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A B S T R A C T   

Fighting the formation of bacterial biofilm and simultaneously providing a bioactive environment for bone 
regeneration during the treatment of orthopedic infections is one of the greatest challenges in surgery. Moreover, 
the major global threat of rapidly increasing antimicrobial resistance calls for non-antibiotic alternatives. 
Bioactive glasses doped with antibacterial metal ions silver (Ag), or copper (Cu), offer a potential solution. 
However, an added challenge is the cytocompatibility of these antimicrobial biomaterials, which could be 
compromised due to the possible cytotoxic effect of the dopants. 

This work evaluates the cytocompatibility of two bioactive glasses, SBA2 and SBA3, either doped with Ag- (Ag- 
SBA2) or Cu-ions (Cu-SBA3) via ion-exchange process. The viability, proliferation, and morphology of human 
adipose stem cells (hASCs) were evaluated using different culture conditions: i) direct culture on glass discs, with 
and without pre-incubation, and ii) in medium containing glass dissolution byproducts. The release kinetics of 
the doped ions was evaluated in α-MEM and during cell culture. Moreover, the effect of protein adsorption on the 
cell response was studied by introducing a layer of fibronectin on the glass discs before direct culture with hASCs. 

Ag-SBA2 and Cu-SBA3 both initially inhibited the hASC viability in direct cell culture. However, cells remain 
viable with healthy morphology when cultured directly on pre-treated discs, or indirectly with the glass disso
lution byproducts. This suggests that the cytotoxicity effect seems to arise from the contact toxicity between the 
cells and the material surface. Fibronectin adsorption significantly improved the cytocompatibility of Ag-SBA2, 
while Cu-SBA3 requires further optimization. To conclude, Ag-SBA2, through its contact toxicity, has the po
tential for treating early infection, without compromising long-term cytocompatibility and bioactivity. However, 
further optimization of the Cu-SBA3 glass is needed due to its cytotoxicity towards hASCs.   

1. Introduction 

The number of bone defects, due to the aging population, will be 
more evident in the future [1]. Despite the majority of performed sur
geries being successful, the adhesion of several micro-organisms, such as 
bacteria, viruses, or fungi, to the implantation site is still a major cause 
of implant failure [2]. Unfortunately, the rapid increase in orthopedic 
surgeries combined with the challenging bacterial resistance phenom
enon, and reduced availability of new antibiotics, leads to a great de
mand for non-antibiotic alternatives outside conventional methods to 
treat orthopedic infections [3]. 

Bacterial infections are increasingly difficult to treat, and therefore, 

they remain a major threat globally in healthcare [4]. In general, bone 
infections are treated with systemic administration of antibiotics [5]. 
One factor contributing to the failure of conventional antibiotic treat
ments and the development of highly resistant bacteria is the formation 
of biofilm. Biofilm can be defined as an aggregation of bacteria 
embedded within their self-produced biopolymeric structure. Biofilm 
prevents antibiotics penetration but also contributes to bacterial sur
vival due to its nutrient and waste transport channels [6]. Orthopedic 
infections are mainly caused by gram-positive staphylococci, such as 
Staphylococcus aureus, and especially its methicillin-resistant version 
(MRSA) [7]. 

In the context of musculoskeletal tissue regeneration, bioactive 
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glasses (BAGs) and glass-ceramics are excellent options owing to their 
inherent ability to bond with living bone by initial glass dissolution in a 
fluid environment and the following precipitation of hydroxyapatite on 
their surfaces [8]. Moreover, bioactive glasses are osteostimulative, 
indicating their stimulation of bone growth away from the bone-implant 
interface by recruiting and stimulating cells to form new bone [9]. 

Currently, several different antibiotic-free approaches are being 
studied and developed. They can work either to passively prevent bac
teria attachment (anti-fouling) or actively directly kill them (bacteri
cidal) [6]. Biocide metallic ions such as silver (Ag+), copper (Cu2+), zinc 
(Zn2+), gallium (Ga3+), and cerium (Ce4+) -ions are known for their 
inherent antimicrobial properties [10–15]. Moreover, the addition of 
metallic ions could also favor bone regeneration and osteogenesis [2]. 

Biocide ions can be used as dopants in bioactive glasses. In general, 
metallic ions kill bacteria by either producing reactive oxygen species 
(ROS), or by interacting with the bacterial cell membrane. These actions 
can ultimately lead to compromised electron transport destroying bac
terial DNA, or to bonding of the metallic ions to functional groups of the 
bacteria membrane altering cell metabolism and activity. These mech
anisms can also work in synergy when two or more ions are applied 
simultaneously [16]. 

Both silver (Ag+) and copper ions (Cu2+) are well known for their 
broad-spectrum antibacterial performance and low bacterial resistance. 
Firstly, Ag-ions can disrupt bacterial cell membranes by binding to thiol 
groups in proteins and DNA in the cytoplasm environment. However, 
some concerns are raised due to its toxicity, especially in the case of 
silver nanoparticles (AgNPs) [17]. For instance, Xie and co-workers 
found AgNPs to compromise the viability of osteoblast-like MG-63 
cells when exposed to AgNPs, with the effect continuing even after the 
removal of AgNPs from the culture medium [18]. Copper, however, is 
known to be less cytotoxic to human cells, and it also plays an important 
role in the metabolism of bone regeneration and angiogenesis [19]. In 
general, for both ions, the antibacterial performance is known to be 
dose-dependent, with bacteria commonly being more sensitive toward 
silver ions [20]. 

