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Abstract 

This work reports the biological evaluation of nanosized hydroxyapatite (HAp) 

previously synthesized by continuous-flow precipitation in a scaled-up meso oscillatory 

flow reactor (meso-OFR). Physico-chemical characterization of the synthesized HAp 

suggests high surface reactivity namely because of its high specific surface area and low 

crystallinity. On the other hand, in vitro biomineralization assays demonstrated the 

apatite-forming activity of the prepared HAp. Furthermore, human osteoblastic-like 

(Saos-2) cells culture evidenced that the synthesized HAp stimulated cell proliferation, 

especially when applied at lower concentrations (30 and 50 µg/mL), although its 

cellular uptake behavior. Therefore, the prepared HAp shows immense potential as 

biomedical material, as well as drug and gene delivery vehicle. The results are also very 

promising regarding further scaling up of the process, as the designed methodology 

allow for the preparation in a continuous mode of nanosized HAp with controlled 

physico-chemical properties.  
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Introduction 

Calcium phosphates (CaPs) have been extensively used in biomedical applications, 

namely as substitute materials in dentistry and orthopaedic surgery for the regeneration 

of damaged hard tissues [1–3]. Hydroxyapatite (HAp), Ca10(PO4)6(OH)2, is the most 

well-known CaP since it shares similar chemical and crystallographic properties with 

the main inorganic component of bone and teeth enamel [2,4,5]. These attributes infer 

exceptional biocompatibility, bioactivity, and osteoconductivity [6], providing HAp the 

capability to lead to bone formation/mineralization and form bonds with the 

surrounding bone and connective tissues [7]. In this context, nanosized HAp has 

stimulated great interest in bone tissue engineering. Indeed, features of HAp 

nanoparticles are closer to features of biological HAp, since the mineral part of human 

bone is mainly made of nanostructured HAp crystals [2,4,8–12]. According to the 

literature, nanosized HAp has demonstrated to exhibit better biological properties when 

compared to that of coarser grained HAp [4,9–12], promoting more readily 

osteointegration and subsequent bone tissue formation. Studies have reported that HAp 

nanoparticles exhibit improved sinterability and enhanced densification due to greater 

surface area [9,10]. Further, nanosized HAp is expected to have better bioactivity when 

compared to microsized HAp [11,12].  

However, several other applications of HAp nanoparticles are also in progress. For 

instance, nanosized HAp demonstrates great potential as delivery vehicle for molecules 

such as proteins, drugs and DNA [11,13]. Besides its established biocompatibility 

[13,14], its high specific surface area and high surface reactivity promote an easy 

binding of great amount of molecules through simple adsorption [15–17]. In addition, 

its small size precludes immune system activation [13]. Due to its low solubility in 

physiological conditions, HAp provides a protective environment that shields molecules 
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from degradation, while providing a pathway for controlled release [13,16,18]. More 

recently, surface modification of HAp nanoparticles has been performed through their 

conjugation with functional groups to provide a cell- or tissue- specific drug delivery 

[13]. In this way, concentration of drugs in the bloodstream is minimized and therefore 

systemic toxicity is reduced [16]. HAp nanoparticles composites have been prepared as 

well, to enhance and attribute additional properties, such as antimicrobial properties 

through silver incorporation [19,20] and enhance osteoblasts function (like 

proliferation) by doping with metal ions [18]. Other functional properties such as 

photoluminescence [14,15] and magnetism [21,22] can be attributed to HAp 

nanoparticles through doping and magnetite material combining, enabling hence their 

use in bioimaging and cancer therapy, respectively.   

Nanosized HAp particles can be prepared by a variety of methodologies including wet 

chemical precipitation, hydrothermal technique, sol-gel approach, microemulsion and 

solid-state reaction [12,23,24]. Among these methods, wet chemical precipitation is the 

most simplest route for the synthesis of nanozised HAp [24,25]. Besides its low cost 

and easy application in industrial production [25], wet chemical precipitation has the 

advantage of a precise control over the morphology and size of particles [12]. However, 

precipitation from solution has the disadvantage of lacking control of the phase purity of 

nanoparticles [12,26]. On the other hand, traditional wet mechanochemical processes 

usually lead to post-processing aggregation problems. Therefore, finding conditions for 

a controllable synthesis of nanosized HAp with specific characteristics is a relevant 

scientific and technological challenge [27]. 

