

x(CO3)y(OH)2-x. The production of biomaterials with close chemical similarity to naturally 277 

occurring mineral has been reported to promote optimal biological responses. For 278 

instance, research on biomimetic calcium-deficient carbonated nHA has shown it is able 279 

to stimulate proliferation and the alkaline phosphatase activity of murine preosteoblast 280 

cells to a greater degree than conventional nHA19. 281 

 282 

In this study, the precipitation of HA which showed partial thermal decomposition at 283 

1000 °C (Figure 2) suggested the formation of a calcium-deficient HA. This was 284 

supported by the lower than stoichiometric Ca:P ratio (1.63) obtained with the XRF data 285 

(Table 1). It is understood that a reduced Ca:P ratio is associated with a lower thermal 286 

stability20-23. In this method, the rapid addition of the phosphoric acid solution rapidly 287 

lowered the pH of the reaction suspension to generate HPO4 ions. The presence of 288 

HPO4 groups facilitated the precipitation of calcium deficient HA, with the molecular 289 

formula: Ca10-x(HPO4) x(PO4)6-x(OH)2-x, where 0<x<1. 290 

 291 

The rapid addition of the phosphoric acid therefore had a marked effect on the 292 

precipitation kinetics of the reaction. As described previously, titration reactions 293 

involving calcium hydroxide and phosphoric acid carried out at room temperature 294 

tended to yield particles with a high aspect ratio13. For titration reactions involving these 295 

reactants, it was necessary to use an elevated temperature to produce particles with a 296 

lower aspect ratio which are more similar to biological apatite13. High aspect ratio 297 

particles are produced when the crystal nucleation rate is slower than the crystal growth 298 

rate24. For the new method developed in this study, the rapid addition of the phosphoric 299 

acid solution may have provided a larger number of nucleation sites which resulted in 300 

the increased presence of small rounded particles as opposed to fewer particles with a 301 

larger aspect ratio. As the authors have not fully investigated the effects of slowly 302 

pouring the phosphoric acid into the calcium hydroxide suspension, in order to achieve 303 

consistent results we recommend that the phosphoric acid is poured at a rate 304 

commensurate with that shown in the video (approximately 100 mL/s). 305 

 306 

During the development of this method, the authors investigated a number of 307 

incremental changes to the nHA preparation method based on Prakash et al.13 including 308 

the comparison of products produced with the slow titration and the rapid addition of the 309 

phosphoric acid solution25. It was found that the slow titration of phosphoric acid into the 310 

calcium hydroxide suspension resulted in a product with a calcium hydroxide residue. 311 

We propose that the pH change caused by the rapid addition of phosphoric acid 312 

encouraged the dissolution of the calcium hydroxide and therefore allowed for the 313 

successful conversion of the reactants into hydroxyapatite. A comparison of products 314 

prepared using the rapid mixing method at room and elevated temperatures (60 °C) 315 

found that an elevated temperature resulted in a higher conductivity after the reaction 316 

was completed. This suggested that residual calcium hydroxide was present which was 317 

likely to be due to the lower solubility of calcium hydroxide at increased temperatures. 318 

The presence of residual calcium hydroxide was undesirable as the basic nature of this 319 

compound could compromise biocompatibility.  320 

 321 

FTIR detected the characteristic phosphate and hydroxyl group activity associated with 322 



   

HA (Figure 3). It was noted that the spectrum for the sintered product showed sharper 323 

phosphate and hydroxyl peaks. These changes have been associated with a greater 324 

product crystallinity26,27.The unsintered spectrum provided evidence for B-type 325 

carbonate substitution where carbonate ions have substituted for phosphate groups. 326 

This is in contrast to A-type substitution where carbonate ions may substitute for 327 

hydroxyl groups17. It has been reported that B-type carbonate substitution occurs in 328 

biological apatite3. However, Tampieri et al. reported that whilst B-type substitution was 329 

predominant in young bones, A-type carbonate substitution was increasingly present in 330 

bones of older individuals28. Carbonate substitution has been found to decrease the 331 

crystallinity and thermal stability of the nHA whilst increasing its solubility. These 332 

changes have been proposed to contribute to the increased bioactivity of carbonate-333 

substituted HA29. Biological HA is also known to contain some of the other elements 334 

recorded in the XRF analysis (Table 1), such as magnesium, sodium and strontium30. 335 

The presence of these elements may also contribute to increased biological efficacy. 336 

Future work should be directed at the preparation of these nanoscale substituted 337 

apatites, and also products with increased biofunctionality such as silver-doped nHA31. 338 