Metallic ions are most often incorporated in the glass during the glass 
melting or sol-gel process. For instance, both Cu- and Ag-doped silicate 
sol-gel BAGs were synthesized by Palza et al., also demonstrating their 
antibacterial activity against ampicillin-resistant Escherichia coli, and 
Streptococcus mutans [21]. Another study comparing Ag- and Cu-doped 
sol-gel glass found that Cu-doped glass provided a more long-term 
antibacterial effect due to the more prolonged release of ions [22]. In 
addition to sol-gel glasses, silver has also been incorporated for example 
to borate glasses by a melt-quenching technique by replacing Na2O with 
varying amounts of Ag2O [23]. The Ag-doped borate glass exhibited 
good bioactivity and biocompatibility towards MC3T3-E1 cells with 
Ag2O concentration being less than 0.75 mol%, and bactericidal effect 
against Escherichia coli, and bacteriostatic effect against Staphylococcus 
aureus. 

One interesting option to introduce metallic ions to glass without 
modifying its bulk properties is surface doping via the ion-exchange 
method in an aqueous solution. In this process the monovalent ions 
from the surface of the glass are being released and replaced by the ions 
of interest present in the ion exchange aqueous solution, such as silver or 
copper ions. This method is beneficial due to its simplicity and possi
bility to introduce ions of interest on the surface without unwanted 
crystallization phenomena. The ion-exchange process for SBA2 to obtain 
Ag-doped glass Ag-SBA2 [24], and for SBA3 to obtain Cu-doped glass 
Cu-SBA3 has been previously optimized by Miola et al. [25,26]. The 
glass Ag-SBA2, also in focus for this work, has been previously studied in 
a co-culture with human osteoblast progenitor cells (hFOBs) and a 
pathogenic drug-resistant (Methicillin-Oxacillin) certified strain of 
Staphylococcus aureus, evidenced its antibacterial performance and 
cytocompatibility [27]. In addition, initial evaluation of the antibacte
rial performance of Cu-SBA3 powder has performed with satisfactory 
results against S. aureus [25]. 

This study aims to gain a deeper understanding of the cytocompat
ibility of Ag- and Cu-doped multifunctional bioactive glass surfaces 
obtained by the ion-exchange process by assessing human mesenchymal 
stem cells’ behavior in contact with these surfaces, comparing different 
test methods. Firstly, the viability and proliferation of hASCs are eval
uated in direct culture on glass discs and indirect culture with the 
glasses’ dissolution products. In addition, the release kinetics of doped 
antibacterial ions Ag+ and Cu2+ are studied in culture medium alone and 
during cell culture. Finally, the impact of fibronectin adsorption and 
addition of pre-incubation step on hASCs viability in direct culture is 
determined. 

2. Materials and methods 

2.1. Synthesis of the glasses and ion-exchange process 

Two different silica-based bioactive glasses, SBA2 [24], and SBA3 
[25] (that belong to SiO2–Na2O–CaO–P2O5–B2O3–Al2O3 system) were 
prepared in the bar form using the melt and quenching technique. The 
oxide compositions are summarized in Table 1. 

Shortly, the glass precursors were mixed and then melted in a plat
inum crucible at 1450 ◦C for 1 h, poured into a pre-heated cylindrical 
brass mold (Ø = 10 mm) to obtain bars, and then annealed at 500 ◦C for 
13 h. All the cylindrical glass bars were cut into 2 mm thick discs 
(Buehler IsoMet High Speed Pro), which were then polished (Struers 
LaboPol-2) with SiC abrasive papers ranging from 320 to 1200 grid to 
level the disc surfaces. 

Then, the sample discs went through a previously optimized and 
published ion-exchange process in an aqueous solution in order to 
incorporate therapeutic ions on the samples’ surface [24,25]. As shown 
in these previous works, the ion-exchange solution concentrations were 
chosen based on their ability to cause an antibacterial effect without 
modifying the phase composition of the glass with nucleation of un
wanted crystalline peaks of silver/copper salts. Ag-SBA2 and Cu-SBA3 
were produced by soaking the discs in a 0.03 M AgNO3 and 0.001 M 
copper acetate (Cu(CH3COO)2⋅H2O) solution, respectively, for 1 h at 
37 ◦C. After the process, the samples were rinsed with bi-distilled water 
and dried at room temperature overnight. 

Before use in cell culture experiments, the sample discs were heat 
sterilized for 3 h at 100 ◦C and stored at room temperature until use. 

2.2. Glasses immersion and ion release analysis 

The samples were immersed in 1 mL of α-Minimum Essential Me
dium pure culture medium (α-MEM, Gibco, Thermo Fisher Scientific, 
without serum and antibiotics) for 7 days. To analyze the ion release, the 
glass dissolution products were collected and analyzed using inductively 
coupled plasma-optical emission spectrometry (ICP-OES; Agilent 5100 
ICP-OES). The analyzed elements included Ag (λ = 328.068 nm), and Cu 
(λ = 223.009 nm). The measurements were conducted in three separate 
samples at each time point for each composition and the results are 
presented as mean ± standard deviation. 

