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Abstract:Multifunctionality can be achieved for bioactive

glasses by endowing them with multiple other properties

along with bioactivity. One way to address this topic is

by doping these glasses with therapeutic metallic ions. In

this work, we put under investigation a series of bioac-

tive glasses doped with tantalum. We aim to study the ef-

fect of tantalum, on the structure, bioactivity and antibac-

terial property of a ternary bioactive glass composition

based on SiO2-CaO-P2O5. Fourier Transformed Infrared

Spectroscopy (FTIR), X-Ray Di�raction (XRD) and Electron

Scanning Microscopy (SEM) were used to assess the struc-

tural and morphological properties of these glasses and

monitor their changes after in vitro acellular bioactivity

test. Antibacterial activitywas tested against grampositive

and negative bacteria. Characterization results con�rmed

the presence of calcium carbonate crystallites along with

the amorphous silica matrix. The assessment of bioactiv-

ity in SBF indicated that all compositions showed a fast

bioactive response after only six hours of immersion pe-

riod. However, analytical characterization revealed that

tantalum introduced a slight latency in hydroxyapatite de-

position at higher concentrations (0.8-1 %mol). Antibacte-

rial test showed that tantalum ions had an inhibition e�ect

on the growth of E. coli and S. aureus. This e�ect was more

pronounced in compositions where mol% of tantalum is

superior to 0.4%. These results proved that tantalum could

be used, in intermediate proportions, as a promising mul-

tifunctional dopant element in bioactive glasses for bone

regeneration applications.
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1 Introduction

Biomaterials for bone regeneration are one of the most

active research �elds nowadays. The aim is to conceptu-

alize and study new materials that can elicit promising

biological and mechanical responses for stimulating and

withstanding bone regeneration [1]. In the way of the en-

deavor to search the ideal biomaterial for bone healing,

several breakthroughs have been made, among which the

discovery of bioactive glasses by Professor L. Hench in

1969 [2, 3]. Since then, these inorganic materials have had,

themselves, major advancements. Beginning with the in-

troduction of sol-gel as a synthesis method [4] and its

combination with supra-molecular chemistry to produce

mesoporous materials through evaporation induced self-

assembly (EISA) [5, 6], bioactive glasses have become a re-

search �eld of its particular interest.

Two characteristics considered of utmost importance

for biomaterials in general, and bioactive glasses in partic-

ular, are bioactivity and antibacterial property [7, 8]. Bioac-

tive glasses make excellent candidates to be used as multi-

functional materials that can stimulate new bone forma-

tion along with being anti-infective [9]. From a clinical

point of view, experts have always seen bacterial infec-

tions as a major challenge for tissue regeneration and re-

pair as they can lead to implant failure andprolongedheal-

ing of the bone defect [10, 11]. These infections which arise

mainly from nosocomial contamination during surgery
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will lead eventually to increase in the period of hospital-

ization, medication costs and the risk of patients’ mor-

bidity [12]. The most prevalent pathogens causing infec-

tions in medical devices are Staphylococcus aureus, and

Staphylococcus epidemidis [10]. Others likeEscherichia coli

and Pseudomonas aeruginosa are also detected but their

prevalence accounts for less than 7% in medical device in-

fections [10]. The formation of protective bio�lm and the

organization of these pathogens into microcolonies, en-

able them to persist in the aggressive host site environ-

ment [13]. Furthermore, the seriousness of bacteria col-

onization arises not only from this latter but also from

the ability of these microorganisms to develop resistance

against antibiotics [14]. This ability originates from the

adaptation of these microorganisms to common therapeu-

tic molecules. In this sense, multifunctional biomaterials

that possess intrinsic anti-infective properties are of high

importance.

