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a b s t r a c t 

Despite over 50 years of silicate bioactive glass (SBG) research, commercial success, and 60 0 0 + pub- 

lished articles, there remains a lack of understanding of how soluble silicate (Si) species released from 

SBGs influences cellular responses. Using a systematic approach, this article quantitatively compares the 

in vitro responses of cells to SBG dissolution products reported in the literature and determines if there 

is a Si concentration ([Si]) dependent effect on cell behaviour. Cell behavioural responses to SBGs [Si] 

in dissolution products included metabolic activity (reported in 52 % of articles), cell number (24 %), 

protein production (22 %), gene expression (22 %) and biomineralization (24 %). There was a difference 

in the [Si] reported to cause increased (desirable) cellular responses (median = 30.2 ppm) compared to 

the [Si] reported to cause decreased (undesirable) cellular responses (median = 52.0 ppm) ( P ≤ 0.001). 

The frequency of undesirable outcomes increased with increasing [Si], with ∼3 times more negative out- 

comes reported above 52 ppm. We also investigated the effect of [Si] on specific cellular outcomes (e.g., 

metabolic activity, angiogenesis, osteogenesis),if cell type/species influenced these responses and the im- 

pact of other ions (Ca, P, Na) within the SBG dissolution media on cell behaviour. This review has, for the 

first time, quantitatively compared the cellular responses to SBGs from the literature, providing a quanti- 

tative overview of SBG in vitro practices and presents evidence of a range of [Si] where desirable cellular 

responses may be more likely (30-52 ppm). This review also demonstrates the need for greater standard- 

isation of in vitro methodological approaches and recommends some minimum reporting standards. 

Statement of significance 

This systematic review investigates the relationship between the concentration of Si released from Si- 

bioactive glasses (SBG) and in vitro cellular responses. Si releasing materials continue to be of consider- 

able scientific, commercial, and medical interest (with 1500 + articles published in the last 3 years) but 

there is considerable variation in the reported biologically effective Si concentrations and on the impor- 

tance of Si on cell behaviour. Despite the variation in methodological approaches, this article demon- 

strated statistical commonalities in the Si concentrations that cause desirable and undesirable cellular 

behaviours, suggesting a window where positive cellular outcomes are more likely. This review also pro- 

vides a quantitative analysis of in vitro practices within the bioactive glass field and highlights the need 

for greater standardisation. 

© 2023 The Author(s). Published by Elsevier Ltd on behalf of Acta Materialia Inc. 

This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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unity, with nearly 10 0 0 1 research publications acknowledging 

he importance of glass dissolution products (DPs) on cellular re- 

ponse [ 1 , 2 ], there remains a lack of understanding of how the Si

pecies released from the SBGs interact with cells. It is unclear how 

i species are internalised by cells, or how they influence intracel- 

ular mechanisms to influence gene and protein expression. There 

s also a lack of agreement in literature regarding the relationship 

etween Si concentration and desirable cellular behaviour. A better 

nderstanding of the concentrations of Si that produce desirable 

nd undesirable cellular responses, would enable a more targeted 

pproach to the synthesis of new SBGs and other Si releasing ma- 

erials to improve clinical outcomes. This study investigates if there 

s commonality in the experimental literature regarding the con- 

entration of Si released from SBGs and cellular response in vitro . 

urthermore, to improve translation of BGs, this article also high- 

ights the variance in approaches to characterise cellular responses 

o BGs (which are also relevant to the development of other bio- 

aterials). 

The majority of publications investigating SBGs have been in 

elation to bone repair and regeneration (63 % of 6320 articles 2 ) 

ut SBGs have also been reported to have favourable interactions 

n other tissues including cartilage (9 % of articles) and in wound 

ealing (21 % of articles). The importance of bioactive glass DPs 

and the silicate ions within them) was highlighted more than 20 

ears ago by Xynos et al . , who demonstrated favourable osteogenic 

ene expression by primary human osteoblasts exposed to DPs of 

5S5 Bioglass® (46.1 mol % SiO 2 , 24.4 mol % Na 2 O, 26.9 mol %

aO and 2.6 mol % P 2 O 5 ) [3] . The rational for the addition of Si to

ydroxyapatite (HA)-based materials [ 4 , 5 ] and bioceramics [ 6 , 7 ], is

ften attributed to dietary studies, where Si-deprivation in diets of 

nimals has been shown to decrease bone collagen content, result- 

ng in poor skeletal formation in chickens [8–11] and other animals 

11–13] . Human clinical trials have also identified positive correla- 

ions between Si dietary intake and spinal bone mineral density in 

en and pre-menopausal women [14–16] . While these Si-dietary 

tudies demonstrate a role of Si within bone metabolism, there is 

 difference between the deficiency of a necessary trace element 

Si) and the possible benefits of additional ion release (either sys- 

emically or locally from SBGs). 

A number of publications have also demonstrated that Si 

pecies alone (not derived from SBG dissolution) can promote ( in 

itro) , cell proliferation [17–20] , osteogenic differentiation [ 17 , 20–

2 ], and promote desirable gene expression for bone regeneration 

19–23] . For example, Zhou et al . observed that sodium silicate in- 

reased alkaline phosphatase (ALP) activity in osteoblasts whilst 

nhibiting NF-kB activity [21] (a factor known to regulate osteo- 

lastogenesis [24] and osteoblast function [25] ). Other studies ob- 

erved that Si species can increase the differentiation of osteoblast- 

ike cells [ 18 , 26 ], cause a significant decrease in osteoclast-like 

ell differentiation (100 μM Si) and regulate osteocyte/osteoblast 

nd osteoclast crosstalk by modifying OPG-RANKL expression [23] . 

hilst these studies demonstrate that Si species affect bone cell 

ehaviour, there is considerable variation within the literature in 

erms of both [Si] concentrations used, the cell model and whether 

ifferent [Si] concentrations cause desirable or undesirable cellular 

utcomes. 

