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Abstract

:

Replacement of damaged or missing bone tissue is a serious problem in orthopedic surgery. Although various artificial materials are available, none of them fulfil the requirements completely. In this study, new bone substitute materials, silica aerogel-based β-tricalcium phosphate, and hydroxyapatite composite ceramics, along with a control sample were synthesized and tested. Porosities and pore size distribution curves were determined by nitrogen gas adsorption/desorption porosimetry, and surface morphology changes were studied by scanning electron microscopy. Bioactivities were tested in vitro by soaking the samples in simulated body fluids (SBF). Three new advanced SBFs containing eight essential amino acids and bovine serum albumin were developed, extending the complexity of the original simulated body fluid in order to approximate the human blood plasma’s composition more accurately. Each sample was treated with SBF1–SBF4 for two weeks. According to our results, it seems to be necessary to re-evaluate hydroxyapatite deposition as proof of bioactivity of artificial bone substitutes when synthetic body fluids analogous in their composition to human blood plasma are used in studies.
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1. Introduction


The human skeleton may be damaged by injuries, traumas, infections, tumors or age-related changes resulting in significant loss of bone mass and volume [1]. The current surgical techniques and methods use autologous bones and bone matrices from scarcely available natural sources, as well as artificial materials, which do not suffer from limited availability [2,3,4]. Bone substitutes should, as a minimum requirement, show high biocompatibility and adequate mechanical strength. The modern materials have bioactive surface and open macroporosity, to provide the necessary space for vascularization and bone tissue ingrowth. The latest generation of functionalized bioactive bone substitute materials promotes new bone formation, catalyzes the regenerative mechanism of the body as a result of the great mechanical strength take over the supporting function of the skeleton and, due to their resorbable nature, makes complete regeneration of the original tissue feasible [5,6].



Several types of materials known from the literature are used for hard tissue engineering [7,8,9,10]. The most widely used ones are bioactive glasses [11,12,13,14,15], calcium phosphate-based cement and ceramics, biodegradable polymer-based composites, and special alloys (Ti, Zr) etc. [16,17,18,19,20,21]. All the materials have numerous advantages but none of them fulfil the requirements completely.



Most recently, a new type of artificial bone substitute materials, silica aerogel-based composites containing calcium phosphates guest particles, have been developed. They combine the advantageous bioactivity of calcium phosphate ceramics with the very high porosity and permeability of the aerogel structures and the induction of type I collagen formation by the silicate ions [22,23,24]. Animal studies showed promising bone regenerative activity, while adhesion and proliferation of SAOS2 cells on the surface might indicate potential therapeutic use. A further advantage of the aerogel matrix is that the mechanical strength of the grafts can be tailored by heat treatment in the 5–110 MPa region, and the macro- and mesoporosity may be tuned from a few nanometers to a millimeter scale [25,26,27].



Artificial materials intended for clinical use are studied by in vivo and in vitro methods in simulated body fluids (SBF) to evaluate their biocompatibility [28,29]. In these model fluids, the ability of apatite formation on the surfaces can be tested. Most SBFs do not contain proteins, amino acids, or vitamins; only the inorganic ions of blood plasma are present in the same concentration as in the natural fluids. The tests may be either dynamic or static in nature. Taking the constant flow of the body fluids into consideration, the dynamic method might be considered a better way to evaluate biocompatibilities [30]. However, static tests are less complicated and widely accepted in the literature. Nevertheless, the results of these tests do not always match the results of the in vivo tests [31,32,33], which means that in order to evaluate the bioactivity of the artificial materials correctly, the in vitro experiments are not enough.



Another method to estimate biocompatibility is the use of stem cells [34,35,36,37]. Cell studies are much more expensive than the SBF experiments, and they require sterile laboratory conditions, qualified life scientists, and proper microscopy technique; but they may provide more accurate evidence of bioactivity.



It has been reported that adsorbed proteins can influence the dissolution and crystallization of different calcium phosphates. Studying these factors is very useful for a correct simulation of the in vivo conditions [38,39,40].