The wettability of the doped glasses compared to the undoped ones 
was assessed by static contact angle measurement by the sessile drop 
method (Krüss DSA 100, KRÜSS GmbH). Ultrapure water was used as a 
wetting fluid. A drop of water (5 μL) was deposited on the surface with a 
pipette and the contact angles were measured through the instrument 
software (DSA-100, Dropshape Analysis, KRÜSS GmbH). In addition, 
before and after three days of soaking in the α-MEM pure culture 

Table 1 
Nominal compositions of SBA2 and SBA3 melt-derived glasses.  

mol-% SiO2 Na2O CaO P2O5 B2O3 Al2O3 

SBA2 48.00 18.00 30.00 3.00 0.43 0.57 
SBA3 48.00 26.00 22.00 3.00 0.43 0.57  
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medium, the sample surfaces were analyzed by energy-dispersive X-ray 
spectroscopy (0 day results: JCM-6000 Plus Benchtop SEM, Jeol, 
equipped with EDS; 3 day results: EDS, Oxford Instruments X-MaxN 80) 
to study the effect of soaking to the ion-exchanged surface layer of Ag- or 
Cu-ions. 

2.3. Cell analysis 

2.3.1. Ethics statement 
Human adipose stem cells (hASCs) were isolated from a subcutane

ous abdominal tissue sample obtained from a female donor (age 49 
years, BMI 21.4) at the Tampere University Hospital Department of 
Plastic Surgery with the donor’s written informed consent and processed 
under ethical approval of the Ethics Committee of the Expert Re
sponsibility area of Tampere University Hospital (R15161). 

2.3.2. Adipose stem cell isolation and expansion 
The cells were isolated as described previously [28]. The mesen

chymal origin of hASCs was confirmed by surface marker expression 
analysis with flow cytometry [29] and the ability of adipogenic and 
osteogenic differentiation [30] by Oil Red O and Alizarin Red staining, 
respectively. The cells were characterized as MSCs due to positive 
expression of CD73 (97%), CD90 (99%), and CD105 (99%), and low or 
negative expression of CD14 (1%), CD19 (0.6%), CD45 (2.6%), CD34 
(8%) and HLA-DR (0.9%) [31,32] as well as accumulation of lipid 
droplets by Oil Red O and mineralized matrix deposition by Alizarin Red 
staining. 

The isolated hASCs were maintained in T-75 polystyrene flasks 

(BioLite, Thermo Fisher Scientific) in α-Minimum Essential Medium 
(α-MEM, Gibco, Thermo Fisher Scientific) supplemented with 5% 
Human Serum (HS, Serana Europe GmbH), and 1% antibiotics (100 U/ 
ml penicillin and 0.1 mg/ml streptomycin; Gibco, Thermo Fisher Sci
entific). The cells were cultured in an atmosphere of 5% CO2 at 37 ◦C. 
When 80–100% confluence was reached, hASCs were cryo-preserved in 
gas-phase nitrogen in a freezing solution (HS supplemented with 10% 
dimethyl sulfoxide; DMSO Hybri-Max®, Sigma–Aldrich) and thawed 
when needed for the experiments. 

For all experiments, confluent cells between passages 3–5 were used. 
All the experiments were conducted in 48 well plates (Nunc, Roskilde, 
Denmark), with α-MEM culture medium supplemented with 5% HS and 
1% antibiotics (basic culture medium). A cell amount of 10 000 cells/ 
well was used. Cells controls were seeded in tissue culture polystyrene 
(TCPS) 48 well plate (Nunc). 

2.3.3. Direct and indirect cell culture 
Experiments done in direct culture: Glass discs of 1 cm in diameter 

were placed in 48 well plate and hASCs were seeded on the discs (10 
000 cells/well). The culture medium was changed every 72 h and the 
experiment was carried out for up to 7 days. 

Experiments done in indirect culture: Glass discs were immersed in 1 
mL of basic culture medium for 24 h at 37 ◦C. In parallel, the hASCs were 
seeded in 48 well plates (10 000 cells/well), in a basic culture medium. 
After one day of culture, the basic culture medium was replaced by the 
conditioned medium coming from the glass discs’ incubation (Fig. 1). A 
fresh basic culture medium was added to the glass discs and every 48 h, 
the dissolution products were used as a culture medium for the cells 

Fig. 1. Protocol of indirect culture. CM = basic culture medium (alpha-MEM, 5% HS, 1% P/S), glass disc incubation medium (Medium A, B, C) includes glass disc 
dissolution products (conditioned medium). 
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(conditioned medium), to investigate the effect of the ion release during 
the time on cells without having any contact between the cells and the 
glass discs. Finally, this test was done for up to 7 days of culture. Both 
Ag-SBA2 and Cu-SBA3 were tested, and cells cultured in TCPS 48 well 
plate only with basic culture medium were used as a control. One day 
after each time the dissolution products were put in contact with cells, 
the cells were observed by imaging with the microscope Nikon Eclipse 
Ts2-FL combined with a camera DFK 33UX174 from The Imaging 
Source. 

2.3.4. Fibronectin coating 
Fibronectin coating on the glass discs was tested to see if it can 

improve cell attachment and viability. The surfaces of the discs were 
Fibronectin-coated before cell culture. A solution of Fibronectin was 
prepared in PBS (69 mM NaCl, 1.3 mM KCl, 19.6 mM Na2HPO4⋅2H2O, 
3.3 mM KH2PO4, pH 7.4) at a concentration of 15 μg/mL. The whole 
surface of each sample (a drop of 200 μL) was covered with Fibronectin 
solution for 1 h at 37 ◦C. 