A broad range of [Si] released from bioactive glasses DPs have 

een used to investigate cellular interactions in vitro (from ∼1 ppm 

 27 , 28 ] to over 200 ppm [7] ), with concentration dependant ef-

ects reported. For example, a concentration dependant increase in 
1 Obtained by a WOS search using search term: Topic: “bioactive glass ∗” AND 

“Extract ∗ OR "conditioned medi ∗" OR "dissolution product ∗" OR "Ionic product ∗" 

R "degradation product ∗"). 
2 Obtained by a WOS search using search term: Topic: “bioactive glass ∗” OR 

bioglass ∗”. 

s

t

s

d

a

2 
LP activity in MC3T3-E1 cells was reported with SBG-conditioned 

edium containing [Si] ∼10 [29] , 30 [30] and 50 [31] ppm. Sim- 

larly, Tsigkou et al . observed that [Si] between 15-50 ppm could 

ncrease the metabolic activity [32] and cell proliferation [33] in 

oetal osteoblasts. Bielby et al . , reported [Si] as high as 160 ppm 

ould increase bone formation and cell proliferation of murine and 

uman osteoblasts [7] . Other studies have, however, shown adverse 

ellular outcomes with increasing [Si], in SBG conditioned media 

 27 , 34 ] or found increased [Si] to have no significant effect [35] . 

It is unclear if the cellular interactions reported from SBG DPs 

re due to the Si ions acting independently or in combination 

ith the other ions released from SBGs (e.g., Ca, P, Na). Differ- 

nt types or compositions of SBGs have different types of ions 

eleased and different ion release profiles. For example, 58S sol- 

el derived glasses (60 mol % SiO 2 , 36 mol % CaO and 4 mol %

 2 O 5 ) do not contain sodium, whilst most melt derived bioac- 

ive glasses do. Obata et al ., [36] directly compared the effect of 

arying the Si-concentration without altering the concentration of 

ther ions and showed that increasing the concentration of Si 

pecies from 10 to 50 ppm in media conditioned with 45S5 Bio- 

lass® increased metabolic activity, ALP activity and calcium depo- 

ition in osteoblast-like (SaOS-2) cells [36] . The same study, how- 

ver, reported a significant reduction in metabolic activity when 

sing MC3T3-E1 cells, suggesting cell-type specific responses to 

Si]. Beilby et al . , also observed that whilst 58S (sol-gel) BG DPs 

163 and 203 ppm Si) caused an increase in mouse-derived cell 

umbers, no significant differences were found in human-derived 

steoblast cultures [7] . The systematic approach used within this 

tudy will help determine if there is commonality in cellular re- 

ponse to [Si] released from SBGs, if there are differences be- 

ween cellular responses to different types of glasses (e.g., sol gel 

r melt-derived) and the in vitro model parameters used (e.g., cell 

ype/species and outcome measurements). 

In vitro testing of BGs is important for ensuring safe translation 

nd for understanding SBG-biological interactions, leading to the 

evelopment of new BGs for specific applications. Compared to in 

ivo studies, in vitro SBG analysis allows for greater control over 

he experimental parameters, has lower variability, costs less, and 

ften allows for greater resolution/characterisation and flexibility 

n analysis parameters. There is, however, considerable variation in 

he approaches used to evaluate SBGs in vitro , making compara- 

ive analysis from the literature difficult. While some of this ex- 

erimental variation is undoubtably due to differing applications 

f the SBG (e.g., bone or wound healing) and experimental goals, 

here remains considerable variation in the experimental approach 

or SBG used for the same application and for similar investiga- 

ional objectives. Jablonska et al . provide an excellent overview of 

he approaches and assays used to evaluate SBGs in vitro and dis- 

usses the need for standardisation [37] . The focus of this review 

s to quantitatively compare in vitro outcomes of SBG dissolutions 

roducts and cellular interactions reported within the literature, 

nd thereby facilitating the discussion on strategies for standard- 

sation. 

In addition to differing biological assays, there is also variation 

n the methodology used to obtain SBG conditioned media, the ap- 

roach used to measure [Si] within the media, the reporting of 

ethodological outcomes, and the respective assessment of suc- 

essful cellular outcomes. This is perhaps best highlighted by the 

2 % of publications studying cellular response to SBG but not re- 

orting the concentration of ions in the DPs used in their in vitro 

tudy ( Fig. 1 ). Or the variable terminology used within the litera- 

ure (viability, proliferation, and toxicity) to describe metabolic as- 

ays outcomes when studying SBG-cell interactions. 

Using a systematic analysis of the literature, this study aims to 

etermine if there is relationship between [Si] released from SBGs 

nd cell behaviour in vitro . The systematic approach also allows for 
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Fig. 1. Prisma chart describing the process of article selection and the article exclusion criteria. ∗Includes cell cultures on scaffolds, ion quantification not performed in 

culture mediums and cells directly exposed to BG particles. ∗∗includes studies that quantified ion concentrations in DPs but did not report [Si]. 
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 reflective discussion on the methodological practices within the 

ioactive glass field to investigate biological response in vitro . 

. Materials and methods 

.1. Systematic search strategy and exclusion criteria 

Web of science and Pubmed search engines were used to search 

or articles involving the use of both Si-containing BGs and their 

espective DPs on cells in vitro using the following search terms: 

“bioactive glass ∗”) OR bioglass AND (osteo ∗ OR Macrophage ∗ OR 

ibroblast ∗ OR endothelial ∗ OR chondro ∗ OR monocyte ∗ OR (“stem 

ell ∗”)) AND ((Extract ∗ OR (“conditioned Medi ∗”) OR (“dissolution 

roduct ∗”) OR (“Ionic product ∗”) OR (“degradation product ∗”)). A total 

f 665 articles were collected. Reviews, conference abstracts, book 

hapters and duplicates were removed. Articles were alsoexcluded 

f results did not quantitatively assess cellular responses to DPs or 

easure [Si] in the cell culture media used for their in vitro exper- 

ments. To reduce the number of possible confounding factors (e.g., 

opography, porosity, surface area, surface chemistry and mechani- 

al properties), only cell responses to DPs on tissue culture plastic 

ere considered and not those of cells in direct contact with BG 

urfaces. 

Following the exclusion of these and others that did not meet 

he exclusion criteria ( Fig. 1 ), a total of 76 articles were analysed.

he [Si], glass composition, cell types, species, and changes to cel- 

ular behaviour (as determined by the percentage difference rel- 

tive to the control without SBG DPs) were then collected from 

ach article. To avoid bias during data extraction from studies, all 

ollected values from studies had to be agreed by a second author. 

n the event of disagreement, a third author would be consulted 

nd a decision for inclusion reached. 

