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The experimental work focuses on the detailed monitoring of the interaction of commercial hydroxyapatite (HA) granules 
with various morphologies and surfaces with simulated body fluid (SBF) under varied in vitro test conditions. The ISO 
23317:2014 standard, which specifies methods for the detection of apatite formation on the surface of materials in a si-
mulated body fluid, mainly focuses on one-piece samples (tablets, rectangular shaped samples) under static conditions.  
The SBF solution modelling the inorganic part of blood plasma is buffered with a Tris buffer which can, under certain 
conditions, affect the in vitro test results by its own interaction with the tested material. Changes on the surfaces of the tested 
bioceramic granules with varied porosity and leachates from the buffered and unbuffered SBF solutions were characterised at 
selected time intervals using the available methods (SEM, BET, AAS, UV-VIS). The kinetics of the formation and morphology 
of the precipitated hydroxyapatite (HAp) was found to vary under different in vitro test conditions. The leachates from the 
solutions confirmed different rates of calcium and phosphate ions depletion, especially at the beginning of the assay. The pH 
analyses of the buffered and unbuffered SBF solutions also showed a Tris buffer effect.

INTRODUCTION

	 Synthetic hydroxyapatite (HA, Ca10(PO4)6(OH)2) 
is one of the most widely used ceramic biomaterials 
in the field of reconstructive medicine because its 
chemical composition is the closest to the inorganic 
component of bones [1]. In relation to its interaction 
with the living organism, it is classified as a bioactive 
material because it is chemically (through a precipitated 
layer of the bone-like hydroxyapatite) fixed to the hard 
tissue [2]. Hydroxyapatite, in the form of powders, 
granules or scaffolds, is produced by several methods, 
e.g., by precipitation from calcium-phosphate solutions 
or by the sol-gel method [3-10]. Great efforts have 
been made to produce hydroxyapatite from natural 
materials (such as animal bones, shells, eggshells, etc.) 
in order to make its properties as similar as possible 
to natural apatite [11-14]. Much attention has been 
paid to the use of hydroxyapatite in the form of porous 
granules and scaffolds for pharmaceutical applications 
(antiresorptive drugs, anticancer drugs, gene therapy, 
proteins, antibiotics and others) [15]. In order to prevent 

bacterial colonisation and to reduce infections, dopants, 
such as silver, zinc, copper or strontium, are incorporated 
into synthetic hydroxyapatite, which may improve the 
existing properties of the bioceramic material [16]. 
The hydroxyapatite enriched in this way acquires 
antibacterial properties, which are currently essential in 
the field of medicine [16, 17]. The antibacterial effect 
is most frequently tested against the bacterial strains of 
Escherichia coli, Staphylococcus aureus or the yeast 
Candida albicans [16-18]. In recent years, biomaterials 
have also been monitored against cell lines [19]. Testing of 
bioactive properties is performed in vivo in live laboratory 
animals [20] or in vitro in simulated body fluids (SBFs) 
[21-23]. The in vitro tests serve mainly as a prediction 
of the behaviour of synthetic materials by exposure in a 
physiological solution mimicking the inorganic part of 
blood plasma. ISO 23317:2014(E) is used to investigate 
the ability of materials to form an apatite layer on their 
surface [24]. Precipitation of the layer is an indicator 
of the bioactive behaviour of the tested material. The 
standard recommends testing materials in the form 
of tablets or plates, while maintaining the relationship  
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VS = 100 mm.Sa (VS is the volume of the SBF in 
mm3, Sa is the apparent surface area of the specimen 
in mm2). The standard does not precisely define the 
testing conditions for highly macro- and micro-porous 
materials or granules that can be used as fillers. The 
standard only provides the following recommendation: 
For porous materials, the volume of the SBF should 
be greater than the calculated one [24]. Some in vitro 
tests that monitored the bioactivity (in order to better 
approximate the conditions in a living organism) were 
performed under semi-dynamic conditions, where the 
SBF solution was exchanged for a fresh one at certain 
intervals [25], or under dynamic conditions, where the 
solution was circulated using a peristaltic pump [26]. It 
is known from our previous scientific works that the type 
of material, its specific surface area, porosity, pore size 
and volume filling rate are very important parameters for 
in vitro testing. A question was asked whether the static 
conditions lasting for several weeks, as presented in 
the standard, are suitable for testing of highly bioactive 
granular and highly porous materials. The experiments 
also raised the question about the involvement of the Tris 
buffer, which is used to maintain the pH of the simulated 
body fluid, in the actual interaction with the tested 
material [27-30]. 
	 This work monitors effects of the SBF solution 
volume (V1, V2) and the Tris buffer on two types of 
hydroxyapatite synthetic materials. The experimental 
work is related to other papers [27, 28] which addressed 
the filling rate of the bioceramics space/volume (1V and 
1/4V) and the effect of the chemical composition of the 
biomaterials (TCP and HA) on the bioactive behaviour 
under dynamic in vitro assay conditions. The setting of 
the in vitro assay conditions is very important for other 
than one-piece samples [29], as the standard is defined 
for one-piece samples. Another important parameter 
is the analysis of the changes in the ion concentrations 
in the leachates. The results of one work [30] indicate 
an important effect of the buffer on the stability of the 
solution. Testing is important because it can serve as 
a prediction in the development of new fragmented 
bioceramic materials (granules, particles, crushed 
material) used in medical structural regenerative 
applications.