Recently, we reported the preparation of HAp nanoparticles by continuous-flow 

precipitation in a scaled-up meso oscillatory flow reactor (OFR), under near-

physiological conditions of pH and temperature [28]. The synthesized HAp 
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nanoparticles show improved characteristics when compared to the HAp nanoparticles 

produced in a stirred tank batch reactor and a commercial HAp, namely a narrow size 

distribution and a mean size (d50) of about 77 nm. The scaled-up meso-OFR used is 

based on a mesoscale (millilitre) device that was redesigned to suit some of the 

bioprocess applications requirements. The sharp baffles were replaced by smooth 

periodic constrictions (SPC), thus reducing the high shear regions that may be crucial to 

some cell cultures. The straight tube and the smooth periodic constrictions were 

incorporated as a single piece, thus making it easy for sterilisation. Additionally, the 

meso-OFR has been proved to result into significant enhancement in processes such as 

mass transfer and particle mixing [29–31] due to its efficient mixing mechanism 

(oscillatory flow mixing). The liquid or multiphase fluid is typically oscillated in the 

axial direction and this motion interacts with the constrictions forming vortices, mixing 

intensity being controlled by the oscillation frequency and amplitude. In turn, traditional 

stirred tank batch reactors usually employed for the production of synthetic HAp often 

lead to inconsistences in product specifications due to their low mixing efficiency [32]. 

Furthermore, batch mode operation provides only limited amounts of material and 

crystallization conditions may change during multiple syntheses, while continuous 

mode operation allows a more efficient use of reagents and enhanced reproducibility of 

results because all material crystallizes under uniform conditions [33].  

In the present work, the biological evaluation of the HAp nanoparticles prepared in the 

scaled-up meso-OFR is assessed as an alternative route for commercially solutions 

presently available in the market for biomedical purposes. A comparative study was 

developed to evaluate the effect of the HAp particles on cell viability, proliferation and 

morphology (MTS, DNA and SEM analysis). In addition, simulated body fluid (SBF) 
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studies up to 60 days were carried out in order to provide an indication of the in vitro 

mineralization potential of the synthesized HAp nanoparticles.  

Experimental section 

HAp nanoparticles synthesis  

HAp nanoparticles were synthesized by continuous-flow precipitation in a scaled-up 

meso-OFR with an approximate volume of 30 mL (Figure 1). The nanoparticles were 

obtained by mixing a saturated calcium hydroxide (Sigma-Aldrich, 95%) aqueous 

solution (0.01926 M) and an orthophosphoric acid (Sigma-Aldrich, 85%) aqueous 

solution (0.01154 M). The initial mixing molar ratio Ca/P was 1.33 and the residence 

time τ was 3.3 min. The mixing conditions, i.e., the frequency, f, and the amplitude, x0, 

were fixed at 0.83 Hz and 4.5 mm, respectively. Experiments were conducted under 

near-physiological conditions of temperature (37 °C) and pH (6.65), which is 

particularly relevant when preparing HAp for medical purposes. It is important to 

underline that the HAp nanoparticles were used as-prepared, without thermal treatment 

and without granulometric separation. Further details on the experimental installation as 

well as the methodology can be found in Castro et al. [28].
  

Figure 1 

 

HAp nanoparticles characterization 

Suspensions were withdrawn at the outlet of the meso reactor, centrifuged (at 1500 rpm 

for 5 min), and washed twice with ultrapure water and pure ethanol (99.8%), which 

stops the solid−liquid reaction
21

. The precipitate was then dried overnight at 60 °C and 

weighed for the estimation of the mass of the crystals obtained, giving an approximate 

yield of 1 mg/mL. The obtained powder and a commercial HAp (Calcium 

hydroxyapatite, Spectrum, minimum 40 meshes, Ca5HO13P3) were characterized by X-
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ray diffraction (XRD; PanAlytical X’Pert PRO Alfa-1 diffractometer with λ Cu Kα = 

1.540 56 Å), Fourier transform infrared spectroscopy (FTIR; Bomem MB-154S), and 

scanning electron microscopy (SEM; FEI Quanta 400FEG ESEM/EDAX Genesis X4M 

with an accelerating voltage of 15 kV and 20 kV), where samples were covered by a 10 

nm layer of gold. The Ca/P molar ratio was calculated for both synthesized and 

commercial HAp, after dissolving the powders in 0.5 M HCl solution and quantifying 

the amount of calcium (Ca) and phosphorus (P) present. Atomic absorption 

spectroscopy (AA400, Perkin-Elmer, Norwalk, CT) was used to quantify the amount of 