Here we report the surface behavior and hydroxyapatite formation ability of silica aerogel-based calcium phosphates composites in a series of new simulated body fluids. New SBFs, containing amino acids and bovine serum albumin, were designed to approximate the chemical environment of blood more accurately than before and used to study their effect on bioactive surfaces in vitro. Effects of the amino acid/protein content on the formation potential and morphology of hydroxyapatite layer deposition are discussed.




2. Materials and Methods


2.1. Materials


Methanol (technical grade), acetone (technical grade), and 25% m/m ammonia solution (analytical reagent grade) were purchased from Molar Chemicals Kft. (Halásztelek, Hungary). The inorganic salts (NaCl, KCl, MgCl2·6 H2O, CaCl2, Na2SO4, NaHCO3, K2HPO4), tetramethyl orthosilicate (TMOS) (purum), β-tricalcium phosphate (purum), hydroxyapatite (puriss), urea (reagent grade), microcrystalline cellulose, and bovine serum albumin (assay ≥ 98%) were obtained from Sigma-Aldrich (St. Louis, MO, USA). Tris(hydroxymethyl)aminomethane (TRIS) (analytical reagent grade) and the applied amino acids (GA, Ala, Gly, Pro, Leu, Lys, Ser, Val) (analytical reagent grade) were purchased from Reanal Finomvegyszergyár Kft. (Budapest, Hungary). Kanamycine sulphate monohydrate and gentamicin sulphate were obtained from Duchefa Biochemie B.V. (Haarlem, Netherlands). DI water was prepared by a MilliQ instrument and sterilized by boiling for 10 min. All vessels used in the SBF studies were steam-sterilized prior to use.




2.2. Preparation of Silica Aerogel-Based Composites


The samples were prepared by the base-catalyzed sol-gel technique [41]. The following general recipe was applied for the preparation of the samples containing a mixture of tricalcium phosphate and hydroxyapatite as additives in 1:1 ratio. First, two solutions (‘A’ and ‘B’) were prepared. Solution A was made of 45.0 mL (1.112 mol) methanol, 8.00 mL (0.444 mol) distilled water, 15.00 mL (0.113 mol) diluted (1:1) NH3 solution (obtained by diluting 10.0 mL of 25% NH3 solution with 10.0 mL water), and 30.0 mL (0.100 mol) urea solution (obtained by dissolving 10.0 g urea in 50.0 mL methanol). Solution B contained 35.0 mL (0.865 mol) methanol and 15.0 mL (0.102 mol) tetramethoxysilane. Measurements of 2.50 g (8.06 × 10−3 mol) β-tricalcium phosphate, 5.00 g cellulose, and 2.50 g (4.98 × 10−3 mol) hydroxyapatite were added to solution A under intensive stirring. Solutions A and B were then mixed under vigorous stirring.



In order to avoid the aggregation of the additives, the sol was stirred until it turned very viscous, but gel setting had not yet begun. At that point, it was transferred into cylindrical plastic molds (66 mm × 28 mm), then sealed with parafilm and allowed to gel at room temperature overnight.



A control sample free of active additives was prepared by the same manner. In that case, solution A contained 48.0 mL (1.186 mol) methanol and 12.0 mL (8.13 × 10−2 mol) TMOS, while solution B was made of 48.0 mL (1.186 mol) methanol, 12.0 mL (0.667 mol) distilled water, 8.0 mL (0.118 mol) aqueous ammonia solution (25% m/m), and 5.0 g cellulose.



After that, the samples were transferred to perforated aluminum frames which provided mechanical support for the gels and allowed a quick and efficient exchange of the solvents before supercritical drying. All gels were soaked in methanol-cc NH3 (8:1) and pure methanol—each for a day—in order to purify them and to remove water. Then methanol was gradually replaced by acetone, in 25% increments. Finally, gels were stored in a copious volume (2 L) of freshly distilled dry acetone for three days. The supercritical drying was carried out in a custom-made high-pressure reactor according to a general procedure published in our previous works [42,43].