EXPERIMENTAL

Tested materials and conditions of in vitro test

	 Two bioceramic materials based on pure 
hydroxyapatite (HA, Ca10(PO4)6(OH)2) synthetic 
and commercially available powders with different 
morphologies and surfaces were used for the in vitro 
tests with two volumes (V1; V2). Sintered granules sized 
1-3 mm with a specific weight of 2950 - 3140 kg·m-3 and 
tensile strength of 40 - 60 MPa, and micro- and macro-
porous granules sized 1 - 2 mm with a porosity in the 
range 60 - 70 % interacted with two types of simulated 
body fluid (SBF) which represented the inorganic part 
of the blood plasma (Table 1). The SBF solutions were 
prepared by the gradual dissolution of NaCl, NaHCO3, 
KCl, KHPO4·3H2O, MgCl2·6H2O, HCl, CaCl2 and 
Na2SO4, according to the standard [24]. The first solution 
was buffered with the Tris buffer (Tris-hydroxymethyl 
aminomethane) and HCl (SBF+T), while the second 
solution was buffer-free (SBF only). 

	 Granules of commercial hydroxyapatite with 
low and high specific surface areas (HA-L, HA-H), 
weighing 0.05 ± 0.001 g, interacted with the two types of 
solution (SBF+T, SBF), with the volumes of V1 = 50 ml 
and V2 = 100 ml. The types of the material and solutions, 
the volumes and sample identifications are shown in 
Table 2. The static in vitro assay was performed for 
21 days. The temperature of both types of solution was 
maintained at 36.5 °C using a thermostat. The materials 
were analysed and changes in the pH values and calcium 
(Ca)2+ and (PO4)3- ion concentrations were monitored in 
the leachates at selected intervals (0, 7, 14 and 21 days).

Table 1.  Composition of the simulated body fluid (SBF) and 
blood plasma (BP) [24].

solution				   Ionic concentration (mmol·l-1)
	 Na+	 K+	 Ca2+	 Mg2+	 Cl-	 HCO3

-	 HPO4
2-	 SO4

2-

SBF	 142.0	 5.0	 2.5	 1.5	 147.8	 4.2	 1.0	 0.5
BP	 142.0	 5.0	 2.5	 1.5	 103.0	 27.0	 1.0	 0.5

Table 2.  Conditions of the in vitro test.

