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Abstract 
 

OssiMend Bioactive (Collagen Matrix Inc., NJ) is a three-component porous composite bone graft 
device of 45S5 Bioglass/ carbonate apatite/ collagen. Our in vitro studies showed that conditioned 
media of the dissolution products of OssiMend Bioactive stimulated primary human osteoblasts to 
form mineralised bone-like nodules in vitro in one week, in basal culture media (no osteogenic 
supplements). Osteoblast differentiation was followed by gene expression analysis and a 
mineralization assay. In contrast, the dissolution products from commercial OssiMend (Bioglass-
free carbonate apatite/ collagen scaffolds), or from 45S5 Bioglass particulate alone, did not induce 
the mineralisation of the extracellular matrix, but did induce osteoblast differentiation to mature 
osteoblasts, evidenced by the strong upregulation of BGLAP and IBSP mRNA levels. The calcium 
ions and soluble silicon species released from 45S5 Bioglass particles and additional phosphorus 
release from OssiMend mediated the osteostimulatory effects. Medium conditioned with OssiMend 
Bioactive dissolution had a much higher concentration of phosphorus and silicon than media 
conditioned with OssiMend and 45S5 Bioglass alone. While OssiMend and OssiMend Bioactive led 
to calcium precipitation in cell culture media, OssiMend Bioactive produced a higher concentration 
of soluble silicon than 45S5 Bioglass and higher dissolution of phosphorus than OssiMend. These 
in vitro results suggest that adding 45S5 Bioglass to OssiMend produces a synergistic 
osteostimulation effect on primary human osteoblasts. 
In summary, dissolution products of a Bioglass/carbonate apatite/collagen composite scaffold 
(OssiMend® Bioactive) stimulate human osteoblast differentiation and mineralization of 
extracellular matrix in vitro without any osteogenic supplements. The mineralization was faster than 
for dissolution products of ordinary Bioglass. 
 
Highlights 

• The dissolution products of OssiMend Bioactive induce osteoblasts mineralization. 

• The bioactive ions released from OssiMend or 45S5 Bioglass drive osteoblast maturation. 

• OssiMend Bioactive combines Si release with P dissolution and Ca deposition.  
• Adding 45S5 Bioglass to a collagen/hydroxyapatite foam produces a synergistic 

osteostimulation effect. 
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1. Introduction 
 
The original bioactive glass composition 45S5 (Bioglass), has been in clinical use in the form of a 
particulate since 1994, when the medical device Perioglas (NovaBone Products LLC, Jacksonville 

FL) was launched, consisting of particles in the range 90 - 710 m [1]. Perioglas is a synthetic 
bone graft approved for use in dental and maxillofacial bone regeneration. It is generally applied by 
the clinician mixing the particulate with the patient’s blood and filling a bone defect. In vivo studies 
comparing synthetic hydroxyapatite (sHA) to Bioglass particles of the same size, in a rabbit femoral 
chondyle model, found Bioglass to stimulate more bone in-growth and higher quality bone in-
growth than sHA [2-4]. While in vivo studies can show enhanced bone growth, understanding the 
mechanisms underlying the observations require in vitro studies. For example, the reason for the 
improved bone regeneration of 45S5 Bioglass was attributed to the ions that are released during 
bioactive glass dissolution stimulating osteogenic cells [5], according to in vitro gene expression 
studies with primary human osteoblasts by Xynos et al. [6]. Importantly, the in vitro studies focused 
on the ions released from the glass, rather than cells in contact with the glass itself. The Bioglass 
particles were soaked in the cell culture media, for 24 h without cells, at which point the Bioglass 
particles were filtered out and the filtrate used for cell culture. Gene expression studies, including 
use of gene arrays, found that seven families of genes involved in osteogenesis were upregulated 
[6, 7] on exposure of the cells to the dissolution products (soluble silicon, phosphate and calcium 
ions). Those studies used osteoblasts harvested from excised femoral heads with average donor 
age of 64 ± 8 years.  
 
Hoppe et al. has provided a comprehensive overview of bioactive glasses and glass-ceramics 
focusing on the bioactive ions-cell interactions, experimental evidence of human cell responses to 
ionic dissolution products, including their therapeutic effects in vitro [8]. Bioactive glasses can also 
be loaded with drugs and bioactive molecules to further improve tissue functional recovery upon 
injury [9], but this may unnecessarily increase the regulatory burden. Clinical use of bioactive 
glasses has also recently been reviewed [1, 10]. 
 
The orthopaedic product, NovaBone (NovaBone Products LLC, Jacksonville FL) followed in 2005, 
when approval of the Bioglass particulate was granted for orthopaedic use. NovaBone claimed the 
property of “Osteostimulation”, which refers to the dissolution products of the Bioglass, provoking 
activation of the osteoblasts in vitro. Another device that releases Si on dissolution is Si-doped 
sHA, Actifuse (Baxter Healthcare, Elstree, UK). Porous Actifuse granules were compared to 
NovaBone particulate, in a rabbit model, wherein NovaBone remodelled more rapidly than Actifuse 
[11]. Several mouldable bone graft devices have also been launched, usually based on a collagen 
Type I matrix and a bioactive component of sHA and/or Bioglass, e.g. NovaBone’s MacroFormTM 
or Vitoss BA (Stryker, NJ) [1].  
 
Here, the aim was to evaluate the potential osteostimulation effect of a composite scaffold that 
contains 45S5 Bioglass particulate, using the protocols of Xynos et al. [6]. OssiMend (Collagen 
Matrix Inc., NJ) is a porous composite made of freeze-dried Type I collagen and bovine carbonate 
apatite. OssiMend Bioactive has the same components but also contains 45S5 Bioglass particles. 
The objective was to compare differentiation of primary human osteoblasts in vitro, in response to 
the dissolution products of OssiMend Bioactive against controls of 45S5 Bioglass particulate and 
OssiMend (Fig. 1 A). Our hypothesis was that the bioactive ions released from the new 
formulation, OssiMend Bioactive, would favour faster primary human osteoblasts differentiation 
and extracellular matrix mineralization. We used a combination of gene expression and imaging 
analysis to examine primary human osteoblast response without the addition of exogenous 
osteoinductive factors. Our observations demonstrate that primary human osteoblasts rapidly 
differentiate in vitro in response to OssiMend Bioactive ionic environment with increasing 
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deposition of calcium (Ca) and hydropxyapatite in bone-like nodules. However, bioactive ions from 
OssiMend and 45S5 Bioglass conditioned media only induce osteoblast maturation within the 
same period in culture. Our results suggest the synergistic effect of combining the soluble silicon 
(Si) release from 45S5 Bioglass with the phosphorus (P) dissolution and Ca deposition from 
OssiMend, in the OssiMend Bioactive formulation. 
 

