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Abstract Glass polyalkenoate cements (GPCs) have

exhibited potential as bone cements. This study investi-

gates the effect of substituting TiO2 for SiO2 in the glass

phase and the subsequent effect on cement rheology,

mechanical properties, ion release and antibacterial prop-

erties. Glass characterization revealed a reduction in glass

transition temperature (Tg) from 685 to 669 �C with the

addition of 6 mol % TiO2 (AT-2). Magic angle spinning

nuclear magnetic resonance (MAS-NMR) revealed a shift

from -81 ppm to -76pmm when comparing a Control

glass to AT-2, indicating de-polymerization of the Si net-

work. The incorporation of TiO2 also increased the work-

ing time (Tw) from 19 to 61 s and setting time (Ts) from 70

to 427 s. The maximum compressive strength (rc)

increased from 64 to 85 MPa. Ion release studies deter-

mined that the addition of Ti to the glass reduced the

release of zinc, calcium and strontium ions, with low

concentrations of titanium being released. Antibacterial

testing in E. coli resulted in greater bactericidal effects

when tested in aqueous broth for both titanium containing

cements.

1 Introduction

Glass polyalkenoate cements (GPCs) are used as luting

cements and color matched alternatives to amalgam in

dentistry however their properties have potential in ortho-

pedics. These materials typically compose of a glass phase,

and acid phase (typically polyacrylic acid—PAA) and

water [1]. When the components are mixed together an

acid/base setting reaction occurs where the H? ion are

liberated from the COO- groups on the PAA chains. These

ions degrade the surface of the glass particles causing

partial dissolution of the glass, resulting in the release of

cations (Na?, Ca2?, Al3?) into the surrounding environ-

ment [1–3]. These ions crosslink the COO- groups on the

polyacid chain resulting in a set cement. These cements are

known to provide therapeutic effect in vivo due to the

release of ions when in an aqueous environment particu-

larly in dental applications where the release of F- is

known to prevent the growth of secondary caries [4, 5].

However, the transition of GPCs into orthopedics has been

restricted, in part, due to the release of aluminium (Al3?) in

the glass phase of all commercial dental materials and the

subsequent release of Al3? into the surrounding environ-

ment. Previous studies report the neurotoxic effects of Al3?

when released in body fluids, and its implication in neu-

rological disorders such as Alzheimers and Parkinsons

disease [6–8]. However the composition of the glass phase

can be modified in order to include ions that are reported to

have a positive therapeutic effect in the body (Ca2?, Sr2?,

Zn2?) [9]. Additional attributes to using GPCs in medicine

include a lack of any significant exotherm or volumetric
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shrinkage upon setting [10], rheological and mechanical

properties that can be tailored by modifying the composi-

tion of the glass, molecular weight and concentration of

polyacrylic acid [2, 11].

Ti is regarded as being a bioactive metal and it has been

employed in many areas including prosthetics in orthope-

dics, craniofacial and ossicular implants, as a close bone-

implant interface is evident [12, 13]. Ti has been used as

coatings on implants, Ti–N coatings [14], and it has also

been incorporated in bioactive glasses [15–18] and gels

[19] which have reported positive surface precipitation

reactions when tested in simulated body fluid [20–23].

Ti(IV) compounds can be incorporated into the GPC glass

phase as where it can act as a network intermediate. In the

glass phase of traditional GPCs, Al3? acts as a network

intermediate, predominantly as a network former, until a

threshold is reached where a Si:Al ratio of[1 exists, in this

instance the Al3? adopts a six fold coordination state and

acts as a network modifier [24]. Ti incorporation into

bioactive glass has previously been investigated by the

authors using X-ray photoelectron spectroscopy (XPS) and

Raman spectroscopy, which determined that Ti incorpo-

ration into similar glasses acts predominantly as a network

modifier [25]. This suggests that the incorporation of Ti

into the glass phase results in greater dissolution when

immersed in an aqueous environment. This is achieved by

Ti breaking the Si–O–Si bonds, thereby increasing the

concentration of non-bridging oxygens (NBO) in the glass

[17]. By increasing the concentration of NBOs in the glass,

ion exchange between the glass surface and an aqueous

medium can be facilitated which is considered an important

characteristic in bioactive materials [26].