Ca at 422.7 nm. To eliminate the interference of phosphate in the measurement of 

calcium, 0.1 mL of the sample solution was diluted in 5 mL of 0.625 % wt of LaCl3 that 

acts as a release agent. The P concentration was analyzed by the “molybdenum blue" 

method [34] using a UV-light spectrophotometer (Shimadzu UV 1800), at 820 nm. For 

both methods, 3 replicates were analyzed and the average values calculated. Multi point 

Brunauer-Emmett-Teller (BET) surface area measurements were also performed on a 

Quantachrome Autosorb AS-1 instrument at -196 °C. Prior to the analysis the samples 

were outgassed in vacuum at 300 °C for 2 h. Regarding particle size distribution, both 

synthesized and commercial HAp were analysed by laser diffraction (LS 230, Beckman 

Coulter).  

 

In vitro mineralization  

According to Kokubo and Takadama [35], the potential in vivo bioactivity of a 

biomaterial may be inferred by its ability to form apatite on its surface whilst immersed 

in simulated body fluid (SBF). Although SBF does not simulate accurately the 

physiological conditions [36] and some materials have shown not to mineralize in the 

presence of SBF [37,38], the presence of in vitro mineralization is considered a strong 
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indication of in vivo mineralization ability. In this way, a SBF solution was prepared in 

laboratory according to the Kokubo method [35]. Table 1 gives the ion concentration of 

SBF and its comparison with human blood plasma. Also, its pH was adjusted to 7.40 

exactly at 36.5 ºC. In vitro assays were then achieved by soaking 100 mg of HAp 

powder into 100 mL of SBF solution maintained at 37 ºC and under agitation at 50 rpm.  

HAp particles were incubated for various time periods (0, 1, 3, 7, 15, 30 and 60 days), 

without refreshing or adding SBF solution. After incubation for a particular time period, 

the samples were centrifuged at 5000 rpm for 5 min, and after decanting the 

supernatant, the particles were washed with ultra-pure water, and then with ethanol to 

stop the reaction. The drying was achieved in an oven at 60 ºC during 24 h. Assays were 

carried out in triplicate for both synthesized and commercial HAp particles (Calcium 

hydroxyapatite, Spectrum, minimum 40 meshes, Ca5HO13P3), assessed as a control 

condition. The SBF solution collected at each time point was characterized by 

Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-OES - Horiba Jobin 

Yvon Activa M) to evaluate the ionic exchange between HAp particles and SBF liquid, 

and the physico-chemical properties of the powders were studied by Fourier transform 

infrared spectroscopy (FTIR - Bomem MB-154S), X-ray diffraction (XRD - 

PanAlytical X’Pert PRO Alfa-1 diffractometer with λ Cu Kα = 1.540 56 Å) and 

Scanning Electron Microscopy (SEM - FEI Quanta 400FEG ESEM/EDAX Genesis 

X4M with an accelerating voltage of 20 kV).   

Table 1 

 

In vitro cytotoxicity and cell behavior  

 Seeding and exposure of Saos-2 cells to HAp nanoparticles  
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A human osteoblastic osteosarcoma cell line (Saos-2), was used to assess the eventual 

cytotoxicity and cell behavior in the presence of the produced HAp nanoparticles. For 

that purpose, cells were grown as monolayer cultures in standard basal medium 

consisting of Dulbecco’s Modified Eagle’s Medium (DMEM; Sigma Aldrich; 

Germany) supplemented with 10% fetal bovine serum (FBS; Biochrom AG, Germany) 

and 1% antibiotic-antimycotic solution (Gibco, GB). At confluence, cells were detached 

from the culture flasks using TrypLE Express enzyme with phenol red (Life 

Technologies, Carlsbad, CA), centrifuged, ressuspended in culture medium and seeded 

in 48-well cell culture plates (Falcon) at a density of 1x10
4
 cells/cm

2
. After 24 hours of 

attachment, cells were cultured under static conditions in basal medium supplemented 

with different concentrations (30 µg/mL; 50 µg/mL; 100 µg/mL and 200 µg/mL) of 

HAp particles, prepared in the meso-OFR and commercial HAp (Calcium 

hydroxyapatite, Spectrum, minimum 40 meshes, Ca5HO13P3), assessed as control 

condition. Cells were cultured for 1, 3 and 7 days in the presence of the tested HAp 

particles. Tissue culture polystyrene (TCPS; Sarstedt, USA) coverslips were used to 

assess cell morphology by SEM.  

