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Hydroxyapatite (HA) has been widely used as a medical ceramic due to its good
biocompatibility and osteoconductivity. Recently there has been interest regarding the
use of bioinspired nanoscale hydroxyapatite (nHA). However, biological apatite is
known to be calcium-deficient and carbonate-substituted with a nanoscale platelet-like
morphology. Bioinspired nHA has the potential to stimulate optimal bone tissue
regeneration due to its similarity to bone and tooth enamel mineral. Many of the
methods currently used to fabricate nHA both in the laboratory and commercially,
involve lengthy processes and complex equipment. Therefore, the aim of this study
was to develop a rapid and reliable method to prepare high quality bioinspired nHA.
The rapid mixing method developed was based upon an acid-base reaction involving
calcium hydroxide and phosphoric acid. Briefly, a phosphoric acid solution was poured
into a calcium hydroxide solution followed by stirring, washing and drying stages. Part
of the batch was sintered at 1000 °C for 2 h in order to investigate the products' high
temperature stability. X-ray diffraction analysis showed the successful formation of HA,
which showed thermal decomposition to B-tricalcium phosphate after high temperature
processing, which is typical for calcium-deficient HA. Fourier transform infrared
spectroscopy showed the presence of carbonate groups in the precipitated product.
The nHA particles had a low aspect ratio with approximate dimensions of 50 x 30 nm,
close to the dimensions of biological apatite. The material was also calcium deficient
with a Ca:P molar ratio of 1.63, which like biological apatite is lower than the
stoichiometric HA ratio of 1.67. This new method is therefore a reliable and far more
convenient process for the manufacture of bioinspired nHA, overcoming the need for
lengthy titrations and complex equipment. The resulting bioinspired HA product is
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suitable for use in a wide variety of medical and consumer health applications.
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SHORT ABSTRACT:

This paper describes a novel method for the rapid manufacture of high quality
bioinspired nanoscale hydroxyapatite. This biomaterial is of great significance in the
manufacture of a wide range of innovative medical devices for clinical applications in

Click here to download Manuscript 55343_R1_RE.docx

*


mailto:c.j.wilcock@sheffield.ac.uk
mailto:piergiorgio.gentile@newcastle.ac.uk
mailto:paul.hatton@sheffield.ac.uk
mailto:c.a.miller@sheffield.ac.uk
mailto:paul.hatton@sheffield.ac.uk
http://www.editorialmanager.com/jove/download.aspx?id=554223&guid=977b6e68-1f50-443f-884f-1bc176d66b93&scheme=1
http://www.editorialmanager.com/jove/download.aspx?id=554223&guid=977b6e68-1f50-443f-884f-1bc176d66b93&scheme=1

orthopedics, craniofacial surgery and dentistry.

LONG ABSTRACT:

Hydroxyapatite (HA) has been widely used as a medical ceramic due to its good
biocompatibility and osteoconductivity. Recently there has been interest regarding the
use of bioinspired nanoscale hydroxyapatite (hnHA). However, biological apatite is
known to be calcium-deficient and carbonate-substituted with a nanoscale platelet-like
morphology. Bioinspired nHA has the potential to stimulate optimal bone tissue
regeneration due to its similarity to bone and tooth enamel mineral. Many of the
methods currently used to fabricate nHA both in the laboratory and commercially,
involve lengthy processes and complex equipment. Therefore, the aim of this study was
to develop a rapid and reliable method to prepare high quality bioinspired nHA. The
rapid mixing method developed was based upon an acid-base reaction involving
calcium hydroxide and phosphoric acid. Briefly, a phosphoric acid solution was poured
into a calcium hydroxide solution followed by stirring, washing and drying stages. Part of
the batch was sintered at 1000 °C for 2 h in order to investigate the products’ high
temperature stability. X-ray diffraction analysis showed the successful formation of HA,
which showed thermal decomposition to B-tricalcium phosphate after high temperature
processing, which is typical for calcium-deficient HA. Fourier transform infrared
spectroscopy showed the presence of carbonate groups in the precipitated product. The
nHA particles had a low aspect ratio with approximate dimensions of 50 x 30 nm, close
to the dimensions of biological apatite. The material was also calcium deficient with a
Ca:P molar ratio of 1.63, which is lower than the stoichiometric HA ratio of 1.67 like
biological apatite. This new method is therefore a reliable and far more convenient
process for the manufacture of bioinspired nHA, overcoming the need for lengthy
titrations and complex equipment. The resulting bioinspired HA product is suitable for
use in a wide variety of medical and consumer health applications.

INTRODUCTION:

There is a great clinical need for advanced biomaterials with enhanced functionality in
order to improve the quality of life for patients and to reduce the healthcare burden of a
global aging population. Hydroxyapatite has been widely used in medical applications
for many years due to its good biocompatibility. Recently, there has been an increased
interest in the use of nanoscale hydroxyapatite (nHA), particularly for mineralized tissue
regeneration in medicine and dentistry. The mineral found in bone and tooth enamel is
calcium-deficient, multi-substituted, nanoscale hydroxyapatite. Estimates for the size of
biological nHA platelets report dimensions of 50 nm x 30 nm x 2 nm?, with even smaller
structures described in immature bone?. Contrastingly, the mineral in tooth enamel is 10
to 100 times larger than that found in bone tissue in both length and width34. Synthetic
nHA might be better termed bioinspired rather than biomimetic, as we are seeking to
translate observations regarding the characteristics of natural materials into medical
technologies with improved performance. It has been suggested that bioinspired nHA
may be more favorable in bone and tooth tissue regeneration applications due to its
similarity to naturally occurring mineral®.

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



hydrothermal®, spray-dry” and sol-gel® techniques. Of these, the wet precipitation
method is considered a relatively convenient method for the production of nHA. The
published nHA wet precipitation methods generally include a titration step when mixing
calcium and phosphorus chemical precursors®!4. However, these approaches are
associated with a number of disadvantages including lengthy and complex processes
combined in some cases with the need for expensive equipment. Commercial
production may be even more complex, with patents describing sophisticated reactors
for manufacture of high quality medical grade nHA'>. Despite this, the neutralization
reaction between calcium hydroxide and phosphoric acid is advantageous due to the
lack of noxious chemical by-products.

The relationship between processing conditions and the morphology of the nHA product
has been reported for slow titration reactions. Specifically, for titration methods involving
calcium hydroxide and phosphoric acid, an elevated temperature appeared to favor the
preparation of particles with a low aspect ratio'3. This work was extended considerably
by Gentile et al.'6, who demonstrated the relationship between temperature and other
processing conditions on the quality of nHA products from a wide range of methods. He
concluded that the wet chemical precipitation method of Prakash'® made the highest
quality products, but it should be noted that the results were dependent upon technically
challenging and slow/ mixing processes. The original Prakash titration step takes over
one hour. However, longer titration times may be required for larger batches to be
prepared.

To summarize, while the influence of several factors including temperature have now
been studied extensively, almost no attention has been directed at reducing the
complexity and associated time needed to perform titration-based methods. The aim of
this study was therefore to investigate the effects of applying a rapid mix approach to
the manufacture of a bioinspired nHA, and to fully characterize the resulting materials. If
successful, a simplified rapid mix approach would have great benefits for laboratory
researchers and industry alike where costs of manufacturing could be substantially
reduced without comprising quality.