Additional components of the glass phase include

strontium, which is currently used to treat metabolic bone

diseases such as osteoporosis as it increases the prolifera-

tion of osteoblasts and inhibits the action of osteoclasts

in vivo [27, 28]. Zinc is also contained in the glass as it has

antibacterial properties[29, 30] and has also been identified

as having positive effects regarding bone turnover [31, 32].

This study was undertaken to investigate the effect of

incorporating titanium (Ti) into the glass phase of a GPC

series and to relate its structural effect to ion release and

antibacterial properties.

2 Materials and methods

2.1 Glass synthesis

Three glasses were formulated for this study. The Si con-

tent of the glass was substituted by Ti throughout the series,

AT-1 and AT-2 (Table 1). A Ti-free glass (Control) was

used as a control glass for comparison. Glasses were

prepared by weighing out appropriate amounts of analyti-

cal grade reagents and ball milling (1 h). The powdered

mixes were oven dried (100 �C, 1 h) and fired (1,500 �C,

1 h) in platinum crucibles and shock quenched in water.

The resulting frits were dried, ground and sieved to retrieve

glass powders with a maximum particle size of 45 lm.

2.2 Glass characterisation

2.2.1 X-ray diffraction (XRD)

Diffraction patterns were collected using a Siemens D5000

X-ray Diffraction Unit (Bruker AXS Inc., WI, USA). Glass

powder samples were packed into standard stainless steel

sample holders. A generator voltage of 40 kV and a tube

current of 30 mA was employed. Diffractograms were

collected in the range 10� \ 2h\ 80�, at a scan step size

0.02� and a step time of 10 s.

2.2.2 Network connectivity(NC)

The network connectivity of the glasses was calculated with

Eq. 1 using the molar compositions of the glass. Network

connectivity calculations were performed assuming that Ti

performs as a network former and also as a network modifier

NC ¼ No:BOs � No:NBOs

Total No: Bridging Species
ð1Þ

where NC is the network connectivity, BO is the bridging

oxygens, NBO is the non-bridging oxygens

2.2.3 Differential thermal analysis (DTA)

A differential thermal calorimetry analyzer (DSC, Q10-

DSC, TA Instrumental Inc., New Castle, DE) was used to

measure the glass transition temperature (Tg) for each

glass. A heating rate of 20 �C/min was used in a nitrogen

atmosphere up to a maximum temperature of 1,300 �C,

using an alumina reference in a matched platinum crucible.

2.2.4 Particle size analysis (PSA)

Particle size analysis was achieved using a Beckman

Coulter Multisizer 4 Particle size analyzer (Beckman

Table 1 Glass formulations (mol. Fr.)

Control AT-1 AT-2

SiO2 0.48 0.45 0.42

TiO2 0.00 0.03 0.06

ZnO 0.36 0.36 0.36

CaO 0.12 0.12 0.12

SrO 0.04 0.04 0.04
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Coulter, Fullerton, CA, USA). The glass powder samples

were evaluated in the range of 0.4–100.0 lm and the run

length took 60 s. The fluid used in this case was water and

was used at a temperature range of between 10 and 37 �C.

The relevant volume statistics were calculated on each glass.

2.2.5 X-Ray photoelectron spectroscopy

XPS was performed using a PHI Quantera SXM Scanning

X-ray Microprobe to determine the composition of each

material. The Analytical parameters include a 100 lm spot

size, 25 W, 15 kV, 240 eV pass energy, 0.5 eV step size, 3

sweeps, and a binding energy range of 0–1,100 eV. Spot

size, power, and voltage were held consistent, however the

pass energy and step size was reduced to 55 and 0.05 eV

respectively, and the number of sweeps was raised to 5.

2.2.6 Magic angle spinning–nuclear magnetic resonance

(MAS–NMR)

29Si MAS NMR spectra were recorded at 7.05 T (tesla) on

a Varian UNITYINOVA300 FT-NMR spectrometer (Palo

Alto, CA, USA), equipped with a CP-MAS probe. The

glass samples were placed in a zirconia sample tube with a

diameter of 7 mm. The sample spinning speed at the magic

angle to the external magnetic field was 5 kHz. 29Si MAS

NMR spectra were taken at 59.59 MHz with 7.0-ls pulse

length (pulse angle, p/2), 100-second recycle delays, where

the signals from 2126, 1837 and 1880 pulses were accu-

mulated for Control, AT-1 and AT-2, respectively. 29Si

NMR chemical shifts are reported in ppm, with PDMS

(polydimethyl silane) as the external reference (-34 ppm

vs. TMS 0 ppm). All NMR spectra were recorded in a

room for exclusive use of NMR, where the room temper-

ature was kept at 300� K by means of an air-conditioner.