The aerogels were calcined in a programmable temperature furnace in order to achieve suitable mechanical strength. First, cellulose and other organic components were burned out at 500 °C/8 h, next the temperature was raised at 100 °C/h rate and kept for 1 h in each step, up to 1000 °C to provide sample S1000. The monolithic S1000 was cut in three, and two parts were transferred for further heat treatment. Sample S1050 was calcined at 1050 °C for 1 h, and sample S1100 at 1100 °C for 1 h. The samples were cut from the corresponding monolithic block with a diamond blade cutter. The control sample containing no calcium phosphates was calcined as described for S1000. Photographs of the as-prepared aerogel composites are in the Supplementary Materials, Figure S1.




2.3. Characterization


Nitrogen gas porosimetry measurements were performed on a Quantachrome Nova 2200e surface area and porosity analyzer (Quantachrome Instruments, Boynton Beach, FL, USA). The calcined pieces of samples were ground in a mortar and outgassed under vacuum at 300 °C for 3 h before the measurements. Adsorption–desorption isotherms recorded can be found in the Supplementary Materials, Figure S3.



Scanning electron micrographs (SEM) were recorded on a Hitachi S-4300 instrument (Hitachi Ltd., Tokyo, Japan) equipped with a Bruker energy dispersive X-ray spectrometer (Bruker Corporation, Billerica, MA, USA). The surfaces were covered by a sputtered gold conductive layer. A 5–15 kV accelerating voltage was used for taking high-resolution pictures.




2.4. Simulated Body Fluid Compositions


Four types of SBFs were prepared (denoted as SBF1, SBF2, SBF3, and SBF4). The composition of SBF1 was the same as that of the original solution given in the literature [29]. The original preparation process, however, is time-consuming and a little complicated, furthermore the storage life of the solution is limited. Thus, we applied the other method [44] and prepared two stock solutions (A and B) containing groups of the compounds, which cannot form a precipitate with each other and can be stored for several weeks in solution. First, Tris stock solution was produced by dissolving 1.2115 g tris(hydroxymethyl)aminomethane in distilled water and filled up to 100.0 mL. Solution A was made of NaCl, KCl, MgCl2·6H2O and CaCl2. Solution B contained Na2SO4, NaHCO3, and K2HPO4. The exact amounts of the salts and the chemical composition of the simulated body fluids are summarized in Table S1.



To create SBFs with amino acids and bovine serum albumin (SBF3 and SBF4), first, a 100.0 mL stock solution of amino acids was prepared. Eight amino acids (glutamic acid, alanine, glycine, proline, leucine, lysine, serine, and valine) were dissolved and 1.00 mL of this solution was added to solutions A and B as well. The average concentration of serum albumin in human blood plasma is 35–50 g/L, thus we dissolved 4.0 g bovine serum albumin (BSA) in solutions A and B, in order to simulate the composition of the human blood plasma more accurately.



The pH of the stock solutions was set to 7.4 by adding HCl solution, as required. The masses of HCl given in the table are total masses added to solutions A and B. To prevent bacterial infections, all types of SBFs were kept sterile by adding kanamycin in a concentration of 100 mg/L and gentamicin in a concentration of 50 mg/L as biocide agents in stock solutions A and B. All stock solutions were stored in sealed bottles in the dark. To prevent unwanted bacterial growth in the SBFs, two antibacterial agents Gentamicin and Kanamycin were added to the solutions. Figure S2 shows a scanning electron micrograph of a sample surface when bacterial infection occurred.



The final SBF solutions for biocompatibility studies were created by mixing equal volumes of solutions A and B directly before use. The pH of the SBFs was set to 7.4 after mixing, if necessary.




2.5. In Vitro Study of Bioactivity


Two granules (4—4.5 mg each) of each sample were soaked in the selected SBF solutions under static conditions for two weeks, in filled-up and hermetically sealed 4 mL glass vials. The weight/volume ratio was 0.001 g/cm3, the volume/surface area ratio was 0.28 cm3/mm2, which is higher than that proposed by Kokubo et al. due to the porous structure of the samples [29]. The vials were thermostatted at 37 °C. After 14 days, the particles were rinsed thoroughly with distilled water, then with methanol, and allowed to dry under ambient conditions.