Before cell culture, the grafting of Fibronectin on the glasses was 
ensured by using fluorescently labeled fibronectin (Alexa Fluor 488 NHS 
Ester, AAT Bioquest, Inc., CA). The labeling was done by fluorescent tag, 
and it was performed according to instructions of the manufacturer and 
confirmed by laser scanning confocal microscope observations (Zeiss 
LSM 800). 

2.3.5. Pre-incubation step 
A pre-incubation step was tested for cell culture. The samples were 

pre-incubated for 24 h in 1 mL of basic culture medium before cell 
culture to investigate if cell viability could be improved. 

The different methods used to investigate the behavior of hASCs with 
the glass discs are summarized in Fig. 2. 

2.3.6. Cell viability and proliferation 
Cell viability on BAG discs after 1, 3, and 7 days were analyzed with 

Live/Dead staining (Invitrogen, Thermo Fisher Scientific). Briefly, cells 
were incubated in a working solution containing 0.25 μM EthD-1 and 
0.5 μM Calcein-AM for 40 min at room temperature. This was followed 
by immediate imaging (IX51, Olympus, Tokyo, Japan, equipped with a 
fluorescence unit and Hamamatsu Orca Flash 4.0LT + sCMOS camera). 

Cell proliferation on BAG discs was assessed after 1, 3, and 7 days of 
culture using CyQUANT Cell Proliferation Assay (Invitrogen, Thermo 
Fisher Scientific), according to the manufacturer’s protocol. Shortly, 
samples were lysed in 0.1% TritonX-100 lysis buffer (Sigma-Aldrich) 
and stored at − 80◦. Three parallel 20 μl replicates of each lysate were 
pipetted to a 96-well plate (Nunc) and mixed with 180 μl working so
lution containing CyQUANT GR dye and cell lysis buffer. The fluores
cence at 480/520 nm was measured using a plate reader (Victor 1420 
Multilabel counter, Wallac, Turku, Finland). 

2.3.7. Cytochemical staining 
The morphology of the cells seeded on pre-incubated samples was 

observed after 1, 7, and 14 days of culture. At each time point, the cells 
were fixed with 4% (w/v) para-formaldehyde solution for 15 min, then 
permeabilized with 0.1% (v/v) Triton X-100 for 10 min. Non-specific 
binding sites were blocked by incubating the samples in PBS with 1% 
Bovine Serum Albumin (BSA) for 1 h. The actin cytoskeleton was stained 
with 1:500 FITC-labeled phalloidin and the nuclei with 1:1000 4’,6- 
Diamidino-2-phenylindole dihydrochloride (DAPI) in PBS-BSA 0.5% for 
1 h. The incubation of antibodies was performed in a moist chamber 
covering them from light. After incubation, the samples were washed 
with PBS-BSA 0.5% and pure water and observed using a fluorescence 
microscope (IX51, Olympus, Tokyo, Japan, equipped with a fluores
cence unit and a camera DP30BW, Olympus). 

2.3.8. Culture medium analysis 
The ion release of the samples in the culture medium during the pre- 

incubation step and/or the cell culture were analyzed as presented 
above (2.2) by ICP-OES. To analyze the ion release, the glass dissolution 
products during pre-incubation and cell culture were collected and the 
elements Ag (λ = 328.068 nm), B (λ = 208.956 nm), Ca (λ = 396.847 
nm), Cu (λ = 223.009 nm), Na (λ = 589.592 nm), P (λ = 213.618 nm), Si 
(λ = 251.611 nm) were analyzed. The measurements were conducted in 
three separate samples at each time point for each composition and the 
results are presented as mean ± standard deviation. 

2.3.9. Statistical analysis 
Data were analyzed using GraphPad Prism Software. Statistical sig

nificance between groups is assessed by one-way analysis of variance 

Fig. 2. Methods used to study the cytocompatibility of the ion-doped specimens. 1) Indirect cell culture with adherent cells in contact with specimen dissolution 
products as presented in Figs. 1 and 2) Direct cell culture on top of the specimen discs, 3) Direct cell culture on top of fibronectin-coated specimen discs, and 4) Direct 
cell culture on top of pre-incubated specimen discs. 
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(ANOVA). Experimental results are expressed as means ± standard de
viation. Statistical significance is taken for values of p < 0.05. 

3. Results and discussion 

3.1. Doped glasses characterization 

Some data from physicochemical surface characterization of Ag- 
SBA2 and Cu-SBA3 were previously reported by the authors. To sum
marize, the surface composition of Ag-SBA2 has been analyzed with XPS 
and EDS, showing the uniform distribution of Ag-ions on the glass sur
face replacing the Na-ions. In addition, the transmission electron mi
croscopy (TEM-EDS) on the glass cross-sections showed the presence of 
silver as a very thin layer on the glass surface [24,27]. For Cu-SBA3 the 
physicochemical characterization has been performed to the glass in a 
powder form, as reported by the authors [25]. In the study, a layer of 
copper was found on a glass surface as ionic Cu(II) replacing Ca- and 
Na-ions, as evidenced by EDS and XPS. Further physical characterization 
of the Cu-SBA3 is planned for the future. In addition, both doped glasses 
have been shown to have antibacterial properties against S. aureus, as 
reported by the authors [25,27]. 