 
 
Figure 1: 45S5 Bioglass, OssiMend and OssiMend Bioactive (A) pictures and (B) SEM 
micrographs. Scale bar in (A) is 2 cm and in (B) is 500 µm. 
 
 
 
2. Materials and Methods 
 
2.1. Materials  
OssiMend Bioactive, a mouldable bone graft matrix strip (20 w/w% bovine collagen, 30 w/w% 
Bioglass 45S5, 50 w/w% carbonate apatite), OssiMend, a bone graft matrix strip (20 w/w% bovine 
collagen, 80 w/w% carbonate apatite) and 45S5 Bioglass particulate (45 wt% SiO2, 24.5 wt% CaO, 

24.5 wt% Na2O, and 6 wt% P2O5) of the same particle size (approximately 100 – 300 m) as used 
in the OssiMend Bioactive, were supplied from Collagen Matrix Inc. (NJ). The 45S5 Bioglass 
particle size distribution was confirmed via laser particle size analysis (Malvern Panalytical, UK).  
 
2.2. Imaging 
Scanning Electron Microscopy (SEM) images were taken using an Auriga dual-beam field emission 
gun SEM workstation (Zeiss, Germany) using an InLens detector at 2.5 kV with a working distance 
of 5 mm. Samples were coated with 25 nm chromium for imaging of the top surfaces of OssiMend, 
OssiMend Bioactive blocks and of dispersed 45S5 Bioglass particles.  
 
2.3. Conditioned media  



 

4 
 

Conditioned medium containing the ionic dissolution products in Dulbecco’s Modified Eagle 
Medium (DMEM, #D5671, Sigma) was prepared using 1% w/v 45S5 Bioglass (i.e. 0.8 g of 45S5 
Bioglass in 80 mL of DMEM), as used by Xynos et al. [6]. To ensure the same amount of 45S5 
Bioglass was immersed in the media for OssiMend Bioactive, 2.66 g of OssiMend Bioactive was 
immersed in 80 mL of DMEM. OssiMend control condition medium was prepared by adjusting 
medium volume to give the same w/v ratio of the strip as for OssiMend Bioactive (i.e. 2.66 g in 80 
mL of medium). DMEM alone was used as negative control and each condition was tested in 
triplicate. 
 
Samples were sealed and incubated for 6 h or 24 h at 37 °C without agitation in a 5% CO2 
atmosphere. Aliquots of the supernatant were collected during incubation (1 mL) for measuring 
elemental concentrations. The pH was measured, and the supernatant was filtered using a 0.2 μm 
non-pyrogenic sterile surfactant-free cellulose acetate filter (Corning). Conditioned media were 
stored at 4 °C. 
 
2.4. Elemental analysis of the conditioned media  
Concentrations of Ca, P, and Si in solution were measured with Thermo Scientific iCAP 6300 Duo 
inductively coupled plasma – optical emission spectrometer (ICP-OES) with auto sampler. Mixed 
standards of Ca (#19051, Sigma), P (#13862, Alfa Aesar), Si (#1.70365.0100, Merck) were 
prepared at 0, 1, 2, 5, 10, 20 and 40 μg mL-1 for the calibration curve. Samples - aliquots obtained 
during incubation, conditioned media with or without 10% (v/v) FBS (Gibco), 2 mM L-glutamine 
(Gibco), 1% (v/v) antibiotic antimycotic solution (Sigma) given to cells, and cell supernatant - were 
diluted by a factor of 10 with sterile deionised water. Calibration was carried out at the beginning of 
each sequence. P was measured in the axial direction of the plasma flame whereas Ca, and Si 
were measured in the radial direction. Each treatment was tested in triplicate and each sample was 
measured three times in ICP. ICP results were averaged over three repeat measurements of three 
replicates of each treatment. Results are shown as mean ± standard deviation. 
 
2.5. Human osteoblasts culture and treatment with conditioned media 
Primary human osteoblasts (NHOst, #CC-2538, LONZA) were routinely expanded in basal medium 
composed of DMEM with 10% (v/v) FBS, 2 mM L-glutamine, 1% (v/v) antibiotic antimycotic 
solution at 37 °C, in 95% air humidity and 5% CO2 (using 0.05% Trypsin-EDTA, Thermo Fisher 
Scientific) and used prior to passage 5, at population doubling level (PDL) 5.61. Human 
osteoblasts were tested and devoid mycoplasma contamination before being used in each 
experiment. 
 
Human osteoblasts were seeded 1 x 104 cells/cm2 in 24-well tissue culture plates (TCP) or 
coverslips (Sarstedt). 24 h later, cells were treated with conditioned media with 10% (v/v) FBS, 2 
mM L-glutamine, 1% (v/v) antibiotic antimycotic solution. Media were exchanged every other day. 
Cell supernatant was collected from treated cells (cell supernatant). Treated cells in culture were 
imaged with bright field microscopy over time using Real-Time Automated Cell Imaging System 
- JuLI™ Stage (Cambridge Bioscience). 
 
2.6. Human osteoblast metabolic activity 
 
Human osteoblast metabolic activity over time was evaluated by conducting an alamarBlueTM HS 
assay (Thermo Fisher Scientific), according to the manufacturer’s instructions. At each time point 
(n = 9), alamarBlue reagent 10% (v/v) in basal culture medium replaced cell supernatant and was 
incubated for 2 h under standard culture conditions. The fluorescence was read at 535 ± 25 nm 
excitation and 595 ± 35 nm emission in a Spark Multimode Microplate Reader (Tecan) using black 
96 micro well-plates with clear bottom (Corning). Results are shown as box plots expressing the 
median, first and third quartiles, and the highest and lowest values. 
 
2.7. Quantitative polymerase chain reaction  
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After two and seven days in culture, cell lysates were collected using RLT buffer from the RNeasy 
Mini Kit, snap-frozen in liquid nitrogen, stored at -80 °C. RNA was isolated from cell lysates using 
QIAshredder, RNeasy Mini Kit and RNase-Free DNase Set, according to the manufacturer’s 
instructions (all from Qiagen). RNA quality and concentration in each sample were calculated using 
Nanodrop ND-1000. RNA was reverse transcribed into cDNA in two steps: (1) 0.1 µg of RNA, 2 μL 
500 μg mL-1 random primers, and 2 μL of RNase-free water was incubated at 70 °C for 5 min: (2) 
the reaction mixture was mixed with 1.25 μL of 1 mM PCR Nucleotide Mix, 5 μL of M-MLV reverse 
transcriptase 5x Buffer, 1 μL of 200 U μL-1 M-MLV reverse transcriptase (all from Promega), and 
3.75 μL RNase free water and incubated for 1 h at 42 °C. cDNA was stored at -20 °C. Real-time 
quantitative polymerase chain reaction (qPCR) was performed on an Applied Biosystems ViiA 7 
real-time PCR (Thermo Fisher Scientific) detection system using 384-well PCR plates. Each primer 
pair (Supplementary Table 1) concentration was optimized to the maximum efficiency. Reaction 
mixtures were prepared with 0.5 μL of cDNA, 3 μL of primer mix (forward and reverse), 5 μL of 
Power SYBR™ Green PCR Master Mix (Thermo Fisher Scientific), and 1.5 μL of RNase-free 
water. A three-step cycle was employed: (1) AmpErase Uracil N-glycosylase inactivation at 50 °C 
for 2 min and denaturation at 95 °C for 10 min; (2) annealing/extension at 60 °C for 1 min; and (3) 
melting from 60 °C to 95 °C at 0.5 °C/step.  
 