PROTOCOL.:

[Figure 1 here]

1. Rapid Mix Production of Nanoscale Hydroxyapatite

1.1) Prepare 5 g of nanoscale hydroxyapatite at a calcium to phosphorus molar ratio

of 1.67.

1.1.1) Add 3.705 g of calcium hydroxide to 500 mL deionized water and stir on a
magnetic stirrer plate for 1 h at 400 rpm.

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



1.1.3) Pour the phosphorus solution into the stirring calcium hydroxide suspension at a
rate of approximately 100 mL/s. Cover beaker with parafilm.

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

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

1.2) Wash the suspension by pouring off the supernatant, adding 500 mL deionized
water, and stirring for 1 min at 400 rpm. Repeat this step three times in total, with 2 h
between each wash.

1.3) Leave nHA suspension to settle overnight.

1.4) Pour off the clear supernatant and place the settled nHA suspension in a drying
oven set to 80 °C.

1.5) When dry, place the dried nHA into an agate mortar and pestle and grind until
fine.

1.6) Place 2.5 g of produced nHA powder in an alumina crucible and sinter powder at
1000 °C for 2 h using a ramp rate of 10 °C/min. After the heat treatment, leave the nHA
to cool in the furnace.

1.7) Store powders in a vacuum desiccator.

2. Characterization of Nanoscale Hydroxyapatite

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

2.1.1) Place a small amount (i.e. less than 200 uL) of poly(vinyl alcohol) (PVA) glue on
acetate film and mix with a small amount (i.e. less than 100 mg) of nHA powder.

2.1.2) Treat with a hot air gun until dry.

2.1.3) Mount the sample into a sample holder and load onto a transmission mode X-ray
diffractometer with Cu Kq radiation.

2.1.4) Use diffractometer settings of 40 kV and 35 mA, with a 20 range of 10-70°
according to manufacturer’s protocol.

2.1.5) Analyze the resultant XRD patterns. Use the following XRD cards for phase
identification: Hydroxyapatite: 9-432. B-tricalcium phosphate: 04-014-2292.

2.2) Transmission electron microscopy (TEM)
2.2.1) Place a small amount of powder (i.e. less than 10 mg) in a bijou and add
approximately 3 mL ethanol.

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



observed.

2.2.3) Pipette a small amount of solution (i.e. less than 1 mL) onto a 400 mesh copper
grid with carbon film, and allow to dry.

2.2.4) Image samples at an accelerating voltage of 80 kV according to manufacturer’s
protocol.

2.3) X-ray fluorescence (XRF) service by the Materials and Engineering
Research Institute (MERI) at Sheffield Hallam University
2.3.1) Combine 0.8 g nHA powder with 8 g of lithium tetraborate.

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

2.3.3) Analyze resultant samples in an XRF spectrometer to determine the elemental
composition of the samples according to manufacturer’s protocol.

2.4) Fourier-transform infrared spectroscopy in attenuated total reflectance
mode (FTIR-ATR)

2.4.1) Perform 64 background scans from 4000 — 500 cm with a resolution of 4 cm™!
using manufacturer’s protocol.

2.4.2) Place a small amount (i.e. less than 100 mg) of nHA powder on top of the
diamond in the attenuated total reflectance mode adapter and compress onto the
surface of the diamond using the screw top.

2.4.3) Perform 32 scans from 4000 — 500 cm* with a resolution of 4 cm! with the
background scans subtracted from the sample scans according to manufacturer’s
protocol.

REPRESENTATIVE RESULTS:

XRD patterns (Figure 2) showed the precipitation of a pure HA phase with broad peaks,
indicating a relatively small crystallite size and/or amorphous nature. After high
temperature sintering, B-tricalcium phosphate (B-TCP) was detected, alongside a main
phase of HA. The sharpening of the diffraction peaks, i.e. a reduction in the full width
half maximum, indicated an increase in the crystallite size after sintering.

[place figure 2 here]

FTIR-ATR spectra (Figure 3) confirmed the formation of a HA phase by the
characteristic phosphate and hydroxyl bands'”*8, In detail, the bands were assigned as
follows: 3750 cm™ (OH- stretch von); 1086 and 1022 cm™ (PO4% v3); 962 cm™ (PO4% v1);
630 cm™ (OH- libration dow); 600 and 570 cm™ (PO4* va). In the unsintered sample the
additional peaks were assigned as follows: broad peak centred around 3400 cm™
(absorbed water molecules); 1455 and 1410 cm™! (COs? v3); 880 cm™ (CO3* v2). The
absorbed water and carbonate groups observed in the unsintered powder were



removed during the high temperature sintering stage. The sintering process also
sharpened the hydroxyl and phosphate bands which was manifested by a greater peak
to trough distance.

[place figure 3 here]

TEM images (Figure 4) showed the formation of nanoscale particles with approximate
dimensions of 50 nm by 30 nm. The particles had a low aspect ratio (particle length /
particle width) of around 1.7. The size and shape of the nanoscale products were of
similar dimensions to biological apatite?.

[place figure 4 here]

Quantitative chemical analysis of the nHA powder by XRF (Table 1) allowed the
calcium: phosphorus ratio to be calculated as 1.63, which is slightly lower than the
stoichiometric HA which has a calcium: phosphorus ratio of 1.67. XRF also showed the
high purity of the nHA product with only trace amounts of other elements recorded.

[place Table 1 here]

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

A. The phosphoric acid solution was poured into the calcium hydroxide suspension.
After the suspension settled overnight, the nHA was washed with deionized water
before being dried at 60 °C. The nHA was then ground in an agate mortar and pestle
and sintered to investigate the thermal stability of the nHA product.

Figure 2. Crystal phase analysis of products.

X-ray diffraction (XRD) patterns of unsintered nanoscale hydroxyapatite (nHA) powder
and nHA powder sintered at 1000 °C for 2 h. Peak labels: hydroxyapatite peaks V¥, 3-
tricalcium phosphate peaks m.

Figure 3. Infrared spectra of products.

Fourier transform infrared in attenuated total reflectance mode (FTIR-ATR) spectra of
unsintered nanoscale hydroxyapatite (nHA) powder and nHA powder sintered at 1000
°C for 2 h.

Figure 4. Nanoscale morphology of product.
Transmission electron micrographs (TEM) of nanoscale hydroxyapatite (nHA) prepared
using the rapid mixing method at two magnifications.

Table 1. Quantitative chemical analysis of product.
X-ray fluorescence (XRF) results for unsintered nHA powder showed >99% purity by
weight.

DISCUSSION:



Natural apatite is composed of nanoscale particles of non-stoichiometric carbonated
hydroxyapatite with the approximate chemical formula of Caio-xy[(HPO4)(POa)]s-
x(CO3)y(OH)2x. The production of biomaterials with close chemical similarity to naturally
occurring mineral has been reported to promote optimal biological responses. For
instance, research on biomimetic calcium-deficient carbonated nHA has shown that it is
able to stimulate proliferation and the alkaline phosphatase activity of murine
preosteoblast cells to a greater degree than conventional nHA™®.