Due to the expected lower toxicity of copper ions compared to silver 
ions [19], the comparison between Ag-SBA2 and Cu-SBA3 cyto
compatibility is of interest in the current study. In the present research 
the surface characterization was performed through wettability analysis 
by static contact angle measurement, followed by the EDS analysis of the 
glass surfaces before and after soaking in cell culture medium, and the 
quantification of released Ag/Cu-ions by ICP-OES to further understand 
the cytocompatibility results obtained in the same research. The results 
from EDS, ICP-OES, and contact angle measurement are reported in 
Figs. 3–5. 

Soaking of doped glasses, Ag-SBA2 and Cu-SBA3, in pure α-MEM 
culture medium without added serum and antibiotics for up to 7 days 
was performed to evaluate the kinetics of silver and copper release in 
conditions close to cell culture. The concentrations of released Ag (A) 
and Cu (B) in pure α-MEM are reported in Fig. 3. 

According to Fig. 3A, both surface-doped glasses release most of the 
doped ionic Ag/Cu during the first day of soaking. In the case of Ag- 
SBA2, the release of Ag from the surface occurs in a slightly more 
controlled manner over multiple days, the maximum value being about 
7400 μg/L after seven days of soaking. However, in terms of Cu-SBA3, 
the maximum value of released Cu ions (about 10 000 μg/L) is 
reached already on the first day. For both glasses, the standard deviation 
for the ion release was found to be high, which raises questions about 
whether the amount of doped ions varies between ion-exchanged sam
ples. In addition, some concerns about the accuracy of the measured 
amount of silver release by the ICP-OES technique can be raised, since it 
could be affected by the high affinition of silver with proteins present in 
serum [33]. In this measurement, the ion release was performed only in 

α-MEM without added serum, which minimizes the issue. 
EDS results (Fig. 4) were found to be well in agreement with the ICP- 

OES results. After three days of soaking in α-MEM, a very low amount 
(<1 wt-%) of Cu-ions seems to be present on the Cu-SBA3 sample sur
faces, compared to the initial amount of around 16 wt-%. This suggests 
that the Cu-ion layer is completely released in only a couple of days of 
soaking. In the case of Ag-SBA2, it seems that after soaking for 3 days, 
there is still a remaining layer of silver ions on the samples, since the EDS 
results both before and 3 days after soaking show around 1 wt-% of 
silver. The remaining silver on the soaked discs can also be seen with 
naked eye as a brown color on the disc surface. This is also shown in the 
ICP-OES analysis with more controlled silver ion release over multiple 
days. However, it should be noted that the penetration depth of EDS 
analysis is known to be higher than one micron, which might undermine 
the usability of this method for evaluating thin surface layers [34]. The 
thickness of the Ag-ion layer of Ag-SBA2 has been previously estimated 
to be a few nanometers through transmission electron microscopy 
(TEM) by the authors [27], and therefore, other methods, such as X-ray 
photoelectron spectroscopy (XPS) or secondary ion mass spectroscopy 
(SIMS) with lower penetration depth could further clarify the chemical 
composition of the ion-exchanged surfaces [35]. In the case of Ag-SBA2 
the XPS results are already reported previously by the authors [27], even 
more confirming the presence of ionic silver as an outermost layer on the 
glass surface. 

ICP-OES and EDS results show an initial burst release of the doped 
ions from the glass surface. This release could be detrimental to cell 
viability. To investigate that, the behavior of hASCs in presence of these 
glasses has been studied with different methods. Also, the ion release 
from these glasses during cell culture experiments has been investigated. 

In addition, the effect of ion exchange to the surface wettability 
(hydrophobicity/hydrophilicity) of the glasses was investigated. In 
Fig. 5 the contact angles of the undoped and Ag/Cu-doped glasses are 
reported. 

In general, both bioactive glass composition SBA2 and SBA3 are 
found to be hydrophilic with a contact angle around 20–30◦. The ion- 
exchange process is seen to increase the contact angle in both cases of 
Ag- and Cu-doping. Especially the Cu-doping by ion exchange is seen to 
increase the contact angle up to 50◦. According to the literature cells are 
known to better attach to hydrophilic surfaces [36]. Ensuring the cell 
attachment is essential for the further cell spreading and proliferation, 
and therefore the survival of anchorage-dependent cells, such as 
mesenchymal stem cells also of interest of the present research. 

3.2. Cellular characterization of the glasses 

3.2.1. Indirect cell culture 
First, to study the cytocompatibility of the different glasses doped 

with Ag- and Cu-ions, the effect of the extracts coming from the glasses 
immersed in a culture medium was investigated by doing an indirect 

Fig. 3. Release of ion-exchanged Ag-ions from Ag-SBA2 (A) and Cu-ions from Cu-SBA3 (B) up to 7 days in pure α-MEM culture medium analyzed by ICP-OES.  
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cytotoxicity test. Adherent cells were exposed to the extracts in the 
conditioned medium for up to 7 days. Fig. 6 shows the images of the cells 
cultured in the conditioned medium for 1 day, 3 days, and 7 days (on the 
left) and Ag- and Cu-ion concentrations in the conditioned medium used 
for the cell culture (on the right). For the dissolution products of both 
doped glasses, no inhibitory effect on hASCs spreading and growing was 
detected at any time point, when compared to the control images (cell 
grown on TCPS with normal medium without glass dissolution prod
ucts). In addition, no changes in cell morphology were detected. These 
results show that the glass extracts containing the released ions are 
probably not toxic to the cells. 

