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Introduction

Approximately 69 weight% of bone is comprised of 

mineral that is a calcium phosphate (CaP) in the form 

of AB type carbonated apatite [1]. Inspired by this 

bone composition, CaP-based materials have been 

successfully used as synthetic bone graft substitutes, and 

for improving the performance of orthopedic implants 

[2]. In addition to CaP, the inorganic component of 

bone contains a number of elements in trace quantities, 

such as magnesium (Mg2+), strontium (Sr2+), copper 

(Cu2+), fluoride (F−), etc [1, 3]. While these elements 

are known to play vital roles in bone healing, formation, 

and remodeling [4, 5], their clinical use is often the 

result of serendipity, observations based on nutritional 

deficiencies, or genetic disorders [5]. In comparison to 

growth factors and other biologics, the advantage of 

such compounds is their stability, while being relatively 

inexpensive. Further research is needed to explore the 

possibilities of these compounds when incorporated 

into bone graft substitutes.

Several studies have demonstrated that the intro-

duction of relevant bioinorganics to bone graft 

 substitutes may change not only chemistry, but also 

other properties such as crystallinity, degradation and 

mechanical properties, thereby also influencing the 

biological response. More recently, mechanistic stud-

ies have shed light into how these elements function 

individually by altering osteogenesis and bone forma-

tion, as summarized in previous review papers [2, 4–7]. 

However, it is not clear what effect the combinations 

of bioinorganics have on bone regeneration, and how 

these combinations may affect the overall biologi-

cal response to bone graft substitutes. Therefore, this 
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Abstract

Bone healing requires two critical mechanisms, angiogenesis and osteogenesis. In order to improve 

bone graft substitutes, both mechanisms should be addressed simultaneously. While the individual 

effects of various bioinorganics have been studied, an understanding of the combinatorial effects 

is lacking. Cobalt and fluoride ions, in appropriate concentrations, are known to individually favor 

the vascularization and mineralization processes, respectively. This study investigated the potential 

of using a combination of fluoride and cobalt ions to simultaneously promote osteogenesis and 

angiogenesis in human mesenchymal stromal cells (hMSCs). Using a two-step biomimetic method, 

wells of tissue culture plates were coated with a calcium phosphate (CaP) layer without or with the 

incorporation of cobalt, fluoride, or both. In parallel, hMSCs were cultured on uncoated well plates, 

and cultured with cobalt and/or fluoride ions within the media. The results revealed that cobalt ions 

increased the expression of angiogenic markers, with the effects being stronger when the ions were 

added as a dissolved salt in cell medium as compared to incorporation into CaP. Cobalt ions generally 

suppressed the ALP activity, the expression of osteogenic genes, and the level of mineralization, 

regardless of delivery method. Fluoride ions, individually or in combination with cobalt, significantly 

increased the expression of many of the selected osteogenic markers, as well as mineral deposition. 

This study demonstrates an approach to simultaneously target the two essential mechanisms in 

bone healing: angiogenesis and osteogenesis. The incorporation of cobalt and fluoride into CaPs is a 

promising method to improve the biological performance of fully synthetic bone graft substitutes.
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study was designed to assess the combinatorial effects 

of two types of bioinorganics, being cobalt (Co2+) and 

fluoride (F−) ions, on the osteogenic and angiogenic 

differentiation of human mesenchymal stromal cells 

(hMSCs).

Being an integral component of vitamin B12 com-

plex and involved in the production of red blood cells, 

the Co2+ ion is an essential element in physiological 

mechanisms in humans and other mammals [7, 8].  

As a main component of cobalt-chromium metal alloys, 

cobalt has been commonly used in several orthopedic 

applications such as total joint replacement and den-

tistry castings [9]. While cobalt-based alloys offer a high 

corrosion resistance, chemical stability and excellent 

mechanical properties [9], there are issues related to the 

toxicity resulting from wear debris and elevated levels 

of soluble Co2+ ions [2, 10]. Co2+ ion supplementation 

has been shown to substantially reduce the viability of 

osteoblastic cells [11, 12], and was reported to reduce 

the expression of osteogenic makers, such as alkaline 

phosphatase (ALP) and other markers of osteogenesis 

[11, 13, 14]. Co2+ ions, in solution or incorporated into 

CaP, have been shown to activate and increase osteo-

clast cell differentiation, which may, in part, explain the 

aseptic loosening of cobalt-based implants in vivo [15].  

At higher concentrations (>10 µM), however, Co2+ 

ions may result in a reduction in osteoclast cell number 

and resorption activity [11].

Several mechanisms have been proposed to describe 

the toxic effects of Co2+ at higher concentrations, 

including oxidative damage to DNA, proteins and lipids, 

putative inhibition of Ca2+ entry and Ca2+-signaling, 

competition with Ca2+ for intracellular binding to pro-

teins and inhibition of activity of crucial enzymes [10].

There is evidence that Co2+ ions, by inducing 

hypoxia conditions [16], increase expression of angio-

genic genes and proteins such as vascular endothelial 

growth factor (VEGF) [14, 17]. It has been also shown 

that the addition of Co2+ ions and cells treated with 

Co2+ ions to tissue engineered scaffolds promotes neo-

vascularization in animal models, which, contrary to  

in vitro results mentioned above, may indirectly benefit 

in vivo bone formation [12, 17]. Therefore, combining 

Co2+ ions with factors, which directly promote expres-

sion of osteogenic markers, may be a promising strategy 

for inducing formation of vascularized bone.

Fluoride (F−) has been recognized as an essential 

element in mineralized tissues, including bone and 

teeth [4, 18], with the use of fluoride as an additive in 

the formulation of toothpaste being an example of the 

daily use of bioinorganics [5, 19]. While F− ions in the 

form of sodium fluoride has been used clinically for 

the treatment of osteoporosis [4], in vitro results have 

shown a dose-dependent effect of F− ions on prolifera-

tion and osteogenic differentiation of various relevant 

cell types [20–22]. These results revealed that doses 

lower than 100 µM promoted osteogenic differentia-

tion and osteoblast proliferation, whereas doses higher 

than 500 µM induced apoptosis and inhibition of oste-

ogenic  markers [21]. Moreover, sodium fluoride has 

been reported to be involved in the initiation of osteo-

genesis from the embryonic mesenchyme, and in the 

formation of a bone-like matrix [22].