To determine the relationship between cellular response and 

Si], at each [Si] data point, it was recorded if there was a signif-
3 
cant increase ( P ≤ 0.05), a significant decrease, or no significant 

ifference (P > 0.05) in cell behaviour compared to a non-treated 

ontrol (without Si species or SBG DPs) as reported by the article. 

uantitative cell responses to SBGs were recorded and grouped ac- 

ording to the type of behaviour ( Fig. 2 c). For comparison of the 

ffects of [Si] on cell behaviour, a minimum of 5 articles and 3 

ata points (e.g., 3 different [Si] or time points compared to con- 

rol) were required for a response to be included for analysis. Cell 

ehavioural outcomes in response to [Si] were then grouped ac- 

ording to different cell responses, along with their respective cell 

ype, cell species and type of SBG. In addition to extracting cell 

esponses to individual cell behaviours (e.g., biomineralization or 

etabolic activity), we also investigated if there were overarching 

ommonalities in cellular response to [Si]. This allowed the inclu- 

ion of cell behavioural assays where there was limited data and a 

arger data pool to minimise the impact of variations in paper spe- 

ific experimental approaches (time points, cell type, media, cell 

eeding density etc.). Cell responses were combined as nominally 

esirable for regenerative medicine/material-interactions (e.g., in- 

reased proliferation, metabolic activity, expression of angiogenic 

actors, extracellular matrix production and decreased cell death), 

r undesirable (increased cell death, decreased proliferation, de- 

reased biomineralization etc.). For gene expression, due to the de- 

irability of up- or down-regulation being dependent on the spe- 

ific gene/inflammatory factor expressed/experimental aims, this 

ata was analysed separately to other cellular responses but us- 

ng the same methodological approach. The cell behavioural assays 

ncluded in the combined figures are detailed in the result tables. 

Protein production and enzyme activity (e.g., ALP activity and 

steocalcin) data included a mixture of non-normalised data and 

ata normalised to cell number (e.g. to DNA) or protein con- 

ent. Normalised, non-normalised and combined data were anal- 

sed separately and together. For this review, stem cells were 

ategorised as: a) undifferentiated primary cells, b) capable of 
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Fig. 2. The effect of [Si] released from bioactive glasses on cell behaviour. The median [Si] (a) and frequency (b) reported to cause a significant negative (decrease), no 

significant difference (no change) or a positive significant (increase) in cell responses in vitro, following exposure to Si released from bioactive glasses. The median [Si] that 

was reported to have negative or undesirable cellular outcomes (e.g. decreased metabolic activity compared to controls) was 52 ppm and higher than the [Si] reported to have 

positive or desirable cellular outcomes (30 ppm). Positive cellular responses occurred at a higher [Si] than outcomes that were not significantly different to non-Si controls 

(25 ppm). There was an increased frequency of negative outcomes above 52 ppm (b). Quantification of number of articles (N.a), number of data points (n), percentage of 

total data points (n %) is presented in (c). ∗= P ≤= 0.05, ∗∗∗∗= P ≤= 0.0 0 01. 
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elf-renewal without differentiation and c) could differentiate into 

ore specialised cell types. Stem cell types included were de- 

ived from, adipose, mesenchyme, urine, dental pulp, and decid- 

ous teeth. 

The effect of calcium, phosphorus and sodium ion concentra- 

ion ([Ca], [P] and [Na] respectively) released from SBG DPs on cell 

esponses was also evaluated. When comparing individual exper- 

mental parameters (e.g., type of SBG or cell type) the [Si] range 

as also determined as a possible confounder. For example, if the 

ange of [Si] for articles investigating human cells was significantly 

ifferent to the [Si] range used in articles investigating non-human 
4

ells. Unless stated in the results, the range of [Si] were not signif- 

cantly different between the parameters studied. 

To investigate whether Si species (not derived from SBG DPs) 

ould influence cell behaviour directly, additional articles were col- 

ected (22 articles total). Articles were collected from WOS and 

ubmed according to the following search terms: "orthosilicic acid" 

R orthosilicate OR "soluble silica" OR "silicate ions" OR "soluble sili- 

on" OR "ionic silicon" OR "biological silicon" (Topic) AND osteoblast ∗

R Macrophage ∗ OR Fibroblast ∗ OR endothelial ∗ OR chondrocyte ∗ OR 

onocyte ∗ OR "stem cell ∗" OR osteoclast ∗ OR myocyte ∗ (Topic). Full 

issolution of Si in these studies was assumed and therefore quan- 
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itative analysis of [Si] in Si-conditioned media was not recorded. 

ll other exclusion criteria were used as in Fig. 1 for SBGs. 

.2. Data analysis methodology 

More than 1375 data points (excluding gene expression) were 

xtracted from 76 SBG and Si articles. Once groups containing dif- 

erent cell responses, cell type and species group were formulated, 

ach were then individually assessed for normal distribution using 

 Shapiro-Wilks test. Normally distributed significant differences 

etween the [Si] that caused increased, decreased or no changes in 

ell behaviour was determined by a one-way analysis of variance 

ANOVA) and post-hoc Tukey’s test for multiple comparisons. Dif- 

erences in non-normally distributed datasets were determined by 

 Kruskal-Wallis test, followed by a Dunn’s test for multiple com- 

arisons. Bin widths for plots assessing the frequency of cells re- 

ponses compared to [Si] were chosen based on quartiles of [Si] 

istribution to ensure a near equal number of data points in each. 

he correlation of [Si] and percentage differences in cellular re- 

ponse (compared to the control) was also evaluated using a Spear- 

an’s correlation test. All results were statistically significant if 

hey exceeded 95 % confidence. Average [Si] is presented as median 

M d ) ‘X’ ppm or mean (M n ) as ‘X’ ppm ± ‘X’ standard deviation. 

. Results 

.1. Descriptive comparison of SBGs compared with the wider field 

The search criteria initially identified 665 in vitro research, arti- 

les involving in vivo data only (20 %), no quantitative assessment 

f cellular responses to DPs (39 %, e.g., cell morphology compar- 

sons, or lacking an untreated control) or did not report [Si] in 

he media (22 %) were excluded ( Fig. 1 ). Research articles used 

or analysis were found to be dominated by those investigating 

one (63 %) followed by wound healing (17 %), dental applications 

12 %),immunological responses (5 %) and cartilage (3 %) (Fig. S1a). 

 similar distribution of BG applications was found in both the ar- 

icles collected during initial searches (n = 665), and the articles se- 

ected for analysis, indicating that the analysed articles were rep- 

esentative of the wider SBG field (Fig. S1b). 