One way to achieve this multifunctionality is by dop-

ing bioactive glasses with metallic elements [15]. Magne-

sium [16, 17], strontium [18], copper [19], silver [20] and

lithium [21] all havebeen thoroughlyusedasdopants to en-

hance the biological properties of SiO2-CaO or SiO2-CaO-

P2O5 based glasses. For example, strontium stimulates

osteoblast di�erentiation and proliferation and enhances

ALP activity [22–24]. Copper has an angiogenesis enhance-

ment e�ect [25], whereas silver has proved its use as an an-

tibacterial agent [26, 27]. Other emerging elements such as

gallium [28], cerium [29], and tantalum [30] have been also

studied as dopants in bioactive glasses. Among these, tan-

talum is being increasingly investigated for application in

the biomedical �eld. Since tantalum is corrosion-resistant,

biocompatible and bioactive [31], it is exploited as a coat-

ing material to enhance the surface properties of metallic

implants [32, 33]. This element is also used to fabricate or-

thopedic implants mainly because of its osteointegration

property through an apatite layer formed on its surface

in early bioactivity stages [34]. Vascular clips and cranio-

plasty plates are also among its uses in clinical practices.

Tantalum doped bioactive glasses were �rst reported

through RKKP composition in which Ta2O5 [35, 36]. In

recent reports, Alhalawani et al. [30, 37] investigated

the e�ect of ZnO substitution by Ta2O5 on the physical

and chemical properties of a multicomponent glass. They

found that incorporation of Ta induced structural changes

in the glass network, which in turn a�ected the thermal

properties and glass solubility. Cordeiro et al. [38] studied

Ta2O5 doped phosphate glasses. Their results showed that

tantalum inducedhigher connectivity of the glass network,

which resulted in a higher glass transition temperature. In

all these studies [30, 35–38], glasses were preparedmainly

by the melt-quench method. It is worth noting that sol-gel

was also used for RKKP synthesis [39–41]. However, to the

best of our knowledge, there is only one study in which

tantalum doped glasses were prepared by EISA combined

to sol-gel method [42]. In this study, tantalum incorpora-

tion a�ected the properties of 85S mesoporous bioactive

glass by increasing the number of bridging oxygen and

causing a reduction in the glass textural properties, i.e. sur-

face area and pore volume. It was also found that Ta doped

85S can be used as a homeostatic agent [42]. According

to above-mentioned literature [30, 35–42], the direct e�ect

of tantalum on in vitro bioactivity and antibacterial prop-

erty of bioactive glasses was not investigated and was dis-

carded. In the present work, we report the synthesis of a

tantalum doped bioactive glass series by EISA method as

well as its structural characterization. We also investigate

the e�ect of tantalum-doping on the bioactivity and an-

tibacterial property against two relevant pathogenic bac-

teria, E. coli and S. aureus.

2 Materials and methods

2.1 Synthesis of bioactive glasses

For the synthesis of bioactive glass powders, the following

chemical products were used as received without any fur-

ther puri�cation: ethanol (99.9%, BioSmart), hydrochloric

acid (37%, VWR Chemicals), triblock copolymer pluronic

L-81 (Mn~2800, Sigma Aldrich), tetraethyl orthosilicate

(TEOS, 99%, VWR Chemicals), triethyl phosphate (TEP,

98.8%, Sigma Aldrich), calcium nitrate tetrahydrate (99%,

Solvachim) and tantalum (V) ethoxide (99%, Alfa Aesar).

Evaporation induced self-assembly (EISA) was used to

prepare bioactive glass 58S series dopedwith tantalum [6].

The molar nominal composition of the present series is

58% SiO2 + 37% CaO + (5-x)% P2O5 + x% Ta2O5. Brie�y,

5 grams of non-ionic surfactant pluronic L-81 was added

to a mixture of ethanol (60g) and 0.5 M HCl (1g). After 30

minutes under magnetic stirring, TEOS (4.8g), TEP, tan-

talum ethoxide and Calcium nitrate (3.4g) were added in

that order with 30 minutes between each component. The

solution was kept under magnetic stirring for another 24

hours. Afterward, the solution was poured in Petri dishes

and maintained at room temperature for 24 hours to un-

dergo gelation. Next, samples were introduced in the oven

at 40∘C for 7 days for aging. Dried sampleswere calcined at

600∘C for 6 hours. All compositions prepared in this work

are shown in Table 1 as molar percentages.
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Table 1:Molar composition of bioactive glasses in the 58S-Ta series
[16]