 MTS assay 

A 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophynyl)-2H-

tetrazolium) (MTS) assay was performed to evaluate the cytotoxicity of the synthesized 

and commercial HAp particles in comparison to latex (positive control for cell death). 

After 1, 3 and 7 days of culture, the culture medium was removed and replaced by 300 

μL of mixed solution containing serum-free culture medium (without phenol red) and 

MTS (CellTiter 96 One Solution Cell Proliferation Assay Kit, Promega, PA, USA). 

After incubation for 3 h at 37 °C in an atmosphere with 5% CO2, the optical density 

(OD) was measured at 490 nm using a plate reader (Molecular Devices, CA, USA). Cell 
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viability was calculated by subtracting the mean OD value of the blank (samples 

without cells) from the ones of the tested concentrations of synthesized HAp and 

controls. The MTS assay was performed in triplicate (n=9). 

 DNA assay 

Saos-2 cell proliferation was assessed by using a fluorimetric double-strand DNA 

quantification kit (PicoGreen, Molecular Probes, Invitrogen Corporation, USA) 

following manufacturer’s instructions. Samples previously frozen at -80 ºC were thawed 

at room temperature and the supernatant fluorescence measured (485 nm excitation and 

528 nm emission) in a microplate reader (Synergy HT, BioTek Instruments, USA). 

DNA amount was calculated according to a standard curve and by subtracting the 

fluorescence measurements of samples without cells. 

 Cell morphology and distribution by SEM 

After each pre-defined culturing time, the cell-seeded TCPSs were washed with 

Phosphate Buffered Saline (PBS; Sigma, USA) and fixed with 2.5% glutaraldehyde 

(Sigma, USA) solution in PBS. After rising again with PBS, samples were dehydrated 

using a series of ethanol solutions (30%, 50%, 60%, 70%, 80%, 90% and 100% v/v) 

and treated with hexamethylidisilazane (HMDS; Electron Microscopy Sciences, USA). 

Samples were sputter coated with gold (Fisons Instruments, Sputter Coater SC502, UK) 

prior to analysis using a Leica Cambridge S360 Scanning Electron Microscope and the 

micrographs were taken at an accelerating voltage of 15 kV at different magnifications. 

 

Results and discussion 

Physico-chemical properties of synthesized HAp  

Synthetized HAp nanoparticles were previously characterised [28] in terms of their size 

(Figure 2) and morphology (Figure 3C and D). Results show that the synthesized HAp 
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has a lower mean size (d50 of about 77 nm) than the commercial HAp (d50 of about 400 

nm). They also evidence that the synthesized HAp is constituted by aggregated rod-like 

shaped nanoparticles (of about 100 nm long and 20 nm width), while the commercial 

HAp is characterized by aggregated rod-like shaped microsized particles.  

Figure 2 

Table 2 presents the estimated calcium and phosphorus concentration, the resulting 

Ca/P molar ratio as well as the specific surface area (SSA) of both synthesized and 

commercial HAp. Results evidence that both HAp powders have a Ca/P molar ratio 

higher than the stoichiometric value (1,67), suggesting thus carbonate substituted 

hydroxyapatite, characteristic similar to the apatite phase present in natural bone 

[11,27,39]. Additionally, it is possible to verify that the synthesized HAp has a lower 

amount of calcium when compared to the commercial HAp. Results also indicate that 

the prepared HAp has a higher specific surface area than the commercial HAp.  

Concerning phase identification and crystallinity, FTIR spectra (Figure 4) and XRD 

patterns (Figure 5) of both synthesized and commercial HAp (referred as synthesized 

HAp 0 days and commercial HAp 0 days) suggest that both powders are constituted by 

low crystalline calcium-deficient carbonated hydroxyapatite. From Figure 4 FTIR 

spectra exhibit apatite characteristic absorption bands [40], namely bands assigned to 

the phosphate group PO4
3-

 at 962–1100 cm
−1

 and the hydroxyl group OH
-
 at 3571 and 

630 cm
-1

. Broadening of the PO4
3-

 bands indicates small size and low crystallinity of 

both HAp powders [41,42]. The peak assigned to the stretching mode υS (3571 cm
-1

) of 

OH
-
 is not evidenced in the spectrum of the synthesized HAp, which may be due to an 

overlap with the broad peak of the adsorbed water around 3700–3000 cm
-1

. Presence of 

adsorbed water is also confirmed by the existence of a peak at 1643 cm
-1

, assigned to 

the bending mode υ2 of HOH. In the case of the prepared HAp, this could be related to 
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the process itself, as experiments were performed at low temperature and without a 

ripening (ageing) treatment [28]. Absorption bands were also observed at 1455 and 