In order to prepare substituted nHA the element may be introduced with a 339 

corresponding reduction of the intended element to substitute for, e.g. a reduction in the 340 

amount of the calcium compound when strontium, magnesium or zinc substitution is 341 

attempted32. Alternatively, another approach may be to add elements with the intention 342 

of providing ‘doped’ ions which are present on the surface of the nHA without 343 

necessarily intending to substitute the element into the HA crystal lattice31. For these 344 

modifications to the method it is possible to prepare mixed solutions e.g. of calcium 345 

hydroxide and silver nitrate, and to carry out the reaction in the same manner as 346 

described here.  347 

 348 

In conclusion, this paper reports a novel rapid and substantially improved method for 349 

the preparation of bioinspired nHA. For this method, the rapid mixing of the chemicals 350 

takes less than 5 seconds which is a marked reduction in time compared to titrations 351 

reactions typically requiring hours of careful monitoring. It has great potential for use in 352 

biomaterial development due to its’ relative simplicity and low cost compared to 353 

currently used industrial nHA manufacturing methods. In particular, this new method is 354 

superior to continuous flow processes or hydrothermal techniques due to significantly 355 

lower start-up equipment costs, and the inherent complexity of current commercial 356 

systems also results in lengthy research and development times and substantially 357 

increased manufacturing costs.  358 

 359 

ACKNOWLEDGMENTS: 360 

This work was supported by an EPSRC CASE studentship in collaboration with 361 

Ceramisys Ltd. and is also associated with MeDe Innovation, the EPSRC Centre for 362 

Innovative Manufacturing in Medical Devices [grant number EP/K029592/1]. The 363 

authors would also like to thank Robert Burton at Sheffield Hallam University for XRF 364 

analysis. 365 

 366 

DISCLOSURES:  367 

The authors have nothing to disclose 368 



   

 369 

REFERENCES  370 

1 Pasteris, J. D., Wopenka, B. & Valsami-Jones, E. Bone and tooth mineralization: 371 

why apatite? Elements. 4 (2), 97-104, doi:10.2113/gselements.4.2.97 (2008). 372 

2 Carter, D. H., Hatton, P. V. & Aaron, J. E. The ultrastructure of slam-frozen bone 373 

mineral. Histochem. J. 29 (10), 783-793, doi:10.1023/a:1026425404169 (1997). 374 

3 Wopenka, B. & Pasteris, J. D. A mineralogical perspective on the apatite in bone. 375 

Mater. Sci. Eng. C.-Bio. S. 25 (2), 131-143, doi:10.1016/j.msec.2005.01.008 (2005). 376 

4 Boskey, A. L. Mineralization of bones and teeth. Elements. 3 (6), 385-391, 377 

doi:10.2113/gselements.3.6.385 (2007). 378 

5 Fox, K., Tran, P. A. & Nhiem, T. Recent Advances in Research Applications of 379 

Nanophase Hydroxyapatite. ChemPhysChem. 13 (10), 2495-2506, 380 

doi:10.1002/cphc.201200080 (2012). 381 

6 Neira, I. S. et al. An Effective Morphology Control of Hydroxyapatite Crystals via 382 

Hydrothermal Synthesis. Cryst. Growth. Des. 9 (1), 466-474, doi:10.1021/cg800738a 383 

(2009). 384 

7 Luo, P. & Nieh, T. G. Synthesis of ultrafine hydroxyapatite particles by a spray 385 

dry method. Mater. Sci. Eng. C. 3 (2), 75-78, doi:10.1016/0928-4931(95)00089-5 386 

(1995). 387 

8 Wang, F., Li, M. S., Lu, Y. P. & Qi, Y. X. A simple sol-gel technique for preparing 388 

hydroxyapatite nanopowders. Mater. Lett. 59 (8-9), 916-919, 389 

doi:10.1016/j.matlet.2004.08.041 (2005). 390 

9 Cai, Y. et al. Role of hydroxyapatite nanoparticle size in bone cell proliferation. J. 391 

Mater. Chem. 17 (36), 3780-3787, doi:10.1039/b705129h (2007). 392 

10 Catros, S. et al. Physico-chemical and biological properties of a nano-393 

hydroxyapatite powder synthesized at room temperature. IRBM. 31 (4), 226-233, 394 

doi:10.1016/j.irbm.2010.04.002 (2010). 395 

11 Kumar, R., Prakash, K. H., Cheang, P. & Khor, K. A. Temperature driven 396 

morphological changes of chemically precipitated hydroxyapatite nanoparticles. 397 

Langmuir. 20 (13), 5196-5200, doi:10.1021/la049304f (2004). 398 

12 Liu, H., Yazici, H., Ergun, C., Webster, T. J. & Bermek, H. An in vitro evaluation 399 

of the Ca/P ratio for the cytocompatibility of nano-to-micron particulate calcium 400 

phosphates for bone regeneration. Acta. Biomater. 4 (5), 1472-1479, 401 

doi:10.1016/j.actbio.2008.02.025 (2008). 402 

13 Prakash, K. H., Kumar, R., Ooi, C. P., Cheang, P. & Khor, K. A. Apparent 403 

solubility of hydroxyapatite in aqueous medium and its influence on the morphology of 404 

nanocrystallites with precipitation temperature. Langmuir. 22 (26), 11002-11008, 405 

doi:10.1021/la0621665 (2006). 406 

14 Bianco, A., Cacciotti, I., Lombardi, M., Montanaro, L. & Gusmano, G. Thermal 407 

stability and sintering behaviour of hydroxyapatite nanopowders. J. Therm. Anal. 408 