The result for Ag-SBA2 is in line with previously published cyto
compatibility analysis with human progenitor osteoblasts (hFOBs) [27], 
where Ag-SBA2 samples were found cytocompatible. In the case of 
Cu-SBA3, no previous cell studies have been published. In the literature, 
there are different concentrations of Cu-ions stated to be toxic for hASCs. 
For example, Thyparambil et al. found a decrease in hASCs viability with 
Cu-doped (0.4 wt-%) bioactive glass 13–93B [37], while Mishra et al. 
reported cytotoxicity of undiluted Cu-doped borophosphate glass 

Fig. 4. EDS results in weight percentages of the surfaces of A) SBA2 and Ag-SBA2 before (0d) and after [3d] soaking in α-MEM, and B) SBA3 and Cu-SBA3 before (0d) 
and after [3d] soaking in α-MEM. 

Fig. 5. Wettability of the Ag-SBA2 and Cu-SBA3 compared to their undoped 
controls SBA2 and SBA3, respectively. 

Fig. 6. Light microscopy images of hASCs cultured with the glass dissolution products (left) and graphs showing the corresponding released concentration of doped 
ions (Ag or Cu) by ICP-OES analysis (right). Scale bars 200 μm. 
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extract, Cu ion concentration being around 2 ppm, towards hASCs [38]. 
Dose-dependent toxicity of Cu has also been evidenced in mouse fibro
blasts, where the median lethal dose of Cu-ions was found to be around 
46 ppm [39]. The values seem to vary depending on the sample, 
culturing conditions and used cell line, and therefore, it is challenging to 
compare with concentrations detected in this work. In our indirect 
culture experiment, the concentration of Cu-ions in the medium does not 
appear to be cytotoxic to the cells. 

3.2.2. Direct 2D cell culture and effect of fibronectin coating 
After confirming the cytocompatibility of the glass extracts, hASCs 

viability was studied upon direct culture on glass discs by live/dead 
staining after 1, 3, and 7 days of culture. 

As seen in Fig. 7, the undoped glasses (SBA2 and SBA3) supported the 
cell viability, similarly to the positive control, thus demonstrating that 
the glass composition is suitable for cell culture. Ag-SBA2 seems to 
inhibit cell viability after 1 day of culture, however, the cell number 
appears to increase slightly after 3 days. Therefore, one can hypothesize 
that the fast release of Ag-ions over the first day of culture is toxic to 
cells, but the toxicity decreases for a longer immersion time, with the 
changes of the medium, showing the cells trying to recover. In the case 
of the Cu-SBA3, it appears to be highly toxic in 1 day, killing all the cells. 
No living cells can be seen on day 1 and therefore they cannot recover 
later. This agrees with the high Cu-ion release occurring on day 1 evi
denced by ICP-OES analysis (Fig. 3). However, as shown in the indirect 
cell culture (Fig. 6), the cytotoxicity of doped glasses does not seem to 
arise from the concentration of the released ions in the medium, but 
rather from the fast release and the direct contact of the hASCs to the 
sample surface. This type of contact-killing phenomenon could arise due 
to factors such as local burst release of ions, redox or catalytic activities 
of the ions, or the formation of reactive oxygen species [40,41]. 

To promote cell adhesion, viability, and proliferation [42], while 
maintaining the release of ions from the glasses, each material was 
coated with fibronectin, as shown in Fig. 8. 

Before cell culture, all samples were coated with fluorescently 
labeled fibronectin and imaged by confocal fluorescence microscopy to 
confirm protein adsorption. The green fluorescence in the images can be 

assigned to the fluorescently labeled fibronectin because no auto
fluorescence was observed on any of the sample surfaces. As reported 
previously by Azizi et al. [43], adsorption of fibronectin on the 
silicate-based bioactive glass can promote cell adhesion and spreading. 
The confocal images (Fig. 6) confirm that the fibronectin was adsorbed 
and homogeneously covering the sample discs for each condition, which 
is expected to improve the cell adhesion. 

After checking the uniform adsorption of fibronectin on the glass 
discs, cell culture was performed on the materials with the adsorbed 
fibronectin, and the live/dead images are presented in Fig. 9. 

The fibronectin-coating can be seen to enhance hASC viability and 
proliferation, especially in the case of Ag-SBA2. More viable cells are 
observed at all time points compared to Ag-SBA2 without added fibro
nectin (Fig. 7). In the case of Cu-SBA3, fibronectin adsorption does not 
seem to improve cell viability, as seen in Fig. 9 with red cells indicating 
cell death. However, the fibronectin may delay the release of Cu-ions, as 
some cells appear to be alive on day 1, but their death is evident only 
after 3 days of culture. 

This observation is also supported by the quantitative CyQUANT cell 
proliferation assay (Fig. 10). Without fibronectin coating (Fig. 10A), the 
cell number of hASCs is significantly decreased with the doped Ag and 
Cu glasses compared to SBA2 and SBA3 respectively. Fig. 10B shows that 
even with the fibronectin coating, the same significant decrease is still 
observed. However, when the doped glasses are compared with and 
without fibronectin (Fig. 10C), it is observed that the fibronectin allows 
a significantly higher cell proliferation on day 1 for Cu-SBA3 glass and 
days 1 and 7 for Ag-SBA2. Differences in values between the different 
conditions on day 1 could be due to differences in viability, different 
attachment efficiencies as well as differences in proliferation rates. 
However, these results show that even if the fibronectin allows an 
improvement of cell proliferation on the doped glasses, it is still not 
enough to reach the ability to support the proliferation of the SBA2 and 
SBA3 glasses. 