Material	 Surface	 Type of solution 	 Volume (ml)	 Title 

 	  	 SBF	 50	 HA-L/SBF/50
			   100	 HA-L/SBF/100
	

Low
	

SBF+T
	 50	 HA-L/SBF+T/50

Hydroxyapatite
			   100	 HA-L/SBF+T/100

	  	
SBF

	 50	 HA-H/SBF/50
			   100	 HA-H/SBF/100
	 High	

SBF+T	 50	 HA-H/SBF+T/50
			   100	 HA-H/SBF+T/100
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Methods for the characterisation  
of the materials and solutions

	 The surfaces of the ceramic biomaterials before 
and after the interaction were observed using a Hitachi 
S-4700 electron microscope with a Thomson Scientific 
Ultradry Silicon Drift Detector energy dispersive 
analyser (EDS) at an accelerating voltage of 15 kV 
and an emission current of 20 μA. The non-conductive 
samples were coated with an Au-Pd layer. 
	 The specific surface areas of the materials before 
and after the interaction were determined by the 
Brunauer–Emmett–Teller (BET) method using the ASAP 
2020 V3.00 H instrument made by Micromeritic, using 
N2 gas. The concentration of the calcium ions in both 
types of leachates was analysed by atomic absorption 
spectrometry using an Agilent 280FS AA. Atomisation 
was carried out with an acetylene-N2O flame. The 
wavelength of 422.7 nm was used for the absorbance 
measurements. The concentration of the phosphate ions 
was analysed on a UV-VIS spectrophotometer UV1601 
at λ = 830 nm according to EN ISO 6878. The pH value 
was measured with an inoLab pH-meter with a combined 
glass electrode at 36.5 °C.

RESULTS AND DISCUSSION

Specific surface characterisation

	 The values of the specific surface area (Sa) of the 
two types of synthetic hydroxyapatite before (0 day) 
and after 7, 14 and 21 days of interaction with the two 
volumes of SBF and SBF+T solutions are shown in 
Table 3. 
	 The first obtained data clearly indicated that chan-
ges of the specific surface area are the most dramatic 
during the first 7 days of interaction with the solutions. 
The value for the sintered material changed from 0.6 to 
1.4 - 2.5 m2·g-1 and it changed from 49.4 to ca 61.5 m2·g-1 

for the porous material. The changes to the specific 
surface area values between 7 and 14 days of exposure 

were very small for the porous hydroxyapatite (HA-H/
SBF/50; HA-H/SBF/100; HA-H/SBF+T/50). The most 
reactive material was the sintered hydroxyapatite in 
interaction with the buffered solution (HA-L/SBF+T/50; 
HA-L/SBF+T/100). After 7 days, the specific surface 
area increased to 1.4 and 1.7 m2·g-1, after 14 days the 
growth continued to 2.1 and 2.8 m2·g-1, and, after 21 
days of steady growth, the specific surface area values 
increased to 4.0 and 4.6 m2·g-1, respectively. 
	 At the end of the in vitro test, most of the tested 
porous granules showed a plateau (or a decrease) in 
the specific surface area values (59 - 65 m2·g-1). The 
percentage increase of the specific surface was nearly 
one order of magnitude higher for the sintered materials 
(HA-L samples) than for the highly porous ones (HA-H 
samples).

Weights of the tested synthetic materials

	 The percentage changes in the weight (Δm 
calculation showed in ref. [28]) of the sintered and porous 
hydroxyapatites after 7, 14 and 21 days of interaction 
with the two volumes of SBF and SBF+T solutions are 
shown in Table 4.
	 The trend in the changes in the weight of the 
sintered and porous hydroxyapatites is very similar to 
that of the change in the specific surface area values. 
Again, it was confirmed that, for most of the tested 

Table 4.  Weight changes (Δm) of HA-L, HA-H after 7, 14 and 
21 days of interaction with SBF and SBF+T.

Type of material		  Weight change Δm (%)
	 7 D	 14 D	 21 D
HA-L/SBF/50	 0.6	 1.0	 0.8
HA-L/SBF/100	 2.1	 2.2	 1.8
HA-L/SBF+T/50	 2.0	 3.7	 3.3
HA-L/SBF+T/100	 2.2	 1.2	 6.7
HA-H/SBF/50	 15.6	 19.8	 20.8
HA-H/SBF/100	 23.5	 28.1	 30.7
HA-H/SBF+T/50	 14.9	 18.3	 18.7
HA-H/SBF+T/100	 16.0	 30.9	 32.6

Table 3.  Values and standard deviations of the specific surface area (Sa) of HA-L, HA-H before (0 day) and after (7, 14 and 21 
days) interaction with SBF and SBF+T.