3. Results


3.1. Porosity of the Samples


Figure 1 shows the pore size distribution graphs of the samples determined by the Barrett–Joyner–Halenda (BJH) method, and the cumulative pore volumes as a function of the pore diameters. The wide peak maxima at about 30 nm (Figure 1a,b) shifted to the lower mesopore region (Figure 1c,f) when the samples were heated at 1000 °C, and fell below 10 nm at higher temperatures for S1050 and S1100 (Figure 1d,e). In the latter cases, however, no characteristic pore size could have been determined. The specific surface area determined by the multipoint BET method (SBET) of the control sample (calcined at 1000 °C) (Figure 1f) was 159 m2/g, and the pore size distribution curve maximum was at 24 nm. The parameters regarding the porosity of the samples are summarized in Table 1. The specific surface areas were determined by the Brunauer-Emmett-Teller (BET) method.



The size, weight, and density of the samples varied as well, as a result of the heat treatment. The increasing of the density is in good correlation with the decreasing porosity. From the initial 0.2 g/cm3 the density increased to approximately 1.4 g/cm3. The compressive strength of the sample S1000 heated at 1000 °C was approximately 21 MPa, and 81 MPa of the sample S1100 heated at 1100 °C.




3.2. Study of Biocompatibility


The biocompatibility of the samples was tested by soaking their granules in all four types of simulated body fluids.



Chemical compositions of the SBFs are summarized in Table 2. (Detailed experimental description of the composition is given in the Supplementary Materials, Table S1). In SBF1, the concentrations were the same as in the original model solution. The concentration of calcium-ion in SBF2 was only 1.25 mmol/L, in order to simulate the effect of the ‘free’ fraction of calcium ions, which is only about the half of the total calcium concentration in the blood serum [45]. The concentration of calcium ions was increased to 5.0 mmol/L in the cases of SBF3 and SBF4, to compensate the presence of serum albumin, which binds a portion of calcium ions and works as a calcium ion buffer [45]. In these two solutions, the available ‘free’ concentration of calcium ions was estimated to be the same as in SBF1. SBF4 had the same chemical composition as SBF3, except the concentration of the hydrogen-carbonate ion, which was increased to 27 mmol/L, to the same level that is present in the human blood plasma.



Figure 2 shows the scanning electron micrographs of surfaces of S1000 before and after soaking in the four simulated body fluids. The effect of the higher temperature on the untreated surfaces cannot be seen on the micrographs at the applied magnification. The difference between the images is the surface of the samples treated at the different temperatures. The surface of the silica matrix of the samples heated at 1050 °C and 1100 °C is smoother than that of the samples heated at 1000 °C. The reason for this is the beginning of a viscous flow of the matrix at above 1000 °C. An SEM picture of the surface flow of a sample heated a 1200 °C is shown in Figure S11. The surface of the control sample seem to be a little bit different due to the sideway orientation of the specimen.



Hydroxyapatite deposition occurred only in SBF1: cauliflower-like globules (orange colored) and appeared on the surface after two weeks. The nature of surface deposit was confirmed by energy dispersive X-Ray (EDX, Bruker Corporation, Billerica, MA, USA) spectroscopy, the scanned area is shown in Figure S8, and the EDX spectrum in Figure S9. There was no precipitation on the sample’s surface treated in SBF2, no globules were noticeable. SBF3 contained amino acids and albumin as well. We could not detect any hydroxyapatite deposition in this case either. SBF4 contained albumin and amino acids; and the concentration of the hydrogen carbonate ion was increased to the same level as is in the human blood plasma, 27.0 mmol/L. On the basis of the scanning electron micrographs, we could not detect any visible positive or negative effect of the increased hydrogen carbonate ion concentration. There was no precipitation on the surfaces of the samples calcined at 1050 °C and 1100 °C (Figure 3), which may indicate the negative effect of the high calcination temperature. There was no hydroxyapatite precipitation on the control sample’s surface either, which indicates the important role of the calcium-rich binding sites in the silica matrix.