1420 cm
-1

, especially in the spectra of the commercial HAp. Those are due to the 

stretching and bending modes of C–O and P–O bonds and air carbonated CO3
2-

 ions. In 

addition, the peak around 875 cm
−1

can be assigned to the vibrational frequencies of 

carbonate (CO3
2-

) or hydrogen phosphate (HPO4
2-

) ions. As to the peak observed around 

2360 cm
-1

, it
 
is associated to the atmospheric CO2.  Figure 5 shows the XRD patterns of 

both synthesized and commercial HAp powders. The diffraction peaks were identified 

using a reference pattern for HAp (JCPDS 9-0432). All the major peaks of HAp are 

present in both XRD patterns along with a few minor peaks corresponding to 

carbonated HAp. One can also remark that diffraction peaks are markedly broader in the 

case of the synthesized HAp, which may indicate smaller size and lower crystallinity 

when compared to the commercial HAp. Besides, peaks assigned to KCl (namely at 28° 

2θ and 40.5° 2θ) were observed in the diffraction pattern of the produced HAp. As 

mentioned in a previous work [28], this may be due to the occlusion of KCl present in 

the mother liquor, which could have been trapped in the aggregated particles and 

crystallized at the drying step.  

 

In vitro mineralization  

Figure 3 shows the variation in calcium (Ca) and phosphorus (P) ion concentrations in 

the SBF solution as function of the immersion time for both synthesized and 

commercial HAp particles. A significant decline in both Ca and P ion concentrations 

was observed from the first day of immersion. After 30 days of immersion the Ca and P 

ion levels in the SBF solution became approximately constant for both powders studied. 

Further, the overall depletion rate of Ca ion concentration from the SBF solution was 
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higher for the prepared HAp than the commercial HAp (Figure 3B), while the decrease 

in P ion concentration from the SBF was more pronounced for the commercial HAp 

(Figure 3A). The decrease in Ca and P concentrations in SBF solution may indicate that 

these ions were accumulated on the surface of the HAp particles. This accumulation due 

to the electrostatic attraction increases the supersaturation near the HAp surface, 

leading, as a result, to the precipitation of a new CaP phase [43]. As observed in these 

experiments, precipitation seems to start almost immediately after immersion, although 

the assessment of Ca and P ion concentration was only done after 1 day of immersion. 

According to Kim [44], precipitates can immediately form when the HAp powders are 

soaked in SBF. In fact, the isoelectric point of HAp in water is at pH ranging between 5 

and 7 [45], lower than the pH of the SBF (7.4). Therefore, once immersed in SBF HAp 

exhibits negative surface charge by exposing hydroxyl and phosphate groups [45]. This 

negative charge interacts with the positive Ca ions in the fluid, making the surface 

acquire positive charge, which in turn interacts with the negative phosphate ions. 

Regarding the consumption rate of Ca ions, this might be affected by the magnitude of 

the initial surface negativity of HAp [44]. As described above, the prepared HAp has a 

lower calcium content, suggesting thereby a more negative surface when compared to 

the commercial HAp [46,47]. Moreover, the lower dimensions (Figures 2 and 3) and the 

higher surface area (Table 2) of the synthesized HAp particles make them to adsorb 

more ions on their surface, leading to an increased degree of supersaturation of the 

surrounding fluid with respect to apatite, and thus accelerating the precipitation process 

[27,39,48]. The surface reactivity of the synthesized HAp may also be attributed to the 

existence of adsorbed water on its surface [28], constituting an ion reservoir for the 

growth of a new apatite phase [49]. Concerning the phosphorus consumption rate, it 

follows the same trend as the calcium consumption rate for both powders. This can be 
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explained by the consumption of both calcium and phosphorus upon the deposition of a 

CaP layer at the surface of both synthesized and commercial HAp particles.  

Figure 3.  

