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ABSTRACT: The possibility to functionalize calcium phosphates with bioactive agents is a 

promising strategy to design innovative biomaterials for bone repair able to couple the bioactive 

properties of the inorganic compounds with the therapeutic effect of the functionalizing agent. The R 

enantiomer of the 9-hydroxystearic acid, (9R)-9-HSA, produced from Dimorphotheca sinuata L. 

seeds, has proven to act as a natural negative regulator of tumor cell proliferation. On this basis, 

hydroxyapatite was synthesized with increasing contents of (9R)-9-hydroxystearate, up to about 8.6 

wt%. The incorporation of HSA in the composite nanocrystals induces a reduction of the crystal mean 

dimensions and of the length of the coherently scattering crystalline domains, which suggest a 

preferential adsorption onto the hydroxyapatite crystal faces parallel to the c-axis direction.  The 

composite nanocrystals were designed so that their cytostatic and cytotoxic effects towards 

osteosarcoma cells are modulated by hydroxystearate content. In fact, results of in vitro tests show 

that the presence of HSA in the composite nanocrystals provokes a significant decrease of SaOS2 

osteosarcoma cells proliferation and viability, as well as an increase of Lactate Dehydrogenase, 

Tumor Necrosis Factor α, and Caspase 3 levels, with a cytotoxic effect increasing with HSA content 

in the nanocrystals. 

 

Keywords: hydroxyapatite, hydroxystearic acid, osteosarcoma, nanocrystals, citotoxicity, bone 

repair 

 

 

1.  Introduction 

Musculoskeletal disorders, such as osteoporosis, osteoarthritis, bone tumors, cause decreased life 

quality and enormous economic loads on National Health Services worldwide. The problem requires 



innovative biomaterials able not only to integrate with host tissue and promote new bone formation, 

but also to provide bioactive molecules potentially useful to counteract specific metabolic disorders.  

Calcium phosphates are widely used for the preparation of biomaterials for hard tissues 

substitution/repair not only as fillers and coatings, but also for the preparation of bone cements and 

composite scaffolds.1-4 As a matter of fact, these compounds exhibit an excellent biocompatibi lity 

and bioactivity. From a chemical and structural point of view, hydroxyapatite (HA) is the calcium 

phosphate most similar to the mineral component of bones and teeth, which justifies its huge amount 

of applications in the biomedical field. HA functionalization with bioactive ions, molecules and drugs 

has proven to be a successful strategy to couple the beneficial effect of the calcium phosphate on 

promotion of new bone formation with the specific action of the functionalizing agent.5-8 

9-Hydroxystearic acid (9-HSA) is a long-chain monohydroxy fatty acid belonging to the class of 

endogenous lipid peroxidation by-products and plays an important role as natural negative 

regulator of tumor cell proliferation. Its content strongly diminishes in tumor cells, causing the 

loss of one of the control mechanisms on cell division.9 

9-HSA acts as inhibitor of histone deacetylase (HDAC), an enzymatic family that is considered a 

potential target for antitumor therapies.10 Its administration to HT29, a human colon 

adenocarcinoma cell line, induced a control of the cell growth and differentiation by inhibiting 

HDAC1 activity through a direct fatty acid/enzyme interaction.10,11 

Its administration to U2OS, an osteosarcoma cell line, provoked a growth arrest of the cells in 

G2/M cycle and apoptosis via a mitochondrial pathway.12  Moreover, molecular docking 

indicated a favorable formation energy of the HDAC1-9-HSA complex and a higher stability of 

bonding for the enantiomer (9R)-9-HSA with respect to that with opposite configuration.10 This 

prediction was confirmed by administering (9R)-9-HSA and (9S)-9-HSA to HT-29 cells.13 To this 

aim, the synthesis of the two enantiomers in almost pure form was realized starting from 

Dimorphoteca sinuata L. seeds, containing a natural precursor bearing the hydroxyl 

functionality on the enatiomerically pure chiral center in position 9.14 At variance, classical 