Label SiO2 CaO P2O5 Ta2O5

58S 0.58 0.37 0.05 0

58S0.2 0.58 0.37 0.048 0.002

58S0.4 0.58 0.37 0.046 0.004

58S0.6 0.58 0.37 0.044 0.006

58S0.8 0.58 0.37 0.042 0.008

58S1 0.58 0.37 0.04 0.01

2.2 Initial characterization

Thermogravimetric analysis was performed using a Q500-

TA Instrument apparatus to determine the appropriate cal-

cination temperature. Dried samples were heated from

room temperature to 1000∘C under air atmosphere at a

heating rate of 10∘C/min.

Structural features of calcined samples were assessed

with Fourier Transformed Infrared Spectroscopy (FTIR)

and X-Ray Di�raction (XRD). FTIR spectra of all composi-

tions were obtained in Attenuated Total Re�ection mode

(ATR) using a Perkin-Elmer IS50 spectrometer. The spectra

were acquired between 400 and 4000 cm−1 at a resolution

of 4 cm−1. XRD patterns were collected on an X-pert X-ray

di�ractometer. Cu-Kα was used as X-ray radiation, which

was generated under voltage and current of 45 kV and 40

mA, respectively. The data were collected for 2θ ranging

from 10 to 60∘.

The elementary composition of the bioactive glass

powders was assessed using Inductively Coupled Plasma

Atomic Emission Spectroscopy (ICP-AES). The analysis

was performed in triplicate on a HORIBA Jobin Yvon-

Ultima 2 apparatus.

Surface morphology was assessed using Scanning

Electron Microscopy on IEM 11+ Inovenso microscope un-

der high vacuum mode and voltage of 15 kV. EDX spectra

were also generated.

2.3 Acellular bioactivity

Acellular bioactivity was tested in simulated body �uid

(SBF), which is a solution with an ionic composition simi-

lar to human blood plasma (see Table 2). It was prepared

according to the protocol described by Kokubo et al. [43].

For the test, 50 mg of glass powder was dispersed in SBF

with a ratio of 1 mg/ml and incubated at 37∘C under min-

imal agitation. After each selected time point, solutions

were �ltered and their pH was measured. Powders were

collected, dried and analyzed with FTIR, XRD and SEM to

assess their apatite forming ability.

Table 2: Ionic concentration of human blood plasma and SBF [16]

Ion
Concentration (mM)

Blood Plasma SBF

Na+ 142 142

K+ 5 5

Mg+ 1.5 1.5

Ca2+ 2.5 2.5

Cl− 103 147.8

HCO3− 27 4.2

HPO2−
4 1 1

SO2−
4 0.5 0.5

pH 7.2-7.4 7.2-7.4

2.4 Antibacterial activity

The antibacterial activity of the 58S-Ta series was stud-

ied against two strains, Escherichia coli (Gram-negative)

and Staphylococcus aureus (Gram-positive) using the plate

counting method [26, 44]. Before performing the test, all

powders were sterilized with UV radiation. The inoculum

was prepared in Lysogenic broth (LB) and was adjusted to

about 108 CFU/ml by comparing its turbidity to that of 0.5

McFarland barium phosphate standard solution. Then di-

luted at a �nal concentration of 105 CFU/ml. Solutions of

bioactive glass powders (10 mg/ml) were prepared in LB

medium. Next, 10µl of the inoculum was added to 1 ml of

BG solutions and incubated at 37∘C for 8 hours. After in-

cubation, the solutions were diluted with decimal series

and 0.1 ml of each solution was platted on PCA agar. The

plateswere then cultured at 37∘C for 16 hours. Positive and

negative controls were also prepared for comparison pur-

poses. All tests were performed in triplicate. For each com-

position, the number of viable cells was counted and ex-

pressed as the number of colony-forming units (CFU/ml).