As with other bioinorganics, the incorporation of 

F− ions into synthetic bone graft substitutes has been 

previously explored, especially in association with CaPs 

and bioactive glasses [23–30]. This incorporation of  

F− ions has been shown to promote the proliferation 

and osteogenic differentiation of different cell types, 

with the cell response being substantially dependent 

on the fluoride concentration, the substrate material 

and cell source [25–33]. In addition to these biologi-

cal effects, many studies have demonstrated significant 

changes in the biomaterial’s physicochemical proper-

ties, including crystallinity, dissolution rate, mechanical 

properties and coating-substrate adhesion when F− was 

incorporated into CaPs [23–27].

While both Co2+ and F− ions individually have 

 beneficial effects that can promote bone healing, their 

use in combination needs greater investigation in order 

to develop improved bone graft substitutes with the 

ability to simultaneously induce osteogenic and angio-

genic responses. This study was set up in such a way. 

Firstly, the effect of Co2+ ions on the expression of angi-

ogenic markers was investigated. Secondly, F− ions were 

added and proliferation and osteogenic differentiation 

was studied and compared to the sole effects of fluoride 

and cobalt ions. This was done in order to investigate 

whether the presence of Co2+ ions would compromise 

the effect of F− ions on the proliferation and osteogenic 

differentiation of hMSC.

Materials and methods

Preparation of Co2+ and F− stock solutions

A Tris buffer solution was prepared by dissolving 

6.05 g Tris base (Sigma), 41 ml 1 M HCl (Sigma) in 

pure MilliQ water to a total volume of 1 l (pH  =  7.4) 

as was previously described [15, 32]. Co2+ and F− stock 

solutions were prepared by dissolving appropriate 

amounts of CoCl2 (Sigma) and NaF (Sigma) salts in 

Tris buffer to reach the concentration of 10 mM and 

100 mM of Co2+ and F−, respectively, representing a low 

and high dose. For sterilization, the stock solutions were 

filtered using 0.22 µM filters and kept at 4 °C.

Coating preparation

The CaP coatings were deposited on the surface of 

treated tissue culture 24- well plates (Nunc). The 

deposition of CaP coating was achieved via a 2-step 

biomimetic coating approach, which has been 

previously described [15, 32]. Briefly, in the first step, 

a concentrated simulated body fluid solution (SBF 

2.5x) was prepared with ionic content of 733.5 mM 

Na+, 7.5 mM Mg2+, 12.5 mM Ca2+, 720 mM Cl−, 

5 mM HPO4

2− and 21 mM HCO3

−. 1 ml of SBF 2.5X was 

added to each well, and refreshed daily, for three days 

at room temperature. In the second step, a calcium 

Biomed. Mater. 11 (2016) 015020
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phosphate solution (CPS) was prepared consisting of 

140 mM Na2+, 4 mM Ca2+, 2 mM HPO4

2− and 144 mM 

Cl− (buffered at pH 7.4). Appropriate volumes of Co2+ 

and F− stock solutions were added to the CPS solution 

to reach the desired concentrations of ions in the CPS 

solutions (table 1). According to the groups, 1 ml of 

the CPS solution with varying concentrations of ions 

was added to each well, and refreshed daily, for three 

days at room temperature. The coatings were then 

washed three times with demineralized water and dried 

overnight in an air oven.

Coating characterization

The chemistry of the mineral phase was characterized 

by Fourier transform infrared spectroscopy (FTIR, 

Perkin-Elmer Spectrum 1000) and x-ray diffraction 

(XRD, Miniflex, Rigaku).

The morphology of the mineral films was character-

ized using scanning electron microscopy (SEM, XL-30 

ESEM-FEG, Philips) in the secondary electron mode, 

coupled with an energy dispersive x-ray spectroscopy 

analyzer (EDS, EDAX, AMETEK Materials Analysis 

Division) at the accelerator voltage of 10 KeV and work-

ing distance of 10 mm. The samples were sputtered with 

a thin gold layer prior to imaging. Quantification of the 

EDS data was achieved using the TEAM™ EDS V2.2 

software provided by the EDS manufacturer.

Cell subculture

Human mesenchymal stromal cells (hMSCs) were 

isolated from bone marrow aspirates (5–20 ml) 

obtained from one donor with written informed 

consent [34, 35]. Aspirates were resuspended using 20 G  

needles, plated at a density of 5  ×  105 cells per cm2, 

and cultured in proliferation medium (consisting 

of α-MEM (Gibco) supplemented with 10% fetal 

bovine serum (Lonza), 2 mM L-glutamine (Gibco), 

0.2 mM ascorbic acid (Sigma), 100 U ml−1 penicillin 

and 100 µg ml−1 streptomycin (Gibco) and 1 ng ml−1 

rhbFGF (AbDSerotec)). The medium was refreshed 

every 2–3 d. The cells were harvested using the 

standard trypsinization method at approximately 80% 

confluency for subculture until passage 3.

Cell culture

CaP coatings were sterilized with ethanol prior to cell 

culture. To sterilize, the CaP-coated wells were washed 

three times with 70% ethanol followed by 15 min of 

drying inside the flow cabinet after each washing step. 