 

enantioselective synthetic methods or kinetic resolution methods revealed to be not su ccessful 

for the synthesis of the two acids in enantiomerically pure form, due to the high symmetry 

around the chiral center of these compounds.15 

In this work, we explored the possibility to functionalize HA with HSA with the objective to obtain 

composite nanocrystals with modulated cytotoxic effect on cancer cells. To this aim, we synthes ized 

HA in the presence of increasing concentrations of potassium (9R)-9-hydroxystearate (9R-HSA-K), 

which was chosen because of its greater water solubility than (9R)-9-HSA. The products were 

submitted to a detailed structural, morphological and chemical characterization in order to investiga te 

the interaction between HA and the drug. In vitro tests carried out using an osteosarcoma cell line 

(SaOS2) show that the composite nanocrystals exhibit a cytostatic and cytotoxic effect related to 

hydroxystearate content. 

 

2. Experimental Section 

2.1 Synthesis and characterization of potassium (9R)-9-hydroxystearate 

Potassium (9R)-9-hydroxystearate was obtained by salification of (9R)-9-hydroxystearic acid, 

prepared starting from Dimorphotheca sinuata L. seeds as described in Supporting Information, 

where detailed information on materials and methods used are also included. 

(9R)-9- hydroxystearic acid was dissolved in a 5% w/v methanolic solution of KOH, so that KOH is 

equimolar with the acid. The solution was stirred for 3h. The reaction was monitored by thin layer 

chromatography (TLC) and once completed the methanol was removed under vacuum. The light 

yellow solid obtained was dissolved in 10 mL of boiling water and left to cool to room temperature. 

The precipitate, if present, was filtered off and, after removal of the water by heating at 45 °C under 

vacuum, potassium (9R)-9-hydroxystearate was recovered as a light yellow powder. 1H NMR (399.9 

MHz, D2O): 3.44–3.35 (m, 1H, CHOH), 1.98 (t, J = 7.7Hz, 2H, CH2COO), 1.36 (quint, J = 6.9Hz, 

2H, CH2CH2COO), 1.32–1.02 (m, 27 H incl. OH), 0.69 (t, J = 7.0Hz, 3H, CH3). IR (KBr): 1558 cm-

1. ESI-MS (ES–): m/z = 299 [M – H]–. 



2.2 Synthesis and characterization of composite samples 

The synthesis of hydroxyapatite was carried out in N2 atmosphere using 50 mL of 0.65 M 

(NH4)2HPO4 solution at pH adjusted to 10 with NH4OH. The solution was heated at 90 °C and 50 mL 

of 1.08 M Ca(NO3)2·4 H2O solution, pH 10 adjusted with NH4OH, was added drop-wise under 

stirring. The precipitate was maintained in contact with the reaction solution for 5 h at 90 °C under 

stirring, then centrifuged at 10,000 rpm for 10 min and repeatedly washed with CO2-free distilled 

water. The product was dried at 37 °C overnight.  

Samples containing HSA were obtained by adding potassium (9R)-9-hydroxystearate to the 

phosphate solution prior to the addition of calcium nitrate tetrahydrate. The concentrations of 

potassium (9R)-9-hydroxystearate used were 5, 10, 15 and 20 mM, calculated on final volume. The 

resulting solid samples were labeled as HAHSA5, HAHSA10, HAHSA15, HAHSA20, where digits 

indicate the concentration of potassium (9R)-9-hydroxystearate used in the specific preparation. 

The traditional direct synthesis of hydroxyapatite is usually done with the slow addition of 

(NH4)2HPO4 onto Ca(NO3)24 H2O.16  Soluble 9R-HSA-K has an anionic behavior and should be 

added to the ammonium phosphate solution so that it is slowly put into contact with the calcium ions. 

Initially this method was tested, but proved to be unfeasible due to the precipitation of 9R-HSA-K in 

the addition funnel. This problem was solved by heating ammonium phosphate and 9R-HSA-K until 

the solution was homogeneous, and then adding calcium nitrate drop-wise. The addition of calcium 

nitrate started only after the complete dissolution of 9R-HSA-K. 

The chemical, structural and morphological properties of the samples were investigated as reported 

in the Supporting Information.  