The antibacterial activity was determined by calculating

the strain viability percentage using the following equa-

tion:

Strain Viability% =
CFUS

CFUP
* 100

Where:

• CFUS is the number of CFU counted in samples;

• CFUP is the number of CFU counted in positive con-

trol.
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3 Results and discussion

3.1 Initial characterization

A preliminary characterization was conducted to assess

the structural and morphological properties of the 58S-Ta

series. Thermogravimetric analysis results are depicted in

Figure 1. The thermograms indicate the presence of three

weight losses. The �rst one, which ends at 175∘C, is related

to the evaporation of ethanol and departure of physically

adsorbedwater. The secondweight loss is attributed to the

decomposition of surfactant molecules together with the

loss of nitrates from the calcium precursor. Bérubé et al.

[45] studied the calcination of SBA-15 mesoporous silica.

They found that decomposition of pluronic began at rela-

tively low temperature (175∘C) whereas complete elimina-

tion of the surfactant molecules was achieved at tempera-

tures higher than 500∘C. Lastly, a slight weight loss can be

observed between 500 and 620∘C. It can be attributed to a

rearrangement of atoms that might have induced a struc-

tural change in studied powder.

Figure 1: Thermogravimetric analysis of all six compositions in the
58S-Ta series

Prepared bioglass powders were �rst characterized us-

ing FTIR spectroscopy (Figure 2). The patterns reveal the

presence of two distinct phases. The �rst one is assigned to

the silica network. It is highlighted by the presence of four

silica absorptionbands [46]. Si-O-Si asymmetric stretching

situated at 1024 cm−1, Si-O stretching of non-bridging oxy-

gen at 938 cm−1, Si-O-Si bending at 421 cm−1 and symmet-

ric stretching of Si-O-Si at around 812 cm−1, which is su-

perimposed with the Si-O band. Interestingly, the patterns

also reveal the presence of bands relative to C-O vibration

modes. These bands are located at 1521, 1410, 873 and 712

cm−1 and can be assigned to C-O vibration in a carbonate

phase. Additional bands at 3373 and 1636 cm−1 are iden-

ti�ed as vibration modes of O-H bonds. The FTIR spectra

showed a signi�cant change with respect to tantalum con-

tent in the glass composition. It can be noticed that the

bandassigned to theSi-O-Si asymmetric stretching slightly

shifted to lower wavenumbers and decreased in intensity

with the increase of tantalum content. Mendonca et al. [42]

synthesized a series of mesoporous bioactive glass doped

with tantalum. Their FTIR analysis showed a decrease in

intensity of the characteristic band relative to Si-O with in-

creasing tantalum content in the glass composition. This

behavior was explained by the fact that tantalum incorpo-

ration induced a replacement of Si-O-Si by Si-O-Ta bonds.

Figure 2: FTIR spectra of samples after heat treatment at 600∘C

The XRD analysis was employed to study the struc-

tural features of prepared powders. As can be seen in Fig-

ure 3, XRD results corroborate with those obtained by IR

spectroscopy. Thepatterns of all samples exhibited a slight

bump indicating the presence of an amorphous network

along with di�raction pics corresponding to calcium car-

bonate and calcium oxide phases. The calcium carbonate

phase is highlighted by the peaks at 29.3∘, 39.2∘ and the

doublet at 47.4 and48.3∘which are attributed todi�raction

of (104) (113) (018) and (116) plans, respectively [47]. These

peaks suggest that the calcium carbonate is in the form of

calcite phase [48]. Additionally, the peaks at 32∘, 39∘, and

53.7∘ can be assigned to di�raction plans relative to crys-

talline calcium oxide. It is suggested that the presence of

calcium oxide phase arose from the partial decomposition

of calcium carbonate. During calcination, a fraction of cal-

cium carbonate crystals decomposed to generate calcium

oxide. The TGA results are found to be congruent with the
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Table 3: ICP-AES results of all samples presented in (g/g sample). Theo: theoretical values; Exp: experimental values [16]

Glass composition Si Ca P Ta

Theo | Exp (g.g−1) Theo | Exp (g.g−1) Theo | Exp (g.g−1) Theo | Exp (g.g−1)