In this study, the precipitation of HA which showed partial thermal decomposition at
1000 °C (Figure 2) suggested the formation of a calcium-deficient HA. This was
supported by the lower than stoichiometric Ca:P ratio (1.63) obtained with the XRF data
(Table 1). It is understood that a reduced Ca:P ratio is associated with a lower thermal
stability?>-23, In this method, the rapid addition of the phosphoric acid solution rapidly
lowered the pH of the reaction suspension to generate HPO4 ions. The presence of
HPO4 groups facilitated the precipitation of calcium deficient HA, with the molecular
formula: Caiox(HPOa4) x(PO4)s-x(OH)2-x, where 0<x<1.

The rapid addition of the phosphoric acid therefore had a marked effect on the
precipitation kinetics of the reaction. As described previously, titration reactions
involving calcium hydroxide and phosphoric acid carried out at room temperature
tended to yield particles with a high aspect ratio*3. For titration reactions involving these
reactants, it was necessary to use an elevated temperature to produce particles with a
lower aspect ratio which are more similar to biological apatite!®. High aspect ratio
particles are produced when the crystal nucleation rate is slower than the crystal growth
rate®*. For the new method developed in this study, the rapid addition of the phosphoric
acid solution may have provided a larger number of nucleation sites, which resulted in
the increased presence of small rounded particles as opposed to fewer particles with a
larger aspect ratio. As the authors have not fully investigated the effects of slowly
pouring the phosphoric acid into the calcium hydroxide suspension in order to achieve
consistent results, we recommend that the phosphoric acid is poured at a rate
commensurate with that shown here (approximately 100 mL/s).

During the development of this method, the authors investigated a number of
incremental changes to the nHA preparation method based on Prakash et al.*? including
the comparison of products produced with the slow titration and the rapid addition of the
phosphoric acid solution®. It was found that the slow titration of phosphoric acid into the
calcium hydroxide suspension resulted in a product with a calcium hydroxide residue.
We propose that the pH change caused by the rapid addition of phosphoric acid
encouraged the dissolution of the calcium hydroxide and therefore allowed for the
successful conversion of the reactants into hydroxyapatite. A comparison of products
prepared using the rapid mixing method at room temperature and at elevated
temperatures (60 °C) found that an elevated temperature resulted in a higher
conductivity after the reaction was completed. This suggested that residual calcium
hydroxide was present, which was likely due to the lower solubility of calcium hydroxide
at increased temperatures. The presence of residual calcium hydroxide was undesirable
as the basicity of this compound could compromise biocompatibility.



FTIR detected the characteristic phosphate and hydroxyl group activity associated with
HA (Figure 3). It was noted that the spectrum for the sintered product showed sharper
phosphate and hydroxyl peaks. These changes have been associated with a greater
product crystallinity?62”. The unsintered spectrum provided evidence for B-type
carbonate substitution, where carbonate ions have been substituted for phosphate
groups. This is in contrast to A-type substitution where carbonate ions may substitute
for hydroxyl groups'’. It has been reported that B-type carbonate substitution occurs in
biological apatite3. However, Tampieri et al. reported that whilst B-type substitution was
predominant in young bones, A-type carbonate substitution was increasingly present in
bones of older individuals?®. Carbonate substitution has been found to decrease the
crystallinity and thermal stability of the nHA whilst increasing its solubility. These
changes have been proposed to contribute to the increased bioactivity of carbonate-
substituted HA?°, Biological HA is also known to contain some of the other elements
recorded in the XRF analysis (Table 1), such as magnesium, sodium and strontium?3°,
The presence of these elements may also contribute to increased biological efficacy.
Future work should be directed at the preparation of these nanoscale substituted
apatites, and also products with increased biofunctionality such as silver-doped nHA3",
In order to prepare substituted nHA, the element may be introduced with a
corresponding reduction of the intended element to substitute for a reduction in the
amount of the calcium compound when strontium, magnesium or zinc substitution is
attempted32. Alternatively, another approach may be to add elements with the intention
of providing ‘doped’ ions, which are present on the surface of the nHA without
necessarily intending to substitute the element into the HA crystal lattice3. For these
modifications to the method, it is possible to prepare mixed solutions of calcium
hydroxide and silver nitrate, and to carry out the reaction in the same manner as
described here.

In conclusion, this paper reports a novel, rapid, and substantially improved method for
the preparation of bioinspired nHA. For this method, the rapid mixing of the chemicals
takes less than 5 seconds which is a marked reduction in time compared to titration
reactions typically requiring hours of careful monitoring. It has great potential for use in
biomaterial development due to its relative simplicity and low cost compared to currently
used industrial nHA manufacturing methods. In particular, this new method is superior
to continuous flow processes or hydrothermal techniques due to significantly lower start-
up equipment costs. Also, the inherent complexity of current commercial systems
results in lengthy research and development times and substantially increased
manufacturing costs.

ACKNOWLEDGMENTS:

This work was supported by an EPSRC CASE studentship in collaboration with
Ceramisys Ltd. and is also associated with MeDe Innovation, the EPSRC Centre for
Innovative Manufacturing in Medical Devices [grant number EP/K029592/1]. The
authors would also like to thank Robert Burton at Sheffield Hallam University for XRF
analysis.



DISCLOSURES:
The authors have nothing to disclose

REFERENCES

1 Pasteris, J. D., Wopenka, B. & Valsami-Jones, E. Bone and tooth mineralization:
why apatite? Elements. 4 (2), 97-104, doi:10.2113/gselements.4.2.97 (2008).

2 Carter, D. H., Hatton, P. V. & Aaron, J. E. The ultrastructure of slam-frozen bone
mineral. Histochem. J. 29 (10), 783-793, do0i:10.1023/a:1026425404169 (1997).

3 Wopenka, B. & Pasteris, J. D. A mineralogical perspective on the apatite in bone.
Mater. Sci. Eng. C.-Bio. S. 25 (2), 131-143, do0i:10.1016/j.msec.2005.01.008 (2005).

4 Boskey, A. L. Mineralization of bones and teeth. Elements. 3 (6), 385-391,
doi:10.2113/gselements.3.6.385 (2007).

5 Fox, K., Tran, P. A. & Nhiem, T. Recent Advances in Research Applications of
Nanophase Hydroxyapatite. ChemPhysChem. 13 (10), 2495-2506,
doi:10.1002/cphc.201200080 (2012).

6 Neira, I. S. et al. An Effective Morphology Control of Hydroxyapatite Crystals via
Hydrothermal Synthesis. Cryst. Growth. Des. 9 (1), 466-474, doi:10.1021/cg800738a
(2009).

7 Luo, P. & Nieh, T. G. Synthesis of ultrafine hydroxyapatite particles by a spray
dry method. Mater. Sci. Eng. C. 3 (2), 75-78, doi:10.1016/0928-4931(95)00089-5
(1995).