Type of material			   Specific surface area Sa [m2·g-1]

	 0 D	 7 D	 14 D	 21 D
HA-L/SBF/50		  2.42 ± 0.44	 2.97 ± 0.38	 2.23 ± 0.28
HA-L/SBF/100	

0.58 ± 0.10
	 2.51 ± 0.21	 2.60 ± 0.32	 1.60 ± 0.10

HA-L/SBF+T/50		  1.74 ± 0.14	 2.15 ± 0.06	 4.03 ± 0.25
HA-L/SBF+T/100		  1.37 ± 0.06	 2.81 ± 0.44	 4.56 ± 0.05

HA-H/SBF/50		  61.41 ± 0.07	 61.46 ± 0.06	 61.88 ± 0.06
HA-H/SBF/100	 49.39 ± 0.04	 61.52 ± 0.08	 60.11 ± 0.08	 58.61 ± 0.06
HA-H/SBF+T/50		  60.38 ± 0.11	 62.52 ± 0.09	 64.85 ± 0.11
HA-H/SBF+T/100		  60.07 ± 0.11	 54.25 ± 0.05	 57.48 ± 0.08
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samples, the most significant change occurred in the 
first 7 days of exposure to the solution. For the sintered 
hydroxyapatite, the change was from 0.6 to 2.2 % and, 
for the porous one, the change was from 15 to 23.5 %. 
Thereafter, the trend of the weight change slowed down 
or decreased, similarly as the specific surface. In the 
group of tested samples, the most reactive sample was 
the one interacting with the high volume of buffered 
solution (HA-L/SBF+T/100). The effect of the different 
solution volumes was visible in the second half of the 
experiment for the porous samples. In the case of 50 ml 
of the solution (HA-H/SBF/50; HA-H/SBF+T/50), 
the values were around 18  -  19 % after 14 days and 
around 19  - 20 % after 21 days. In the case of 100 ml 
of the solution (HA-H/SBF/100; HA-H/SBF+T/100), the 
values after 14 and 21 days were around 28 - 33 %. The 
increase in the weight for all types of samples indirectly 
indicates the precipitation of hydroxyapatite which is 
in agreement with the results of the solution analysis 
(Chapter "Analysis of the SBF and SBF+T leachates").

Surface morphology characterisation

	 Visual changes on the surface of the sintered hydro-
xyapatite with the low specific surface area (HA-L) 
before and after 7 and 14 days of interaction with the two 
volumes (50 and 100 ml) of SBF and SBF+T solutions 
are shown in Figure 1.

	 A comparison of images of the surfaces of the low 
surface area material (HA-L) before and after exposure 
to the solutions clearly shows their significantly different 
morphology. This implies that the different volumes of 
the solutions (50 and 100 ml) with and without the buffer 
(SBF and SBF+T) strongly contributed to the final 
structure of the precipitates formed on the surface of the 
tested material. The low-porous hydroxyapatite interacts 
immediately with the solution because as early as after 
7 days a new phase of precipitated hydroxyapatite (HAp) 
is visible on all the surfaces, covering the entire surface 
of the tested granules. If the granules are exposed to 
50 ml of SBF solution (Figure 1b) their surface is covered 
with globular precipitates of 2 - 5 µm in size, which are 
interconnected. After 14 days of exposure in the solution 
(Figure 1c), their size increased to 5 - 10 µm. When the 