In the last step of sterilization, 100% ethanol was added 

to the samples and allowed to evaporate in the flow 

cabinet for at least 2 h. The wells were then washed 

twice with sterile PBS. 1 ml of basic medium (α-MEM 

(Gibco) supplemented with 10% fetal bovine serum 

(Lonza), 2 mM L-glutamine (Gibco), 0.2 mM ascorbic 

acid (Sigma), 100 Uml−1 penicillin and 100 µg ml−1 

streptomycin (Gibco)) was added to each sterilized 

sample, and then incubated overnight in a 5% CO2 

humid atmosphere at 37 °C.

hMSCs (n  =  3) were cultured on the coated plates 

for the analysis of DNA amounts, ALP activity, the 

expression of a set of osteogenic markers on mRNA 

level and mineralization. For mineralization assess-

ment in the trans-well set-up n  =  2 was used as a sam-

ple size. All the measurements were performed twice on 

the same set of samples.

hMSCs of passage 3 were seeded on treated  tissue 

culture plates (TCPs) with and without CaP coat-

ings at a density of 10 000 cells cm−2 in approxi-

mately 50 µl of basic medium. 2 ml of either basic, 

osteogenic (basic medium supplemented with 10 nM 

dexamethasone (Sigma)) or mineralization medium 

(osteogenic medium supplemented with 0.01 M  

β-glycerophosphate (Sigma)) was directly added to 

each treated well with and without CaP coating. Appro-

priate volumes of ion stock solutions were also added 

Table 1. An overview of samples with Co2+ and/or F− ion concentrations in cell culture medium and in the CaP solution used for coating 
preparation.

Sample label Concentration of Co2+  in cell 

medium (µM) 

Concentration of F− in 

cell medium (µM) 

Ions directly supplemented to the medium Co 0 0 0

Co 0.1 0.1 0

Co 20 20 0

F 1000 0 1000

F1000 Co 0.1 0.1 1000

F1000 Co 20 20 1000

Sample label Concentration of Co2+  in 

CPS solution (µM) 

Concentration of F− in 

CPS solution (µM) 

Ions incorporated into CaP coatings Co 0 0 0

Co 0.1 0.1 0

Co 20 20 0

F 1000 0 1000

F1000 Co 0.1 0.1 1000

F1000 Co 20 20 1000

Biomed. Mater. 11 (2016) 015020
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to each well without CaP coating to reach Co2+ concen-

trations of 0, 0.1 and 20 µM, and F− concentrations of 

0 and 1000 µM in cell culture mediums (table 1.). The 

medium was refreshed every 2–3 d.

A parallel cell culture in a trans-well set up was 

performed to investigate the mineralization of hMSCs 

when exposed to ion-incorporated CaP coatings. Glass 

coverslips were coated with Co2+ and F−-incorporated 

CaP coatings using the method described above. The 

coated coverslips were then sterilized, and conditioned 

overnight in basic medium similar to the coated well 

plates. hMSCs were cultured on the bottom compart-

ment of trans-wells in either basic or mineralization 

medium. The CaP-coated coverslips were placed in the 

top compartment of trans-wells, sharing the medium 

with cells. The medium was refreshed every 2–3 d.

DNA content and ALP activity quantification

Total DNA was assessed with CyQuant Cell Proliferation 

Assay kit (Invitrogen) at days 7 and 14. After 3 cycles of 

freeze/thaw at  −80° C, 500 µl lysis buffer (lysis buffer 

provided in the kit diluted in a buffer of NaCl-EDTA 

solution) was added to each well. The samples were 

ultra-sonicated and incubated at room temperature for 

1 h. After centrifugation, the lysis buffer was collected 

and the DNA content was measured in accordance 

with manufacturer’s protocol. Briefly, 100 µl of the 

supernatant was mixed with the same volume of 

CyQuant GR dye in a 96 well micro-plate and incubated 

for 15 min. Fluorescence measurements for DNA 

quantification were done at excitation and emission 

wavelengths of 480 and 520 nm, respectively, using a 

spectrophotometer (Perkin Elmer). ALP activity of the 

cells was measured using a CDP-star kit (Roche Applied 

Science) at days 7 and 14. 10 µl of the lysis buffer used for 

quantifying DNA content was mixed with 40 µl CDP-

star reagent in a 96 well micro-plate and incubated 

for 30 min. After incubation, chemiluminescence 

measurements were completed at 466 nm. Results of 

the DNA assays are presented based on average µg of 

DNA detected in each condition normalized for DNA 

content of hMSCs cultured on TCPs in basic medium 

without ion addition for 7 d. Results of ALP activity 

were normalized per DNA content of each culture 

and ALP activity of hMSCs cultured on TCPs in basic 

medium without ion addition for 7 d and presented as 

the average of normalized ALP activity.

RNA extraction and gene expression (qPCR) assay

Total RNA was isolated by using a NucleoSpin® RNA 

II isolation kit (Macherey Nagel) for cells cultured on 

TCPs and in combination with NucleoSpin® RNA II 

isolation kit and Trizol method for cells cultured on 

CaP coatings, in accordance with the manufacturer’s 

protocol at days 7 and 14. RNA was collected in 

RNAse-free water and the total concentration was 

measured using nano-drop measurement equipment 

(ND1000 spectrophotomer, Thermo Scientific). The 

cDNA of the cultures were then prepared using an 

iScript kit (Bio-Rad) according to the manufacturer’s 

protocol and diluted 10 times in RNAse-free water to 

be used for quantitative real-time PCR (qPCR). The 

qPCR measurements were completed using Bio-Rad 

equipment using Syber green I master mix (Invitrogen) 

and the primers (Sigma) the sequences of which are 

listed in table 2. Expression of the osteogenic marker 

genes were normalized to GAPDH levels and hMSCs 

cultured on TCPs in basic medium for 7 d, and the fold 

inductions were calculated by using the ∆∆CT method

Mineralization assay

Alizarin Red staining was done at day 21 in order 

to investigate the mineralization of hMSCs. The 

cultures were washed twice with PBS after aspirating 

the medium, fixed with 4% paraformaldehyde (PFA) 

(Sigma) in phosphate buffered saline (PBS), buffered 

Table 2. Primer sequence of the angiogenic and osteogenic genes investigated.