.2. Methodology used to analyse in vitro responses to SBG 

issolution products 

Human cells (59 % of articles), stem cells (39 %) and osteoblasts 

34 %) were the most commonly used cells (respective to species 

nd cell type) to investigate SBG DPs and their cellular interactions. 

etabolic activity assays were the most frequently reported cellu- 

ar outcome (68 % of articles), which could be due to 10993 ISO 

tandard, which suggests the reporting of cellular metabolic ac- 

ivity in response to medical devices. There was high variance in 

he type of metabolic assays used ( Fig. 5 g), with both MTT and

ST-8 assays the most frequently observed (51 % and 29 % of arti- 

les respectively). Metabolic assays that produce soluble products 

.g., WST-1, WST-8, Presto and Alamar blue, as opposed to MTT 

hich requires a solvent to dissolve insoluble formazan crystals, 

ere more frequently used in the last five years. The use of MTT 

n the last 5 years (33 % of articles investigating metabolic activity) 

as lower than that of the previous 5 years (2016-2011, 67 % of 

rticles). Whilst most articles used metabolic activity assays, nor- 

alisation of this data (metabolic activity per cell number) was 

bserved in only ∼2 % of collected articles. Only 24 % of articles 

sed a direct measure of cell number (as opposed to metabolic ac- 

ivity) and of these, 85 % quantified DNA from lysed cells ( Fig. 5 g).

he most common cell-culture time points used to study SBG DP 
5 
nteractions were for 3 time points (when evaluating metabolic ac- 

ivity) (1, 3, 7 days accounted for 24 % of articles). Approximately 

5 % of articles used 2 time points or less (1 and 2 days accounted

or 15 % of papers). For studies that investigated in vitro bone nod- 

le formation or biomineralization (12 % of articles), quantification 

f calcium deposition was the most common outcome measure- 

ent (90 % of articles), compared with nodule area (7 %) and nod- 

le count (3 %). 

The most common bioactive glass composition (within the 

earch criteria) was 45S5 Bioglass® (30 % of articles), whilst the 

ommercial composition S53P4 (Bonalive®) accounted for 3 % of 

rticles. Sol-gel glasses of the composition 58S and 70S30C were 

nvestigated in vitro , 12 % and 1 % of articles respectively, and melt- 

erived 13-93 composition (1 % of articles). Approximately 54 % of 

rticles, reported on SBGs compositions that were unique to the in- 

ividual article within our search criteria, often these articles were 

nvestigating the effect of additional therapeutic ions (e.g., Co, Sr, 

i) added to the base SBG composition. Magnesium and strontium 

both 10 % of articles) were the most common additional ion in- 

estigated. 

The mean [Si] within the cell culture media used to investi- 

ate SBG DPs interactions with cells ( in vitro ) was 37.8 ppm ± 36.6 

Fig. S2a). Interestingly, for some cell and species types, researchers 

sed (on average) different [Si] concentrations ( Fig. 3 and 4 ). A 

igher [Si] was used in human cells (M n = 41.5 ppm ± 37.3) com- 

ared to non-human cells (M n = 32.5 ppm ± 34.8) and studies 

sing stem cells (M n = 41.1 ppm ± 34.3) used a higher [Si] range 

ompared to non-stem cells (M n = 35.6 ppm ± 37.8). 

.3. Does Si concentration influence cell responses? 

When all cellular responses were combined, there was a [Si] 

oncentration dependent effect on cell behaviour, where the [Si] 

hat caused increased (positive) effects (M n = 40.3 ppm ± 41.2), 

as higher than the [Si] that caused no significant difference 

M n = 32.2 ppm ± 28.3), but lower than the [Si] that caused de- 

reased (negative) outcomes (M n = 59.8 ppm ± 48.2) ( Fig. 2 a, 

 ≤ 0.001). The most frequently reported outcome, on the effect 

f [Si] on cellular responses, were not significantly different (no 

hange) to untreated controls without SBGs (788 data points). This 

ompared with 437 [Si] reported data points that caused signifi- 

antly increased outcomes and 157 data points reporting signifi- 

antly decreased outcomes. 

The frequency of negative outcomes was also observed to in- 

rease with increasing [Si] ( Fig. 2 b). Negative outcomes were found 

o occur ∼3 times more frequently above 52 ppm [Si]. The fre- 

uency of reported significantly positive outcomes were found to 

e most common in the [Si] range 30-60 ppm. There was, how- 

ver, only a very weak negative correlation between [Si] and the 

agnitude of cell response (percentage difference to the untreated 

ontrol without SBG DPs), (R = -0.08) (Fig. S2b). 

.4. Does cell type and species influence overall responses to 

issolution products? 

The [Si] reported to cause decreased (negative) outcomes in hu- 

an cells (M d = 54.3 ppm) was, on average, higher than non- 

uman cells (M d = 31.4 ppm), suggesting that human cells can tol- 

rate higher [Si] levels ( Fig. 3 a). There was no difference between 

uman and non-human cells in the [Si] that was reported to cause 

ositive outcomes. The median [Si] in studies using human cells 

M n = 41.5 ppm ± 37.3) were found, however, to be significantly 

igher than those using non-human cells (M n = 32.5 ppm ± 29.6). 

his higher [Si] range in human cell studies, may therefore, ac- 

ount for the difference between human and non-human cells, 

ather than cell specific responses. 
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Fig. 3. Species specific cell responses to [Si] released from bioactive glasses and ceramics. Comparisons between cell species in response to [Si], negative or undesirable 

cellular responses (a) or no significant change (b) were reported at lower [Si] in no-human cells compared to human cells (a) ∗= P ≤= 0.05, ∗∗= P ≤= 0.01, ∗∗∗P = ≤0.001, 
∗∗∗∗= P ≤= 0.0 0 01. 

Fig. 4. Cell type specific responses to [Si] released from bioactive glasses. A higher median [Si] was reported to cause a positive or desirable cellular response in non-stem 

cells compared to stem cells (p < 0.005). ‘Primary’ contains all in-vitro studies and responses from non-cancerous or immortalised cell lines. ‘Stem’ contains cells that adhere 

to characteristic definitions ‘a’, ‘b’, and ‘c’, as described in methods and materials. ∗∗∗= P ≤= 0.0 01, ∗∗∗∗= P ≤= 0.0 0 01 when compared with ‘all data’. Red dotted lines 

highlight that primary cells were compared to non-primary, and stem to non-stem cells. 
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Cell type (primary vs non-primary, or stem cells vs non-stem 

ells) did not influence the [Si] reported to cause negative or pos- 

tive cellular responses ( Fig. 4 a/c). Whilst the range of [Si] used 

o investigate primary and non-primary cells was not significantly 

ifferent, there was a difference between the average [Si] used to 

nvestigate stem cells (M n = 41.3 ppm ± 34.2) and those using 

on-stem cells (M n = 35.6 ppm ± 37.8) ( P ≤ 0.001). Consider- 

ng that higher [Si] is associated with increased negative effects 

 Fig. 2 ), the lack of j differences between stem cells and non-stem 

ells, may suggest increased tolerance to a higher [Si] range in 

tem cells (compared to non-stem cells). 