Calorim. 88 (1), 237-243, doi:10.1007/s10973-006-8011-6 (2007). 409 

15 Brito Lopes, J. C. et al. Production method for calcium phosphate nano-particles 410 

with high purity and their use. WO2008/007992A2 (2008). 411 

16 Gentile, P., Wilcock, C. J., Miller, C. A., Moorehead, R. & Hatton, P. V. Process 412 

optimisation to control the physico-chemical characteristics of biomimetic nanoscale 413 

hydroxyapatites prepared using wet chemical precipitation. Materials. 8 (5), 2297-2310 414 



   

(2015). 415 

17 Gibson, I. R. & Bonfield, W. Novel synthesis and characterization of an AB-type 416 

carbonate-substituted hydroxyapatite. J. Biomed. Mater. Res. 59 (4), 697-708, 417 

doi:10.1002/jbm.10044 (2002). 418 

18 Koutsopoulos, S. Synthesis and characterization of hydroxyapatite crystals: a 419 

review study on the analytical methods. J. Biomed. Mater. Res. 62 (4), 600-612, 420 

doi:10.1002/jbm.10280 (2002). 421 

19 Deng, Y., Sun, Y., Chen, X., Zhu, P. & Wei, S. Biomimetic synthesis and 422 

biocompatibility evaluation of carbonated apatites template-mediated by heparin. Mater. 423 

Sci. Eng. C.-Mater. Biol. Appl. 33 (5), 2905-2913, doi:10.1016/j.msec.2013.03.016 424 

(2013). 425 

20 Gibson, I. R., Rehman, I., Best, S. M. & Bonfield, W. Characterization of the 426 

transformation from calcium-deficient apatite to beta-tricalcium phosphate. J. Mater. 427 

Sci.-Mater. M. 11 (9), 533-539, doi:10.1023/a:1008961816208 (2000). 428 

21 Siddharthan, A., Seshadri, S. K. & Kumar, T. S. S. Microwave accelerated 429 

synthesis of nanosized calcium deficient hydroxyapatite. J. Mater. Sci.-Mater. M. 15 430 

(12), 1279-1284, doi:10.1007/s10856-004-5735-3 (2004). 431 

22 Yubao, L., Klein, C., Dewijn, J., Vandemeer, S. & Degroot, K. Shape change and 432 

phase-transition of needle-like nonstoichiometric apatite crystals. J. Mater. Sci.-Mater. 433 

M. 5 (5), 263-268, doi:10.1007/bf00122395 (1994). 434 

23 Prieto Valdes, J. J., Ortiz Lopez, J., Rueda Morales, G., Pacheco Malagon, G. & 435 

Prieto Gortcheva, V. Fibrous growth of tricalcium phosphate ceramics. J. Mater. Sci.-436 

Mater. M. 8 (5), 297-301, doi:10.1023/a:1018512428683 (1997). 437 

24 Bouyer, E., Gitzhofer, F. & Boulos, M. I. Morphological study of hydroxyapatite 438 

nanocrystal suspension. J. Mater. Sci.-Mater. M. 11 (8), 523-531, 439 

doi:10.1023/a:1008918110156 (2000). 440 

25 Wilcock, C. J. The development of nanostructured calcium phosphate 441 

biomaterials for bone tissue regeneration PhD thesis, University of Sheffield, (2015). 442 

26 Khalid, M. et al. Effect of surfactant and heat treatment on morphology, surface 443 

area and crystallinity in hydroxyapatite nanocrystals. Ceram. Int. 39 (1), 39-50, 444 

doi:10.1016/j.ceramint.2012.05.090 (2013). 445 

27 Reyes-Gasga, J. et al. XRD and FTIR crystallinity indices in sound human tooth 446 

enamel and synthetic hydroxyapatite. Mater. Sci. Eng. C.-Mater. Biol. Appl. 33 (8), 447 

4568-4574, doi:10.1016/j.msec.2013.07.014 (2013). 448 

28 Tampieri, A., Celotti, G. & Landi, E. From biomimetic apatites to biologically 449 

inspired composites. Anal. Bioanal. Chem. 381 (3), 568-576, doi:10.1007/s00216-004-450 

2943-0 (2005). 451 

29 Boanini, E., Gazzano, M. & Bigi, A. Ionic substitutions in calcium phosphates 452 

synthesized at low temperature. Acta. Biomater. 6 (6), 1882-1894, 453 

doi:10.1016/j.actbio.2009.12.041 (2010). 454 

30 Elliott, J. C. Structure and Chemistry of the Apatites and Other Calcium 455 

Orthophosphates. 2 edn, 260 (Elsevier, 1994). 456 

31 Wilcock, C. J. et al. Preparation and Antibacterial Properties of Silver-doped 457 

Nanoscale Hydroxyapatite Pastes for Bone Repair and Augmentation. Accepted. J. 458 

Biomed. Nanotechnol. (2016). 459 

32 Cox, S. C., Jamshidi, P., Grover, L. M. & Mallick, K. K. Preparation and 460 



   

characterisation of nanophase Sr, Mg, and Zn substituted hydroxyapatite by aqueous 461 

precipitation. Mater. Sci. Eng. C. 35, 106-114, doi:10.1016/j.msec.2013.10.015 (2014). 462 

 463 