58S 0.2598 | 0.2630 0.2364 | 0.2427 0.0493 | 0.0471 0 | 0

58S0.2 0.2573 | 0.2495 0.2341 | 0.2469 0.0469 | 0.04402 0.0114 | 0.0125

58S0.4 0.2549 | 0.2598 0.2319 | 0.2356 0.0445 | 0.0457 0.0226 | 0.0219

58S0.6 0.2526 | 0.2486 0.2298 | 0.2196 0.0422 | 0.0427 0.0336 | 0.0345

58S0.8 0.2502 | 0.2574 0.2277 | 0.2335 0.0399 | 0.0410 0.0444 | 0.0439

58S1 0.2480 | 0.2459 0.2256 | 0.2170 0.0376 | 0.038 0.0550 | 0.0563

XRD �ndings where di�raction peaks of CaCO3 and CaO

were both detected. It is also important tomention that the

calcination was carried out at 600∘C. At this temperature,

structural changes may have occurred, explaining the re-

sults observed by XRD and TGA analysis. Anand et al. [49]

accomplished the synthesis of threemesoporous bioactive

glasses (MBG) by varying the composition and surfactant.

They found that, for P123 synthesized MBG, crystalliza-

tion of calciumcarbonate andhydroxyapatite occured. Fer-

nando et al. [50] used acetate precursors for calcium and

sodium to synthesize a series of MBGs. By changing the

calcination temperature of samples, they found that the

calcium carbonate phase was initially formed when cal-

cination was conducted at 380∘C. Their results suggested

that calcite formation in mesoporous bioactive glasses is

mainly caused by the surfactant degradation. During cal-

cination, two main phenomena may have occurred. The

decomposition of the surfactant molecules and the di�u-

sion of the network modi�ers cations into the silica net-

work. Pluronic molecules are decomposed to provide pri-

marily carbone dioxide. In the presence of water vapor,

carbonate ions can be formed through the dissolution of

CO2 molecules. In this sense, the compensation of charge

is an important factor to take into consideration. Neces-

sary counter-ionsmaybe supplied from thedecomposition

products of the organic phase [51]. Perardi et al. [52] stud-

ied the carbonate formation on 58S and45S5 compositions.

Their results indicated that the reactivity of Ca2+ species

along with the surface area, the presence of CO2 and ex-

cess of water have led to fast carbonate formation espe-

cially in the case of 58S. For these reasons, it is assumed

that the nuclei of CaCO3 are formed. Consequently, the

growth of the carbonate phase will follow up by consum-

ing the abandon calcium cations present in the structure

and carbonate ions originated from the decomposition of

the surfactant molecules.

The results of the ICP analysis are depicted in Table 3.

The sample concentrations are presented as the mass of

each element (in g) per gram of samples. For all samples,

Figure 3: XRD spectra of samples after calcination at 600∘C

the experimental values, obtained through ICP analysis,

correspond to the theoretical ones with the existence of

slight deviations.

The microstructure of prepared glasses was assessed

by SEM and the resulted images are presented in Figure 4

along with their EDX spectra. SEM images indicate the

presence of grains with various shapes and sizes, fully or

partially covered with smaller particles. it is assumed that

the grains correspond to the glassy silicate phase whereas

the covering particles can be attributed to calcium carbon-

ate crystals. The results showed that a part of calcium did

not enter the glass structure as network modi�er and was

converted to calcium carbonate as was inferred from the

structural characterization. Additionally, EDX spectra indi-

cate the presence of tantalum in the doped powders. This

result is highlighted by the presence of the Mα1 peak at

1.712 keV.
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Figure 4: SEM images of powders in the 58S-Ta series (a: 58S; b: 58S0.2Ta; c: 58S0.4Ta. d: 58S0.6Ta; e: 58S0.8Ta; f: 58S1Ta)

3.2 In vitro bioactivity

The assessment of in vitro acellular bioactivity of the 58S-

Ta series was carried out through SBF test. The correspond-

ing FTIR spectra are displayed in Figure 5. The spectra re-

veal a common behavior of bioactive material with the ap-

parition of two new peaks relative to P-O vibrations. These

peaks can be detected after only 6 hours of immersion and

can be identi�ed for all compositions. The result suggest

that present materials can generate calcium phosphate-

rich crystalline layers on their surface through immersion

in simulated body �uid. Other changes in the FTIR spectra

can be noticed. The intensity of carbonate peaks at 1414

and 870 cm−1 decreases with immersion time and these

peaks are still identi�ed even after 14 days in SBF. This

probably means that the dissolution of calcium carbonate

had occurred, thus, increasing the concentration of cal-

cium and carbonate ions in the medium. Additionally, the

Si-OH related band decreased in intensity and a new peak

relative to P-O vibration is detected at 960 cm−1. Follow-

ing the bioactivity mechanisms suggested by Hench et al.

