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Abstract  

Hydroxyapatite (HA) synthesized with the hydrothermal method was studied under various preparation conditions including 

variations of time, concentration of reactants, and concentration of surfactant, Aminotris (methylenephosphonic acid) 

[N(CH2PO3H2)3] (ATMP).  Well elongated crystals with high degree of crystallinity were synthesized at 150 oC, initial pH 

adjusted to 9.0 ± 0.1 with no surfactant and a high concentration of reactants. Addition of the surfactant helped in increasing 

particle agglomeration and formation of clusters of micron sizes. HA crystal sizes were ranged from 1.4 µm to 5.1 µm whereas 

the crystallite sizes ranged from 26 nm to 38 nm. The antiviral screening of the hydroxyapatite was performed against Viruses 

that represent a threat to the public health community due to their minimal symptomatic control such as HAV, HSV-1, 

Adenovirus and MERS. The antiviral activities of the synthesized compound were evaluated In vitro by viral infectivity Plaque 

assay. The obtained results revealed that the synthesized Hydroxyapatite - using 0.075 M CaHPO4 concentration for 25 hours 

hydrothermal time with 100 ppm surfactant - exhibited antiviral effect (52.9 %) against Virus HSV-1. HAV was slightly 

inhibited, whereas no antiviral activity was observed with respect to Adenovirus-5, and MERS. 

Keywords: Hydroxyapatite; Hydrothermal synthesis; Aminotris (methylenephosphonic acid) surfactant; Experimental     

statistical design; Anti-Viral Plaque assay 

 

1. Introduction 

Many advances are being made in the particle 

engineering of hydroxyapatite (Ca10(PO4)6(OH)2) (HA) 

with medicinal applications [1]. These include uses as 

bone replacement and coatings for implants that require 

high biocompatibility [2].  It is also useful for fraction 

and purification of different organic solutions [3]. It has 

anti-viral activities [4]. These applications require HA 

with specific morphology, size and mechanical 

properties.   

The versatile nature of this compound makes it 

desirable in many fields of study with current emphasis 

being place on biomedical applications and virus 

purification [4]. Current routes of HA synthesis include 

hydrothermal and electrodeposition methods [1, 5], 

solid-state reaction [6], precipitation [7 - 9], sol–gel 

[10, 11], sputtering [12], mechanochemical [13, 14],  

mechanochemical–hydrothermal [15, 16], micro- 

 

 

emulsion [17] and others. 

Poly(sodium 4-styrene-sulfonate) (PSS) was applied 

to accelerate HA formation with various morphologies 

[18]. The results show that, at definite temperature, the 

precipitated HA modified from fiber-like to rod-like 

morphology. Moreover, the morphology of HA 

modified from rod-like to prism-like with increasing 

the temperature and at certain PSS [18]. The applied 

initial materials are calcium nitrate and tri ammonium 

phosphate at initial pH of 10.5 [18]. 

Long and uniform HA whiskers with high 

crystallinity, controlled morphology and high aspect 

ratio HA whiskers were prepared using acetamide, 

calcium nitrate and di ammonium phosphate using 

precipitation method at high pressure [19]. The 

precipitated HA whiskers have mean lengths ranged 

from 60–116 µm and aspect ratio ranged from 68–103. 

The starting solutions have concentrations ranged from 
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42–84 mmol L-1 Ca2+ and concentrations ranged from 

25–50 mmol L-1 PO4
3- [19]. 

The surfactant, Aminotris (methylenephosphonic 

acid) [ATMP], was used in a study of gypsum 

crystallization [20].  It was found that, the crystal 

growth rate, the mean diameter, the formation of critical 

nucleus size free energy and the critical nucleus radius 

was decreased upon addition of this surfactant, whereas 

the nucleation rate was increased [20]. Similar to 

ATMP surfactant, citric acid and tri sodium phosphate 

inhibit gypsum crystallization while other surfactants 

assist gypsum and phosphogypsum crystallization [21-

26].   

Large molecules such as stearic acid, 

monosaccharaides, and other molecules are added 

during HA preparation to control its morphology [27].  