Samples (n ≥ 5) were run in triplicate and water was used in place of cDNA as a control. The 
ΔΔCQ method was used to quantify fold changes in the expression for each gene of interest (GOI) 
and normalised to the expression of undifferentiated human osteoblasts (control treated with basal 
medium), using Eukaryotic translation elongation factor 1 alpha 1 (EEF1A1), Glyceraldehyde-3-
phosphate dehydrogenase (GAPDH), and Ribosomal protein L13a (RPL13A) as the reference 
genes (RG): fold change in expression = 2-ΔΔCq, ΔΔCq = [treatment(CqGOI,t(x) – CqRG,t(x)) – 
control(CqGOI,t(x) – CqRG,t(x)]. Fold change in expression normalized to expression in human 
osteoblasts cultured with basal medium (set to 1) for each time point is shown as column graphs 
with scatter dot plots showing mean ± standard deviation. 
 
2.8. Mineralization assay 
 
At day seven and day fourteen, human osteoblasts on coverslips were fixed in 4% w/v 
paraformaldehyde in PBS for 20 min. The mineralization was evaluated using the OsteoImage™ 
assay (#PA-1503, LONZA), according to the manufacturer’s instructions. The fluorescent 
OsteoImage™ staining reagent specifically binds to the hydroxyapatite portion of the bone-like 
nodules deposited by cells. Nuclei were counterstained with 10 µg mL-1 Hoechst 33342, 
Trihydrochloride, Trihydrate (ThermoFisher Scientific) for 15 min. After washing, cells were 
coverslipped and imaged in Leica SP8 inverted confocal laser scanning microscope. Sequential 
acquisition and Kalman filter mode, 20× dry objective with numerical aperture of 0.75, and 1024 × 
1024 pixel size. Detector gains were set to be constant between samples to facilitate comparison. 
Quantification of bone nodules area and integrated intensity of stained hydroxyapatite per bone-
like nodule (> 10 µm2) was evaluate after thresholding Otsu’s method using Analysis Particles 
plugin in Image J. Results are shown as violin plots expressing the median, first and third quartiles, 
and the highest and lowest values. 
 
2.9. Statistical analyses 
 
Ion concentration profile plot is shown as mean ± standard deviation. Metabolic activity is shown as 
box plots expressing the median, first and third quartiles, and the highest and lowest values. Gene 
expression analysis is shown as column graphs with scatter dot plots showing mean ± standard 
deviation. Measurements of mineralization (after removal of outliers with ROUT test Q = 1%) are 
shown as violin plots expressing the median, first and third quartiles, and the highest and lowest 
values. Statistical analyses were carried out using a non-parametric Kruskal-Wallis test followed by 
Dunn's multiple comparison test for multiple comparisons, or Mann-Whitney test (two-tailed) for 
comparisons between two groups. Statistical analyses were carried out using GraphPad Prism 
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version 8 for Windows (GraphPad Software, USA). p values are indicated in figure captions or in 
Supplementary Tables. 
 
 
 
 
 
3. Results 
 
3.1. OssiMend Bioactive conditioned medium combines greater P and Si content and 
favours Ca deposition 
 
OssiMend and OssiMend Bioactive porous structure was imaged using SEM (Fig. 1B). The 45S5 
Bioglass particles were imaged using SEM (Fig. 1B) and their size distribution was confirmed via 

Laser particle size analysis (d0.1 = 138 ± 6 m, d0.5 = 261 ± 4 m, d0.9 = 462 ± 5 m, n = 4). 
Conditioned media were produced by ion exchange and dissolution of the devices in DMEM. 
Elemental analysis of the conditioned media by ICP showed the elemental changes in the DMEM 
over 24 h (Table 1). The DMEM conditioned with the 45S5 Bioglass for 6 h contained 81 ± 2 μg 
mL-1 Ca; 25 ± 1 μg mL-1 P, 21 ± 1 μg mL-1 Si; which was a similar Si concentration to the media 
used by Xynos et al. [6, 7, 12], although they used 24 h incubation. An incubation time of 6 h was 
therefore chosen to produce all conditioned media for the cell culture experiments.   
 
 
 
Table 1. Elemental content (µg mL-1) of conditioned media of Basal medium negative control, 45S5 
Bioglass, OssiMend, and OssiMend Bioactive, measured by ICP-OES. 
 

    
Basal 
medium 

45S5 
Bioglass  

OssiMend 
OssiMend 
Bioactive 

Calcium 
6 h 70 ± 1 81 ± 2 27 ± 4 25 ± 4 
24 h 72 ± 1 70 ± 2 8 ± 2 8 ± 1 

Phosphorus 
6 h 33 ± 6 25 ± 1 190 ± 21 477 ± 25 
24 h 28 ± 1 19 ± 1 206 ± 73 475 ± 86 

Silicon 
6 h 0 21 ± 1 3 ± 1 28 ± 4 
24 h 0 32 ± 1 4 ± 1 54 ± 7 

 
 
 
Figure 2 shows the elemental content of the conditioned media prepared with the test devices over 
6 h incubation and then after filtration and storage at 4 °C. OssiMend Bioactive and OssiMend 
conditioned media showed a reduction in Ca ion concentration relative to the basal medium over 
the 6 h extraction period (to 27 ± 4 and 25 ± 4 μg mL-1, respectively), indicating Ca precipitation, 
whereas the 45S5 Bioglass showed Ca release (81 ± 2 μg mL-1 at 6 h, Fig. 2A, Table 1, 
Supplementary Table 2). P was released from OssiMend Bioactive and OssiMend (477 ± 25 and 
190 ± 21 μg mL-1, respectively, Fig. 2B), which was significantly higher than for the 45S5 Bioglass 
conditioned medium (Supplementary Table 2). This was due to residual phosphate present in the 
OssiMend matrix due to the processing method. The release of Si was greater from OssiMend 
Bioactive than the 45S5 Bioglass (28 ± 4 compared to 21 ± 1 μg mL-1 at 6 h), perhaps due to the 
geometry of the block giving a greater area in contact with medium (Fig. 2C, Table 1). The Si 
content for the OssiMend group were at trace levels, as it did not contain Bioglass. All conditioned 
media showed similar pH to the basal medium control. 
OssiMend Bioactive and OssiMend conditioned media differ significantly in the content of Si and 
both show significantly lower Ca and higher P levels than 45S5 Bioglass conditioned medium (Fig. 
2, Table 1 and Supplementary Table 2). The elemental content in the extracts was stable when 
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kept at 4 °C (Fig. 2, Supplementary Table 3). This ensures that the conditioned media given to the 
cells over the subsequent 14 days were consistent at each time point.  
 