Gene Primer sequence

GAPDH (housekeeping gene) 5′-CCATGGTGTCTGAGCGATGT

5′-CCATGGTGTCTGAGCGATGT

Vascular endothelial growth factor (VEGF) 5′-AGGTCTCGATTGGATGGCA

5′-AGGGCAGAATCATCACGAAGT

CD31 5′-GAACGGTGTCTTCAGGTTGGTATTTCA

5′-TCTATGACCTCGCCCTCCACAAA

Alkaline phosphatase (ALP) 5′-TTCAGCTCGTACTGCATGTC

5′-ACAAGCACTCCCACTTCATC

Bone sialoprotein (BSP) 5′-TCCCGTTCTCACTTTCATA

5′-CCCCACCTTTTGGGAAAAC

Bone morphogenetic protein 2 (BMP2) 5′-GCATCTGTTCTCGGAAAACCT

5′-ACTACCAGAAACGAGTGGGAA

Osteocalcin (OC) 5′-CGCCTGGGTCTCTTCACTAC

5′-TGAGAGCCCTCACACTCCTC

Osteopontin (OP) 5′-CCAAGTAAGTCCAACGAAAG

5′-GGTGATGTCCTCGTCTGTA

Biomed. Mater. 11 (2016) 015020
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at pH 7.4 for 30 min and washed at least twice with PBS. 

The cells were stained with 2% Alizarin red solution 

(Sigma) for 5 min, washed with PBS and imaged using 

a stereomicroscope (SMZ-10A, Nikon).

In order to quantify the mineralization of hMSCs, 

200 µL of 1M HCl (Sigma) was added to each well and 

collected after 1 min. The calcium content in the acid 

was then quantified using QuantiChrom™ calcium 

assay kit (BioAssay Systems) according to manufac-

turer’s protocol. A spectrophotometric plate-reader 

(Thermo Scientific MultiscanGo) was used to read the 

optical density of calcium complexes at 612 nm.

Statistical analysis

Statistical comparisons were performed using One-way 

Analysis of Variance (ANOVA) followed by a Tukey’s 

multiple comparison test. For all analyses, the following 

p-value applies: * p  <  0.05.

Results

Coating characterization

To analyze the morphology and chemical composition 

of the different coatings, SEM imaging and EDS 

elemental analysis were performed, respectively (figures 

1 (a1)—(f1)). A homogenous crystalline mineral layer 

composed of globules with a diameter of approximately 

5 µm, was observed in all conditions. The crystals of 

CaP coatings without additives exhibited a flat plate-

like morphology oriented perpendicular to the surface 

of the substrate (figure 1(a2)). The presence of Co2+ 

ions did not alter the morphology of the crystals in the 

coatings (figures 1(b2)–(c2)). Upon F− incorporation, 

the size of coating globules did not change, however, 

instead of a plate-like morphology, the individual 

crystals exhibited a rod-shaped morphology (figures 

1(d2)–(f 2)).

EDS spectra of all the coatings showed sharp peaks 

of calcium, phosphorous and oxygen (figures 1(a3)–

(f3)), confirming the formation of a CaP layer. Sodium 

and chlorine peaks were observed in the spectra of 

CaP coatings, suggesting incomplete washing. Within 

the energy range of 0–10 KeV, the most intense peak 

of cobalt appears at 0.776 KeV. In the EDS spectra of 

CaP and CaP Co0.1, such a peak was not observed, 

whereas, a small peak at approximately 0.7–0.8 KeV was 

observed in EDS spectrum of CaP Co20. Fluorine peak 

was observed in all the CaP coatings with F− incorpora-

tion (figures 1(a3)–(f3)).

Semi-quantitative analysis of EDS data (figure 1(g))  

revealed a Ca/P ratio of approximately 1.3–1.5 in all 

the coatings. The mean Co content of the CaP coatings 

without Co2+ incorporation and with low concentra-

tion of Co2+ was calculated to be lower than 0.05 atomic 

percent (at%), whereas, CaP Co20 and CaP F1000 Co20 

coatings contained 0.18  ±  0.04 at% and 0.15  ±  0.02 

at% cobalt, respectively. The results of fluorine quanti-

fication showed a value of 1.15  ±  0.02 at% for F con-

tent in the coatings without F− incorporation, while 

addition of 1000 µM F− to CPS solution resulted in 

5.1  ±  0.66, 4.19  ±  0.95 and 3.79  ±  1.06 at% fluorine 

in the CaP F1000, CaP F1000 Co 0.1 and CaP F1000 

Co20 coatings, respectively (figure 1(g)).

The composition of the coating and the effect of ion 

incorporation on the crystalline structure were further 

investigated by FTIR and XRD analyses (figure 2). All 

the FTIR spectra were typical of CaPs prepared using 

the biomimetic coating method [36, 37]. The FTIR 

spectra of all CaP coatings exhibited phosphate peaks at 

568, 605 and a set of peaks at approximately 1040 cm−1. 

The small peaks observed at 1410–1450 cm−1 are 

attributed to carbonate groups, which may be 

incorporated into the crystalline lattice during coating 

deposition. Moreover, two small bands appeared at 

860 and 910 cm−1, which are typical of HPO4

2− bands 

in octacalcium phosphate (OCP) structure. The band 

at approximately 1650 cm−1 represents presence of 

water. The broad band at approximately 3400 cm−1 also 

belongs to absorbed H2O groups and the small shoulder 

at 3550 cm−1 represents OH− groups [38]. Addition of 

Co2+ to CPS solution did not affect the FTIR spectra 

of CaP coatings. However, upon F− incorporation, the 

HPO4

2− peak at 910 cm−1 disappeared and the intensity 

of the HPO4

2− peak at 860 cm−1 was reduced. Moreover, 

the OH− peak at 3550 cm−1 disappeared upon addition 

of F− to the coatings (figure 2(a)).

The XRD patterns of the coatings showed only peaks 

with very low intensity in the 2θ range of 5–70°. A larger 

peak appeared at 5.6° theta, which may represent the 010 

crystalline plane in the OCP structure that is expected at 

approximately 4° theta. The less intense peak appearing 

at 25.7° theta are also observed in the XRD pattern of 

OCP as a less intense peak that is  attributed to plane 0 0 2. 

The small peak observed at approximately 32° theta is 

typical for XRD patterns of both apatite and OCP. No 

substantial changes were observed in the XRD patterns 

of the CaP coatings upon addition of Co2+ and F− ions 

to CPS solution (figure 2(b)).