In vitro tests were performed on disk-shaped samples (Ø= 6.0 mm). Each disk was prepared by 

pressing 40 mg of powder into cylindrical moulds by using a standard evacuable pellet die (Hellma), 

and sterilized using gamma rays (Cobalt-60) at a dose of 25 kGy. 

2.3 In vitro studies  



 

SaOS-2 osteosarcoma cell line was expanded in DMEM low glucose medium (Sigma, UK) 

supplemented with 10% FCS, and antibiotics (100 U/ml penicillin, 100 g/ml streptomycin). Cells 

were detached from culture flasks by trypsinization, and cell number and viability were checked by 

trypan blue dye exclusion test. Cells were plated at a density of 2x104 cells/mL in 12-well plates onto 

sterile samples synthesized at four different concentrations of HSA (HAHSA5, HAHSA10, 

HAHSA15, HAHSA20), of HA as reference, and in wells for negative (CTR–, DMEM only) and 

positive (CTR+, DMEM + 0.05% phenol solution) controls for cytotoxicity tests, according to UNI 

EN ISO 10993-5.17 Plates were cultured in standard conditions, at 37 ± 0.5°C with 95% humidity and 

5% ± 0.2 CO2. 

2.3.1 Cytotoxicity tests 

Cytotoxicity tests were performed after 3 days of culture.17 Cell proliferation and viability was 

assessed by WST1 (WST1, Roche Diagnostics GmbH, Manheim, Germany) colorimetric reagent test. 

The assay is based on the reduction of tetrazolium salt to a soluble formazan salt by a reductase of 

the mitochondrial respiratory chain, active only in viable cells. 100 l of WST1 solution and 900 l 

of medium (final dilution: 1:10) were added to the cell monolayer, and the multi-well plates were 

incubated at 37°C for a further 4 h. Supernatants were quantified spectrophotometrically at 450 nm 

with a reference wavelength of 625 nm. Results of WST1 are reported as optical density (OD) and 

directly correlate with the cell number. 

At the end of experimental time the supernatant was collected from all wells to detect Lactate 

Dehydrogenase (LDH, enzyme-kinetic test, Roche Diagnostics GmbH) release. 

2.3.2 Cell activity 

Metabolic activity of SaOS-2 was assessed after 7 and 14 days of culture on material samples and 

CTR–. Cell proliferation was measured by WST1 (see method above). Supernatants were used for 

detecting the production of Alkaline Phosphatase, Type I Collagen, Tumor necrosis factor α (ALP, 

COLL1, TNFα immunoenzymatic assay, USCN Life Science, Wuhan, China). Cell lysates were 

collected to measure activated Caspase-3 (Immunoenzymatic assay, Invitrogen Corp. CA, USA). 



2.3.2 Statistical analysis 

Statistical evaluation of data was performed using the software package SPSS/PC+StatisticsTM 23.0 

(SPSS Inc., Chicago, IL USA). The study is the results of three independent experiments and data are 

reported as mean  standard deviations (SD) at a significance level of p<0.05. After having verified 

normal distribution and homogeneity of variance, a one-way ANOVA was done for comparison 

between groups. Finally, post hoc multiple comparison test (Dunnett) and correlation test (Pearson) 

were performed to detect significant differences among groups and controls. 

 

3. Results and Discussion 

3.1 Characterization of potassium (9R)-9-hydroxystearate  

The inclusion of hydroxystearate anion (HSA) in hydroxyapatite required the conversion of the acid 

in a water soluble saline form. Both sodium- and potassium- (9R)-9-hydroxystearate were 

synthesized. However the sodium salt proved to be a particularly insoluble salt, whereas potassium 

salt proved to be more readily dissolved in water, especially once heated above 85 °C. The salificat ion 

reaction of (9R)-9-hydroxystearic acid is reported in Figure S1.Potassium (9R)-9-hydroxysteara te 

was characterized by 1H NMR, IR, and ESI Mass spectrometry and data obtained agree with the 

expected structure. In particular, ESI mass spectra were recorded both in ESI+ and ESI– mode: the 

ESI– spectrum (Figure S1) showed the peak at m/z = 299, corresponding to the molecular ion of the 

conjugate base of (9R)-9-HSA, and a lower peak at m/z = 149 indicating the presence of a double 

salt, the doubly deprotonated form of 9-HSA; the ESI+ spectrum showed the mass of the potassium 

ion (Figure S2). 