 

Figures 3C and 2D represent SEM images of both synthesized and commercial HAp 

particles immersed in SBF for 0, 15, 30 and 60 days. Figure 3C shows a regular 

distribution of aggregated rod-like nanoparticles before and after soaking in SBF for the 

produced HAp. Regarding the commercial HAp (Figure 3D), it is mainly formed by 

highly aggregated rod-like nanoparticles, unless after 30 and 60 days of immersion in 

SBF where the presence of microsized plate-like particles is verified. This may indicate 

the formation of a new CaP phase or phase transformation, although HAp can exhibit 

various sizes and shapes [12]. Regarding aggregation of the particles, it is probably 

attributed to their high surface-area-to-volume ratio, which results in a high surface 

tension that they tend to lower by adhering to one another [50]. Furthermore, SEM 

images evidence that the synthesized HAp particles are smaller and uniformly 

distributed in size when compared with the commercial HAp. This was also confirmed 

by HAp particles size distribution data for both HAps without soaking in SBF (Figure 

2), where the synthesized HAp exhibits a lower mean size and a narrower size 

distribution than the commercial HAp. Indeed, the efficient oscillatory mixing 

mechanism developed in the meso-OFR leads to a more homogeneous reaction medium 

and therefore to a more homogeneous distribution of supersaturation, promoting thus 

monodispersity of the synthesized nanoparticles [51]. 

 

FTIR spectra of both synthesized and commercial HAp at different times of immersion 

in SBF are illustrated in Figure 4. Results suggest that the powder obtained after 
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immersion in SBF is calcium-deficient carbonated HAp, regardless of the immersion 

time. Beyond apatite characteristic absorption bands (already described in detail above) 

[40], all the spectra exhibit carbonate (CO3
2-

), particularly the commercial HAp spectra, 

and/or hydrogen phosphate (HPO4
2-

) ions bands. Once formed in SBF, the new CaP 

phase grows spontaneously consuming the calcium and phosphate ions and may 

incorporate minor ions such as carbonate from ambient carbon dioxide solubilization 

[8]. In addition, broadening of the bands, especially phosphate bands (more pronounced 

in commercial HAp spectra) and presence of water peaks indicate low crystallinity.   

Figure 4.  

 

Figure 5 shows the XRD patterns of both synthesized and commercial HAp powders 

after 0, 15 and 60 days of soaking in SBF solution at 37 ºC. Results obtained show the 

formation of low crystalline carbonated HAp for both powders immersed in SBF, once 

all the patterns exhibit all the major peaks of apatite phase and few minor peaks 

corresponding to carbonated HAp. One can also verify that peak broadening is more 

marked in the synthesized HAp, suggesting low crystallinity and small crystal size.  

Figure 5.  

 

The results obtained suggest thus that both synthesized and commercial HAp powders 

support the precipitation of small size and low crystalline carbonated and/or calcium-

deficient HAp on their surface, characteristics similar to the apatite phase present in 

natural bone [11,27,39]. It is important to underline that unlike the commercial HAp, 

the synthesized HAp was collected as-prepared without further treatment such as 

ripening (ageing) process and dried at a low temperature.  
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In vitro cytotoxicity and cell behavior 

Saos-2 cells, a widely used permanent line of human osteoblastic-like cells [52], were 

cultured in direct contact with different concentrations of both synthesized and 

commercial HAp particles for 1, 3 and 7 days. The eventual cytotoxic events and 

biological behavior were assessed through MTS and DNA quantification and SEM 

qualitative analysis. MTS analysis showed that no cytotoxic events were registered 

(Figure 6A). In fact, a significant increase in cell activity was observed over the culture 

period for all tested conditions (p< 0.05, p< 0.01, p< 0.001). In this study, no significant 

differences were obtained between the developed HAp nanoparticles and the 

commercial HAp, except at the concentrations of 30 and 50 µg/mL, where cell activity 

was significantly higher (p< 0.05) for cells cultured on the developed HAp 

nanoparticles. DNA quantification results (Figure 6B) showed that after 24 hours of 

exposure at varying concentrations of synthesized and commercial HAp particles, no 

significant differences were observed between all the tested conditions. After 3 days of 

culture a notorious increase in cell proliferation was observed on C1 condition, at 

significant levels (p< 0.05) as compared to C3 condition. No significant differences 

were obtained between the remaining tested systems and the proliferation rate was not 

significantly different between day 1 and day 3 of culture. After 7 days of culture, the 

proliferation rate was significantly higher on C1 (p< 0.01) and C2 (p< 0.001) 

conditions, in comparison to the highest concentration of the prepared HAp 

nanoparticles (C4). Moreover, the DNA content was significantly higher (p< 0.01) for 

cells cultured on the synthesized HAp nanoparticles at the concentrations of 30 and 50 

µg/mL, as compared to the commercial HAp. The DNA values were also significantly 

higher (p< 0.05, p< 0.01, p< 0.001) for the prepared HAp conditions (except for C4) on 

day 7, compared to the early culture periods. These results are consistent with those 
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reported by Depan et al. [41] where pre-osteoblastic cells cultured for 7 days in the 

presence of a HAp-chitosan (CS)–graphene oxide (GO) system showed an increase of 

metabolic activity, as compared to the pure non-biomineralized system. Chen et al. [42] 

also observed that MC3T3-E1 cells viability increased over 7 days of culture in the 

presence of increasing concentrations (0-1 mg/ml) of uncharged HAp nanoparticles. 