Figure 1.  (SEM) Surface of HA-L: original surface a), HA-L/SBF/50 after 7 b) and after 14 c) days with SBF, HA-L/SBF/100 
after 7 d) and after 14 e) days with SBF; HA-L/SBF+T/50 after 7 f) and after 14 g) days with SBF+T, HA-L/SBF+T/100 after 7 
h) and after 14 i) days with SBF+T.                                                                                                         continues on next page ...
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material was exposed to a larger volume (Figure  1d), 
after 7 days, the surface was completely covered with 
a thin layer of bone apatite composed of rosette-like 
nanocrystals. The thickness of the layer was about 
10  - 15 µm after 14 days as can be clearly seen in the 
close-up image (Figure 1e). Precipitates of presumably 
amorphous white particles smaller than 1 µm are visible 
on this layer. A layer of precipitated hydroxyapatite 
that covered the granules of the test material exposed 
to the Tris-buffered solution after 7 days is visually 
quite different (Figure 1f). That layer is composed of 
plate-like nanocrystals clustered in globules so tightly 
arranged that they form a highly compact unit. The layer 
is significantly cracked after drying, but it does not peel 
off from the original material. After a 7-day exposure 
to a larger volume (100 ml) of the buffered solution, 
the same, dense layer of precipitated nanocrystalline 
hydroxyapatite (HAp) can be seen on the surface, but 
another layer is growing on top of it, as can be clearly 
seen in the close-up image (Figure 1h). The trend 
continued for the following 14 days, until the end of the 
21-day in vitro experiment.
	 Visual changes on the surface of hydroxyapatite 
with the high specific surface area (HA-H) before and 
after 7 and 14 days of interaction with the two volumes 
of the SBF and SBF+T solutions are shown in Figure 2.

	 In the case of synthetic hydroxyapatite with the 
high specific surface area (HA-H), the surface changes 
are not as distinct at first sight as in the case of the 
material with the low specific surface area (HA-L). The 
surface of the original porous material prior to exposure 
(Figure 2a) has a very fine morphology that reacts with 
the solution under different conditions than the sintered 
material. After 7 days of exposure to both the buffered 
and unbuffered solutions the surface of the granules is 
covered with a thin layer of small crystals. After 14 days, 
the process of precipitation of the new phase continues 

Figure 1.  (SEM) Surface of HA-L: original surface a), HA-L/SBF/50 after 7 b) and after 14 c) days with SBF, HA-L/SBF/100 
after 7 d) and after 14 e) days with SBF; HA-L/SBF+T/50 after 7 f) and after 14 g) days with SBF+T, HA-L/SBF+T/100 after 7 
h) and after 14 i) days with SBF+T.

Figure 2.  (SEM) Surface of HA-H: a) original surface after 7 
days ...

continues on next page ...
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(as confirmed by the weight change) and this phase 
can be better seen in close-up images (Figure 2c). The 
exposure to a larger volume (100 ml) results in layering 
and the new phase formed by interconnected globules 

is clearly visible in the close-up image in Figure 2e. A 
thin layer of a new Ca-P phase perfectly reproduces the 
surface of the original material.

Figure 2.  (SEM) Surface of HA-H: original surface a), HA-H/SBF/50 after 7 b) and after 14 c) days with SBF, HA-H/SBF/100 
after 7 d) and after 14 e) days with SBF; HA-H/SBF+T/50 after 7 f) and after 14 g) days with SBF+T, HA-H/SBF+T/100 after 7 
h) and after 14 i) days with SBF+T.
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Analysis of the SBF and SBF+T leachates

	 Figure 3 shows the calcium ion concentrations in 
the SBF and SBF+T solutions during the interaction 
with the two types of HA material. 
	 Figure 3a clearly shows a significant difference 
between the (Ca)2+ ion concentrations in the SBF+T 
solution for the sintered and porous materials. Throughout 
the interaction, the ions are removed from the solution 
as all the measured values are below the original 
concentration (original SBF+T). The fastest decrease is 
observed for the material with the high specific surface 
area (HA-H) during the first 7 days of interaction. Then 
the rate slows down and stabilises from day 14 to the end 
of the experiment (40 - 50 mg·l-1). The smaller difference 
is also visible for the two different solution volumes. A 
greater calcium ion depletion is typical for the materials 
exposed to 50 ml of SBF+T. When comparing the 
concentration changes in the buffered and unbuffered 
solutions (Figure 3b), the effect of Tris buffer can be 
observed. The most pronounced effect of the buffer was 
observed for the sintered material (HA-L) where the 
value at the end of the experiment decreased from the 
initial 105 to about 40 mg·l-1, while, at the end of the 
experiment with the buffered SBF+T solution, it was 
about 95 mg·l-1. 