 

 
 

Figure 2: OssiMend Bioactive, OssiMend and 45S5 Bioglass conditioned media differ in 
bioactive ions content. Elemental content of the conditioned media prepared with basal medium 
control, 45S5 Bioglass, OssiMend, and OssiMend Bioactive, over 6 h incubation at 37 °C, filtered, 
and stored at 4 °C for 14 days, without addition of serum and antibiotics: (A) calcium, (B) 
phosphorus, and (C) silicon. Plots show mean values ± s.d, n = 3. A non-parametric Kruskal-Wallis 
test followed by Dunn's multiple comparison test was used to test both if each ion content was 
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different in conditioned media prepared after 6 h incubation at 37°C (Supplementary Table 2) and if 
each ion content was stable during storage over 14 days (Supplementary Table 3). 
 
 
 
3.2. OssiMend Bioactive conditioned medium leads to reduced metabolic activity of human 
osteoblasts and mediates changes in cell morphology 
 
We first evaluated if the elemental content of the conditioned media led to changes in cell 
behaviour. Osteoblast differentiation is marked with reduction in metabolic activity, changes in cell 
morphology and consequential apoptosis (programmed cell death) during development of bone-
like tissue in vitro [13, 14]. Here, human osteoblasts treated with OssiMend Bioactive conditioned 
medium showed a significant decrease in metabolic activity after two days in culture (Fig. 3A), 
which could suggest either toxicity; or differentiation into a less metabolic active stage [15]; or 
apoptosis [13, 14, 16], which is typical of onset of mineralisation. The other cells treated with 
OssiMend or 45S5 Bioglass generally showed similar metabolic activity to those cultured in the 
basal medium control (Fig. 3A). Cell number also decreased when human osteoblasts were treated 
with OssiMend Bioactive conditioned medium; particularly on day eleven and by day fourteen very 
few cells were observed (Fig. 3B). To determine how cells are responding, the cell metabolic 
activity should not be considered in isolation but with other assays of the cellular response to the 
dissolution products. 
 
Bone-like nodules appeared to start forming in the cultures treated with OssiMend Bioactive after 
three days in culture. In the other treatments, human osteoblasts proliferated slowly over time, 
similarly to basal medium control and cell morphology was spread and typical of osteoblasts 
seeded on tissue culture plates (Fig. 3B). These observations suggest OssiMend Bioactive 
conditioned medium stimulated osteogenenic differentiation in vitro.  
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Figure 3:  Human osteoblasts show low metabolic activity and form bone-like nodules upon 
treatment with OssiMend Bioactive conditioned medium. (A) Cell metabolic activity measured 
by alamarBlueTM HS assay and (B) Bright field micrographs of human osteoblasts (1 x 104 
cells/cm2 on TCP, n ≥ 9) treated for 14 days with conditioned media prepared with basal medium 
control, 45S5 Bioglass, OssiMend, and OssiMend Bioactive. In (A) box plots show 1st/3rd quartiles, 
high/low values and median of cell metabolic activity. A Kruskal-Wallis and Dunn's Multiple 
Comparison Test was used to detect statistical significance, *p < 0.05, **p < 0.01, ***p < 0.001. 
Scale bar in (B) is 100 µm. 
 
 
 
3.3. OssiMend Bioactive favours Ca and Si deposition and P release by human osteoblasts 
 
The changes in human osteoblast behaviour prompted the measurement of the elemental content 
of the conditioned media upon incubation with cells in culture to determine whether ions were 
removed from the media, which could be due to mineralisation, precipitation or internalisation by 
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the cells. The conditioned media given to the cells at each time point was compared directly with 
the cell supernatant collected (Fig. 4, Supplementary Table 4).  
 
For cells that were given media conditioned with OssiMend Bioactive, ~20 μg mL-1 of Ca was 
removed from solution every two days (as seen in the difference between the Ca levels in the 
conditioned media given to the cells and the cell supernatant collected two days later). This 
repeated removal indicates continued Ca deposition over the fourteen days (Fig. 4A, 
Supplementary Table 4). In contrast, results obtained for OssiMend or 45S5 Bioglass showed cell 
supernatant with similar levels of Ca as the conditioned medium added to the cells from the second 
day of culture (Fig. 4A, Supplementary Table 4).  
 
We detected higher levels of P in cell supernatant than in conditioned media for the first 10 days in 
culture in the OssiMend Bioactive or OssiMend groups (Fig. 4B, Supplementary Table 4), and 
significantly higher levels of P in cell supernatant than in conditioned media were observed for the 
45S5 Bioglass particulate, at certain time points. Still, P levels were always lower for 45S5 
Bioglass conditioned medium than for OssiMend and OssiMend Bioactive. 
 
Si levels in the cell supernatant showed a significant drop with respect to the conditioned media at 
day 2 for OssiMend Bioactive and 45S5 Bioglass, of 5 μg mL-1 and 4 μg mL-1, respectively (Fig. 4C, 
Supplementary Table 4). This result suggests Si incorporation by the cells.  
 



 

11 
 

 
 
Figure 4: Human osteoblasts adjust bioactive ion levels in culture upon treatment with 
conditioned media. Elemental content of the conditioned media prepared with basal medium 
control, 45S5 Bioglass, OssiMend, and OssiMend Bioactive and of the supernatant collected after 
treating human osteoblasts (cell supernatant): (A) calcium, (B) phosphorus, and (C) silicon. Plots 
show means ± s.d, n = 3. A Mann-Whitney test (two-tailed) was used to compare the elemental 
content for each ion in supplemented media versus the cell supernatant for each time point 
(Supplementary Table 4). 
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3.4. OssiMend Bioactive reveals higher osteostimulatory potential than OssiMend and 45S5 
Bioglass 
 
Osteoblast differentiation occurs in three distinct stages: proliferation, matrix maturation, and 
mineralization [17, 18]. Here, we assessed the osteostimulation mediated by dissolution products 
of OssiMend Bioactive in vitro, compared to 45S5 Bioglass and OssiMend, by quantifying the 
mRNA expression of osteogenic-related markers that are highly expressed in specific periods of 
time during differentiation [19-22]. 
 