The same cell behavior was observed for cells cultured on differently charged HAp 

nanoparticles with dosage of 1 mg/ml. In another study, Cai et al. [4] observed an 

increase of bone marrow mesenchymal stem cells (MSCs) and osteosarcoma cells 

(U2OSs) proliferation after 7 days of culture on HAp nanoparticles with different 

average diameters. On the other side, Shi et al. [53] verified that HAp particles size 

influences greatly the proliferation of human osteoblast-like MG-63 cells, nanosized 

HAp having the best effect on the proliferation rate when compared to microszied HAp. 

This is in agreement with the results obtained, as best proliferation rates were observed 

for cell cultured on the prepared HAp particles. Indeed, synthesized HAp was proven to 

be nanosized (see Figures 2 and 3) and have a higher specific surface area (see Table 2) 

when compared to the commercial HAp, which promotes cell attachment and thereby 

may explain the higher proliferation rate and activity observed. Therefore, it is 

suggested that the synthesized HAp nanoparticles can exhibit a favorable influence over 

cell proliferation rate and activity, in which the size and concentration rate are believed 

to play a key role.  

Figure 6. 

 

The analysis of SEM results (Figure 7) confirmed cell-material interactions over the 

culture period for all the tested concentrations, once cells were able to attach and spread 

on both types of HAp particles exhibiting a flat appearance. After 1 day of cell culture, 
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the cell spreading can be viewed as exhibiting a flat appearance for all the tested 

conditions (Figure 7A). After 3 days of culture, a notorious proliferation was observed 

on the synthesized HAp – 30 µg/mL system (Figure 7B), which is consistent with the 

results obtained by DNA quantification analysis. However no major differences were 

observed between the remaining tested conditions. HAp particles have gained a 

particular reputation as bone substitute materials. Depending on the particle size, the 

HAp may play a different role in the regeneration of bone-defect areas. It has been 

reported that HAp particles can facilitate bone remodeling induced by osteoclasts and 

osteoblasts [54]. Balasundaram and colleagues [55] also studied nanosized and low 

crystalline calcium phosphate based materials. They reported that small size and low 

crystalline HAp may promote osteoblast adhesion to the same degree as the well-

established techniques of functionalizing conventional HAp with RGD. Beyond the 

already mentioned advantages of nanosized HAp in promoting a higher surface area for 

cell adherence, surface chemistry and topography of lower crystallinity is favorable for 

cell attachment [56]. Namely, the existence of a hydrated surface layer on the produced 

HAp increases the number of adsorption sites [49]. Concerning cell morphology, Depan 

et al. [41] observed that after 1 day of pre-osteoblasts seeding in the presence of a HAp-

CS–GO system, the cell spreading can be viewed as exhibiting a predominantly flat 

appearance with significant cytoplasm, which was also verified in this work. In their 

turn, Shi et al. [53] investigated the influence of HAp nanoparticles size in MG-63 cell 

line morphology after 5 days of culture. MG-63 cells presented a polygonal form with 

fine filopodia and abundant surface folds on particles with diameters of 20 nm, while 

spherical or round cells with fewer filopodia were observed on particles with diameters 

of 80 nm, presenting some morphological changes, such as swollen mitochondria, 

deformed nucleus and condensed chromatin. In addition, Figure 7C clearly 
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demonstrates that Saos-2-cultured for 1 week actively involved and phagocytized the 

HAp particles, while extending many projections. By contrast, Hatakeyama et al. [3] 

reported that Saos-2 cells actively phagocytized nanosized HAp/Col composites only 

after 4 weeks of culture, appearing as spheroids with cytoplasmic projections. As shown 

in Figure 7C, cells preferentially covered and spread over the aggregated HAp particles 

after 1 week of culture. In a different study, Chen et al. [42] revealed by transmission 

electron microscopy (TEM) analysis that MC3T3-E1 cell line was able to encapsulate 

different charged HAp nanoparticles after 3 days of culture with similar size and shape 

(100 nm in length, 20 nm in diameter) as the prepared HAp.  