The scanning electron micrographs of S1050, S1100, and of the control samples treated in SBF2, SBF3, and SBF4 are shown in the Supplementary Materials (Figures S5–S7).





4. Discussion


Specific surface areas and pore size distribution curves of the samples varied significantly with the heating temperature. The samples calcined at 500 °C had a high specific surface area, and their characteristic pore size could have been determined from the pore size distribution curves. Specific surface areas decreased very significantly when the heating temperature was increased to 1000 °C and decreased even further by increasing the temperature from 1000 to 1050 °C and then to 1100 °C.



In order to provide reliable and comparable test results and to avoid false positive or negative effects in the SBF studies, all calcium phosphate-containing samples were cut from the same monolith, as described in the Materials and Methods section. Fluctuations in the chemical composition, as well as morphology differences due to slightly different synthetic/aging/drying conditions, can be eliminated by this method. Hydroxyapatite deposition occurred only in SBF1. Since the solution SBF2 was not supersaturated for any of calcium phosphates, the nucleation did not start in two weeks. Even when we increased the calcium ion concentration to 5.0 mmol/L, there was no hydroxyapatite deposition on the surface of S1000 in the SBF3. In the human blood plasma, the protein-bound calcium concentration is about 1.15 mmol/L and 90% of this is bound to albumin. Under normal conditions, only 10% of the binding sites of the albumin are utilized. When an excess of calcium is loaded, not only the free calcium ion concentration increases in the body fluid, but it also results in a simultaneous increase in the concentration of all calcium-containing species, especially in the protein-bound fraction. Thus, the net change in the free calcium level is significantly lower than expected [45]. The reason for the lack of hydroxyapatite precipitation in SBF4 is the same as in the case of SBF3. Although the total concentration of the calcium ion was 5.0 mmol/L, the free ion concentration was under the supersaturated level due to the presence of the albumin, so the precipitation did not occur within two weeks.



The high calcination temperature may negatively affect the in vitro bioactivity. The silica matrix undergoes a slow, viscous flow and shrinking during the heat treatment and the melted silica can partly cover the calcium-rich binding sites (Figures S10 and S11). Additionally, dehydration of the silica matrix continues at elevated temperatures, resulting in a significant drop in the number of surface functional silanol groups, and a decrease in the rehydration capability of the silica surfaces [54]. Consequently, the surface of the sample changes continuously, the ion exchange process between the surface silanol groups and the model fluid becomes more and more inhibited and that change is mirrored by their in vitro bioactivities.



Nevertheless, studying samples of different chemical compositions can lead to a contradictory result. In a previous study, samples containing only β-tricalcium phosphate were tested in the original Kokubo’s simulated body fluid (SBF). One sample was sintered at 1050 °C and the other at 1100 °C. After two weeks, a hydroxyapatite layer appeared on the surfaces of both samples (scanning electron micrographs are in the Supplementary Material: Figure S4). The reason for this can be the strong basic character of β-tricalcium phosphate, which can cause a change in the pH of the simulated body fluid in the vicinity of the tricalcium phosphate (TCP) particles. Furthermore, it is well known that the solubility of the calcium phosphates decreases at higher pH [55]. Thus, if the pH is high enough in the nearly supersaturated solution, spontaneous crystal formation can occur even if the sintered silica aerogel matrix reduces the number of the calcium binding sites.




5. Conclusions


New types of simulated body fluids were prepared with improved compositions in order to simulate the content of human blood plasma more precisely. Four types of aerogel-based material were tested in all of the model solutions. The sample, which was referred to be as bioactive according to the results obtained by soaking it in the original model solution, did not show hydroxyapatite formation ability in the modified solutions. The reason for this may be the altering of the calcium ion concentration, which was under the supersaturated level in those solutions. Studies on the effect of the calcination temperature confirmed that the samples treated at 1050 °C or above do not show in vitro bioactivity. Nevertheless, if we study samples which possess only calcium phosphate in the matrix, we obtain contradictory results. This can be explained by the strong basic character of the calcium phosphate, by which the pH may increase in the simulated body fluid under static, unstirred conditions. Regarding the increased HCO3− ion concentration, we could not detect any positive or negative effect.