[31], it can be hypothesized that condensation of silanol

groups occurred and a formation of a silica-rich layer was

formed in the early stages of in vitro bioactivity. FTIR re-

sults showedpromising results regarding the bioactivity of

our glass powders. Thedevelopment of P-O crystalline pics

after only 6 hours of in vitro bioactivity test suggested that

the partial crystallization that occurred during calcination

did not slow down the rate of the bioactive response.

XRD analysis was conducted to further monitor the

changes induced by the immersion of prepared glasses in

SBF. The spectra in Figure 6 present the results of XRD af-

ter 6 hours and 7 days in SBF for all compositions. Firstly,

the characteristic band relative to amorphous materials

are more pronounced after 6 hours in SBF. Secondly, the

peaks relative to CaCO3 decreased in intensity as a func-

tion of immersion time, suggesting its dissolution when

in contact with the SBF solution. Finally, new character-

istic peaks at 26∘C and 32∘ had developed after 6 hours of

treatment. These peaks, which are relative to di�raction of

plans (002) and (211) in hydroxyapatite became more in-

tense after 7 days in SBF immersion [47]. Comparing these

results, and taking into account Ta molar fraction, it can

be concluded that the presence of tantalum at 0.8 and 1%

moles had slowed down the formation of hydroxyapatite,

judging from the intensity of the new peaks relative to HA,

whereas for low or medium percentages its presence en-

hanced the bioactivity.

As in any complex system, understanding the phe-

nomena that occur will allow the understanding of the

most in�uential parameters. In our case, the bioactivity is

thought to be impacted by the presence of calcium carbon-

ate and the variation of the tantalum content in the glass

composition. Regarding the presence of calcium carbon-

ate, it was inferred by previous studies that a dissolution-
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Figure 5: FTIR analysis of samples after various periods in SBF
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Figure 6: XRD results of powders in the 58S-Ta series after immersion in SBF for 6 hours and 7 days

recrystallizationmechanism occurredwhen the carbonate

phase is immersed in a phosphate-rich solution at room

temperature [53, 54]. A dissolution occurred �rst in which

calcium and carbonate ions are leached into the solution.

Then precipitation of the apatite phase takes place when

the phosphate ions react with the calcium ions in the so-

lution. In a recent study, Myszka et al. showed that the for-

mation of the Ca-P layer, through the SBF test, on calcium

carbonates is phase-dependent [55]. They demonstrated

that calcite is bioinert and that the bioactivity of calcium

carbonate increased with increasing polymorph solubil-

ity. It is known that the solubility of calcite is lower than
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that of aragonite and vaterite. With lower solubility, the

calcite phase became less degradable, which slowed the

leaching of ions into the surrounding medium [56]. In our

study, in vitro acellular bioactivity was well demonstrated

through FTIR and XRD for the entire 58S-Ta series. It was

shown that calcium carbonate presence did not alter the

powders’ bioactivity.We believe that it can be favorable for

rapid apatite precipitation and, eventually, for bone bond-

ing [57, 58].

Regarding tantalum, our results showed that hydrox-

yapatite formation began to decrease when Ta2O5 in-

creases over 0.6% mol. In this sense, the presence of tan-

talum has a favorable e�ect on glass bioactivity in lower

molar fractions, whereas, for higher tantalum content, it

showed a retardation e�ect on the precipitation of the ap-

atite phase, thus on bioactivity. It was also reported that

metallic oxide can play the role of network formers or net-

work modi�ers based on their concentration. For low con-

centration, they can enter the network as modi�ers creat-

ing non-bridging oxygen and disrupting the silica network.