3.2 Characterization of the composite nanocrystals 

The X-ray diffraction patterns of the solid products synthesized in the presence of 9R-HSA-K are 

consistent with the presence of hydroxyapatite as unique crystalline phase (Figure 1).  



 

 

Figure 1. Powder X-ray diffraction patterns of the products synthesized in presence of different 

amounts of HSA. 

Comparison of the patterns of the samples synthesized in the presence of increasing concentration of 

9R-HSA-K shows an increase of the broadening of the diffraction peaks, which indicates a reduction 

the length of coherently scattering domains (i.e. the crystallite size) (hkl).  The values of 002, which 

is related to the mean crystallite size along the c-axis , and of 310, which refers to the mean crystallite 

size along a direction perpendicular to it, were calculated from the widths at half maximum intensity 

(1/2) using the Scherrer equation on the hypothesis of negligible microstrain:18 

hkl = k/½cos 

where  is the wavelength,  the diffraction angle and K a constant depending on crystal habit (chosen 

as 0.9). The silicon standard peak 111 was used to evaluate the instrumental broadening.  

The data reported in Table 1 show that the decrease of the length of the coherent scattering domains 

is not isotropic. In fact, 310 decreases on increasing 9R-HSA-K concentration in solution down by 



about 30%, whereas the reduction of 002 amounts to just 17%, suggesting a preferential adsorption 

of hydroxystearate on HA crystal faces parallel to the c-axis direction, similarly to what previous ly 

reported for the interaction of acidic amino- and polyamino-acids with HA. 5,16,19,20 

 

Table 1. Coherent lengths (hkl) of the perfect crystalline domains in the direction normal to 002 and 

to 310 planes calculated using the Scherrer method and lattice parameters calculated using the 

Rietveld method.  

Samples 
τ002  

(Å) 

τ310  

(Å) 

a 

(Å) 

c 

(Å) 

Unit cell 

volume (Å3) 

HA 586 (7) 223 (2) 9.422 (2) 6.881 (2) 529.2 (1) 
HAHSA5 550 (5) 218 (2) 9.426 (3) 6.883 (2) 529.7 (3) 
HAHSA10 536 (6) 194 (2) 9.431 (2) 6.880 (1) 529.8 (1) 

HAHSA15 505 (4) 162 (2) 9.431 (2) 6.881 (3) 530.1 (3) 
HAHSA20 488 (4) 156 (1) 9.430 (1) 6.880 (2) 529.8 (2) 

 

 

At variance, in spite of the slight increase of the a-axis dimension with composition, the incorporation 

of HSA does not significantly influence the cell volume of HA (Table 1). This is not surprising when 

considering the relative great dimensions of HSA, which should hinder its incorporation within 

hydroxyapatite crystal lattice whereas it is not an obstacle to its adsorption onto HA crystals. A 

preferential adsorption onto the HA faces parallel to the c-axis is further supported by the results of 

TEM investigation. TEM images of the different products show that they are constituted of rod-like 

crystals, coherently with the typical morphology of HA, which is characterized by crystals elongated 

along the c-axis direction. However, the dimensions of the nanocrystals decrease significantly on 

increasing hydroxystearate concentration, as shown in Figure 2.  

 

Figure 2. TEM images of HA, HAHSA10, and HAHSA20 nanocrystals. 



 

 

The evaluation of the crystal dimensions shows that the reduction is not uniform, since the length and 

the width of the crystals decrease from about 215 to 70 nm and from about 65 to 15 nm respective ly, 

on passing from HA to HAHSA20, which means an increase of the length/width ratio from about 3.3 

to about 4.7. The observed dimensional variations have a minor effect on the surface area: the values 

of SSA of the hydroxystearic containing samples appear reduced with respect to that of HA, but they 

do not exhibit significant variation as a function of composition (Table 2). 