8 Wang, F., Li, M. S., Lu, Y. P. & Qi, Y. X. A simple sol-gel technique for preparing
hydroxyapatite nanopowders. Mater. Lett. 59 (8-9), 916-919,
doi:10.1016/j.matlet.2004.08.041 (2005).

9 Cai, Y. et al. Role of hydroxyapatite nanoparticle size in bone cell proliferation. J.
Mater. Chem. 17 (36), 3780-3787, doi:10.1039/b705129h (2007).

10 Catros, S. et al. Physico-chemical and biological properties of a nano-
hydroxyapatite powder synthesized at room temperature. IRBM. 31 (4), 226-233,
doi:10.1016/j.irbom.2010.04.002 (2010).

11 Kumar, R., Prakash, K. H., Cheang, P. & Khor, K. A. Temperature driven
morphological changes of chemically precipitated hydroxyapatite nanopatrticles.
Langmuir. 20 (13), 5196-5200, doi:10.1021/1a049304f (2004).

12 Liu, H., Yazici, H., Ergun, C., Webster, T. J. & Bermek, H. An in vitro evaluation
of the Ca/P ratio for the cytocompatibility of nano-to-micron particulate calcium
phosphates for bone regeneration. Acta. Biomater. 4 (5), 1472-1479,
doi:10.1016/j.actbio.2008.02.025 (2008).

13 Prakash, K. H., Kumar, R., Ooi, C. P., Cheang, P. & Khor, K. A. Apparent
solubility of hydroxyapatite in aqueous medium and its influence on the morphology of
nanocrystallites with precipitation temperature. Langmuir. 22 (26), 11002-11008,
doi:10.1021/1a0621665 (2006).

14 Bianco, A., Cacciotti, I., Lombardi, M., Montanaro, L. & Gusmano, G. Thermal
stability and sintering behaviour of hydroxyapatite nanopowders. J. Therm. Anal.
Calorim. 88 (1), 237-243, doi:10.1007/s10973-006-8011-6 (2007).

15 Brito Lopes, J. C. et al. Production method for calcium phosphate nano-particles
with high purity and their use. WO2008/007992A2 (2008).

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



optimisation to control the physico-chemical characteristics of biomimetic nanoscale
hydroxyapatites prepared using wet chemical precipitation. Materials. 8 (5), 2297-2310
(2015).

17 Gibson, I. R. & Bonfield, W. Novel synthesis and characterization of an AB-type
carbonate-substituted hydroxyapatite. J. Biomed. Mater. Res. 59 (4), 697-708,
doi:10.1002/jbm.10044 (2002).

18 Koutsopoulos, S. Synthesis and characterization of hydroxyapatite crystals: a
review study on the analytical methods. J. Biomed. Mater. Res. 62 (4), 600-612,
doi:10.1002/jbm.10280 (2002).

19 Deng, Y., Sun, Y., Chen, X., Zhu, P. & Wei, S. Biomimetic synthesis and
biocompatibility evaluation of carbonated apatites template-mediated by heparin. Mater.
Sci. Eng. C.-Mater. Biol. Appl. 33 (5), 2905-2913, d0i:10.1016/j.msec.2013.03.016
(2013).

20 Gibson, I. R., Rehman, I., Best, S. M. & Bonfield, W. Characterization of the
transformation from calcium-deficient apatite to beta-tricalcium phosphate. J. Mater.
Sci.-Mater. M. 11 (9), 533-539, d0i:10.1023/a:1008961816208 (2000).

21 Siddharthan, A., Seshadri, S. K. & Kumar, T. S. S. Microwave accelerated
synthesis of nanosized calcium deficient hydroxyapatite. J. Mater. Sci.-Mater. M. 15
(12), 1279-1284, doi:10.1007/s10856-004-5735-3 (2004).

22 Yubao, L., Klein, C., Dewijn, J., Vandemeer, S. & Degroot, K. Shape change and
phase-transition of needle-like nonstoichiometric apatite crystals. J. Mater. Sci.-Mater.
M. 5 (5), 263-268, doi:10.1007/bf00122395 (1994).

23 Prieto Valdes, J. J., Ortiz Lopez, J., Rueda Morales, G., Pacheco Malagon, G. &
Prieto Gortcheva, V. Fibrous growth of tricalcium phosphate ceramics. J. Mater. Sci.-
Mater. M. 8 (5), 297-301, doi:10.1023/a:1018512428683 (1997).

24 Bouyer, E., Gitzhofer, F. & Boulos, M. |. Morphological study of hydroxyapatite
nanocrystal suspension. J. Mater. Sci.-Mater. M. 11 (8), 523-531,
doi:10.1023/a:1008918110156 (2000).

25 Wilcock, C. J. The development of nanostructured calcium phosphate
biomaterials for bone tissue regeneration PhD thesis, University of Sheffield, (2015).
26 Khalid, M. et al. Effect of surfactant and heat treatment on morphology, surface
area and crystallinity in hydroxyapatite nanocrystals. Ceram. Int. 39 (1), 39-50,
doi:10.1016/j.ceramint.2012.05.090 (2013).

27 Reyes-Gasga, J. et al. XRD and FTIR crystallinity indices in sound human tooth
enamel and synthetic hydroxyapatite. Mater. Sci. Eng. C.-Mater. Biol. Appl. 33 (8),
4568-4574, doi:10.1016/].msec.2013.07.014 (2013).

28 Tampieri, A., Celotti, G. & Landi, E. From biomimetic apatites to biologically
inspired composites. Anal. Bioanal. Chem. 381 (3), 568-576, doi:10.1007/s00216-004-
2943-0 (2005).

29 Boanini, E., Gazzano, M. & Bigi, A. lonic substitutions in calcium phosphates
synthesized at low temperature. Acta. Biomater. 6 (6), 1882-1894,
doi:10.1016/j.actbio.2009.12.041 (2010).

30 Elliott, J. C. Structure and Chemistry of the Apatites and Other Calcium
Orthophosphates. 2 edn, 260 (Elsevier, 1994).

31 Wilcock, C. J. et al. Preparation and Antibacterial Properties of Silver-doped
Nanoscale Hydroxyapatite Pastes for Bone Repair and Augmentation. Accepted. J.



Biomed. Nanotechnol. (2016).

32 Cox, S. C., Jamshidi, P., Grover, L. M. & Mallick, K. K. Preparation and
characterisation of nanophase Sr, Mg, and Zn substituted hydroxyapatite by aqueous
precipitation. Mater. Sci. Eng. C. 35, 106-114, doi:10.1016/j.msec.2013.10.015 (2014).