.5. Does [Si] affect cell metabolic activity, cell number, and death? 

Metabolic activity ( Fig. 5 a) was the most common cellular as- 

ay used to analyse cell responses to SBG DPs (52 % of articles) 

nd produced similar trends to those in overall cellular response 

 Fig. 2 a) where an increase in the frequency of negative responses 

as observed in metabolic activity responses with increasing [Si] 

 Fig. 5 b). Studies that used [Si] at or above 90 ppm, did not re-

ort increased metabolic activity ( Fig. 5 a). It is interesting to note 

hat the [Si] that was reported to cause decreased metabolic ac- 

ivity in human cells was higher than the [Si] that caused positive 

utcomes, but this was not observed in non-human cells (Fig. S3c). 

here were no other species or cell type specific differences in the 

etabolic activity, cell number or cell death responses to [Si] ob- 

erved. 
6 
Cell number data had a similar trend to metabolic activity, with 

Si] above 40 ppm associated with an increase in the frequency of 

ndesirable cellular interactions (Fig. 5c/d). There was, however, no 

ifference between the [Si] reported to increase or decrease cell 

umber, with the most reported outcome that [Si] did not sig- 

ificantly change cell number. There was also no significant dif- 

erence observed in the mean [Si] reported to increase cell death 

Fig. 5e/f), but this may reflect the limited data points (4 % of arti- 

les - Fig. 2 ). The frequency of reported significant cell death out- 

omes did, however, increase with increasing [Si], with 44 % of 

ata points above 60 ppm reported to cause a cell death compared 

o 2 % below 60 ppm. 

.6. Osteogenic and angiogenic responses to [Si] 

No significant differences were observed between [Si] and 

steoblast differentiation markers (osteocalcin and ALP activity), 

iomineralization, or VEGF production( Fig. 6 a-d). When consider- 

ng the differentiation of stem cells alone (9 articles), the same 

as true i.e. there was no difference in the [Si] that caused in- 

reased or decreased osteogenesis/angiogenesis. Given the differ- 

nce in ALP expression at different stages of osteogenic differenti- 

tion, the effect of cell culture time was also considered. No dif- 

erence in ALP activity were observed at any time point analysed 

one, two or three weeks). The frequency of articles reporting an 

ncrease in ALP activity in response to [Si], is, however, 3 times 

ore common than decreased ALP activity. Most studies (70 % of 
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Fig. 5. The influence of [Si] released from bioactive glasses on cell metabolic activity, proliferation, and cell death. Median [Si] and frequency of negative, no change and positive 

proliferative cell responses of metabolic activity (a/b), cell number (c/d) and cell death (e/f) following culture with bioactive glasses. Quantification of frequency and percentage of 

assay types used in studies are presented in (g). Significant differences were observed in negative metabolic cell responses above ∼50ppm compared to no change and positive 

data. No significant trends were found in proliferation or cell death responses, but an increased frequency of negative outcomes was observed with increase [Si]. ∗∗= P ≤ 0.01, 
∗∗∗∗= P ≤ 0.0 0 01, N.a = number of articles, n = number of data points, n % = percentage of total data points. 
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rticles, 75 % of data points) normalised ALP enzyme activity to 

ither cell number (total DNA) or total protein, but only 33 % of 

rticles (30 % of data points and articles) normalised osteocalcin or 

EGF production to cell number. Without normalisation it is diffi- 

ult to determine whether the influence of [Si] on ALP activity is 

ue to cell number differences or individual cell response. No dif- 
7 
erences, however, were found on the effects of [Si] on either the 

LP normalised or non-normalised data. Several different methods 

ere used to determine biomineralization, with Alizarin Red stain- 

ng being used most common, followed by elemental analysis and 

odule (number and area) quantification. For articles that quan- 

ified calcium amount by cetylpyridinium chloride extraction (the 
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Fig. 6. The influence of [Si] in cell type specific responses. Median [Si] and frequency of negative, no change and positive ALP activity (a), biomineralisation (b) and osteocal- 

cin (c) and VEGF protein production (d) cell responses following culture in mediums containing Si released from bioactive glasses and ceramics. Quantification of frequency 

(n) and percentage of cell, species and material types used in studies are presented in (e). No differences were found in any response type. N.a = number of articles, n = number 

of data points, n % = percentage of total data points, ‘data normalised’ refers to data that has normalised to cell numbers. 
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ost common quantification approach) there was no relationship 

etween [Si] and calcium deposition. 

When all gene expression responses to [Si] were combined, in 

 similar manner to other cellular responses, the mean [Si] associ- 

ted with a decrease in gene expression was higher than the [Si] 

eported to cause an increase in gene expression (Fig. S5a). The 
8

ost common genes studied were associated with osteogenic dif- 

erentiation (e.g., RUNX-1, OSX, BSP, ALP, BMP), extracellular ma- 

rix (ECM) production (collagen type I) or angiogenesis (VEGF), 

here an increase gene expression would normally be described 

s desirable for tissue regeneration. Decreased gene expression 

or VEGF, ALP, OCN, OSN, RUNX-2, collagen T1, were observed at 
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Fig. 7. Glass types and [Si]. Median [Si] of negative (a), no change (b) and positive (c) cell responses to all observed in-vitro studies when cultured with Si released from 

45S5 bioactive glass (‘45S5’), BGs containing only silica, calcium, phosphorus and sodium (‘BGs’) and the addition of other therapeutic ions (‘BG + ions’). An increase in [Si] 

was observed to cause both negative and positive outcomes when released from 58S. Different material categories are compared with combined cell responses (‘all data’). 
∗= P ≤= 0.05, ∗∗= P ≤= 0.01, ∗∗∗= P ≤= 0.001, ∗∗∗∗= P ≤= 0.0 0 01, n = number of data points. 