Obviously, the lack of the hydroxyapatite deposition in the modified body fluids is in good agreement with the behavior of the living organisms. In vivo, hydroxyapatite layer formation occurs only in the active cellular remodelling phase of the bone tissues, and no hydroxyapatite is formed spontaneously just by contact with the blood serum. Furthermore, the same types of aerogel-based ceramic materials were studied in vivo earlier in a series of animal experiments and showed excellent bioactivities in rats [56,57]. From the results, we must conclude that the better we approach the physiological conditions, the less reliable the in vitro tests are, and it is not recommended to rank or sort off the artificial bone substitute materials only on the basis of their in vitro performances.








Supplementary Materials


The following are available online at www.mdpi.com/link, Figure S1: Pictures of the obtained aerogels after the supercritical drying process. The control samples (a), contained only cellulose as additive. The rightward barrels (b) contained cellulose, tricalcium phosphate and hydroxyapatite. The additives are distributed homogeneously in both samples, Figure S2: Scanning electron micrograph of an infected sample from an earlier experiment. Due to the non-sterile conditions, unicellular microbes – for example Pseudomonas aeruginosa or Escherichia coli (blue coloured) - appeared on the surface of the sample, Figure S3: Nitrogen adsorption-desorption isotherms of the studied samples. The samples sintered at 500 °C adsorbed great amount of nitrogen (a and b), while with the increasing sintering temperature the volume of the adsorbed gas decreases progressively (c and d). The samples possessed porous structure even after sintering at 1100 °C (e), although both the specific surface area and the pore diameter decreased significantly. The control sample (f) did not contain any additive, that is why it adsorbed more nitrogen gas and so had greater specific surface area then the sample S1000 sintered at the same temperature, Figure S4: Scanning electron micrographs of aerogel bioceramic samples containing calcium-phosphate. The samples, sintered at 1050 °C (a) and 1100 °C (b), were soaked in simulated body fluid for two weeks. Hydroxyapatite with the typical cauliflower like structures (orange coloured) appeared on the surfaces of both samples. SEM EDX identification of the surface deposit is shown in Figure S8 and Figure S9, Figure S5: SEM micrographs of the samples soaked in SBF2. Due to the low effective calcium ion concentration, there was no hydroxyapatite deposition after 14 days, Figure S6: The SEM micrographs of the samples treated in SBF3. Due to the calcium complex formation property of serum albumin and the amino acids, there was no hydroxyapatite precipitation after two weeks, Figure S7: The SEM micrographs of the samples treated in SBF4. There was no hydroxyapatite deposition after fourteen days. The reason of this is the same as in case of SBF3, the albumin acted like a buffer and decreased the free calcium ion concentration. Thereby the solution was not supersaturated, the nucleation did not occur, Figure S8: SEM picture of HA surface deposits on an aerogel-based biocomposite material formed in the original Kokubo’s simulated body fluid. White rectangele indicate placement of EDX beam. Spectra recorded for the area is given in Figure S9, Figure S9: EDX spectrum of the surface deposit area indicted by a white rectangle in Figure S8. Ca and P peaks are characteristic and intense, while Si peak is relatively low. The intensity of silicon peak is variable in such samples in general, as the base silica aerogel layer is also excited, Figure S10: SEM picture of the silica aerogel matrix of artificial bone substitute materials in 8k and 64k magnification. Mesoporous nanostructure and overlapping 50-70 nm secondary globuli are shown in the right picture. The porous fine structure clearly demonstrates the basic difference between aerogel-based and traditional ceramic-based bioactive artificial bone substitute materials, Figure S11: SEM picture indicates that the high temperature (1200 °C) viscous flow of silica aerogel that covers the entire surface of HA and TCP particles in the composite material, Table S1: Chemical compositions of the prepared simulated body fluids.
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Figure 1. Pore size distribution (▲) and cumulative pore volume (●) curves determined by the BJH method. The samples calcined at 500 °C had a high specific surface area, but it decreased very significantly when the heating temperature was increased to 1000, 1050, and then 1100 °C. The characteristic pore size could be determined from the pore size distribution curves, except for S1050 and S1100. The specific surface area of the control sample (calcined at 1000 °C) was 159 m2/g, and the pore size distribution curve maximum was at 24 nm. 
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Figure 2. SEM micrographs of the untreated surface of the sample S1000 (top picture) and after soaking in the four types of simulated body fluids. The typical cauliflower-like structure of deposited HA can be seen only on the surface of S1000 treated in SBF1 (orange colored, similar to the ones found in the literature [50,51,52,53]). 
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Figure 3. SEM micrographs of the samples calcined at 1050 °C (S1050) and 1100 °C (S1100) and the control sample. There was no hydroxyapatite deposition on the surfaces of the samples. 
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Table 1. Calculated parameters of the porosity of the samples. The specific surface area was obtained by the BET model, the pore size distribution and the pore volume were determined by the BJH method.
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Obtained Parameters