Table 2. HSA content, zeta potential, specific surface area and contact angle values of solid samples 

synthesized in the presence of different concentrations of HSA in solution. 

Samples HSA content 

(wt%) 
Zeta potential 

(mV) 

SSA  

(m2gr-1) 
Contact angle 

(°) 

HA --- -12.5 56 7 

HAHSA5 2.1 -17.8 48 69 
HAHSA10 4.4 -19.0 42 91 

HAHSA15 6.5 -20.4 48 93 
HAHSA20 8.6 -20.6 50 92 

 

The quantitative amount of HSA adsorbed onto HA nanocrystals has been determined through 

thermogravimetric analysis, by exploiting the fact that hydroxystearate decomposes completely 

between 200 and 600°C (Figure S3). The thermogravimetric plots reported in Figure 3a show that 

the total weight loss of the different samples increases on increasing 9R-HSA-K concentration in 

solution. Hydroxystearate content in the solid products, evaluated as the difference between the total 

weight loss of the sample and that of HA, increases linearly with concentration up to about 8.6 wt% 

(Table 2, Figure 3b). 

 



Figure 3. (a) Thermogravimetric plots of the products synthesized in presence of different amounts 

of HSA. (b) Hydroxystearate content in the different samples, evaluated through thermogravimetric 

analysis, as a function HSA concentration in solution. 

The presence of HSA in the composite nanocrystals can be appreciated also on the infrared spectra 

of the different samples. Figure 4 reports the infrared spectra of the products synthesized in presence 

of different concentration of 9R-HSA-K compared with that of HA. The spectra of the composite 

nanocrystals show the characteristic absorption bands of hydroxyapatite, together with absorption 

bands at 2923 and 2850 cm-1, corresponding to C-H stretching mode, and at 1558 cm-1, due to the 

asymmetric stretching mode of the carboxylate anion. Further absorption bands in the range 1470-

1420 cm-1, due to the overlapping of the symmetric stretching mode of the carboxylate anion with the 

bending mode of the CH2 groups are also detectable.  All these bands are clearly appreciable in the 

spectrum of 9R-HSA-K, which is compared with that of (9R)-9-HSA in Figure S4. 

 

Figure 4. FTIR spectra of HA, HAHSA10, and HAHSA20. 

 

In agreement with the hydrophilic character of hydroxyapatite, the value of contact angle measured 

onto HA is very low, just 7° measured after 0.33 s the water droplet contacted the surface, whereas 

water was completely spread on the surface after 4 s. The presence of hydroxystearate in the 



 

composite nanocrystals provokes a remarkable increase in values of the contact angle, up to 69° onto 

HAHSA5 and around 90° onto the samples at greater HSA content (Table 2), which remain consta nt 

during the 30 s of acquisition. It is reasonable to suppose that the increase of contact angle is due to 

the presence of the hydrophobic tails of HSA on the surface of the materials, whereas the charged 

carboxylate heads interact with calcium ions of HA. This interaction should reduce the ratio between 

Ca2+-rich sites and phosphate-rich sites, making the surface of HA more negative, with a consequent 

decrease of zeta potential.21 Indeed, the composite nanocrystals exhibit more negative values of zeta 

potential with respect to that measured for HA, as shown in Table 2.   

3.3 In vitro study 

SaOS2 is an osteosarcoma cell line useful model for testing biomaterials,22 with good responsiveness 

in in vitro studies of cell-material interaction. SaOS2 are well characterized and exhibit osteoblastic 

properties, including the ability to produce the most common markers of osteoblast differentiat ion, 

such as the proteins of the extracellular matrix, and mineralization. As with all cell lines, there are 

some differences with respect to primary cells, which need to be considered when interpret ing 

experimental data. However, they are widely used for in vitro tests for easy availability and 

maintenance, and reliable reproducibility. In the present study SaOS2 were cultured directly onto 

hydroxyapatite samples at different hydroxystearate content, in order to verify if HSA has a cytostatic 

and cytotoxic effect even if incorporated in HA nanocrystals.  

 

3.3.1 Cytotoxicity tests 

WST1 assay results at 3 days of culture are reported in Figure 5a. The viability of each experimenta l 

group, calculated as percentage of CTR– (100%), is also reported in the figure.  