Vascular endothelial growth factor (VEGF), which stimulates angiogenesis, osteoblastic 
differentiation and bone repair [23, 24], was highly expressed by human osteoblasts treated with 
OssiMend Bioactive dissolution products (Fig. 5A) at both day two and day seven. OssiMend 
Bioactive conditioned media led to a significant upregulation of matrix metalloproteinase 14 
(MMP14) at day seven (Fig. 5B). MAP kinase-activated protein kinase 2 (MAPKAPK2) expression 
was induced by OssiMend Bioactive conditioned medium after seven days in culture (Fig. 5C). 
MAPKAPK2 has calcium-dependent protein serine/threonine kinase activity and has transferase 
activity, transferring phosphorus-containing groups. Insulin-like growth factor type II (IGF2), which 
is a potent osteoblast mitogenic growth factor [6] and a key regulator of osteoblast homeostasis [6, 
25] that is well known to be upregulated during osteoblastic proliferation [26, 27] and differentiation 
[28], was significantly downregulated by day seven in cultures treated with OssiMend Bioactive 
conditioned medium (Fig. 5D).  
 
In contrast, when human osteoblasts were treated with OssiMend and 45S5 Bioglass conditioned 
media, the expression of VEGF, MMP14, MAPKAPK2, and IGF2 did not change significantly (Fig. 
5) suggesting absence of further osteostimulation.  
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Figure 5:  OssiMend Bioactive soluble cues reveal superior inherent osteostimulation than 
OssiMend and 45S5 Bioglass. Gene expression analyses for (A) VEGF, (B) MMP14, (C) 
MAPKAPK2 and (D) IGF2, by human osteoblasts (1 x 104 cells/cm2 on TCP, n ≥ 5) treated for 2 or 
7 days with conditioned media prepared with 45S5 Bioglass, OssiMend, and OssiMend Bioactive. 
Expression levels are shown as fold change normalized to expression in human osteoblasts 
cultured with basal medium control (set to 1). Plots show means ± s.d. A Kruskal-Wallis and Dunn's 
Multiple Comparison Test was used to detect statistical significance among treatments, *p < 0.05, 
**p < 0.01, ***p < 0.001, ****p < 0.0001, and for each treatment versus the control, cultured with 
basal medium, #p < 0.05, ##p < 0.01, ###p < 0.001, ####p < 0.0001.  
 
 
 
3.5. Human osteoblasts form bone-like nodules when treated with OssiMend Bioactive 
extract  
 
Expression of alkaline phosphatase (ALPL), an early marker of osteoblastic differentiation [29], did 
not change significantly with any of the conditioned media, after two days in culture (Fig. 6A). In 
contrast, OssiMend Bioactive conditioned medium caused a significant downregulation of ALPL 
(Fig. 6A) by day seven in culture, which was not seen for the 45S5 Bioglass or OssiMend 
conditioned media. Osterix (OSX, also known as SP7), an osteoblast-specific transcription factor, 
that governs the transition of pre-osteoblasts into functional osteoblasts and then into osteocytes 
[30-32], was significantly upregulated by day seven in culture, when human osteoblasts were 
treated with OssiMend Bioactive and OssiMend conditioned media, but not for the 45S5 Bioglass 

conditioned medium (Fig. 6B). Osteocalcin (BGLAP) was upregulated by day seven in culture with 
OssiMend and 45S5 Bioglass conditioned media, but was significantly downregulated for the 
OssiMend Bioactive conditioned medium (Fig. 6C). Expression of osteopontin (SPP1), which is 
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involved in terminal differentiation and mineralization, was unchanged when cells were cultured in 
45S5 Bioglass conditioned medium, while it was strongly upregulated by OssiMend Bioactive and 
OssiMend conditioned media by day two in culture (Fig. 6D). This upregulation was sustained until 
day seven in culture for OssiMend Bioactive. Expression of the integrin binding sialoprotein (IBSP), 
a marker of terminal differentiation and related to mineralization, was significantly upregulated on 
day seven in culture with all treatments in comparison with basal medium control (Fig. 6E). Decorin 
(DCN) is an essential component of the osteoid that modulates matrix mineralization [33], and 
decreases in the calcified bone matrix [34]. DCN (Fig. 6F), at day seven, was downregulated by 
the OssiMend Bioactive conditioned medium, but not by the other treatments. 
 
The gene expression patterns seen here are consistent with OssiMend and 45S5 Bioglass 

conditioned media stimulating the maturation of osteoblasts, while OssiMend Bioactive conditioned 
medium stimulated terminal differentiation. 
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Figure 6:  OssiMend and 45S5 Bioglass bioactive ions coax human osteoblasts maturation 
whilst late mineralization stage is attained with OssiMend Bioactive condition medium. 
Gene expression analyses for markers of osteogenesis: (A) ALPL, (B) OSX, (C) BGALP, (D) 
SPP1, (E) IBSP, and (F) DCN in human osteoblasts (1 x 104 cells/cm2 on TCP, n ≥ 5) treated for 2 
or 7 days with conditioned media prepared with 45S5 Bioglass, OssiMend, and OssiMend 
Bioactive. Expression levels are shown as fold change normalized to expression in human 
osteoblasts cultured with basal medium control (set to 1). Plots show means ± s.d. A Kruskal-Wallis 
and Dunn's Multiple Comparison Test was used to detect statistical significance among treatments, 
*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, and for each treatment versus the control, 
cultured with basal medium, #p < 0.05, ##p < 0.01, ###p < 0.001, ####p < 0.0001.  
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3.6. OssiMend Bioactive extractable induces matrix mineralization  
 
Matrix mineralization takes place when: extracellular osteocalcin binds Ca (calcium carbonate and 
calcium phosphate) and hydroxyapatite (Ca10(PO4)6(OH)2) [35-37]; the secreted osteopontin binds 
Ca, phosphate and mineral [38]; and the bone sialoprotein binds to collagen Type I and nucleates 
hydroxyapatite crystal formation [39-41]. 
 
To quantify mineralized extracellular matrix (ECM), we stained the hydroxyapatite portion 
deposited in the bone-like nodules using the fluorescent OsteoImage™ Staining Reagent. Matrix 
mineralization was solely detected when human osteoblasts were treated with OssiMend Bioactive 
conditioned medium (Fig. 7A). Bone-like nodules size and hydroxyapatite incorporated increased 
significantly from day seven up to day fourteen in culture (Fig. 7B), reinforcing that the late 
mineralization stage was attained. 
 