	
Samples

	
Control Sample






	
Calcination temperatures:

	
500 °C

	
1000 °C

	
1050 °C

	
1100 °C

	
500 °C

	
1000 °C




	
SBET (m2·g−1)

	
331

	
76

	
9

	
4

	
540

	
159




	
d (nm)

	
32

	
14

	
n/a

	
n/a

	
32

	
24




	
Vtotal (cm3·g−1)

	
1.5807

	
0.321

	
0.0329

	
0.0113

	
1.6274

	
0.865




	
Vmacropore (cm3·g−1)

	
0.1159

	
0.007

	
0.0022

	
0.0029

	
0.2066

	
0.01




	
Vmeso-and micropore (cm3·g−1)

	
1.4648

	
0.314

	
0.0307

	
0.0084

	
1.4208

	
0.855
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Table 2. Chemical compositions of the human blood plasma and applied simulated body fluids SBF1–SBF4.
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	Components
	Blood Plasma (mmol·L−1)
	SBF ** (mmol·L−1)
	SBF1 (mmol·L−1)
	SBF2 (mmol·L−1)
	SBF3 (mmol·L−1)
	SBF4 (mmol·L−1)





	Ca2+
	2.5
	2.5
	2.50
	1.26
	5.01
	5.02



	HPO42−
	1
	1
	1.00
	1.00
	1.00
	1.00



	Na+
	142
	142
	141.98
	142.02
	142.02
	142.03



	Cl−
	103
	148.5
	152.83
	150.60
	154.55
	133.46



	Mg2+
	1.5
	1.5
	1.50
	1.50
	1.51
	1.50



	K+
	5
	5
	5.01
	5.02
	4.99
	5.02



	SO42−
	0.5
	0.5
	0.50
	0.51
	0.50
	0.50



	HCO3−/CO32−
	27
	4.2
	4.19
	4.19
	4.20
	27.00



	TRIS
	-
	5
	5.00
	5.00
	5.00
	5.00



	Kanamycin
	-
	-
	0.21
	0.21
	0.21
	0.21



	Gentamicin
	-
	-
	0.11
	0.10
	0.10
	0.11



	Glutamic acid *
	0.05–0.30
	-
	-
	-
	0.19
	0.19



	Alanine
	0.31–0.38
	-
	-
	-
	0.36
	0.36



	Glycine
	0.11–0.29
	-
	-
	-
	0.24
	0.24



	Proline
	0.17–0.21
	-
	-
	-
	0.21
	0.21



	Leucine
	0.11–0.16
	-
	-
	-
	0.12
	0.12



	Lysine
	0.13–0.18
	-
	-
	-
	0.17
	0.17



	Serine
	0.088–0.094
	-
	-
	-
	0.09
	0.09



	Valine
	0.19–0.24
	-
	-
	-
	0.22
	0.22



	Serum albumin (g·L−1)
	35–50
	-
	-
	-
	40
	40







* Average concentrations of amino acids from references [46,47,48]; ** Original Kokubo’s solution, from reference [49].
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