The main objectives of the present paper are 

studying the effect of Aminotris (methylenephosphonic 

acid) surfactant on HA morphology under the applied 

conditions (high temperature of 150 oC and high 

pressure) as well as identifying the optimum HA 

preparation conditions. In addition, the Anti-viral 

activity of the prepared HA was also assessed against 

four viruses by using plaque assay.  

 

2. Experimental 

2.1. Hydroxyapatite synthesis 

HA was synthesized using hydrothermal method. 

The Box Behnken design was used to develop an 

experimental procedure that would identify the main 

effects of varying factors (Table 1). From this data, 

optimal conditions could be obtained and conclusions 

based on statistical significance could be drawn. For 

these experiments; time, concentration of reactants, and 

concentration of surfactant are varied and studied 

throughout 15 experiments.   

The reactants used were calcium phosphate and 

calcium hydroxide. They were added in stoichiometric 

amounts. The chemical equation represents the reaction 

as the following: 

 

4Ca(OH)2 + 6CaHPO4  → Ca10(PO4)6(OH)2 + 6H2O       (1)

                                                                  

The Box Behnken design is shown in Table 1. The 

desired amounts of deionized water (DI) and surfactant 

were added to the reactor. The surfactant used was 

Aminotris (methylenephosphonic acid) 

[N(CH2PO3H2)3] from Pfaltz & Bauer Incorporation 

(ATMP) 0.18 %. It is also called 

Nitrilotrimethylphosphonic acid (Aminotris) and has 

the following chemical structure: 

 

 

 
 

Then, the indicated amounts of calcium phosphate 

and calcium hydroxide were added to the solution and 

allowed to stir with a magnetic stir bar for one hour.  

The solution was then adjusted to pH 9.0 + 0.1 using 

glacial acetic acid and ammonium hydroxide.   

This buffered solution was then allowed to stir for 

another hour.  The solution was kept under constant 

agitation as it was poured into the hydrothermal 

pressure vessel. The sample was then heated for the 

required time at 150 oC. Afterwards, the sample was 

cooled to room temperature and filtered to obtain the 

crystallized HA. The HA solid was then washed three 

times with 50 ml DI water.  After filtering, the sample 

was dried at 60 oC overnight. 

 

2.2. Hydroxyapatite characterization 

HA samples were characterized using X-ray 

diffraction analysis (BRUKER X-Ray Diffractometer). 

HA crystallite size (Lc) was calculated by applying the 

Scherrer’s equation as reported in Ref. No. 16. 

HA particles were characterized using Scanning 

Electron Microscopy (SEM) (LEO 1455VP). 

Moreover, the Ca/P ratio was determined using the 

energy dispersive spectrometer (EDXS, KEVEX; 

Germany). Also, polarized light microscope (Olympus 

BX60) was used to investigate the samples at 

magnifications of X100. Moreover, Transmission 

Electron Microscope (TEM, JEOL-JM1230) was used 

for HA particles morphology observation. In addition, 

Coulter Laser Diffraction Analyzer model LS230 was 

used for analysis of the HA particles sizes. Samples 

were taken from slurry of each Test. Each sample 

consisted of 8 ml of slurry dispersed in 50 ml of DI 

water. All samples were then sonicated for 45 minutes 

and kept under constant agitation immediately before 

analysis. Then, the sample was added into the Coulter 

instrument after its flushing three times with DI water. 
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Table 1.  The applied conditions with the achieved results of the 15 tests of experimental design. 

 

Test 

Number 

Hydrothermal 

Time, hr 

Concentration, 

M 

Surfactant, 

ppm 

Mean 

Diameter, µm 

Crystallite 

Size, nm 

1 10 0.025 50 2.9 30 

2 10 0.075 50 3.3 26 

3 40 0.025 50 3.1 36 

4 40 0.075 50 5.1 26 

5 10 0.050 0 2.0 33 

6 10 0.050 100 3.7 27 

7 40 0.050 0 2.5 34 

8 40 0.050 100 4.3 27 

9 25 0.025 0 1.4 36 

10 25 0.025 100 3.6 30 

11 25 0.075 0 1.7 38 

12 25 0.075 100 3.5 32 

13 25 0.050 50 3.9 30 

14 25 0.050 50 4.2 30 

15 25 0.050 50 4.3 26 

 

2.3. Hydroxyapatite and its anti-viral activities  

The results reveal that, large agglomerated nano 

spheres HA are obtained with addition of the surfactant. 