Figure 7 

The results presented above are thereby very encouraging regarding drug delivery, gene 

delivery and other biomedical applications, since besides in vitro apatite-forming 

activity, the synthesized HAp nanoparticles stimulated cell proliferation. Moreover, the 

designed processing conditions can allow for the precise control of the nanoparticles 

size, in a continuous mode production. This aspect is very important thus allowing for 

the scaling up and further industrialization of the system without compromising 

physico-chemical properties of the obtained HAp and eliminating batch to batch 

variability. 

 

Conclusions 

In the present work, HAp nanoparticles previously produced by a wet chemical 

precipitation in a scaled-up meso oscillatory flow reactor (meso-OFR) operating in 

continuous mode and a commercial HAp, assessed as a control condition, were tested to 

evaluate their biological activity and effects over cell viability and proliferation.  
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Physico-chemical characterization show that both synthesized and commercial HAp are 

calcium-deficient carbonated HAp, although calcium content of the synthesized HAp is 

lower. In addition, results confirm the smaller size and higher specific surface area of 

the synthesized HAp when compared to the commercial HAp. Furthermore, in vitro 

mineralization studies evidenced the formation of a bone-like apatite on the surface of 

both HAp powders, in the presence of SBF, revealing that both types of particles have 

in vitro apatite-forming activity. Different concentrations of both synthesized and 

commercial HAp particles were used to evaluate the in vitro biological behavior of 

human Saos-2 osteoblast-like cells. All the tested HAp powders induced a positive 

influence over cell activity and proliferation. Nevertheless, synthesized HAp 

nanoparticles applied at lower concentrations have the greatest potential over cell 

behavior, although their internalization by cells was observed.  

The present work may provide improved understanding of the functional properties of 

nanobiomaterials and the potential applications of HAp nanoparticles from biomedical 

materials to delivery vehicles and bioimaging. The results are also very promising 

regarding the designed HAp preparation methodology, as HAp nanoparticles with 

controlled physico-chemical properties were synthesized in a continuous mode, 

allowing thus further scaling up of the system without compromising properties of the 

resulting HAp.  
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Table and Figure Captions 

 

Table 1. Nominal ion concentrations of SBF in comparison with those in human blood 

plasma. 

Table 2. Ca/P molar ratio and specific surface area (SSA) of both synthesized and 

commercial HAp. 

Figure 1. (A) Schematic representation of the meso oscillatory flow reactor (meso-

OFR) and (B) experimental installation for the continuous-flow precipitation of HAp 

(based on Castro et al.
 
[28]). 

Figure 2. Particle size distribution in number of both synthesized and commercial HAp.  

Figure 3. Variation of elemental concentration of phosphorus (P) (A) and calcium (Ca) 

(B) in SBF as function of soaking time (the error bars are standard deviations from three 

independent experiments). SEM images of both (C) synthesized and (D) commercial 

HAp, at different times of immersion in SBF. 

Figure 4. FTIR spectra of both synthesized (A) and commercial (B) HAp, at different 

times of immersion in SBF. 

Figure 5. XRD patterns of both synthesized and commercial HAp, at different times of 

immersion in SBF. 

Figure 6. Cell viability and proliferation measured by (A) MTS test and (B) DNA 

quantification, respectively, for Saos-2 cells cultured in direct contact with synthesized 

and commercial HAp particles, for 1, 3 and 7 days of culture. Data were analysed as 

mean ± standard deviation with n=9 for each bar. Statistical analysis was performed 

with GraphPad Prism 5.0 (GraphPad Software) using the Kruskal-Wallis test followed 

by Dunn’s method as Multiple Comparision post-test. The significance level was *p < 

0.05, **p < 0.01, ***p < 0.001. 
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Figure 7. SEM micrographs illustrating the morphology, distribution and proliferation 

of Saos-2 cells cultured in direct contact with synthesized and commercial HAp 

particles, for (A) 1 day; (B) 3 days (C) and 7 days of culture. 
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Table 1.  

Ion 
Ion concentrations (mM) 

Blood plasma Simulated fluid 

Na
+
 142.0 142.0 

K
+
 5.0 5.0 

Mg
2+

 1.5 1.5 

Ca
2+

 2.5 2.5 

Cl
-
 103.0 147.8 

HCO
3-

 27.0 4.2 

HPO4
3-

 1.0 1.0 

SO4
2-

 0.5 0.5 
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Table 2.  
 Ca/P molar ratio SSA (m

2
/g) 

Synthesized HAp 1.72 70,8 

Commercial HAp 1.87 53,3 
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