Click here to download Figure Figure 1.pdf =

Phosphoric Calcium THA
acid hydroxide

- Clear solution
: . suspension
solution suspension

removed
settles

overnight
‘ F?nized water

| added to wash

— p—— NHA suspension
Magnetic
stirrer plate

Sintered l

for2 h

' 1000°C ; ;
— Suspension
_ dried in oven
Dried residue
is ground

60°C



http://www.editorialmanager.com/jove/download.aspx?id=553953&guid=a0f1a4bb-1cea-4530-9dd3-837b23634e3f&scheme=1
http://www.editorialmanager.com/jove/download.aspx?id=553953&guid=a0f1a4bb-1cea-4530-9dd3-837b23634e3f&scheme=1

Click here to download Figure Figure 2.TIF =

Y

- Y

. 4

S v | '

= Yy il e vﬂ v v|’ v :

3 A -...,v"..,-\, _.}‘Y '__JL :J .~.~.].‘ / Lll's'.},! N l‘v..u"\_ ¥ Y x|‘| "u M“' ||- J_~Jn|‘f',_'__,__,.' Slntered

£

w

>

)

1)

& Y
v \/\}vv' _
WA\ Unsintered

10 30 40 50 60

Degrees 26


http://www.editorialmanager.com/jove/download.aspx?id=553970&guid=0c3c3731-dd99-4ea6-b082-0f271be28eb5&scheme=1
http://www.editorialmanager.com/jove/download.aspx?id=553970&guid=0c3c3731-dd99-4ea6-b082-0f271be28eb5&scheme=1

Relative absorbance (a.u.)

Click here to download Figure Figure 3.pdf =

O|H'
et A S Ykt
H,O CO.2 J CO,2
W | _ I ' Unsintered
3500 2500 1500 500

Wavenumber (cm-)


http://www.editorialmanager.com/jove/download.aspx?id=553967&guid=3f359851-5b88-4075-94c0-02e150e6e3ed&scheme=1
http://www.editorialmanager.com/jove/download.aspx?id=553967&guid=3f359851-5b88-4075-94c0-02e150e6e3ed&scheme=1

*

Click here to download Figure Figure 4.pdf



http://www.editorialmanager.com/jove/download.aspx?id=553968&guid=f9b41ea7-ab7a-45f3-9fa0-d3e125106c09&scheme=1
http://www.editorialmanager.com/jove/download.aspx?id=553968&guid=f9b41ea7-ab7a-45f3-9fa0-d3e125106c09&scheme=1

Compound | Weight %
CaO 51.52
P,O5 39.89
MgO 0.46
Na,O 0.13
Y503 0.07
Al,O4 0.03
SiO, 0.03
Mn3O, 0.03
SrO 0.02
TiO, 0.01
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Name of the Material / Equipment
Calcium hydroxide (purity of 2 96%)
Phosphoric acid (85 %)

STOE IP x-ray diffractometer

International centre for diffraction data (ICDD) PDF4+ database

Holey carbon films on 300 mesh grids

Tecnai G2 Spirit transmission electron microscope

Lithium tetraborate
PW2440 XRF spectrometer
ThermoScientific Nikolett Spectrometer

Click here to download Excel Spreadsheet- Table of Materials/Equipment Table of

specific materials.xIsx

Company Catalog Number
Sigma Aldrich UK 31219
Sigma Aldrich UK 345245
Phillips

International Centre for Diffraction Data

Agar Scientific S147-3H

FEI

ICPH, Malzéville, France

Philips

Unicam Ltd
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Title of Article:

Rapio Aix PreparATIon OF Blorasmaep MANosALe Hup@omipeATiTe FOR BiomepidAL

Author(s): CARILINE W LLloc K

ltem 1 (check one box): The Author elects to have the Material{sgh/made available {as described at
0

http://www.jove.com/publish ) via: D Standard Access

Item 2 .(cheyne box):
./

pen Access

2.1 The Author is NOT a United States government employee,

1 The Author is a United States government employee and the Materlals were prepared in the
course of his or her duties as a United States government employee.

— The Author is a United States government employee but the Materials were NOT prepared in the

course of his or her duties as a United States government employee,

ARTICLE AND VIDEO LICENSE AGREEMENT

1. Defined Terms. As used In this Article and Video License
Agreement, the following terms shall have the following
meanings: “Agreement” means this Article and Video License
Agresment; “Article” means the article specified on the last
page -of this Agreement, including any associated materials
such as texts; figures, tables, artwork, abstracts, or summaries
contained thereln; “Author” means the author who is a
signatory to this Agreement; “Collective Work”™ means a work,
such ag a pariodical issue; anthology or encyclopedia, in which
the Materials In their entirety In unmodified form; ‘along with
a number of other contributions, constituting separate and
independent works In themselves, are assembled Into 2
collective whole; “CRC License” means the Creative Commons

Attribution 3.0 Agreement (also known as CC-BY), the terms
and conditions of which <c¢an be found at
http://craativecommons.org/licenses/by/3.0/us/legalcode;
“Derivative Work” means a work based upon the Materials or
upon the Materials and other pre-existing works, such as a
translation, musical -arrangement, dramatization,
fictionalization, motion picture version, sound recording, art
feproduction, abridgment, condensation, or any other form in
which the Materials may be recast, transformed, or adapted;
“Institution” means the institution, listed on the last page of
this Agreement, by which the Author was employed at the
time of the creation of the Materfals; “JOVE” means Mylove
Corporation, a Massachusetts corporation and the publisher of
The Journal of Visualized Experiments;

“Materfals” means the Article and / or the Video; "Parties”
means the Author and JoVE; “Video” means any video(s) made
by the Author, alone or in conjunction with any other parties,
or by JoVE or its affiliates or agents, individually or in
collahoration with the Author or any other parties,
incorporating all or any portion of the Article, and in which the
Author may or may not appear.

2. Background. The Author, who is the author of the Article;
in order to ensure the dissemination and protection of the
Article, desires to have the JOVE publish the Article and create.
and trainsmit videos based on the Article, In furtherance of
such goals, the Partles desire to memorialize in this
Agreement the respective rights of each Party in and to the
Article and the Video,

3. Grant of Rights in Article, In consideration of JoVE agreeing
to publish the Article, the Author: hereby grants to JoVE,
subject to Sections 4 and 7 below, the exclusive, royalty-free,
perpetual (for the full term of copyright in the Article,
including any ‘extensions theréto) license (a) to. publish,
reproduce, distribute, display and store the Article in all forms,
formats and media whether now known or hereafter
developed (including without Himitation in print, digital and
electronic form} throughout the world, {(b) to translate the
Article Into other languages, create adaptations, summaries or
extracts of the Article or other Derivative Works {including,
without limitation, the Video) or Collective Works based oh all
or any portion of the Article and exercise all of the rights set
forth in (a) above in such translations, adaptations, summarles,
extracts, Derlvative Works or Collective Works and

{c) to license others to do any or all of the above, The
foregoing rights may be exercised in all media and formats,
whether now known or hereafter devised, and include the
right to make such modifications as-are technically necessary
to exercise the rights in other media and formats, If the “Open
Access” box has been checked in Item 1 above, JoVE and the
Author hereby grant to the public all such rights in the Article
as provided in, but subject to all imitations and requirements
set forth in, the CRC License.