Effect of Co2+ on the expression of angiogenic genes

The angiogenic effect of Co2+ ions on hMSC was 

analyzed with qPCR, using VEGF and CD31 as 

angiogenic markers (figure 3). At day 7, no significant 

differences were observed in the expression of VEGF 

upon addition of Co2+ to basic medium. At day 

14, the addition of Co2+ to basic medium in both 

concentrations led to a significant increase in the 

expression of VEGF (figure 3(a1)). A similar trend was 

observed in the expression of CD31, however, this result 

was not statistically significant at either time point 

(figure 3(a2)). Similar to medium conditioning with 

Co2+ ions, Co2+ ions incorporated into CaP coatings 

did not affect the expression of VEGF at mRNA level 

at day 7. At day 14, a small increase in the expression 

of VEGF and CD31 was observed in the hMSCs 

cultured on CaP Co20, however, this difference was not 

statistically significant for either marker (figures 3(b1)  

and (b2)).
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Figure 1. SEM images at low (a1–f1) and high (a2–f2) magnifications, and EDS spectra (a3–f3) of CaP, CaP Co0.1, CaP Co20, CaP 
F1000, CaP F1000 Co 0.1 and CaP F1000 Co 20, respectively, and Ca, P, Co and F content (g) in CaP coatings quantified based on EDS 
analysis. A homogeneous low-crystallinity CaP layer was formed on the surface of tissue culture well plates. Co2+ and F− content  
of approximately 0.15–0.18 at% and 3.79–5.1 at% was detected in the coatings upon addition of 20 µM of Co2+ and 1000 µM of 
F− to CPS solution, respectively.
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Effect of Co2+ and F− on DNA content

When added to cell culture medium, Co2+ and F− 

ions did not significantly affect the DNA content of 

hMSCs at day 7. At day 14 in both basic and osteogenic 

medium, F1000 showed significantly higher DNA 

content compared to all the other conditions, except 

F1000 Co0.1 in basic medium. Moreover, hMSCs 

cultured with 20 µM Co2+ showed significantly lower 

DNA content compared to all conditions containing 

F−, while no differences were seen with cells cultured 

in media without additives (figure 4(a1)).

When Co2+ and F− ions were incorporated into CaP 

coatings, no significant differences were detected on the 

DNA content of hMSCs at day 7. At day 14, the incorpo-

ration of F− into the CaP coating in general decreased 

the DNA content of the cells in both basic and osteo-

genic media, as compared to the control and coatings 

with only Co2+, which was in contrast to the findings of 

conditioned media (figure 4(b1)).

Effect of Co2+ and F− on ALP activity

Enzymatic ALP activity of hMSCs, as an early marker of 

osteogenesis, was quantified at days 7 and 14, normalized 

for DNA content and expressed in relation to the ALP 

activity in basic medium at 7 d (figures 4(a2)—(b2)). 

ALP levels measured in cells cultured on tissue culture 

plastic without coating were found to be higher than those 

measured in cells cultured on CaP coatings, independent 

of the medium used. The addition of F− ions to cell 

culture medium (figure 4(a2)) generally increased the 

ALP activity in hMSCs compared to control sample and 

samples containing only Co2+ ions, an effect that was 

independent of cell medium or time point. Co2+ ions, 

when added individually to cell medium, did not alter the 

ALP activity at day 7 and reduced the ALP activity at day 14 

with a dose-dependent trend. The combination of F− with 

Co2+ in higher concentration decreased the ALP activity 

as compared to F− alone, however, this activity was still 

greater than that measured upon addition of only Co2+.

Figure 2. XRD patterns (a) and FTIR spectra (b) of the CaP coatings without and with additives. The XRD patterns and the FTIR 
spectra suggested that the predominant phase was octacalcium phosphate, with a limited presence of carbonate. Addition of F− ions 
to the coating solution rendered the CaP phase more apatitic.
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In the CaP group, at day 7, the cells cultured in basic 

media on CaP F1000 had significantly higher ALP 

activity than the ones cultured of CaP, CaP Co0.1 and 

CaP Co20 (figure 4(b2)), though the differences were 

relatively small. At day 14, a general observation was 

that ALP activity in all the F−-incorporated samples 

was higher than the one quantified in CaP, CaP Co0.1 

and CaP Co20, independent of medium type, with CaP 

F1000 always resulting in highest ALP activity. Individ-

ual incorporation of Co2+, however, reduced the ALP 

activity independent of cell medium. In  combination 

with F− incorporation, Co2+ incorporation also 

resulted in a reduction in ALP activity, however, in this 

case, the ALP activity was still higher than the one in 

CaP coatings without ion incorporation and with only 

Co2+ incorporation.

Effect of Co2+ and F− on expression of osteogenic 

genes

Expression of osteogenic markers including ALP, BSP, 

BMP2, OC and OP of hMSCs in ions-conditioned 

media and upon culture on coatings incorporating ions 

Figure 3. mRNA expression of VEGF (a1,b1) and CD31 (a2,b2) in hMSCs (n  =  3) cultured on uncoated tissue culture plastic and 
on CaP coatings, respectively. Co2+ ions increased the expression of both markers after 14 d culture via both delivery methods with 
the effects being stronger when the ions were directly added to cell culture medium.

Figure 4. DNA content (a1, b1) and ALP activity (a2, b2) of hMSCs (n  =  3) cultured on uncoated tissue culture plastic and on CaP 
coatings, respectively. DNA content of the cells did not change upon exposure to Co2+, whereas F− ions increased the DNA content 
of the cells at day 14 when added to the medium, and decreased it when incorporated into CaP coatings. While a slight decrease in 
ALP activity of hMSCs was observed upon exposure to Co2+, F− ions favored the expression of ALP activity.
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was quantified via qPCR analysis after 7 and 14 d of 

culture (figure 5).

Addition of Co2+ ions to cell culture medium resulted 

in a dose-dependent reduction of ALP expression, inde-

pendent of medium and time point. Addition of F− to 

cell medium, however, strongly enhanced expression 

of ALP at all the time points, the effect which was more 

pronounced in osteogenic medium. Combination of 

dissolved Co2+ and F− ions decreased ALP expression 

when compared to addition of F− ions alone, however, 

the expression of ALP was still significantly higher com-

pared to control and Co2+-added samples (figure 5(a1)).