Fig. 8. The influence of [Ca], [Na] and [P] on overall cell responses. Cell responses in all observed in vitro studies when cultured with dissolution products containing calcium 

(a), sodium (b) and phosphorus (c). Overall responses to sodium at between 3500 and 4500 produced significant no change data compared to negative and positive data. 

Concentration between 18 and 25 ppm in phosphorus were found to cause positive responses whilst no significant trends were observed in either calcium. ∗∗= P ≤= 0.01, 
∗∗∗= P ≤= 0.001, ∗∗∗∗= P ≤= 0.0001, n = number of data points. 
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igher [Si], but the reverse was also observed for OSX and BSP 

Fig. S5b). 

.7. Does the type of SBG type affect the cellular response? 

Different SBG com positions have been produced for various 

edical applications, but it is unclear if there is commonality be- 

ween the type of BG and in vitro cellular outcomes. The most 

ommon SBG composition used within our data set was melt- 

erived 45S5 Bioglass® (23 articles), followed by sol-gel derived 

8S (9 articles). We compared cellular outcomes between all melt- 

erived BGs (containing just Si, Ca, P, Na), with 45S5 Bioglass®, 58S 

lasses and glasses containing additional therapeutic ions (e.g., Sr, 

o, Mg). Interestingly, negative, and positive cellular responses to 

8S DPs, were observed to occur at a higher [Si] than for the other 

lass types ( Fig. 7 b). The range of [Si] in 58S studies is, however,

igher (M n = 69.0 ppm ± 65.0) than the other SBGs ( P ≤ 0.01). Ad- 

itional therapeutic ions were found to alter the cellular response 

o [Si] concentrations, where positive outcomes occurred at lower 

Si] compared to 45S5, and negative outcomes occurred at higher 

Si] compared to 45S5. Considering Si and the therapeutic ions are 

eleased proportionally, this may indicate the influence of the ther- 

peutic ions on cellular response. 
9 
.8. The effect of calcium, sodium, and phosphorus ions in BG 

issolution products 

The concentration of other ions released from SBGs, apart from 

Si], may also influence cellular interactions. The concentration 

ependent effects of calcium, phosphorus, and sodium ([Ca], [P], 

Na] respectively) on cell behaviour were, therefore, also compared 

 Fig. 8 ). Contrary to the effects of [Si] concentrations on cell be- 

aviour, the concentration of [P] that is reported to have negative 

ellular outcomes (M d = 13.5 ppm) was lower ( P ≤ 0.001) than the 

P] reported to have positive outcomes (M d = 16.8 ppm). A simi- 

ar effect of [Na] on cell was reported, with negative outcomes re- 

orted at a lower median [Na] (M n = 1963 ppm ± 1599) compared 

o those producing positive effects (M n = 2673 ppm ± 1630). No 

ignificant differences were identified in the effect of [Ca] on cel- 

ular behaviour. 

We also investigated whether these ions influence the concen- 

ration at which Si affects cell behaviour. Concentration ranges 

f each ion ([Ca], [P], [Na]) were split into equally sized ‘high’, 

medium’ and ‘low’ groups (Fig. S4). A similar cellular response to 

Si], as observed in all data ( Fig. 2 ), was found in SBG with higher

Si] concentrations associated with negative outcomes. The differ- 

nce between the mean [Si] causing negative and positive out- 

omes, was however, greater in the ‘low’ [Ca] group (41.6-0 ppm), 
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Fig. 9. The effect of Si derived from non-dissolution products on cell behaviour. The median [Si] that is reported to cause a negative, no change or positive responses in 

all observed cell (a) and metabolic activity (b) responses in-vitro following exposure to silicate species derived from non-dissolution product. Quantification of number of 

articles (N.a), number of data points (n), percentage of total data points ( n %) is presented in (c). [Si] above ∼12 ppm was observed to produce negative responses when 

compared to no change and positive outcomes in overall cell responses. In contrast, [Si] below ∼2 ppm was associated with no change responses in metabolic activity. 
∗= P ≤= 0.05, ∗∗= P ≤= 0.01, ∗∗∗= P ≤= 0.001, ∗∗∗∗= P ≤= 0.0 0 01. 
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ompared with higher [Ca] (125-83 ppm), indicating that calcium 

ay influence the effect of [Si] (Fig. S4) on cell behaviour. Interest- 

ngly, [P] appeared to have the opposite effect, where a greater dif- 

erence between cellular responses to [Si] (the difference in the re- 

orted negative or positive effects) was present in the groups con- 

aining more phosphorus within the SBG media, and there was no 

ifference in responses to [Si] in the group with the ‘low’ [P] con- 

entration (13.3-0 ppm) (Fig. S4). No significant trends were ob- 

erved between [Si] and [Na] in any group, which may reflect the 

uch fewer number of papers that measure Na in the medium. 

.9. Investigating differences between Si species alone and BG 

issolution products on cell behaviour 

To investigate whether Si species could influence cell behaviour 

ndependently of other ions released from BG (Na, Ca and P), addi- 

ional articles focusing on the individual effect of Si species (not 

esulting from BG DPs) were collected (22 articles). In a simi- 

ar manner to BG conditioned medium, Si ions alone also caused 

ncreasingly negative outcomes with increasing [Si]. The median 

Si] reported to cause a negative outcome (M n = 56.6 ± 77.6 

pm) was significantly different ( P ≤ 0.001) to that reported to 

ause no change (M n = 18.7 ± 33.9 ppm) and positive outcomes 

M n = 15.4 ± 30.5 ppm). These Si concentrations were significantly 
10 
ower when compared to responses to [Si] in SBG DPs ( P ≤ 0.001). 

here was, however, a difference in the [Si] range used in Si ions 

sed alone (M n = 24.5 ppm ± 47.0) compared to those in DPs 

M n = 37.8 ppm ± 36.5) ( P ≤ 0.0 0 01), which may be a confound-

ng factor in interpreting the difference between SBGs DPs and 

i alone. Whilst sodium silicate was the most common Si precur- 

or for conditioning cell culture medium (65 % of articles), silicon 

hloride (13 %) and calcium silicate (8 %) have also been studied 

 Fig. 9 c). No differences were found between Si source and cell 

utcomes. 

. Discussion 

By using a systematic quantitative approach, this review com- 

ared cellular responses to [Si] released from SBGs within the lit- 

rature. Despite different experimental models (cell types, seeding 

ensities, media, outcome measurements etc.) and different com- 

ositions of SBGs, commonalities were still observed on the ef- 

ect of [Si] on cell behaviour. This is important for developing our 

nderstanding of how soluble Si effects cell behaviour (which re- 

ains poorly understood), and for the optimisation of Si releas- 

ng materials with tailored ion release profiles for specific applica- 

ions. By collating the in vitro methodology used in SBG research, 

his review also provides a comprehensive overview of practices 
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sed to investigate SBGs interactions with cells and reflects on the 

ethodological approaches that provide comparable results. 