To verify that the coating of adsorbed fibronectin does not prevent 
the release of Ag/Cu-ions from the glass surfaces, ICP-OES analysis was 
performed for the cell culture medium from both the direct culture with 
and without fibronectin. The release kinetics of these ions in the cell 

Fig. 7. Cell viability on bioactive glass discs at 1, 3, and 7d. Viability was analyzed with Live/dead staining. Scale bars 200 μm.  
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cultures are displayed in Fig. 11. 
When comparing the release kinetics of Ag- and Cu-ions of the cell 

culture experiments with and without fibronectin (Fig. 9), in both cases 
the doped ions are seen to be released. However, some differences be
tween the bare samples and the ones with adsorbed fibronectin were 
detected. In general, release kinetics follow the same pattern in both 
cases, where the ion leaching is most evident in the beginning of soaking 
in cell culture. In the case of Ag-SBA2, the release of Ag-ions continues 
until 7 days of cell culture, especially with the added fibronectin, where 
measured maximum Ag-ion concentration is seen to be higher. With the 
high standard deviations especially in the case of the 1-day timepoint, 
these differences could be simply due to the differences in the ion- 
exchange process. Regarding Cu-SBA3, the concentration of released 
Cu-ions was slightly lower with the presence of adsorbed fibronectin, 
but in both cases the Cu-ion release continues only until 3 days of 
soaking in the cell culture. 

In addition, when comparing the Ag- and Cu-release of Fig. 11 to the 
one displayed in Fig. 6 with similar cell culture conditions, the overall 
release kinetics are found to follow a similar pattern. For Ag-SBA2 the 
release is seen to continue for 7 days in all measured conditions, also 
when soaked in pure α-MEM culture medium without added serum or 
cells (Fig. 3). However, in the case of Cu-SBA3, all the ICP measurements 
performed in cell culture conditions show Cu-ion release during 3 days 
of soaking (Figs. 6 and 11), while the Cu-ion release without added 
serum or cells (Fig. 3) occurs only until 1 day of soaking. It seems that 

the presence of cells delays the release of ion-exchanged Cu-ions from 
the Cu-SBA3 surface. In general, some differences in the maximum 
released concentrations of both Ag- and Cu-ions are detected between 
the different measurements, possibly due to inconsistencies in the ion 
exchange process. Especially in the case of Cu-SBA3 the differences in 
maximum release are found to be more evident, suggesting that the ion- 
exchange process of Cu-ions may lead to less uniform ion coating 
compared to Ag-doped SBA2. 

Another way to prevent the negative effect of the initial ion release 
burst on the cells, glass discs were pre-incubated in the basic α-MEM 
culturing medium before cell culture. Especially in the in vitro static cell 
cultures, pre-treatment of BAG samples is recommended due to their 
high initial reactivity [44]. When BAGs get in contact with an aqueous 
environment, the fast ion-exchange phenomenon on their surface leads 
to a burst release of alkaline ions, and the following local pH increase 
[44,45]. The alkalinization of the surrounding medium to some extent is 
known to benefit alkaline phosphatase (ALP) activity and osteogenesis 
[46], but too high pH value, especially together with burst release of 
ions from the BAG can be detrimental to cell viability. 

3.2.3. Effect of glasses pre-incubation prior cell culture on hASCs 
The assessment of cell viability, proliferation, and morphology was 

carried out after pre-incubating glass discs for 24 h in a basic α-MEM 
culture medium before cell seeding. As displayed in Fig. 12, in the case 
of all the tested glasses, hASCs stayed viable in direct contact with glass 

Fig. 8. Confocal microscopy images of the glasses surface with adsorbed 488-Alexa labeled fluorescent fibronectin. Scale bars 30 μm.  

Fig. 9. Cell viability on fibronectin-coated bioactive glass discs at 1, 3, and 7d. Viability was analyzed with Live/dead staining. Scale bars 200 μm.  
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surfaces for up to 14 days. When comparing the undoped and Ag-/Cu 
-ion doped glasses, no difference in hASCs viability was detected. It 
seems that the 24 h pre-incubation is enough to limit the excessive 
surface reactivity of the studied BAGs. 

In addition to the Live/Dead images, the cell proliferation during the 
14 days of culture was assessed with CyQuant proliferation assay 
(Fig. 13). As demonstrated in Fig. 13, the cell proliferation followed a 
similar trend for all the compositions. Initially, during the first three 
days of culture, proliferation decreased for all compositions compared to 
the control, and the cell number is significantly lower on the doped 
glasses compared to the undoped ones. But after 14 days, the cell 
amount was approximately similar for all glasses and the control. 

The ability of the hASCs to spread on the 24-h pre-incubated BAG 
discs was evaluated by staining the actin cytoskeleton and the nuclei. As 
evidenced in Fig. 14, the cell spreading was not affected by the glasses. 
All the cells grew in tight contact with each other forming a confluent 
cell layer, except in the case of Ag-SBA2, where individual cells are more 
evident due to lower cell growth. However, when observing the cell 

shape, all cells appeared spindle-shaped, which is known to be typical 
for MSCs [47]. 