 

Figure 5. WST1 assay (a), and LDH release (b) of SaOS2 after 3days of culture on HA, HSA samples, 

and CTRs. Values are reported as mean ± SD (*p<0.05; **p<0.005; ***p<0.0005). 

a. CTR-, HA vs HAHSA5, HAHSA10, HAHSA15, HAHSA20 p<0.005; CTR+ vs ALL 

GROUPS p<0.0005. 

b. CTR vs HAHSA5 p<0.05;  HAHSA10 p<0.005; HAHSA15, HAHSA20 p<0.0005; HA vs 

HAHSA10 p<0.005; HAHSA15, HAHSA20 p<0.0005; CTR+ vs ALL GROUPS p<0.0005. 

 

A viability value under 70% is considered as a significant result of cytotoxic effect on SaOS2.17 At 3 

days only HAHSA20 showed a 63% viability in comparison with CTR–, even if the statistica l 

analysis using post hoc test to detect differences among groups revealed that cell proliferation on 

HAHSA samples were significantly lower when compared to CTR– and to reference HA. The 

decrease of cell viability due to the effects of HSA was linked to cytotoxic effect revealed by LDH 

assay (Figure 5b). LDH release is an index of cytotoxic action, because this intracellular enzyme is 

found in supernatant as a consequence of cytoplasmatic membrane damage.23 LDH was detected in 

culture medium at 3 days and its measure showed that HAHSA groups had significant higher values 

than CTR– (from HAHSA5 to HAHSA20) and HA (HAHSA10, HAHSA15, HAHSA20). As 

expected, CTR+ showed the significant highest value. 



 

3.3.2  Cells proliferation and metabolic activity.  

WST1 assay results at 7 and 14 days of culture are reported in Figure 6a. At 7 and 14 days values of 

all experimental groups dramatically decreased (below 60% and below 30% respectively) when 

compared to both CTR and HA groups. 

The decrease of cell viability due to the presence of HSA was evaluated by other parameters linked 

to cytotoxicity, such as TNFα and Caspase-3 (Figure 6b-c). Cytotoxicity tests results were also 

confirmed by TNFα level, whose production was significantly elevated in all HAHSA groups, both 

at 7 and at 14 days, when compared to CTR and HA. TNFα is a mediator of inflammation and it is 

also involved in apoptotic cell death.24 9-HSA is known to induce apoptosis in osteosarcoma cells 

through a mitochondrial pathway, with an increase of Caspase-9 activity.12  The results obtained on 

the activation of Caspase-3, that interacts with Caspase-9 in the same pathway, showed that active 

Caspase-3 from HAHSA10 to HAHSA20 groups was significantly higher than CTR, HA and 

HAHSA5 groups. Statistical analysis (Pearson correlation test) demonstrated that results of LDH, 

TNFα and Caspase-3 were consistent and inversely correlated to WST1 proliferation assay. Data 

showed that the presence of HSA in the composite HA nanocrystals has antiproliferative effects and 

induces cytotoxicity, according to a dose-response effect. 



 

Figure 6. WST1 assay (a), TNFα (b), Caspase 3 (c), ALP (d) and COLL1 (e) measured in SaOS-2 

after 7 and 14 days of culture on HA, HSA samples and CTR. Values are reported as mean ± SD 

(*p<0.05; **p<0.005; ***p<0.0005). Pearson correlation test: LDH/Caspase: 0.787 (p<0.0005); 

LDH/TNFα: 0.495 (p<0.05); Caspase-3/TNFα :0.524 (p<0.05); WST1/LDH, Caspase-3, TNFα: -

0.899, -0.791, -0.949 respectively (p<0.0005) 



 

a. 7 days: CTR vs HA p<0.0005; CTR, HA vs HAHSA5, HAHSA10 p<0.0005; CTR, HA vs 

HAHSA15, HAHSA20 p<0,05. 14 days: CTR vs HA p<0.005; CTR, HA vs HAHSA5, 

HAHSA10, HAHSA15, HAHSA20 p<0.0005 

b. 7 days: CTR, HA vs HAHSA5, HAHSA10, HAHSA15, HAHSA20 p<0.0005; 14 days: CTR  

vs HAHSA5, HAHSA10, HAHSA15, HAHSA20 p<0.0005; HA vs HAHSA5, HAHSA15 

p<0.005,HAHSA10, HAHSA20 p<0.0005. 