Figure 5. mRNA expression of ALP (a1, b1), BSP (a2, b2), BMP2 (a3, b3), OC (a4, b4) and OP (a5, b5) in hMSCs (n  =  3) cultured 
on uncoated tissue culture plastic and on CaP coatings, respectively. Limited to no effect of Co2+ was detected on the expression 
of osteogenic genes. In contrast, introduction of F− ions to hMSCs in general substantially promoted the expression of osteogenic 
genes. Combined supplementation/incorporation of both ions had a less stimulatory effect on osteogenic differentiation than the 
use of F− ions alone.
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Also in the CaP coating group, it was generally 

observed that expression of ALP in hMSCs cultured on 

F−-incorporated CaP coatings was higher than on CaP 

and Co2+-incorporated CaP coatings, with this effect 

being stronger in osteogenic than in basic medium. 

Addition of Co2+ decreased the positive effect on F− in 

a dose dependent manner (figure 5(b1)).

Similar to the ALP expression, BSP gene was also 

upregulated when F− ions, individually or in combina-

tion with Co2+ ions, were added to cell media at both 

time points. Addition of Co2+ to F− inhibited some-

what its effect in a dose dependent manner, though not 

to the level of the control medium without additives 

(figure 5(a2)).

In the CaP group, no significant differences were 

detected in the expression of BSP gene among different 

samples at day 7. At day 14, F−-incorporated CaP coat-

ings generally led to a higher BSP expression in both 

media as compared to coatings without or with only 

Co2+ and the adverse effect of the addition of Co2+ was 

only seen at higher concentration and only in osteo-

genic medium (figure 5(b2)).

Figure 6. Light microscopy images of mineral formation by hMSCs (n  =  3) cultured in mineralization medium without 
supplements (a) and with 0.1 µM Co2+ (b), 20 µM Co2+ (c), 1000 µM F− (d), 1000 µM F− and 0.1 µM Co2+ (e) and 1000 µM F− and 
20 µM Co2+ (f), and quantification of calcium content in the cultures at day 21 (g). Presence of Co2+ ions reduced the amount 
of mineralization in the cultures, however, addition of F− ions, individually or in combination with Co2+ ions, enhanced the 
mineralization of hMSCs.

Figure 7. Mineralization of hMSCs (n  =  2) in basic (a1–f1) and mineralization medium (a2–f2) in a trans-well set-up in the 
presence of CaP coating prepared without and with 0.1 µM Co2+, 20 µM Co2+, 1000 µM F−, 1000 µM F− and 0.1 µM Co2+ and 1000 
µM F− and 20 µM Co2+, respectively, and quantification of calcium content in the cultures at day 21 (g). In mineralization medium, 
while presence of Co2+ in the coatings decreased the mineralized area in the coatings, incorporation of F− ions in the coatings 
resulted in larger mineralization areas and higher calcium content in the cultures.
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Regarding BMP2 expression by cells cultured in ion-

conditioned media, no significant effect among differ-

ent conditions was observed at day 7 in basic medium. 

However, in osteogenic medium at day 7 and in both 

media at day 14, supplementation by F− ions resulted 

in a higher BMP2 expression, as compared to control 

media, or media containing only Co2+. A decrease in 

the BMP2 expression was observed in combined ion 

condition as compared to the condition with F− only 

(figure 5(a3)).

Also on CaP coatings, a positive effect of F−-

incorporation was observed on the BMP2 expres-

sion, with significant differences between CaP F1000 

and CaP Co0.1 and between CaP F1000 Co0.1 and 

CaP, CaP Co0.1 and CaP Co20 in basic medium at 7 d  

(figure 5(b3)).

OC expression by cells cultured on uncoated and 

on coated tissue culture plastic remained relatively low 

for all conditions. All F− supplemented basic media 

significantly increased OC gene expression compared 

to control basic medium and Co2+ supplemented 

media at 7 d. At day 14, the F− -supplemented media 

showed a positive effect on OC expression, as compared 

to the conditions without F−, in both types of media.  

A decrease in the expression was observed upon addi-

tion of Co2+ to F− conditioned medium, in particular 

at higher concentrations (figure 5(a4)).

The effect of ion supplementation of the CaP coat-

ing on the OC expression was relatively small, with the 

only significant difference being between CaP F1000 

and CaP Co0.1 in osteogenic medium at 14 d of culture 

(figure 5(b4)).

While no significant differences were detected in the 

expression of OP at day 7 among different conditions, at 

day 14, a general trend was that addition of F− individ-

ually or in combination with Co2+ ions increased OP 

expression compared to the other samples. This effect 

was observed in both media even though the expression 

of OP was lower in osteogenic medium. Combining 

Co2+ ions with F− ions reduced the expression of OP, 

dose-dependently. However, even in the highest con-

centration of Co2+, this combination led to higher OP 

expression compared to the control samples, as well as 

when Co2+ ions were added individually (figure 5(a5)).

Also in the case of cells cultured on CaP coatings, 

at day 14, a beneficial effect of F− incorporation was 

observed, in particular as compared to the coatings 

where only Co2+ was incorporated (figure 5(b5)).

Effect of Co2+ and F− on hMSC mineralization

Mineralization of  hMSCs cultured on tissue 

culture plastic in basic or mineralization medium 

supplemented with Co2+ and/or F− and on CaP 

coated tissue culture plastic without and with ion 

incorporation in basic and mineralization medium was 

analyzed after a 21 d culture period by staining the cells 

with Alizarin red solution.

When cultured on uncoated tissue culture plastic, 

hMSCs did not show any signs of mineralization in 

basic medium (data not shown). However, minerali-

zation of the cells cultured in mineralization medium 

was detected (figures 6(a)–(f)). Supplementing the 

medium with 20 µM Co2+ reduced the visible min-

eralized area (figures 6(a)–(c)), while the mineralized 

area was increased when the cells were exposed to 1000 

µM F− ions (figure 6(d)). Although the combination of 

Co2+ and F− ions showed less pronounced mineraliza-

tion compared to the condition where only F− ions were 

added, they resulted in a mineralization comparable 

to that observed in the control medium and medium 

supplemented with 0.1 µM Co (figures 6(e) and(f)). 