.1. The concentration dependent effect of Si on cell behaviour 

A concentration dependent effect of Si (both within SBG disso- 

ution media and Si alone) was observed when all cell responses 

ere combined. In SBG dissolution media the frequency of nega- 

ive outcomes reported in the literature was approximately 3 times 

igher above 52 ppm Si. This result identifies commonalities in the 

ellular response to Si, despite the variance in methodological ap- 

roaches. Limited quantities of data or a lack of standardisation in 

xperimental approaches for specific cell outcomes (e.g. VEGF ex- 

ression or cell death), necessitated the grouping together cellular 

esponses into “desirable” or “undesirable” cell responses. Whilst 

ncreased proliferation/metabolic activity/VEGF expression is usu- 

lly described as a positive/desirable outcome in biomaterials in 

itro research, this is clearly not always the case in vivo e.g., in- 

reased myo-fibroblast proliferation could be associated with con- 

ractile fibrotic membrane formation [ 38 ] or undifferentiated cells 

e.g., osteoblasts) often having a period of proliferation followed by 

ifferentiation where there is a decrease in proliferation [ 39 ]. Com- 

ining the experimental data (as in Fig. 2 ) loses this nuance but 

rovides a larger data pool to observe commonalities, that would 

ot be present in smaller data sets, where the variances in ex- 

erimental approaches between studies masked the overarching 

rends. 

How Si influences cell behaviour remains unclear and is likely 

o depend upon both the concentration, form (soluble or insoluble) 

nd possibly the Si species (e.g., ortho- di- or polysilicates). Stud- 

es by Iler et al., suggested that below pH 9, [Si] at approximately 

 - 3 mM (56 - 84 ppm) in water begins to polymerise, where

elow this concentration Si is thought to be predominately the 

onomer orthosilicate (Si(OH) 4 ) [40] . The [Si] that initiates poly- 

erisation in body fluids or cell culture media, however, remains 

nclear. The formation of silica nanoparticles from the polymeri- 

ation of orthosilicate units, is likely to alter Si uptake and cellular 

nteractions. Silica nanoparticles have been associated with cellular 

oxicity [ 41 , 42 ], for example Gong et al., found that silica nanopar-

icles (15, 30 and 100 nm in diameter) caused apoptosis and that 

his was likely caused by increased reactive oxygen species (ROS) 

amage [43] . Si has, however, also been reported to protect cells 

rom oxidative stress [ 44 , 45 ]. 

If ROS is important in cellular response to [Si], part of cellu- 

ar variance observed in negative outcomes to [Si] (above 50 ppm, 

ig. 2 and 3 ) may be due to variance in each different cell type’s

bility to resist oxidative stress, in addition to differences in the 

mount of free radical scavengers present in cell culture media. For 

xample, in osteoblast mineralisation studies, additional free rad- 

cal scavengers such as ascorbic acid ( ∼50 μg/ml) are commonly 

dded to osteogenic media [ 46 ], and this may explain osteoblast 

iability in the presence of high levels of [Si] (112 ppm [19] ) where

i particles are more likely. Other cell types like endothelial cells 

ave been reported to show increased cell death in response to [Si] 

s low as 14 ppm [45] . Stem cells have been shown to resist oxida-

ive damage via increased intracellular antioxidant concentrations 

ompared to terminally differentiated cells [47] . This may explain 

hy there is no difference in the medium [Si] that causes nega- 

ive outcomes in stem cells compared to non-stem cells ( Fig. 3 b) 

espite a higher [Si] range used (on average) to treat stem cells. 

Undesirable cellular outcomes, with increasing Si (non- 

issolution products) were also found when Si ions alone were 

sed (not from SBGs) although at lower [Si] compared to those 

rom DPs ( Fig. 9 a). The release of other BG ions (e.g., phospho-

us, calcium, and sodium) may account for this difference. Both 

alcium and phosphate ions have been reported to increase cell 
11 
etabolic activity, proliferation [ 4 8 , 4 9 ] and mineralisation [ 50 , 51 ],

ossibly by increasing the rate of oxidative phosphorylation and 

hus ATP production [ 52,53 ]. Alternatively, higher [Ca] and [P] may 

lso increase apatite formation, silicate-calcium or possibly Si-HA 

omplexes, thereby lowering the availability of soluble ions within 

he media during cell culture. Other ions may also have an effect 

n pH in culture media, a factor that has been shown to affect [Si] 

olymerisation and cell behaviour [ 54 ]. 

The number of different glass types (in the collected data set) is 

lso likely to contribute towards the variance in cellular responses 

bserved. Positive and negative outcomes were observed in sol-gel 

8S at higher [Si] than in other BGs. This is likely to be due to

igher ion ranges used in studies in sol-gel studies (due to the in- 

reased surface area, higher mol % Si and the absence of sodium 

n 58S networks increasing the rate of Si release) [55] . Despite ev- 

dence suggesting that Si could increase mineralised ECM in os- 

eoblast cells [ 19 , 20 , 22 , 23 , 56 ], no correlations were found in either

LP activity or biomineralization. A lack of differences in the effect 

f [Si] on ALP activity, may be due to variance in the respective cell 

eeding density which will likely influence the stage of osteoblast 

ifferentiation in each study [ 57 , 58 ]. The influence of time on the

ffect of [Si] on ALP activity was therefore investigated ( < 1, 2 and 

 weeks) but did produce any significant differences. 

.2. Methodological approaches and the need for standardisation 

There is considerable variance in methodology used to evaluate 

ell viability and functionality in response to SBG in vitro . Previ- 

us reviews have compared the methodological approaches used 

o assess cellular outcomes with BGs and thus the difficulties in 

omparing outcomes from different studies [37] . Qualitative re- 

ponses (e.g., morphological changes), although valuable to under- 

tand material/DPs interactions, were not included in this study as 

hey are rarely quantified and therefore difficult to quantitatively 

ompare outcomes from different studies. If researchers within the 

eld generated data that allows for greater comparison between 

tudies, it would enable greater progress in the field, more impact- 

ul research and preserve resources (increased sustainability). For 

hese reasons we recommend a minimum reporting standard for 

n vitro studies with SBG DPs ( Table 1 ). 