4. Retention of Rights in_Article. Notwithstanding the
exclusive license granted to JoVE in Section 3 above, the
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Author shall, with respect to the Article,. retain the non-
axclusive right to use all or part of the Article for the non-
commercial purpose of giving lectures, presentations or
teaching classes, and to post a copy of the Article oni the

Institution’s website or the Author’s personal website, In each
case provided that a link to the Article on the JoVE website is
provided and notice of JOVE's copyright in the Article is
included. All non-copyright inteliéctial property rights In and
to the Article, such as patent rights, shall remain with the
Author,

5. Grant of Rights in Video ~ Standard Access. This Section 5§
applies if the “Standard Access” box has been checked in tern
1 above or if no box has been checked In Item 1 -above. In
consideration of JoVE agreelng to produce, display or
otherwise assist with the Video, the Author hereby
acknowledges and agrees that, :Stibject to'Section 7 below,
JoVE is and shall be the sole and exclusive owner-of all rights.
of any nature, Including, without limitation, all copyrights; in
and to the Video, To the extent that, by law, the Authoris
deemed, now or at any time In- the future; to have any rights
of any nature in or'to the Vldeu, the Author hereby disclaims
all such rights and transfers all such rights to JoVE:

6. Grant of Rights In Video — Open Access. This Section 6
applies @nly if the “Open Access” box has been checked in

ltem 1 above. In considerfation of JoVE agreeing to praduce,
display or otherwise assist with the Video, the Author hereby
grants to JOVE, subject to Section -7 below, the exclusive,
royalty-free, perpetual (for the full term’ of copyright in-the
Article, Including any extensions thereto) license {a) to publish, _
reproduce, distribute, display and store the Video in all forms,
formats and media whether now known or hereafter
developed (including without limitation in print, digital and
electronic form) throughout the ‘warld; (b) to translate the
Video into other languages, create adaptations, summaries or
extracts of the Video or other Derivative Works or Collective
Warks based on all or-any portion of the Videp and exercise all
of the rights set forth In {a} sbove in such translations,
adaptations, summaries, extracts, Derivative Works or
Collactive Works and (c¢) to license others to do any or all of
the above. The foregoing rights may be exercised in all media
and formats, whethér now known or hereafter devised, and
include the right to make such modifications as are technically
necessary to exercise the rights in other media and formats.

7. Government Emplovees. If the Author is a United States
government employee and the Article was prepared in the
course of his or hér duties as a United States government
employee, as Indicated in Hem 2 above, and any of the
licenses or grants granted by the Author hereunder exceed the
scope of the 17 U.5.C. 403, then the rights granted hereunder
shall be limited to the maximum rights permitted under such
statute. In such case, all provisions contained herein that are
not 1n conflict with such statute shall remaln in full force and
effect, and all provisions contained herein that do so conflict
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shall be deemed to be amended 50 as to provide to JoVE the
maxlmum rights permissible within such statute.

8. Likeness, Privacy, Personality. The Author hereby grants
JoVE the right to use the Author's name, volce, likeness,
picture, photograph image, baography and performance in any
way, commercial or otherwse, I connéction with the
Materlals ‘and the sale, promiotion and distribution thereof.
The Author hereby waives any and all rights he or she may
have, relating to his or her appearance in the Video or
otherwise relating to the Matenais, under all applfcable
privacy, likeness, personality or similar laws,

9. Author Warranties. The Author represents and warrants
that the Article is original, that it has not been published, that
the copyright | interest is owned by the Author {or, if more than
one author is listed at the begl rming of this Agreement, by
such althors collectively) and has:not been assigned, licensed,
or otherwise transferred to ‘any -other party. The Author
represents and wariants that the author(s) listed at the top of
this Agreement are the enly authors of the Materials. if more
than one author Is listed at the top of this Agreement and if
any such guthor has not entered into a separate Article and

Video License Agreement with JoVE relating to the Materials,
the Author represents and watrants that the Author has been
authorized by ‘each of the other such authors to exedute this
Agreement on his 'or her -behalf-and to bind him or her with
respect to the terms of this Agreement as If gach of them had
been a party hereto as an Author. The Author warrants that
the use, reproduction, dtstributﬁon, public. or private
performance or display, and/nr maodification of -all or any
portion of the Materfals does not and will not violate, infringe
and/or misappropriate the -patent; trademark; fntellectual
property or -other rights ‘'of any third party. The Author
represents and “warrants “that it has and will continue to
comply with all government; institutional and -other
regulations, including, without limitation all institutional,
laboratory, hospital, ethical, human and animal treatment,
privacy, and all other rules, ragulatinns, laws, procedures or
guidelines, applicable to the Materials, and that all research
involving human and animal subjects has been approved by
the Author's relevant institutional review board.

10, JoVE Discretion. If the Author requests the assistance of
JoVE in producing the Video in the Author's facility, the Author
shall ensure that the presence of JOVE employess, agents or
independent contractors is in accardance with the relevant
regulations of the Author's Institution, If more than one author
is listed at the beginning of this Agreement, JoVE may, in 1ts
sole discretion, elect not take any action with respect to the
Article until such time as it has recelved complete, executed
Article and Video License Agreéments from each such author,
JoVE reserves the right, in its absolute and sole discretion and
without glving any reason therefore, to dccept or decline any
work submitted to JoVE, JoVE and its employees, agents and
independent contractors shall have full, unfettered access to
the facilities of the Author or of the Author's institution as
nacessary to make the Video, whether actually published or
not, JoVE has sole discretion as to the method of making and
publishing the Materlals, including,
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without limitation, to all decisions regarding editing, lighting,
filming, timing of publication, if any, length, quality, content
and the like,

11, Indemnification. The Author agrees to indemnify JoVE
and/or its successors and assigns from and agalnst any and all
claims, tosts, and expenses, Including attorney’s fees, arising
out of any breach of any warranty or other representations
contained hereln, The Author further agrees to Indemnify and
heald harmless JoVE from and agalnst any and-all claims, costs,
and expenses, including attorney’s fees, resulting from the
breach by the Author of any representation or warranty
contained herein or from allegations or instances of vielation
of intellectual property rights, damage to the Author’s or the
Author's institution’s  facilities, fraud, libel, defaration,
research, equipment, experiments, property damage, personal
injury, violations of institutional, laboratory, hospital, ethical,
human and animal treatment, privacy or other rules,
regutations, laws, procedures or. guidelines; liabilities and
other losses or damages related in any way to the submission
of work to JoVE, making of videos by JoVE; or publication in
JOVE or elsewhere by JoVE. The Author shall be responsible
for, and shall hold JoVE harmless from, damages caused. by
lack of sterilization, lack of cleanliness or by contamination
due to the making of a video by JoVE its emplayees, agents or
independent. contractors. Al sterilization, cleanliness or
decontamination procedures shall be solely the tesponsibility
of the Author and shall be undertaken at the Author's
expense. All indemnifications provided herein shall include
JoVE's attorney’s fees and costs related to said losses or
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damages. Such indemnification and holding harmless shall
include such losses or damages incurred by, or in connection
with; acts or omissions of JoVE, its employeas, agents or
independent contractors.

12. Fees. To cover the cost incurred for publication, JoVE
must recelve payment before production and publication the
Materials, Payment Is due in 21 days of Invoice. Should the
Materlals not be published due to an editorial or production
decision, these funds will be returned to the Author.
Withdrawal by the Author of any submitted Materials after
final peer review approval will result in a US$1,200 fee to
cover pre-production expenses incurred by JoVE, If payment is
not. récelved by the completion of filming, production and
publication of the Materials will be suspended until payment is
received.