One sample is selected to test anti-viral activity. It is 

worth mentioning that, the total average diameter of 11 

samples with surfactant is 38.8 µm and their average is 

3.527 µm microns which is very near to sample number 

12 (3.5 µm mean diameter). So, sample number 12 is 

select for anti-viral activity tests. 

Virus and cell line  

The applied Vero cells were derived from the kidney 

of African green monkey. These cells were provided 

from the American Type Culture Collection (ATCC, 

Manassas, VA, USA). The cells were propagated 

according to procedure described in Ref. [28]. Different 

viruses were propagated and assayed as reported in Ref. 

[29]. Infectious viruses were enumerated using the 

Spearman-Karber method [30]. 

 

MTT (4, 5-dimethylthiazol -2-yl)-2, 

5-diphenyltetrazolium bromide) assay 

Mossman was reported in details a colorimetric 

method to calculate the 50% cytotoxicity (TC50) [31]. 

  

Cytotoxicity % =Abs. of cells with or without 

treatment/Abs. of cells r without treatment X100 

 

Antiviral activity 

The antiviral activity was performed using Plaque 

inhibition assay that reported in Ref. [32]. 

The percentage inhibition (reduction) was calculated 

the following [33]: 

 

% Inhibition = viral count (untreated) - viral count 

(treated)/viral count (untreated) x 100 

 

3. Results and Discussion 

3.1. Fifteen tests of experimental design results 

The obtained results of the 15 tests of the 

experimental statistical Box–Behnken design with their 

experimental conditions are given in Table (1). The 

Box–Behnken statistical design program was applied to 

the obtained results. Effect of Aminotris 

(methylenephosphonic acid) surfactant on 

hydrothermal synthesis of hydroxyapatite was studied 

for the first time to the best of our knowledge. If we 

compare between the XRD and the morphologies of the 

crystalized hydroxyapatite crystals of tests numbers 

5&6 , 7&8, 9&10, 11&12 - (first number without 

surfactant and the other number with surfactant, other 

conditions are similar for each pair)- the XRD peaks 

intensities and crystallite sizes are much higher with 

surfactant. On the contrary, the mean diameters of the 

cited crystals are much lower with surfactant. The 

resulting graphs are presented and discussed in details 
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below showing general trends illustrating the most 

significant factors affecting the mean diameter of the 

precipitated hydroxyapatite (HA) particle sizes.   

3.2. Effect of hydrothermal time and reactants 

concentrations on HA mean diameter 

Fig. 1 shows the effects of hydrothermal time and 

concentration of reactants using different surfactant 

concentrations (0, 50 ppm and 100 ppm) on mean 

diameter of precipitated HA.  From these results it can 

be seen that, with increasing the hydrothermal reaction  

time and reactants concentration, the HA particle size 

was increased at all levels of surfactant concentrations. 

The largest particles were obtained from a high 

concentration (0.075 M CaHPO4) for the longest 

hydrothermal reaction time (40 hours). The smallest 

particles are obtained with a low concentration and a 

short hydrothermal time. 

3.3. Effect of surfactant and reactants 

    concentrations on HA mean diameter 

Fig. 2 illustrates the effects of surfactant and 

reactants concentrations for different hydrothermal 

reaction times (10 hr, 25 hr and 40 hr) on precipitated 

HA mean diameter. Larger particles were obtained 

from higher concentration of surfactant (100 ppm) and 

the highest reactant concentration (0.075 M) at all 

applied hydrothermal reaction times. The smallest 

particles were obtained with a low concentration (0.025 

M CaHPO4) and without addition of surfactant. 