Whereas for high concentration they can act as network

formers creating more bridging oxygen.

Figure 7 showed variations of pH for the Ta-58S series

after the SBF test. The results indicated that after 14 days

of immersion in SBF, the pH of the solution was highest

for 0.2, 0.4 and 0.6% mol with a value of 7.9 whereas it de-

creases at 0.8 and 1%at a value of 7.86 and 7.77 respectively.

We hypothesis that for Ta2O5 content below 0.6%, Ta acts

as a network modi�er. This will increase the solubility of

glass, which in turn will enhance its reactivity. Addition-

ally, higher pH values are favorable for hydroxyapatite pre-

cipitation. For higher doping content, tantalummay act as

a network former. This will lead to a decrease in glass solu-

bility and subsequently decrease the rate of HA precipita-

tion. Alhalawani et al. [37] studied the impact of substitut-

ing the zinc with tantalum in a multi-component silicate

glass. Their results showed that the number of bridging

oxygen increased with increasing tantalum content. SEM

images after 7 days of the bioactivity tests are presented

in Figure 8. It can be seen that the morphology of the cov-

ering material had changed. Images show the growth of a

new phase which can be attributed to hydroxyapatite. The

results also suggested the dissolution of calcium carbon-

ate phase after immersion in the SBF solution.

3.3 Antibacterial activity

The antibacterial activities of the 58S and Ta-58S bioac-

tive glasses were evaluated by the plate counting method.

The antibacterial activity was tested against Staphylococ-

Figure 7: Variations of pH after di�erent periods in SBF for all sam-
ples in the 58S-Ta series

cus aureus (Gram-positive) and Escherichia coli (Gram-

negative), due to their involvement in nosocomial infec-

tions in orthopedic implant surgery [59]. Figure 9 showed

that bioglass with Ta content strongly decreased the cell

viability of E. coli bacteria compared to the 58S bioglass.

It was concluded that tantalum ion inhibited the growth

of gram-negative bacteria. The same �gure also demon-

strated the e�ect of the synthesized bioglass on S. aureus.

It was observed that the viability of S. aureus was signi�-

cantly reduced to a low percentage of approximately 9%

for 58S0.8 and 58S1 samples, which indicates the antibac-

terial e�ect of the 58S bioglass doped tantalum. The re-

sults showed that the cell viability of E. coli and S. au-

reus decreases with increasing Ta content in the composi-

tion. However, this e�ect is more pronounced in the case

of S. aureus. Regarding the undoped composition, it pre-

sented a negative e�ect including any inhibition of bacte-

ria growth, as it is highlighted by Figure 10 and 11. The cell

viability was 99% and 88% for E. coli and S. aureus respec-

tively. We can conclude that 58S bioglass doped tantalum

possessed antibacterial e�ects against gram-positive and

gram-negative bacteria.

It has been described in the literature that tantalum

can have an inhibition e�ect on bacteria growth and ad-

hesion. Guo et al. have shown that doping ZnO nanopar-

ticles with tantalum ions resulted in improved antibacte-

rial activity against E. coli and S. aureus [60]. They showed

that these nanoparticles were able to create some holes

in membrane cells, resulting in a loss of minerals, pro-

teins and geneticmaterials causing the cells apoptosis. An-

other study has revealed that the introduction of tantalum

ions, as a doping element in a ceramic matrix, exhibited

an inhibition e�ect on the growth of gram-positive bacte-

ria only [61]. It has been reported that the increase of the
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Figure 8: SEM images of powders in the 58S-Ta series after 7 days of immersion in SBF (a: 58S; b: 58S0.2Ta; c: 58S0.4Ta. d: 58S0.6Ta; e:
58S0.8Ta; f: 58S1Ta)

Figure 9: Antibacterial activity of the 58S-Ta series presented as
cells viability of E. coli and S. aureus

Ta+5-ion concentration hinders the bacteria growth by the

creation of a hyperosmotic environment due to its high

ionic strength [62]. A recent study byYang et al.have found

that tantalum �lm displayed no favorable antibacterial re-

sponses in vitro against E. coli [63]. Nevertheless, in vivo

mouse soft tissue infection test and further ex vivo stud-

ies, have shown that tantalum displayed antibacterial ac-

tivity. Thus, it was hypothesized that tantalum ions act as

immune-stimulator agents where the performance of in-

nate immunity cells like macrophages and neutrophils is

enhanced.