13.  Transfer, Governing law. This Agreement may be
assigned by JoVE and shall inure to the benefits of any of
JoVE’s -successors and assignees.. This Agreement shall be
governed and construed by the internal laws of the
Commonwealth of Massachusetts without giving effect to any
conflict of law provision thereunder. This Agreement may be
executed in counterparts, each of which shall be deemed an
orig_inai buit all-of which together shall be deemed to me one
and the same agreement, A signed copy of this Agréement
delivered by facsimile, e-mall or other means of electronic
transmission shall be deemed to have the same legal effect as
delivery of an original signed copy of this Agreement.

A signed copy of this document must be sent with all new submissions. Only one Agreement required per submission.
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Cover letter with response to comments Click here to download Rebuttal Comments Cover letter - rapid =
mix paper revised submission.doc

The School

University Of
Of Clinical

Sheffield. Dentistry.
Dr Nam Nguyen Biomaterials Research Group
Review Editor
Journal of Visualized Experiments Prof Paul V Hatton

Director of Research
School of Clinical Dentistry
The University of Sheffield
19 Claremont Crescent
Sheffield

S10 2TA

UK

September 2016 Telephone: 0044 (0)114 2717938
Email: paul.hatton@sheffield.ac.uk

Dear Dr Nguyen,

Re: Manuscript JoVE55343 / response to reviewer’'s comments

On behalf of the authors, | have attached our response to the reviewer's comments regarding
improvements of the manuscript for publication. We were pleased that the reviewers recognised
that the paper was of value to the scientific community to report our new method of preparing
bioinspired nanoscale hydroxyapatite. The editorial and reviewer comments have been addressed

and the manuscript has been amended accordingly.

Please find provided our amended manuscript which demonstrates the rapid mix preparation of
bioinspired nanoscale hydroxyapatite. The authors believe that this paper will benefit from JoVE's
unique multimedia format in conveying the relative simplicity and ease of this method which
should be of great interest to many research groups developing calcium phosphate biomaterials.
Yours sincerely,

Paul Hatton

Response to reviewer’'s comments

The authors would like to thank the editor and reviewers for their valuable comments for
improving the paper. Each comment has been addressed in the list below detailing the changes

that have been made to the manuscript.
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Comments and authors responses

Editorial comments:

1. Please take this opportunity to thoroughly proofread the manuscript to ensure that there are
no spelling or grammar issues. The JoVE edjtor will not copy-edit your manuscript and any errors
in the submitted revision may be present in the published version.

Author’s response to comment 1: The manuscript has been proof read.

2. Please abbreviate all journal titles.

Author’s response to comment 2: All journal titles have been abbreviated as requested.

3. Formatting. Please define all abbreviations at first occurrence (ie PVA, etc,).
Author’s response to comment 3: PVA has been added in full:

‘poly(vinyl alcohol) (PVA)’

4. Additional detail is required:

-1.70, 2.3.2— What vessel is used?

Author’s response to comment: The appropriate vessels have been added to the manuscript:
'Place 2.5 g of produced nHA powder in an alumina crucible and sinter powder at 1000 °C for 2 h

using a ramp rate of 10 °C/min.’
‘Melt mixture in a platinum-gold alloy crucible using a furnace set to 1200 °C.’

211 2217 223, 24.2- What is considered a “small amount”?

Author’s response to comment: The text has been adjusted as follows:

‘Place a small amount (i.e. less than 200 pL) of poly(vinyl alcohol) (PVA) glue on acetate film and mix
with a small amount (i.e. less than 100 mg) of nHA powder.’

‘Place a small amount of powder (i.e. less than 10 mg) in a bijou and add approximately 3 mL
ethanol.’

‘Pipette a small amount of solution (i.e. less than 1 mL) onto a 400 mesh copper grid with carbon film,
and allow to dry.’

‘Place a small amount (i.e. less than 100 mg) of nHA powder on top of the diamond in the attenuated
total reflectance mode adapter and compress onto the surface of the diamond using the screw top.’



-2.1.5, 2.1.6 — What actions are performed here? It is unclear what we would film.
Author’s response to comment: The actions involve using software on the computer to view the

collected data with database results.

-2.3.3 — How is this done? Please provide detail if this will be filmed in detail. Provide a citation
otherwise.

Author’s response to comment:

This work was carried out at as a service by the Materials and Engineering Research Institute at

Sheffield Hallam University, so this has now been stated in the method.

-2.4 —How are scans performed?
Author’s response to comment: The parameters are inputted on a computer which then carries

out the scans on the material.

5. Please remove commercial branding. 2.1.5 — ICDD PDF 4+

Author’s response to comment 5: This has been removed.

6. Results: Figure 2 — the 8-tricalcium phosphate peaks are not labeled in the figure as the legend
describes.
Author’s response to comment 6: Thank you for highlighting this. The appropriate peak labels

have now been added.

7. Discussion: Please discuss the limitations of the method. Please also discuss any

modifications/troubleshooting that can be performed.

Author’s response to comment 7:

The authors have added the following text to discuss the limitations of the method:

'As the authors have not fully investigated the effects of slowly pouring the phosphoric acid into
the calcium hydroxide suspension, in order to achieve consistent results we recommend that the
phosphoric acid is poured at a rate commensurate with that shown in the video (approximately

100 mL/s).



In order to discuss modifications that can be performed the authors have expanded the section
regarding how to carry out substitutions with this method. The text below has been added:

‘In order to prepare substituted nHA the element may be introduced with a corresponding reduction of

the intended element to substitute for, e.g. a reduction in the amount of the calcium compound when
strontium, magnesium or zinc substitution is attempted?®?. Alternatively, another approach may be to
add elements with the intention of providing ‘doped’ ions which are present on the surface of the nHA
without necessarily intending to substitute the element into the HA crystal lattice®!. For these
modifications to the method it is possible to prepare mixed solutions e.g. of calcium hydroxide and

silver nitrate, and to carry out the reaction in the same manner as described here.’

Reviewers' comments:

Reviewer #1:

Manuscript Summary:

The present work describes a new method for producing calcium deficient, carbonated nano

hydroxyapatite with a fast and simple method.

Major Concerns:

None

Minor Concerns:

Reviewer 1 comment 1: HA crystals from dental and orthopaedic tissues show different
morphologies and it would be good to briefly describe these differences in the introduction as
applications in dentistry as well as orthopaedics are variously mentioned.

Author’s response to comment 1: The following text has been added to the introduction:
‘Contrastingly, the mineral in tooth enamel is 10 to 100 times larger than that found in bone
tissue in both length and width34/

Reviewer 1 comment 2: Where previously described wet-precipitation methods for producing
nHa are described, a general idea of the times for the production cycle should be mentioned: this
is especially true of the Prakesh method which is given as a kind of "gold standard” technique but
which the method described in the current work seeks to provide an advantageous alternative.
The full cycle time for the new method described here should also be given to verify the claims
regarding the current method where it is posited to constitute "a simplified rapid mix approach
would have great benefits for laboratory researchers and industry alike where costs of

manuftacture could be substantially reduced without comprising quality”.