3.4. Effect of hydrothermal time and surfactant 

concentration on HA mean diameter 

Fig. 3 illustrates the effects of hydrothermal reaction 

time and surfactant concentrations using different 

reactant concentrations (0.025 M, 0.05 M and 0.075 M) 

on mean diameter of precipitated HA. The largest 

particles were obtained at high concentration of 

surfactant (100 ppm), high reactant concentration (075 

M CaHPO4) for long hydrothermal reaction time (40 

hours).  The smallest particles were obtained with a 

short hydrothermal time (10 hours), and low 

concentration of reactant without surfactant. 

 

3.5. Effect of hydrothermal time, surfactant 

    concentration and reactant concentration 

    on HA mean diameter 
From these results, it can be concluded that, the 

reaction time, reactant concentration as well as 

surfactant concentration are effective parameters on 

rapid crystallization of high mean diameter of HA 

powders. All the experimental data are collected at the 

3-D cube and is given in Fig. 4. This cubic diagram 

shows that mean diameter of 4.52 microns could be 

achieved at high levels of all the parameters 

(hydrothermal time, surfactant and reactant 

concentrations). On the other hand, the smallest mean 

diameter (1.22 microns) can be obtained at low levels 

of all the parameters. Decreasing any of the parameters 

led to a decrease of HA mean diameter. 

 

3.6. Characterization of precipitated powders 

The precipitated powder was characterized using 

XRD, SEM, EDX and Laser Size Distribution. X-ray 

diffraction patterns (Fig. 5) was conducted on the 15 

samples. The crystallized phase was confirmed as 

hydroxyapatite [JCPDS # 00-009-0432]. Less intense 

peaks were observed with the samples 5, 9, and 11.  

These samples prepared without surfactant. So, 

surfactant may be help to obtain well crystallized  

crystals. Sample No. 7 is relatively well crystalized 

(high intense peaks) despite it has no surfactant. This is 

attributed to long crystallization time of HA (40 hr). 

The determined crystallites sizes were ranged from 26 

to 38 nm as shown in Table (1).  

Optical microscopic photomicrographs of the 

crystallized HA powder samples are given in Fig. 6. 

These HA crystals are synthesized from various 

conditions. Tests 5, 9 and 11 gave rods of micron sizes. 

Test 7 gave clusters with short rods. All these samples 

are prepared without addition of Aminotris 

(methylenephosphonic acid) as surfactant. On the other 

hand, the other tests gave agglomerated spheres. 

Fig. 7 shows SEM images of the crystallized HA 

powder samples (tests 5, 6, 11 and 12). It is clear that, 

the crystallized HA powders from tests 5 and 11 have 

rod-like shape. Tests 6 and 12 gave agglomerated nano 

spheres. 

Fig. 8 shows EDX Analysis of the crystallized HA. 

Ca/P ratio was 1.67 which is typical for HA. 

Fig. 9 shows TEM image of the crystallized HA 

powder samples (test 12). It is clear that, the 

crystallized HA powders from test 12 have 30 – 70 nm 

size spherical shape particles. These particles are 

agglomerated to nanospheres with further 

agglomeration to micron spheres as shown from SEM. 

Fig. 10 shows the particle size distribution of 5 

samples (test 1 to 5). The mean diameter of the samples 

was ranged from 2.0 µm to 5.1 µm (Table 1).  
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Fig. 1   Effect of hydrothermal time and reactants concentration on HA mean diameter (at different surfactant 

concentration). 
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Fig. 2   Effect of surfactant and reactants concentrations on HA mean diameter (at different hydrothermal 

times). 
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Fig. 3   Effect of hydrothermal time and surfactant concentration on HA mean diameter (at different reactant 

concentration).
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Fig. 4   3-D Plot for the Experimental Data. 

 

 

3.7. Mechanism of hydroxyapatite 

     precipitation and its morphology 

     modification 

Precipitation of HA is a very rapid crystallization 

process which involves high supersaturation stage, 

instantaneous nucleation stage followed by crystal 

growth stage [20]. A solution containing ordered 

aggregates of molecules of various sizes is principal to 

high supersaturation. The nucleus will grow in size 

after an aggregate exceeds the critical nucleus size 

[34]. So, high supersaturation is mandatory parameter 

for any crystallization process as it initiates and 

propagates nucleation of the crystals. The pH of 

solution was adjusted to 9 ± 0.1. However, localized 

pH on the surface of solids can goes up to about 12.  