Figure 10: Images illustrating the growth of E. coli with and without
samples; a, b and c: controls for 58S, 58S0.6 and 58S1, respec-
tively; d, e and f: growth of bacteria in the presence of samples 58S,
58S0.6 and 58S1, respectively

In the present study, we demonstrate that our tanta-

lum doped bioglass possesses high antibacterial activity

against gram-negative and gram-positive bacteria. We hy-

pothesize that the released tantalum ions adhere to the

cell membrane, causing a malfunction of the bacteria that

leads eventually to its death. Moreover, the antibacterial

activity can also be related to the generation of oxygen re-

active species (ROS) a�ecting the metabolic processes, in-
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Figure 11: Images illustrating the growth of S. aureus with and
without samples; a, b and c: controls for 58S, 58S0.6 and 58S1, re-
spectively; d, e and f: growth of bacteria in the presence of samples
58S, 58S0.6 and 58S1, respectively

cluding DNA replication. This behavior is comparable to

that of metallic ions, such as Zn2+, Cu2+, and Ag+, as they

enter the metabolic system of bacteria causing the forma-

tion of toxic secondary metabolites and leading to the mi-

croorganism’s death [64]. This assumption is consistent

with literature data performed by Russo et al. [64], and re-

ported that CuTCP particles showed a growth inhibition

of S. aureus and E. coli, based on copper dissolution in

the medium, leading to cell membrane rupture, reactive

oxygen species production and plasmid DNA degradation,

which induce cell apoptosis.

In previous work, it was noted that pH value plays a

key role in antibacterial performance. As it is well-known

glass dissolution result in leaching of alkaline ions into

the medium that subsequently lead to pH increase. Allan

et al. [65] have shown that to have antibacterial activity,

the medium pH should reach a value comprised between

8.9 and 9.8. In the bioactivity study, we showed that pH

value did not exceed a value of 8 even after 14 days of con-

tact, for all compositions. Based on this, we suggest that

themain factor responsible for the antibacterial activity of

Ta doped bio-ceramics is the inherent presence of tanta-

lum ions rather than the increase of the pH of the medium.

Another study, investigated by Kawakami et al. on the an-

tibacterial activity of several pure metals using the JIS Z

2801 standard test against E. coli and S. aureus [66]. They

showed that, except for molybdenum, the range of pH dur-

ing the experiment for all other metals, including tanta-

lum, was between 6 and 7.5 only, this is in agreement with

our observations [67]. Some studies on the antibacterial ac-

tivity of bioactive glasses reported that the very high pH

value was the most determining factor in inhibiting bac-

teria growth [65, 68]. Nevertheless, this increase can also

have a toxic e�ect on other cells [69]. Hence, our bioac-

tive glasses dopedwith tantalum, synthesized in thiswork,

present a good combination with bioactivity and intrinsic

antibacterial activity against E. coli and S. aureus, render-

ing them promising candidates for bone regeneration ap-

plications.

4 Conclusion

In this work, we report the synthesis and characteriza-

tion of a series of bioactive glasses doped with tanta-

lum, with di�erent percentage. The structural assessment

showed the existence of a second phase which was iden-

ti�ed to be calcite. This phase originated from the calci-

nation phase in which the structural directing agent was

removed. Bioactivity study indicated that doping with tan-

talum enhanced apatite forming ability of glasses for con-

centration below 0.6% whereas for higher concentration

it had a retardation e�ect. Antibacterial test against E. coli

and S. aureus showed that tantalum incorporation had an

inhibition e�ect on the growth of the two bacteria. This ef-

fect was more pronounced for Ta2O5 concentration above

0.6% mol. Therefore, we suggest that the 58S0.6 compo-

sition can be a good candidate as a multifunctional bio-

ceramic for bone tissue regeneration.
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