 Calcium content quantification confirmed these 

results, however, the differences were relatively small 

and the only significant difference was found between 

F1000 and Co20 condition (figure 6(g)).

Since Alizarin red staining of cells cultured on CaP 

coatings does not allow reliable quantification of cell 

mineralization, the culture was also performed in a 

trans-well set up in which the cells were cultured on the 

surface of the well while sharing a medium with a CaP-

coated cover slip placed in the inset of the trans-well.

The culture in basic medium did not result in a high 

amount of mineralization. Small nodules of minerali-

zation were, however, detected in hMSCs cultured with 

CaP coatings as shown by arrows in figure 7(a1). Miner-

alization nodules did not form when cells were cultured 

with Co2+-incorporated CaP coatings (figures 7(b1)–

(c1)). When cultured with F−-incorporated and F− and 

Co2+-incorporated CaP coatings, the mineralization 

nodules were found in larger numbers, however, they 

did not grow into mineralized areas (figures 7(d1)–(f1)).  

Quantification of the mineralization showed a slight 

increase in the calcium level in F− containing coatings 

compared to the coatings without F− incorporation 

(figure 7(g)).

In mineralization medium, cells cultured with CaP 

coatings showed extensive mineralization (figures 

7(a2)–(f2)). In CaP Co0.1 and CaP Co20 coatings, 

the nodules were observed, however, they appeared 

dispersed over the surface (figures 7(b2)–(c2)). In 

 contrast, in CaP F1000 samples, larger dense minerali-

zation areas were observed (figure 7(d2)). The density 

of the mineralized layer reduced upon addition of both 

Co2+ and F− ions into the coating as compared to the 

coating only containing F, but the mineralized area was 

still larger than in the CaP Co0.1 and CaP Co20 condi-

tion (figures 7(e2) and (f2)). Quantification of calcium 

content in the cultures showed that indeed F-incorpo-

rated CaP coatings resulted in higher calcium levels 

compared to CaP coatings with Co2+ incorporation 

(figure 7(g)).

Discussion

The current use of bioinorganics in the field of 

orthopedics and dentistry ranges from anti-

osteoporotic and anti-cariogenic treatments, to their 

incorporation into bone graft substitutes, with the 
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aim of improving the properties and performance of 

the latter. As single trace elements incorporated into 

synthetic materials have demonstrated positive results 

to date, incorporating multiple bioinorganics may 

further enhance the biological performance. Several 

attempts have been made to incorporate multiple 

bioinorganics into various CaP-based materials 

[39–45], revealing enhanced impact of multiple 

bioinorganics on bone formation processes. In the 

present study, we have investigated the combined 

effect of Co2+ and F− ions, which have been suggested 

to positively influence angiogenesis and osteogenesis, 

respectively.

For Co2+, a low (0.1 µM) and a higher (20 µM) con-

centration were used, above which cytotoxic effects of 

the ion were reported [11]. A constant F− concentration 

of 1000 µM was selected based on a preliminary study, 

at which the strongest positive effect on ALP activ-

ity of hMSCs was observed (data not shown), while 

avoiding cytotoxicity that has been reported above this 

 concentration range [20, 21]. In parallel with stud-

ies on direct ions supplementation of the cell culture 

medium, the ions were incorporated into a CaP coat-

ing using a previously described method [32]. Similar 

concentrations of cobalt and fluoride salts were used as 

described for direct medium supplementation, with-

out issues with stability of the CaP solution. However, 

since the efficiency of incorporation is never 100%, it 

should be noted that the amount of ions presented to 

the cells upon culture on CaP coatings is always lower 

than that achieved through direct supplementation of 

the medium. Furthermore, the concentrations selected 

in this study were optimized for in vitro experiments 

and the optimal ion content in the coatings may be dif-

ferent in the in vivo situation.

Physico-chemical characterization of the coatings 

revealed homogenous deposition of a low- crystalline 

CaP that predominantly consisted of an OCP phase 

with incorporation of some carbonate, which is in 

accordance with results previously obtained by apply-

ing the same technique [36, 37]. Within the applied 

concentration range, the addition of Co2+ ions did not 

have an apparent effect on CaP coating properties, con-

firming the data previously presented by Patntirapong 

et al [15]. Conversely, when F− ions were added to the 

coating solution, significant changes were observed in 

the morphology of the CaP crystals, decreasing in size 

and becoming more rod-shaped as shown in previous 

studies [32, 46–48], which is closer to apatitic crystal 

morphology [32]. This observation was confirmed by 

the changes observed in FTIR spectra after F− incor-

poration.

The effect of Co2+ on the expression of angio-

genic markers was measured as a first test to determine 

whether this ion could aid angiogenesis in a bone graft 

substitute. Vascularization is critical for the process of 

bone formation and remodeling, both in the develop-

ment stage and during repair [49, 50]. The absence of 

adequate blood supply, for example, in critically sized 

bone defects, may result in pathological conditions dur-

ing the bone formation process.

The addition of Co2+ ions, both as direct supple-

ment to the medium or incorporated into CaP coat-

ings, upregulated the expression of VEGF and CD31 

in hMSCs as compared to the control without Co2+, 

although, in general, the expression of these markers 

was relatively low. A low expression of CD31 of hMSCs 

cultured in basic or osteogenic medium was expected 

based on an earlier study [51]. Higher marker expres-

sion was found when Co2+ was added to cell medium 

as a dissolved salt, which may be due to differences in 

concentration. These results are in accordance with 

those previously reported in literature. Supplementa-

tion of Co2+ ions in cell medium as well as the release 

of Co2+ from bioactive glass was shown to result in a 

significant increase in VEGF gene expression and/or 

protein release [14, 17]. Furthermore, the implant-

ation of Co2+-treated cells seeded on a collagen scaf-

fold resulted in enhanced vascularized bone formation 

[17]. Cobalt, in ionic form, has been shown to induce 

hypoxia conditions by directly binding to and stabiliz-

ing hypoxia inducible factor-α [16, 17]. Cells compen-

sate for the low oxygen levels by expressing angiogenic 

markers and increasing blood vessel formation, which 

is the suggested mechanism behind the positive effect 

of Co2+ ions on angiogenesis [2].