Fig. 11 shows the distribution of phosphate species 

at hydrothermal temperature used (150 oC). Our data 

was processed using the computer program 

PHREEQC. It is clear that at pH 9, the predominant  

phosphate species is HPO4
2- while PO4

3- ions start to 

increase from pH 10. Moreover, 50% HPO4
2- ions with 

50% PO4
3- ions distribution is occurred at pH = 12.163.  

  

 

Regarding the chemicals used here, the solubility of 

calcium hydrogen phosphate (Dicalcium phosphate) is 

0.02 g/100 ml water and the calcium hydroxide 

solubility is 0.173 g/ 100 ml water at 20 oC. The 

chemicals and water are mixed followed by adjusting 

the pH to 9 ± 0.1. The concentrations used here is very 

high to obtain solutions. During hydrothermal process 

and for prolonged time, the reactants are gradually and 

continuously dissolve in the medium. The proposed 

chemical reaction is as follow: 

 

6CaHPO4 + 3Ca(OH)2 →3Ca3(PO4)2 + 6H2O    (2) 

  

It was proven that, alkali treatment at high 

temperature converts brushite and/or tricalcium 

phosphate to hydroxyapatite [35-37]:   

 

3Ca3(PO4)2 +  Ca(OH)2  → Ca10(PO4)6(OH)2          (3) 

 
Summation of Equation (2) and Equation (3), we can 

obtain Equation (1) that already reported under 

Experimental. 

Design-Expert® Software
Factor Coding: Actual
Mean Diameter (um)
X1 = A: Time
X2 = C: Surfactant
X3 = B: Concentartion

Cube
Mean Diameter (um)
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S

u
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c
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n
t
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p
p

m
)
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Fig. 5   XRD Pattern of Crystallized Hydroxyapatite Powder (15 Samples HA ↓).     
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Fig.  6  Optical photomicrograph of crystallized hydroxyapatite powder samples.  
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Fig.  7  SEM photomicrograph of crystallized hydroxyapatite powder. 

 

 

Fig.  8  EDX of crystallized hydroxyapatite powder. 
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Fig. 9  TEM of crystallized hydroxyapatite powder (Test 12). 

 

 

 

Fig. 10  Particle size distribution of hydroxyapatite powder (Test 15). 

 

Effect of Aminotris (methylenephosphonic acid) 

[ATMP] additive on HA crystal modification is 

attributed to sequestering (chelating of calcium ions) 

which lead to decreasing the supersaturation ratio as 

well as decreasing the crystal growth rate. In presence 

of this surfactant, the agglomeration process will be the 

most predominant process rather than formation new 

nuclei.  

ATMP is a water-soluble surfactant (61 g/ 100 ml). 

In solution, it partially hydrolyzed to anions with 

hydrophilic group (phosphonic groups and their 

counter ions). The anionic phosphonic groups have 

high tendency to attract the cationic ions (+ve charge). 

The influences of ATMP on HA crystals nucleation, 

growth and agglomeration could be attributed to: 

* The –ve phosphonic groups can decrease the 

supersaturation by chelating to the Ca2+ cations, and 

then enhancing the regular crystal growth and 

agglomeration rather than increasing small nuclei 

formation rate. So, ATMP prevents scale formation in 

water systems. 

* The –ve phosphonic groups can attract onto HA 

(+ve charge faces) HA has two different types of sites 

as in the following: 

* P sites occur on the (a, b) crystal faces which are 

deficient in Ca2+ ions. 

* C sites occur on the (a, c) or (b, c) crystal faces, 

namely, {100} and {010} facets of the nuclei which  

are rich in Ca2+ ions [18, 38] and finally leading to 

HA crystals modification.  
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Fig. 11  The distribution of phosphate species as a function of pH at 150 ⁰C. 

 

 

It is worth mentioning that, ATMP surfactant 

reduces the HA crystals interfacial tension and 

consequently preventing surface agglomeration.  