 
 
Figure 7:  Bone-like nodules matrix is enriched over time with hydroxyapatite in presence of 
OssiMend Bioactive condition medium. (A) Representative confocal micrographs of human 
osteoblasts (1 x 104 cells/cm2 on TCP, n = 6) treated for 7 or 14 days with conditioned media 
prepared with basal medium control, 45S5 Bioglass, OssiMend, and OssiMend Bioactive, showing 
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the deposited hydroxyapatite portion of the bone-like nodules stained by specific binding of the 
fluorescent OsteoImage™ Staining Reagent (green), and nuclei counterstained with Hoechst 
(blue). Scale bar is 100 µm. (B) Bone-like nodules area (µm2) and (C) Integrated density (a.u.) of 
deposited hydroxyapatite per bone-like nodule formed after 7 and 14 days of treatment with 
OssiMend Bioactive condition medium (green line represents the median). In (B, C) a Mann-
Whitney test (two-tailed) was used to detect statistical significance, ****p < 0.0001. 
 
 
 
4. Discussion 
 
We compared the “osteostimulation” properties of the dissolution products of OssiMend Bioactive, 
which contains 45S5 Bioglass, with those of 45S5 Bioglass and OssiMend in vitro. To gain insight 
into their osteogenic potential, we assessed the impact of their dissolution products on the 
differentiation of human osteoblasts without the use of osteogenic supplements, such as ascorbic 
acid, β-glycerophosphate and dexamethasone.  
 
OssiMend, is a FDA approved composite, which combines carbonated apatite particles with porous 
bovine Type I collagen, the most abundant protein in bone. OssiMend showed 40% fusion in a 
posterolateral lumbar rabbit spinal fusion model by radiographic analysis after eight weeks [42] and 
is currently utilized to repair bone defects in orthopaedic and spinal surgery.  
 
Our results showed that while the proliferation of human osteoblasts treated with OssiMend 
conditioned medium in vitro did not change, mRNA for OSX, BGLAP and IBSP was significantly 
upregulated by day seven as compared to the control (Fig. 6), which confirms commitment of the 
human osteoblast to mature osteoblasts. These results suggest that primary human osteoblasts in 
vitro respond to the OssiMend conditioned medium and its dissolution products promote their 
maturation. At this stage, mature osteoblasts enrich their own secreted collagenous extracellular 
unmineralized matrix (osteoid) with osteocalcin, osteonectin, bone sialoprotein, osteopontin, 
decorin and biglycan [19-21, 43]. 
 
45S5 Bioglass undergoes dissolution in aqueous media, releasing its constitutive ions into solution. 
Xynos et al. showed that the ionic products of 45S5 Bioglass dissolution (1% w/v), prepared after 
24 h of incubation, stimulated human osteoblast growth, maturation and ECM deposition within two 
days without the addition of osteogenic supplements [6, 7]. They reported that osteoblast 
proliferation and differentiation stimulation by the ionic products of 45S5 Bioglass dissolution, 
namely Ca ions (~88.3 µg mL-1) and soluble Si (~16.5 µg mL-1), was due to upregulation of IGF2 
[6], VEGF, MAPKAPK2, MMP14, among other genes [7].  
 
For our experiments we used a finer particle size (approximately 100 – 300 μm) of 45S5 Bioglass, 
compared with 300 – 710 μm particle size used by Xynos et al. [6, 7, 12], which might explain the 
increased dissolution rate [44], as greater surface area to volume ratio enhances its reactivity. 
However, we detected similar ion concentrations in our 45S5 Bioglass conditioned medium, as 
reported by Xynos et al. (Table 1, Fig. 2 and 4) [6, 7, 12]. In our studies, the 45S5 Bioglass 

conditioned medium had no effect on osteoblast morphology, proliferation or metabolic activity over 
the seven-day period. Moreover, in contrast to Xynos et al., we did not detect any significant 
upregulation of mRNA levels of IGF2, VEGF, MMP14, MAPKAPK2 when human osteoblasts were 
incubated with 45S5 Bioglass conditioned medium up to seven days (Fig. 5).  
 
There was, however evidence that the 45S5 Bioglass conditioned medium induced osteoblast 
maturation with highly significant upregulation of BGLAP and IBSP mRNA expression (Fig. 6). Our 
results for BGLAP with 45S5 Bioglass conditioned medium treatment align with results obtained by 
Xynos et al. when human osteoblasts were seeded on 45S5 Bioglass discs and cultured for 6 days 
[12]. Osteocalcin is known to inhibit both in vitro [45] and in vivo [46] apatite crystal growth, which 
may explain why there was no positive staining with OsteoImage™ Staining Reagent (Fig. 7). 
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Conditioned medium prepared with OssiMend Bioactive (OssiMend plus Bioglass) provoked a 
significant decrease in human osteoblast metabolic activity after two days of culture, followed by a 
reduction in the cell number after seven days in culture (Fig. 3), with the concomitant formation of 
bone-like nodules with extensive matrix mineralization (Fig. 7). This is expected once the 
mineralisation and gene expression results are considered. Proliferation is known to stop during 
osteogenesis, as osteoblasts exit the cell cycle and they start differentiate towards fully mature 
osteoblasts [43], which then transition to terminally differentiated stage with reduced synthetic 
activity [43] that are actively involved in the routine turnover of bone-like matrix [43]. Previous work 
have also reported a reduction in metabolic activity [15] and apoptosis [13, 14, 16] after the onset 
of mineralisation. Moreover, mature osteoblasts either become osteocytes surrounded by 
mineralized matrix, or turn into inert bone-lining cells or may undergo apoptosis[30, 47, 48]. 
 
OssiMend Bioactive dissolution products induced upregulation of MMP14, which suggests an 
increase in extracellular bone-like matrix remodelling [7, 49], and upregulation of MAPKAPK2, 
implying that the signalling cascade may be liaising with human osteoblasts stimulation. VEGF, 
OSX, SPP1 and IBSP were significantly upregulated in human osteoblasts by day seven in culture 
(Fig. 5 and 6). Concomitantly, OssiMend Bioactive conditioned medium caused a significant 
downregulation of IGF2, ALPL, BGLAP and DCN, at this time, consistent with the onset of 
mineralization [50-56]. Indeed, we observed high hydroxyapatite deposition in this treatment group. 
Together, our observations confirm that human osteoblasts responded to this ionic environment, 
differentiating to the later stage of mineralization, forming bone-like nodules.  
 
OssiMend Bioactive and OssiMend conditioned media showed significantly lower levels of Ca than 
45S5 Bioglass conditioned medium. In addition, for the OssiMend Bioactive group, we detected a 
continuous reduction in the elementary content of Ca in the cell supernatant in comparison with the 
conditioned media given each two days to the osteoblasts that was consistent with sustained Ca 
deposition within the mineralized matrix that was seen in this treatment group. Extracellular Ca 
ions have been shown to promote osteogenic differentiation of mesenchymal stem cells (MSC) 
with upregulation of Ca homeostasis [57] and through L-type voltage-gated Ca channels [58, 59].  
 