The addition of Co2+ ions did not significantly 

change the DNA content of the cells. As DNA content 

can be considered an indication of cell number and 

growth, this result indicated that the presence of Co2+ 

ions did not have adverse effects on the cell viability. 

Although the toxic effects of Co2+ on various cell types 

have been reported, these effects were substantially 

dependent on the locally delivered dose, as well as the 

cell type [11–14].

The addition of 1000 µM F− ions to cell medium did 

not appear to affect the DNA content of the cells at day 

7 either. However, at day 14, there was a small increase 

in the DNA content compared to control and Co2+ 

-containing samples. Previous studies, however, have 

reported opposing results using similar concentrations 

of F− ions, emphasizing different responses depending 

on the cell type [20, 21].

While no effect was observed on the DNA content 

upon direct addition of F− to the cell culture medium, 

incorporation into CaP coatings generally resulted in a 

reduction of the DNA content of the cells at later time 

points compared to CaP and Co2+-incorporated CaP. 

This effect is possibly a result of the change of CaP coat-

ing morphology upon F− ions incorporation.

Regarding the effect on the osteogenic differentia-

tion of hMSCs, Co2+ ions suppressed the ALP enzy-

matic activity as well as the ALP expression at mRNA 

level, with the effect being more pronounced with 

direct addition to cell medium condition compared to 

the incorporation into the CaP coating, possibly due 

to differences in concentrations. Similar results were 

found for the expression of BSP gene, whereas no strong 
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effect was found on the expression of BMP2, OC and 

OP using either delivery method. ALP and BSP genes 

are directly related to mineralization of the cells [52, 53] 

and it was therefore not surprising to observe that direct 

addition, as well as incorporation of Co2+, reduced the 

mineralization of hMSCs in terms of number and size 

of mineralization nodules and calcium content. These 

findings are consistent with earlier studies on the effect 

of cobalt on the osteogenic differentiation of osteoblas-

tic progenitor and ligament cells. Andrews et al [11] also 

observed a reduction in ALP activity of SaOS-2 cells 

upon Co2+ supplementation at concentrations higher 

than 10 µM, and attributed this effect to the potential 

cytotoxicity of the ions observed at these concentra-

tions. Our data, however, did not show a reduction in 

cell proliferation in the examined range of concentra-

tions. Similarly, Osathanon et al [13] reported reduced 

ALP activity and expression of osteogenic genes includ-

ing ALP, OC and RUNX2 as well as a significant reduc-

tion in mineralization in human periodontal ligament 

cells when cultured with 50 and 100 µM CoCl2. These 

effects were attributed to the ability of Co2+ ions to 

maintain the stemness of the cells.

Exposure of hMSCs to F− ions resulted in a strong 

increase in ALP activity, expression of osteogenic mark-

ers at mRNA level, as well as the formation and growth 

of mineralization nodules. Similar results have been 

previously obtained for both studies with and with-

out CaP materials [20–22, 24, 26–29, 31–33]. Several 

mech anisms have been proposed to describe the effects 

of fluoride on bone cells, in which many proteins and 

 signaling pathways are involved [54]. The effects are, 

however, commonly attributed to fluoride’s anabolic 

role on bone metabolism which increases the pro-

liferation of bone cells, in addition to its potential in 

stimulating osteogenic differentiation, resulting in the 

deposition of bone matrix [21, 22]. Besides these direct 

effect, the change of crystal morphology upon incorpo-

ration of F− ions into the CaP coatings may also affect 

the osteogenic differentiation, as has been previously 

proposed by Yang et al [32]. Regardless of the mech-

anism, these results support the use of F− ions as means 

to enhance osteogenic differentiation of hMSCs.

Regarding the effect of the combination of the two 

ions on proliferation, osteogenic differentiation and 

mineralization of hMSCs, the general trend observed 

was that the addition of Co2+ weakened the positive 

effect of F− ions, independent of the method of deliv-

ery. Nevertheless, even at higher Co2+ concentrations, 

a combination of the two ions indicated a more pro-

nounced osteogenic differentiation and mineralization 

than the control without ionic additives.

While Co2+ and F− release into cell culture medium 

has not been quantified in this study, in an earlier 

study, the effect of Co2+ ions incorporated into similar 

CaP coatings as used here was studied on osteoclastic 

resorption. In this study a gradual release of Co2+ into 

cell culture medium was observed over a 9 d culture 

period [15]. Similarly, we have observed the release of 

Sr2+ from similar CaP coatings into cell culture medium 

(unpublished data). Therefore, it is assumed that both 

Co2+ and F− were released into the cell culture medium 

during culture of hMSCs here. This is in contrast to cal-

cium (Ca2+) and inorganic phosphate (Pi) ions, which 

are actually taken up from the medium, probably as 

a result of their high concentration in the medium. 

Clearly, the dynamics of this ion exchange on the sur-

face in complex and requires further invest igation.

While our results suggest that Co2+ ions promote 

the expression of angiogenic markers by hMSCs, and 

that F− alone and in combination with Co2+ favors 

osteogenesis, further investigation is needed to confirm 

that the combination is also beneficial for angiogenesis. 

While enhanced expression of VEGF has been reported 

in rats upon treatment with F− [55, 56], the possibility 

of some antagonistic effects on vascularization from 

the combination of Co2+ and F− remains, and further 

investigation is justified.

Conclusion

This study investigated the combined effects of 

two bioinorganics, Co2+ and F− ions, as a means to 

stimulate both angiogenesis and osteogenesis. While 

Co2+ can stimulate angiogenesis, its detrimental 

effects on osteogenesis can be overruled by the 

addition of F−. The combination of Co2+ and F− 

resulted in higher expression of osteogenic markers 

and mineralization compared to the controls without 

ionic additives. This effect was obtained by direct 

addition of the ions to the cell culture medium, as well 

as through incorporation into CaP. Such approaches 

can be used to improve the performance of the bone 

graft substitutes.
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