	 Figure 4 shows the phosphate ion concentrations 
in the SBF and SBF+T solutions during the interaction 
with the high and low porous HA.
	 The changes in the phosphate ion concentrations 
in 50 and 100 ml of both types of solutions were very 
similar to those of the calcium ions, but the depletion 
was even more pronounced, especially for the porous 
surface. In the first 7 days of interaction, the process is 
the fastest, the most pronounced as it corresponds to the 
rapid precipitation of new phases on the surface of the 
tested granules (Figure 4a). After 14 days, the process 
slows down and, at the end of the in vitro test, the values 
stabilise. Again, there is a marked difference between 
the porous and sintered materials, with values at the 
end of the test ranging from 80 to 92 and 7 to 21 mg·l-1 
respectively, compared to the initial value of 107 mg·l-1. 
The difference between the concentrations of the (PO4)3- 
ions in 50 and 100 ml of the SBF+T solutions is again the 
same, about 10 %. A comparison between the buffered 
(Figure 4a) and unbuffered solutions (Figure 4b) shows 
the same trend as the calcium ions. The influence of 
the buffer is detected for the sintered material (HA-L) 
where, at the end of the interaction with the unbuffered 
SBF solution, the phosphate ion concentrations reached 
4 - 6 mg·l-1 from the original 105 mg·l-1 (original SBF). 
The decrease in the calcium and phosphate ions in the 

Figure 3.  Concentration of the (Ca)2+ ions in the: a) SBF+T and b) SBF solutions during the interaction with the bioceramic 
materials.

Figure 4.  Concentration of the (PO4)3- ions in the: a) SBF+T and b) SBF solutions during the interaction with the bioceramic 
materials.
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solution (i.e., the kinetics of the calcium phosphate 
precipitation) is much more influenced by the specific 
surface of the samples in the buffered solutions than in 
the unbuffered ones (Figure 3a and 4a). In the unbuffered 
solutions, the kinetics is similar for all the samples and 
test conditions (Figure 3b and 4b).
	 Figure 5 shows the pH values in the SBF and 
SBF+T solutions during the interaction with the high 
and low porous synthetic HA.
	 The found changes in the calcium and phosphate 
ions concentrations in the SBF and SBF+T solutions are 
confirmed by the changes in the pH values in both types 
of solution (Figure 5a, b). The trends best demonstrate 
the influence of the SBF+T solution which maintained 
a stable pH throughout the in vitro assay (Figure 5a). 
For the sintered material, the change was only slightly 
higher at 7.5 compared to the porous material, where 
the measured value was 7.4. The difference between 
the solution volumes (50 and 100 ml) was also minimal 
for the buffered solution. However, in the unbuffered 

SBF solution, a significant change from the original 
value (7.4) occurred in all the cases and all the volumes, 
most notably in the first 7 to 14 days of interaction, up 
to around 7.9 to 8.2. Thereafter, the pH decreased and, 
at the end of the experiment, the values slow down to 
7.5 to 8. The sintered material (HA-L) responded most 
sensitively to both the buffered and unbuffered solutions, 
as the values were around 7.4 - 7.5 in the case of SBF+T 
and around 7.9 - 8 in the case of SBF.

CONCLUSIONS

	 The purpose of this paper was not to criticise the 
standard or to strictly identify properties of the tested 
commercial bioceramic materials. The commercial 
material was chosen due to the good possibility of its 
analysis in comparison with newly developed materials. 
The in vitro test conditions were proposed rather to 
reflect on how they may influence the results. The bone 
hydroxyapatite (HAp), which is a sign of bioactivity of 

the material, precipitated under all the conditions used. 
This was expected when testing commercial granules 
of synthetic hydroxyapatite. However, it is obvious that 
the morphology, size, density and thickness of the layer 
vary under different test conditions and they are also 
influenced by the surface of the material. The analyses 
of the solutions positively confirmed the dramatically 
different rates of ion removal, which was most pronounced 
during the first 7 days. The pH analyses of the buffered 
and unbuffered solutions clearly detected the influence 
of the Tris buffer. The development of new ceramics or 
glass-based fragmented biomaterials (granules, crumbs, 
powders), therefore, poses questions as to which in vitro 
test conditions should be used to predict their bioactive 
properties. It is necessary to select such test conditions, 
i.e., combinations of the material, solution, weight of the 
tested material, its porosity, surface area, volume of the 
solution and solution replacement or flow, which will not 
affect the results in a positive or negative manner.
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