In addition, the release of surface-doped ions is evaluated (Table 2) 
by ICP-OES analysis to assess whether using the standard pre-incubation 
time for bioactive glasses will eliminate the ion-exchanged layer of ions 
on the samples needed for the antibacterial effect [44]. 

As displayed in Tables 2 and in the case of Ag-SBA2, Ag-ions are 
being released from the surface already during the pre-incubation, but 
only partially. The majority of Ag-ions are released after one day in cell 
culture, and as seen in Figs. 10–12, this concentration does not seem to 
compromise hASCs viability in direct cell culture. The antibacterial ef
fect of Ag-SBA2 has been previously proved for samples without pre- 
incubation [27], and therefore, further antibacterial evaluations 
would be needed to confirm that the pre-incubation does not prevent 
this effect. In the case of Cu-SBA3, a great majority of surface-doped Cu 
ions are released during the 24-h pre-incubation. Therefore, in the 
following cell culture, Cu-SBA3 resembles more its reference glass SBA3 
without the ion-exchanged layer of Cu ions. It is also probable that the 

Fig. 10. Proliferation of hASCs cultured on TCPS (control), SBA2, Ag-SBA2, SBA3, and Cu-SBA3 discs for 7 days, A) without, or B) with fibronectin (Fn) coating, 
analyzed by CyQUANT Cell Proliferation Assay kit. C) Comparison of Ag-SBA2 and Cu-SBA3 with and without fibronectin (Fn) (*p < 0.05, **p < 0.01, ***p < 0.001, 
****p < 0.0001). 

Fig. 11. Release of Ag and Cu ions from uncoated Ag-SBA2 and Cu-SBA3, compared to fibronectin (fn) -coated samples (Ag-SBA2-fn and Cu-SBA3-fn) measured by 
ICP-OES. 
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possible antibacterial effect of Cu-SBA3 will be lost if pre-conditioning is 
used prior contact with the biological environment. 

Balancing between the critical concentration for antibacterial per
formance and cytocompatibility is a challenge when optimizing multi
functional biomaterials for biomedical use. Above certain 
concentrations, both Ag+ and Cu2+ are known to be toxic to cells. 
However, it is difficult to state an exact toxic concentration due to the 
static in vitro culture conditions, where the lack of fluid flow and 
replenishment magnifies local concentrations and pH value changes. 
Therefore, instead of using preconditioning, which might compromise 
the release of antibacterial ions, the use of more dynamic culturing 

conditions could diminish the problem and prevent steep local ion 
concentration gradients toxic to cells [48,49]. It is also to be noted that 
rapid initial release of antibacterial ions, such silver or copper ions, 
could be necessary to treat early infection, even if it would also cause 
initial cell toxicity. In vivo conditions, new cells will be available, and 
once the first antimicrobial effect is implemented through burst release 
of antibacterial ions, the material surfaces are no longer found toxic and 
enable further cell adhesion and proliferation. 

4. Conclusion 

In this work, two bioactive glass compositions, SBA2 and SBA3, were 
prepared and studied both undoped and doped with antibacterial ionic 
silver (Ag-SBA2) and copper (Cu-SBA3) via ion-exchange process in 
aqueous solution to evaluate their cytocompatibility towards hASCs. 
The Live/Dead viability staining and CyQuant proliferation assay 
demonstrated the compromised hASCs viability with direct contact with 
both doped glasses. However, as evidenced by indirect culture with glass 
dissolution products, the cytotoxicity effect does not seem to arise from 
the dissolution products or specific ion concentrations in the medium, 
but rather from burst release and contact toxicity with the doped glass 
surfaces. The adsorption of fibronectin to glass surfaces improved the 
viability and proliferation of hASCs in contact with Ag-SBA2 but did not 
enhance the cytocompatibility of Cu-SBA3. In addition, the use of 24 h 
sample pre-incubation renders all samples cytocompatible, however 
with the possible loss of antibacterial Ag- or Cu-ions. As detected in EDS- 
and ICP analyses, the release of the Cu-ion layer from the surface of Cu- 
SBA3 occurs very abruptly during the first 24 h, which could further 
explain the compromised cytocompatibility compared to the more 
gradual and controlled release of Ag-ions from the surface of Ag-SBA2. 

Fig. 12. Cell viability on pre-incubated bioactive glass discs at 1, 3, 7, and 14 days. Viability was analyzed with Live/dead staining. Scale bars 200 μm.  

Fig. 13. Proliferation of hASCs cultured on TCPS (control), and on pre- 
incubated SBA2, Ag-SBA2, SBA3, and Cu-SBA3 discs for 14 days, analyzed by 
CyQUANT Cell Proliferation Assay kit (***p < 0.001, ****p < 0.0001). 
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To utilize Cu-SBA3 for biomedical applications, further optimization of 
the ion-exchange process should be performed to ensure cell survival in 
contact with the glass surface. The results obtained in this study suggest 
the suitability of Ag-doped SBA2 to prevent early infection with its rapid 
release of Ag-ions and cytocompatibility. However, further data 
regarding stem cell differentiation ability and the antibacterial perfor
mance are needed in the future to confirm the suitability of Ag-SBA2 for 
use in bone infection treatment. 
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