Author’s response to comment 2:

The following text has been added to the introduction:

‘The original Prakash titration step takes over one hour. However, longer titration times may be
required for larger batches to be prepared.’

The following text has been added to the discussion:

'For this method, the rapid mixing of the chemicals takes less than 5 seconds which is a marked

reduction in time compared to titrations reactions typically requiring hours of careful monitoring.’

Reviewer 1 comment 3: Manufacturer details should be provided for products described by their
trade name: e.q. Parafilm.

Author’s response to comment 3: This has been added to the method:
‘Cover beaker with Parafilm (Bemis, USA).’

Reviewer 1 comment 4: This reviewer is confused by the claim that in the FTIRS data, "The
sintering process also sharpened the hydroxyl and phosphate bands.” | cannot see this myself and
would wonder about the physico-chemical basis for such a phenomenon. FWHM in an FTIR is
usually associated with resolution-based instrumental artefacts while peak height is associated
with concentration. It could be that sintering increases the crystallinity which leads to a better
rationalisation of the e.g. phosphate vibrational states but it would be good if the authors could
please provide their interpretation for the phenomenon and further show clearly that the
phenomenon is present.

Author’s response to comment 4: The authors believe that the FTIR spectra for the sintered
product shows increased definition (i.e. sharpened peaks) in terms of greater peak to trough
distance for the phosphate peaks and the hydroxyl peaks. It has been reported previously that
these changes correspond to an increase in crystallinity?627.

The following text has been added to the manuscript:

In the results section:

‘The sintering process also sharpened the hydroxyl and phosphate peaks which was manifested by
a greater peak to trough distance.’

In the discussion:

‘It was noted that the spectrum for the sintered product showed sharper phosphate and hydroxyl

peaks. These changes have been associated with a greater product crystallinity2®27



Reviewer 1 comment 5: /t would be of benefit to know what the sample population size was for
determination of key values such as Ca:P ratio and how statistically significant the values are. Has
this been determined for more than one batch? If so, what is the percentage statistical deviation
between batches etc.

Author’s response to comment 5: The complete chemical analysis has been performed on one
batch, therefore statistical analysis has not been carried out. Additional batches (n=3) have been

prepared and quality assured using XRD and TEM.

Additional Comments to Authors:

Reviewer 1 comment 6: /f available, XRD and FTIR data from samples produced using the
Prakesh method should be plotted along with your samples.

Author’s response to comment 6: Unfortunately the authors do not have the data requested,

but this data is in the reference provided for the Prakash method.

Reviewer #2:

Manuscript Summary:

The paper is a useful description of a simple way to produce and characterise non-stoichiometric
HA.

Major Concerns:

Reviewer 2 comment 1: / would like the term novel to be removed from the paper. There are
numerous examples of this route to produce calcium phosphates and the author should cite
some of them.

Author’s response to comment 1: Whilst the authors appreciate that the reaction between
calcium hydroxide and phosphoric acid has been reported numerous times for the preparation of
hydroxyapatite, we are proposing a novel method based on rapid mixing to prepare consistent
nanoscale hydroxyapatite; it is the method that is novel because it has not been previously
reported. Other reports involve the slow titration of the chemicals which have been referenced in
the paper. We therefore politely submit that the text is correct and it is important to highlight this
point.

Reviewer 2 comment 2: / would like the fact that the author used a Ca.P ratio at the start of



1.67, | have calculated it is but it would be nice as this is key to people following this method in
the future to produce a variety of calcium phosphates with varying Ca:P ratios.

Author’s response to comment 2: The following text has been added to the methods:

‘Preparation of calcium and phosphorus solutions to prepare 5 g of nanoscale hydroxyapatite using a
calcium to phosphorus molar ratio of 1.67.

Reviewer 2 comment 3: 7o repeat this method everywhere | do think that they should possibly
use deionised water. Distilling doesn't take ions out of the water and so depending on the
location of the person carrying out the experiment will change the ions present in the water and
these are likely to substitute into the HA. At the same time as this is being considered it would be
useful to explain the purity of the calcium hydroxide used as the impurities in this will lead to the
ions also in the end HA.

Author’s response to comment 3: Thank you for noticing this. We have corrected the manuscript
to use the term ‘deionised water’ that was indeed used throughout these experiments. The purity

of the calcium hydroxide used has also been added to the table of specific materials.

Reviewer 2 comment 4: /n the abstract the author really needs to rewrite this to clarify it.
Stoichiometric HA would not have phases of TCP present at 1000 Degrees C but would remain a
single phase. It is the fact that the route leads to a non-stoichiometric, in this case calcium
deficient, HA that leadss to this happening.

Author’s response to comment 4:

The authors agree that this point could be made more clearly in the abstract and so the wording
in the abstract has been adjusted to clarify this point.

'X-ray diffraction analysis showed the successful formation of HA, which showed thermal
decomposition to B-tricalcium phosphate after high temperature processing, which is typical for

calcium-deficient HA.'

Minor Concerns:

Reviewer 2 comment 5: / don't like the fact that the authors say to pour the phosphorous
solution into the calcium solution but quote a rate. | know it's approximate but pouring it is more
than suitable for describing it.

Author’s response to comment 5:

The following text was added to the discussion in light of the editor's comment regarding the

discussion of method limitations.



'As the authors have not fully investigated the effects of slowly pouring the phosphoric acid into
the calcium hydroxide suspension, in order to achieve consistent results we recommend that the
phosphoric acid is poured at a rate commensurate with that shown in the video (approximately

100 mL/s).'

Therefore it seemed appropriate to leave the approximate rate in the method text.

Reviewer 2 comment 6: / would also somehow make a distinction between how the way to
characterise (using XRD) the material is discussed and how others might. It's an interesting way of
doing it, and uses minimal powder but isn't the only way of doing so. Many labs have holders to
carry out XRD with.

Author’s response to comment 6:

The authors agree with your point so we have clarified that this preparation is for transmission X-

ray diffraction in the methods section:
‘X-ray diffraction (XRD) using transmission mode diffractometers’

Reviewer 2 comment 7: / think the end of the paragraph beginning on line 292 needs some
backing up. Equally to what you say it could be said that at higher temperatures the reaction has
become faster and so there is less time for calcium hydroxide to react.

Author’s response to comment 7:

The authors propose that since the reaction is limited by the amount of reactants, the rate of the
reaction should not affect the amount of residual reactants at the end of the reaction. We have

not modified the manuscript but could add this as a comment if the editor thought it was helpful.

Reviewer 2 comment 8: / would also like you to say how much HA you intended to produce for
your reaction.
Author’s response to comment 8:

This has been added to the method section:

‘Preparation of calcium and phosphorus solutions to prepare 5 g of nanoscale hydroxyapatite using a
calcium to phosphorus molar ratio of 1.67.

Additional Comments to Authors:
-Overall | think this work would be useful for the overall community to see how things are done

but there needs to be explanations as to alternative routes and what this would mean to the nHA



or the person trying to replicate this will just replicate what you did and not be able to vary

things. The changes above would clarify things more.

The authors are grateful to the reviewers for their insightful comments, and we hope our

corrections and clarifications are helpful.