Our results identified metabolic activity assays to be the most 

ommon assessment of cell viability in response to DPs. This is 

erhaps unsurprising given ISO standard 10993-5 suggest these 

etabolic assays (MTT/XTT in particular) to be the primary method 

f evaluating cell behaviour in response to medical devices. ISO 

0993-5 was, however, developed for assessing whether leachates 

rom a device could cause toxicity rather than assessing an inten- 

ionally biodegradable device. Considerable variation in metabolic 

esponses to [Si] was also observed ( Fig. 5 ) which may in part be

ue to variance in metabolic assay used (e.g., MTT, WST-8 and Ala- 

ar blue). MTT was the most used metabolic assay to measure 

ell responses to SBG DPs, which may be due to ISO10993-5 rec- 

mmending this assay. The MTT assay requires solvents (such as 

MSO) to dissolve the formazan product, which therefore neces- 

itates the termination of the cell culture [59] . Similar assays that 

roduce soluble products (and thus don’t require additional sol- 

ents) such as MTS and Alamar blue were more commonly used 

ithin in the last 5 years (2016-2021) compared to the previous 5 

ears (2016-2011) possibly for sensitivity [60] and resource preser- 

ation reasons. Media composition (e.g., pH buffers, serum type 

r percentage) and type (e.g., DMEM, RPMI or MEM- α) have also 

een shown to influence the outcome of metabolic assays [ 61,62 ], 

urther contributing to variance observed in metabolic activity re- 

ponses. Compared to metabolic assays, less variance, however, 

as found in direct measures of cell number with most articles 

electing total DNA quantification (95 % or articles) over other ap- 
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Table 1 

Suggested minimum reporting standard for studies investigating the effect of SBG in vitro. 

1. Quantification of BG dissolution products in cell culture media: Ion concentrations of SBG DPs should quantified in the cell culture 

media used for in vitro studies (approximately 40 % of articles in our search did not report/quantify ion concentrations in media). Different 

media contains different ion concentrations (e.g., [Ca], [Na], [P]) and thus the total ion availability will vary in different media. 

2. Untreated controls : Cells cultured in normal media on standard cell culture plastic should be compared to treated cells and included in the 

results for comparison purposes. 

3. Normalisation of protein production/activity : To determine if the BG PDs are influencing cell phenotype or influencing cell number, the 

protein of interest should be normalised (e.g., to total DNA, or a protein that is not influenced by the treatment). The total amount of protein 

should also be reported. 

4. Cell number vs metabolic activity: SBG DPs can change the cellular metabolic activity ( Fig. 5 a). Metabolic activity may, therefore, equate to 

increased cell number or increased metabolic activity/cell. Cell number should, therefore, be reported separately to metabolic activity. For 

clarity, metabolic assays should be referred to as metabolic assays as opposed to proliferation or cytotoxicity assays ∗ . 

5. Stem cell source: Isolation method, passage number and source should be included. Authors should state whether the stem cells were a 

single population (e.g., immunochemically isolated using FACs) or a mixed population of cells (using adhesion and centrifugation approaches). 

6. Availability of data. Data should be available online, for scrutiny, further analysis and for comparison purposes. 

∗Commercially available metabolic activity assays often have confusing marketing terminology (e.g., Cell Counting Kit-8, CCK-8) and often assume that 

cellular metabolic activity is unaffected by conditions/treatments. 
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roaches e.g., manual or imaging software analysis of cell number 

57] . 

The most common timepoints that articles observed cell re- 

ponse to DPs, were over 3 time points (1, 3 and 7 days – 24 %

f articles), and approximately 25 % of these studies reported only 

 or 2 time points (commonly up to 3 days). Although ISO10993- 

 recommends cells be in contact with conditioned media for 1 

ay, a culture of 1 week or longer may be necessary to observe 

ther important cell behavioural changes (e.g. differentiation or 

CM production). 

In terms of protein production (largely with ELISAs - enzyme- 

inked immunosorbent assay), no clear trends in response to [Si] 

ithin DPS were found ( Fig. 6 ). However, only 30 % of observed

tudies using ELISA kits were found to be normalised to cell num- 

ers or total protein concentrations. Without normalisation com- 

arisons between studies on SBG DPs is difficult, as it is unclear 

f the protein production is due to cell number or cellular pheno- 

ypic changes (increased expression of the protein per cell) Gene 

xpression (where expression is relative to a house-keeper gene) 

id, however, demonstrate a [Si] dependent response, where the 

Si] that caused a decrease in target gene expression was signif- 

cantly higher than the [Si] that increased target gene expression 

Fig. S5a). There is also not always a direct correlation between 

ene transcription and functional protein expression [63] . 

The majority of SBG studies were focused on bone regeneration, 

ut the quantification and characterisation of in vitro bone forma- 

ion largely relied upon calcium staining (Alizarin Red) and quan- 

ification of calcium. Calcium deposition assays, however, can be 

nfluenced by the calcium ions present in the SBG extracts, differ- 

ng Ca present in the media and spontaneous formation of apatite. 

xperiments involving more than one type of bone nodule quan- 

ification, including area or volume were observed in less than 10 % 

f studies. Other physicochemical approaches to characterise in 

itro bone formation (e.g., mineralised collagen fibres) and compar- 

son to native bone including biochemical (Raman/FTIR), ultrastruc- 

ure (TEM), elemental (EDX/ICP-OES/MS) and mechanical character- 

sation, were rarely studied. Previous studies have also shown that 

ifferent cell types and species alter the amount mineral deposited 

uring bone formation in vitro [64–66] . 

. Conclusion 

This review has, for the first time, attempted to quantify the ef- 

ect of Si species released from bioactive glasses on in vitro cellular 

esponses. The quantitative analysis reveals that higher [Si] within 

BG DPs has an increased the frequency of negative outcomes re- 

orted, this is perhaps not unexpected, but the specific concentra- 

ions where this more likely and the window of [Si] where de- 
12 
irable cell responses are more likely to occur, is useful in tailor- 

ng the Si release from novel SBGs. The systematic approach used 

n this study also presents a novel approach to compare complex 

tudies with high methodological variance (e.g., different cell types, 

xperimental conditions and methods used to evaluate cellular re- 

ponses). Standardisation of in vitro characterisation approaches to 

Gs, may provide more insight into the concentration dependent 

ffects of [Si] and understanding of its various roles in cell be- 

aviour. 
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