HA crystals grow in the presence of enough free 

Ca2+ ions in the solution with and without ATMP. This 

means crystallization at high supersaturation ratio, so 

more nuclei are generated with low crystal growth. 

Chelating assisted hydrothermal synthesis of HA has 

been successful in formation of HA agglomerated 

nanospheres. ATMP surfactant poses the ability to 

regulate the HA nucleation as well as HA crystal 

growth.  

3.8. Determination of samples cytotoxicity on 

Vero cell 

The cytotoxicity on Vero cell samples are given in 

the Table (2). These results reveal that, no cytopathic 

effect for this sample on Vero cells at the given 

concentration. 

Antiviral activity 

Hydroxyapatite sample No. 12 had been applied for 

testing its antiviral activities against Viruses HAV, 

HSV-1 Adenovirus and MERS. The antiviral effects of 

the tested HA sample on the three viruses as tested at 

maximum noncytotoxic concentration (MNCC) are 

given in Table (3). The obtained results revealed 

that the synthesized HA - using 0.075 M CaHPO4 

 

 

 

concentration for 25 hours hydrothermal time with 

 100 ppm surfactant - exhibited antiviral effect (52.9   

%) against Virus HSV-1. HAV was slightly inhibited, 

whereas no antiviral activity was observed with respect 

to Adenovirus-5, and MERS. 

4. Conclusions 

Based on the results of the 15 hydrothermal 

treatment tests, it appears that the addition of Aminotris 

(methylenephosphonic acid) [N(CH2PO3H2)3] (ATMP) 

surfactant helps for formation of agglomerated 

hydroxyapatite (HA). Synthesis in the absence of 

surfactant resulted in formation of HA of needle-type 

or small rods or tabular crystals. Statistical 

experimental design analysis indicates that increasing 

the concentration of surfactant, concentration of 

reactants, and hydrothermal time led to formation of 

large agglomerated HA particles. The HA particles are 

formed from agglomerated nanospheres HA. 

Nanospheres HA were formed at relatively low 

supersaturation as a result of chelation of surfactant 

with calcium ions. The crystallite sizes of HA are 

ranged from 26 nm to 38 nm. The antiviral screening of 

the HA was performed against Viruses that represent a 

threat to the public health community due to their 

minimal symptomatic control such as HAV, HSV-1, 

Adenovirus and MERS. The antiviral activities of the 

synthesized compound were evaluated In vitro by viral 

infectivity Plaque assay. 
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Table 2.  Cytotoxicity on Vero cell samples 

 
 ID µg/ml 

 

O.D. Mean O.D Viability 

% 

Toxicity 

% 

SEM 

± 

Vero --- 0.356 0.371 0.344 0.357 100 0 0.00781 

 

 

 

Sample 1 

3000 0.341 0.359 0.362 0.354 99.15966 0.840336 0.006557 

1500 0.353 0.355 0.361 0.356333 99.81326 0.186741 0.002404 

750 0.362 0.357 0.352 0.357 100 0 0.002887 

375 0.355 0.359 0.357 0.357 100 0 0.001155 

187.5 0.353 0.362 0.354 0.356333 99.81326 0.186741 0.002848 

93.75 0.358 0.352 0.361 0.357 100 0 0.002646 

 
 

Table 3.  Antiviral effects against the three viruses 

 

Virus Name 
MNCC, 

µg/ml 

Virus control  

(PFU/ml) 

Viral count 

(PFU/ml) 
Antiviral Effect, % 

HAV-10 1500 52 43 17.3 

HSV-1 1500 92 43.33333 52.9 

Adeno 1500 36 47 0 

MERS 1500 33 X 10-3 35 X 10-3 0 

 

The obtained results revealed that the synthesized 

HA - using 0.075 M CaHPO4 concentration for 25 

hours hydrothermal time with 100 ppm surfactant - 

exhibited antiviral effect (52.9 %) against Virus HSV-

1. HAV was slightly inhibited, whereas no antiviral 

activity was observed with respect to Adenovirus-5, 

and MERS. 
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