c. 7 days: CTR, HA vs HAHSA5, HAHSA10, HAHSA15, HAHSA20 p<0.0005; 14 days: 

HAHSA10 vs CTR p<0.0005, HA, HAHSA5 p<0.05; HAHSA15 vs CTR, HA p<0.005, 

HAHSA5 p<0.05; HAHSA20 vs CTR p<0.0005, HA, HAHSA5 p<0.005. 

d. 7 days: HA vs CTR p<0.05; HAHSA15 vs HA, HAHSA5, HAHSA10 p<0.05; HAHSA20 

vs HA, HAHSA5, HAHSA10 p<0.005; 14 days: HAHSA15 vs HA, HAHSA5,  p<0.05; 

HAHSA20 vs HA, HAHSA5, HAHSA10 p<0.005; HAHSA20 vs HA p<0.05,HAHSA5 

p<0.005,HAHSA15 p<0.0005 

e. 7 days: CTR vs HA, HAHSA5 p<0.005, HAHSA10 p<0.05; HA vs  HAHSA20 p<0.005; 

14 days: CTR vs HA  p<0.005, HAHSA5 p<0.05; HA vs HAHSA10, HAHSA15, HAHSA20 

p<0.05 

 

Metabolic activity of SaOS-2 was explored at 7 and 14 days by measuring Alkaline Phosphatase and 

Collagen type1 as markers of extracellular matrix synthesized by differentiated osteoblasts.25-28 Cells 

grown in direct contact with HA demonstrated a differentiated state, with significant higher values of 

ALP and COLL1 with respect to CTR (Figure 6 d-e). The presence of HSA influenced SaOS-2 

behavior: HAHSA15 and HAHSA20 showed a significant reduction of ALP activity when compared 

to HA. ALP level of HAHSA15 and HAHSA20 groups was also lower than HAHSA5 at both 

experimental times.  COLL1 production of HAHSA10, HAHSA15 (14 days), and HAHSA20 (7 and 

14 days) was significantly lower than that of HA. SaOS-2 cultured on HAHSA5 at 7 and 14 days, 

HAHSA10 and HAHSA15 at 7 days did not show altered production of COLL1. 



Despite the high level of cytotoxicity parameters previously described, HAHSA5 and, at least 

partially, HAHSA10 showed a good expression of extracellular matrix markers, exhibiting a behavior 

similar to HA group with regard to ALP and COLL1 production. It seems that even if a significant 

high percentage of SaOS-2 was dead or in a apoptotic state, a little part of cells were still alive and 

active when cultured at relatively low HSA content in the composite nanocrystals. The presence of 

higher contents (about 6.5 and 8.6 wt% in HAHSA15 and HAHSA20, respectively) inhibited the 

responsiveness of SaOS-2: most of cells were died or apoptotic, whereas alive cells were not active, 

but probably quiescent in the early G0/G1 cell cycle, as also reported in literature.12 

 

4. Conclusions 

The use of the potassium salt of (9R)-9-hydroxystearic acid proved to be a good strategy to 

functionalize HA with increasing amounts of hydroxystearate up to about 8.6 wt%. The preferentia l 

adsorption onto specific HA crystal faces modulates the crystallinity and morphology of the 

composite nanocrystals. The synthesized new materials are able to dramatically affect proliferat ion, 

viability and activity of SaOS2 osteosarcoma cell line. In particular, all the samples displayed 

significantly reduced viability with respect to pure HA and a dose dependent effect on cytotoxic ity 

parameters, suggesting that these materials could be usefully applied at specific bone sites for the  

local treatment of bone metastases. 

 

Supporting Information: Experimental: Synthesis of (9R)-9-hydroxystearic acid; Experimenta l: 

Characterization of composite samples; Figures S1 to S5. 
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