Inorganic phosphate plays a role in osteoblast proliferation, differentiation, metabolism [16, 60] and 
matrix maturation and mineralization [61, 62]. Phosphorus-containing compounds, such as β-
glycerophosphate, are degraded by alkaline phosphatase secreted by osteoblasts, releasing 
phosphate ions inside the matrix vesicles, thus leading to an increased inorganic phosphate 
concentration in the extracellular environment [63]. Here, we did not add β-glycerophosphate to the 
conditioned media when treating osteoblast cultures. Still, we detected significantly higher levels of 
P in cell supernatant in comparison with conditioned medium for all treatments at least by day 4. 
This result suggests that osteoblasts were able to modulate the inorganic phosphate levels in their 
surroundings. Then, the phosphate and Ca ions inside the vesicles nucleate, forming the 
hydroxyapatite (Ca10(PO4)6(OH)2) [35-37]. The fibrillar phase occurs when the supersaturation of 
calcium and phosphate ions inside the matrix vesicles leads to the rupture of these structures and 
the hydroxyapatite crystals spread to the surrounding matrix [64]. 
 
OssiMend Bioactive and OssiMend conditioned media had higher levels of P than the other 
groups. The phosphate is thought to be from the collagen processing method, which might have 
led to a strong and specific signal induction of SPP1. SPP1 expression is directly correlated with 
the enzymatic activity of alkaline phosphatase [19, 29, 65] and levels of inorganic phosphate in the 
medium [66]. In addition, increased intracellular inorganic phosphate increases SPP1 expression 
and stimulates mineralization [67].  
 
Osteoblasts and osteocytes express phosphate transporters, PIT1 and PIT2 [68], for active 
transport phosphate [69]. PIT1/2 might even sense extracellular inorganic phosphate without 
requiring its translocation [70]. Extracellular phosphate ions via PIT1-ATP-adenosine signalling 
pathway [71], regulate intramitochondrial phosphate content, ATP synthesis, secretion and 
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metabolism into adenosine, which then promotes osteogenic differentiation of progenitors via A2b 
adenosine receptors [71]. Additionally, activation of PIT1, ERK1/2 phosphorylation [72] is required 
for inorganic phosphate dependent stimulation of the expression of genes involved in 
mineralization [67]. Although, further experiments would be necessary to confirm the P 
mechanisms involved here, our observations suggest that P released by OssiMend Bioactive, 
OssiMend and 45S5 Bioglass was used by osteoblasts to drive their differentiation. 
 
OssiMend Bioactive and OssiMend conditioned media differed significantly in the levels of Si (28 
μg mL-1 at 6 h for OssiMend Bioactive compared to trace levels of around 3 μg mL-1 in OssiMend). 
Dissolution of the 45S5 Bioglass also released Si (21 μg mL-1 for 6 h conditioned medium), and at 
day two in culture, Si levels in the supernatant were significantly reduced upon cell treatment with 
OssiMend Bioactive and 45S5 Bioglass conditioned media, suggesting Si incorporation/deposition 
within human osteoblast cultures. Si has been described to play a physiological role in osteoblast 
proliferation [73], osteogenesis [74, 75], and bone calcification [76-78] although little is known 
about its mechanism of action [79].  
 
Wang et al. showed that the ionic extract of β-calcium silicate/poly-D,L-lactide-co-glycolide, namely 
Si and Ca ions, induced osteogenic differentiation of rat MSCs, possibly via activation of AMPK-
ERK1/2 pathway, also in the absence of osteogenic supplements [80]. Karpov et al. showed that 
bone marrow MSCs cultured on Bioglass coatings of high silica composition differentiated into 
osteoblasts [81]. Botelho et al. showed that human osteoblasts response, when seeded on sHA 
substrates modified with Si, was dependent on the presence and level of substitution of Si in the 
sHA substrate [82]. Soluble silica, supposedly released from the Bioglass as silicic acid (Si(OH)4) 
has been shown to induce collagen Type I production by human osteoblasts at a concentration of 
10 mmol [83]. Indeed, media containing 15 – 20 μg ml-1 of Si (in the form of soluble silica) induced 
mature osteoblasts to form mineralized bone nodules [84].  
 
It is clear that Bioglass stimulates bone regeneration due to the release of ionic dissolution 
products and these studies highlight the ability of bioactive ions to drive osteogenesis; the results 
also imply additional phosphate can further accelerate osteogenesis. The results provide the basis 
for the design of synthetic bone grafts and bioactive medical devices (e.g. silicate glasses, glass-
ceramics and calcium phosphates) for bone regeneration [8, 85]. Although the biological responses 
to bioactive ions released from inorganic materials have been widely studied, the underlying 
mechanisms of interaction between cells and the ionic extracts or each individual ionic species, 
and the signalling pathways involved, are still not fully understood [8, 9, 85].  
   
Human osteoblasts differentiate in vitro in response to the dissolution products of OssiMend 
Bioactive with increasing deposition of Ca and hydropxyapatite in bone-like nodules. However, this 
did not occur when the cells were exposed to OssiMend and 45S5 Bioglass conditioned media, 
which only induced osteoblast maturation within the same period in culture. Indeed, OssiMend 
Bioactive conditioned medium rapidly induced the terminal mineralization stage of osteogenic 
differentiation without the addition of exogenous osteoinductive factors. Our results highlight the 
advantage of combining the bioactive Si from 45S5 Bioglass with P dissolution and Ca deposition 
in OssiMend Bioactive.  
 
 
5. Conclusions 
 
OssiMend Bioactive conditioned media stimulated human osteoblasts to form bone-like nodules 
fully surrounded by mineralized matrix, in vitro, as confirmed by gene expression analysis and 
positive specific staining for hydroxyapatite. This did not occur when the cells were exposed to 
media conditioned with OssiMend, which did not contain 45S5 Bioglass, or even media conditioned 
with 45S5 Bioglass alone. OssiMend and 45S5 Bioglass conditioned media were only able to 
induce osteoblast differentiation to mature osteoblasts within the same period in culture. OssiMend 
Bioactive benefits from the combination of bioactive Si from 45S5 Bioglass with the P dissolution 
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and Ca deposition of OssiMend. Our observations show that including 45S5 Bioglass in OssiMend 
Bioactive formulation improves the osteostimulation mediated by the bioactive ions without the 
addition of exogenous osteogenic factors. Our observations confirm that OssiMend Bioactive 
releases bioactive ions that modulate osteoblast differentiation and matrix mineralization. These 
promising observations encourage further studies in animal models to assess OssiMend Bioactive 
in vivo bone bioactivity.  
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Supplementary Tables:  
 
Supplementary Table 1. Primers sequences used in quantitative polymerase chain reaction.  
 
 

Gene  F
/
R 

Sequence Tm 
(°C) 

Amplic
on size 
(bp) 
 

Primer 
Conc. 
(nM) 

Accession 
Number  

VEGF F AGGGCAGAATCATCACGAAGT 61.2 75 250 284172466c1 
R AGGGTCTCGATTGGATGGCA 62.9   

MMP14 F CGAGGTGCCCTATGCCTAC 61.6 178 150 13027797c2 
R CTCGGCAGAGTCAAAGTGG 60.1   

MAPKAPK2 F CCAGGAGAAATTCGCCCTCAA 62.1 117 500 341865588c2 
 R TCGTACACATCCACGATCCGT 63.0   

IGF2 F GTGGCATCGTTGAGGAGTG 60.5 92 100 183603938c1 
R CACGTCCCTCTCGGACTTG 61.7   

ALPL  F AACATCAGGGACATTGACGTG 60.3 159 150 294660769c3 
 R GTATCTCGGTTTGAAGCTCTTCC 60.7   

OSX F CCTCTGCGGGACTCAACAAC 61.0 128 500 22902135c1 
  R AGCCCATTAGTGCTTGTAAAGG 58.6   

BGLAP F ATGAGAGCCCTCACACTCCT 60.0 117 100 NM_199173.
3  R CTTGGACACAAAGGCTGCAC 60.0   

SPP1 F CTCCATTGACTCGAACGACTC 60.2 230 250 352962175c1 
 R CAGGTCTGCGAAACTTCTTAGAT 60.0   

IBSP F GAACCTCGTGGGGACAATTAC 60.4 79 500 167466186c3 
 R CATCATAGCCATCGTAGCCTTG 60.6   

DCN F ATGAAGGCCACTATCATCCTCC 61.0 135 100 47419922c1 
R GTCGCGGTCATCAGGAACTT 62.2   

GAPDH F CTCTGCTCCTCCTGTTCGACA 61.5 204 150  
 R ACGACCAAATCCGTTGACTC 58.2   

EEF1A1 F GCTGAGCGTGAACGTGGTAT 62.5 89 250 83367078c2 
 R CCTGGGGCATCAATGATAGTCA 61.6   

RPL13A F GCCCTACGACAAGAAAAAGCG 60.1 117 250 14591905c2 
 R TACTTCCAGCCAACCTCGTGA 61.1   

Vascular endothelial growth factor precursor (VEGF), Matrix metalloproteinase 14 precursor 
(MMP14), MAP kinase-activated protein kinase 2 (MAPKAPK2), Insulin-like growth factor II (IGF2), 
Alkaline phosphatase (ALPL), Osterix (OSX), Osteocalcin (BGALP), Osteopontin (SPP1), Integrin 
binding sialoprotein (IBSP), Decorin, bone proteoglycan II precursor (DCN), Glyceraldehyde-3-
phosphate dehydrogenase (GAPDH), Eukaryotic translation elongation factor 1 alpha 1 (EEF1A1), 
and Ribosomal protein L13a (RPL13A). Primers were obtained from Sigma or Life Technologies. 
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Supplementary Table 2: Statistical analyses to detect differences in the elemental content ((µg 
mL-1) graphs in Figure 2) in the conditioned media prepared after 6 h incubation at 37 °C with 
Basal medium, 45S5 Bioglass, OssiMend, and OssiMend Bioactive. A non-parametric Kruskal-
Wallis test followed by Dunn's multiple comparison test was used. The significant differences are 
highlighted in blue. 
 

 Calcium Phosphorus Silicon 

45S5 Bioglass vs. Basal medium p > 0.9999 p > 0.9999 p = 0.0024 

OssiMend vs. Basal medium p = 0.0766 p = 0.7566 p = 0.7594 

OssiMend Bioactive vs. Basal medium p = 0.0225 p = 0.0196 p = 0.0002 

OssiMend vs. 45S5 Bioglass  p = 0.0173 p = 0.0191 p = 0.2160 

OssiMend vs. OssiMend Bioactive p > 0.9999 p = 0.9476 p = 0.0366 

45S5 Bioglass vs. OssiMend Bioactive p = 0.0042 p < 0.0001 p > 0.9999 

 
 
 
Supplementary Table 3: Statistical analyses of stability during storage over 14 days at 4 °C of the 
elemental content ((µg mL-1) graphs in Figure 2) of conditioned media prepared after 6 h incubation 
at 37 °C with Basal medium, 45S5 Bioglass, OssiMend, and OssiMend Bioactive. A non-
parametric Kruskal-Wallis test followed by Dunn's multiple comparison test was used. 
 

  
Basal 
medium 

45S5 
Bioglass  

OssiMend 
OssiMend 

Bioactive 

Calcium p = 0.1228 p = 0.0640 p = 0.5907 p = 0.3858 
Phosphorus p = 0.0692 p = 0.1126 p = 0.6720 p = 0.1657 
Silicon p = 0.1413 p = 0.1535 p = 0.4641 p = 0.0637 
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Supplementary Table 4: Statistical analyses to detect differences in the elemental content ((µg 
mL-1) graphs in Figure 4) in conditioned media given to the cells versus the cell supernatant for 
each time point. A Mann-Whitney test (two-tailed) was used. The significant differences are 
highlighted in blue. 

 
Calcium Phosphorus Silicon 

45S5 Bioglass 

day 2 p < 0.0001 p < 0.0001 p < 0.0001 
day 4 p = 0.2581 p < 0.0001 p = 0.9314 
day 6 p = 0.4363 p = 0.0019 p = 0.1359 
day 7 p = 0.3865 p < 0.0001 p = 0.2313 
day 8 p = 0.0315 p < 0.0001 p = 0.0008 
day 10 p = 0.0111 p = 0.0335 p = 0.0153 
day 12 p > 0.9999 p < 0.0001 p = 0.5043 
day 14 p < 0.0001 p = 0.3521 p = 0.0078 

OssiMend 

day 2 p < 0.0001 p = 0.2581 p = 0.0503 
day 4 p < 0.0001 p = 0.0487 p = 0.0503 
day 6 p = 0.5457 p = 0.3080 p = 0.0625 
day 7 p = 0.1359 p = 0.3518 p = 0.0503 
day 8 p = 0.1827 p = 0.2485 p = 0.9314 
day 10 p = 0.0473 p = 0.7304 p = 0.0939 
day 12 p = 0.0315 p = 0.2483 p = 0.1615 
day 14 p = 0.0625 p = 0.3401 p = 0.1903 

 

OssiMend Bioactive 

day 2 p = 0.0503 p = 0.6048 p = 0.0037 
day 4 p < 0.0001 p = 0.0008 p = 0.0503 
day 6 p = 0.0038 p = 0.9314 p = 0.3401 
day 7 p = 0.0038 p = 0.9497 p = 0.2581 
day 8 p = 0.0038 p = 0.0939 p = 0.8633 
day 10 p < 0.0001 p > 0.9999 p = 0.0939 
day 12 p < 0.0001 p = 0.7104 p = 0.2973 
day 14 p < 0.0001 p = 0.5289 p = 0.0503 

 
 