2.3 Handling and mechanical properties

2.3.1 Cement preparation

Cements were prepared by thoroughly mixing the glass

powders (\45 lm) with polyacrylic acid (PAA—Mw,

210,000, \90 lm, Advanced Healthcare Limited, Kent,

UK) and distilled water on a glass plate. The cements were

formulated with a powder to liquid (P:L) ratio of 2:1.5 with

50, 55 and 60 wt% additions of PAA. Complete mixing

was undertaken within 20 s.

2.3.2 Working and setting times

The setting times (Ts) of the cement series were tested in

accordance with ISO9917 [33] which specifies the standard

for dental water based cements. Ts was measured by

lowering a 400 g mass attached to a Gilmore needle into a

cement filed mould measuring 8 9 10 mm internal diame-

ter. Cements were stored at 37 �C during setting and the Ts

was taken as the time the needle failed to make a complete

indent in the cement surface, (where n = 3). The working

time (Tw) of the cements was measured under standard lab-

oratory conditions (Ambient Temp, AT * 25 �C), and was

defined as the period of time from the start of mixing during

which it was possible to manipulate the material without

having an adverse effect on its properties. Each sample

(where n = 3), was measured using a stopwatch on a clean

glass plate with a sterile spatula. Each measurement was

conducted under the same mixing conditions to ensure

reproducibility.

2.3.3 Compressive strength

The compressive strengths (rc) of the cements (6 9 4 /
mm, where n = 5) were evaluated in accordance with

ISO9917 [33]. Cylindrical samples were tested after 1, 7

and 30 days. Samples were stored in sterile de-ionized

water in an incubator at 37 �C. At each time period the

cements were removed and tested while wet on an Instron

4082 Universal Testing Machine (Instron Ltd., High

Wycombe, Bucks, UK) using a 5 kN load cell at a crosshead

speed of 1 mm/min. The rc was calculated using Eq. 2.

C ¼ 4q
pd2

ð2Þ

where q is the maximum applied load (N), d is the diameter

of sample (mm)

2.4 Ion release studies

Each cement formulation, Control, AT-1 and AT-2 (6 9

4 /mm, where n = 3) was exposed to sterile de-ionised

H2O for 1, 7 and 30 days. Cement cylinders were sub-

merged in 10 ml of de-ionised H2O and rotated on an

oscillating platform at 37 �C. The ion release profile of

each cement was measured using Inductively Coupled

Plasma–Optical Emission Spectroscopy (ICP–OES) on a

Perkin-Elmer Optima 3000DV (Perkin Elmer, MA, USA).

ICP–OES calibration standards for Ti, Ca, Zn and Sr ions

were prepared from a stock solution on a gravimetric basis.

Three target calibration standards were prepared for each

ion and de-ionized water was used as a control.

2.5 Antibacterial analysis

2.5.1 Bacterial broth analysis

Cement samples (6 9 4 /mm, where n = 3) were immersed

in 1 ml cuvettes of bacterial broth (10 ll of 1/50 dilution, or
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*1/100 dilution per 1 ml) containing E. coli over a time

period of 0, 12, 36, 60, 84, 108 h in a sterile incubator at 37 �C.

At each time period the broth was examined by UV–Visible

light spectroscopy (Pharmacia biotech ultrospec 3000UV/

Visible light spectrophotometer) for the % transmission (%T)

through the liquid medium. The cement samples (Control,

AT-1 and AT-2) were compared against a growing population

of E. coli at each time period. A sterile control (with sterile

de-ionized H2O used for 1/100 dilution) was also analyzed at

each time period which had a %T of *92 %.

2.5.2 Agar disc-diffusion test

The antibacterial activity of the cements (6 9 4 /mm,

where n = 3) were evaluated using E. coli strain ATCC

8739, using the agar diffusion method. Each cement sam-

ple (Control, AT-1 and AT-2) were placed in inoculated

plates and the plates were cultured for 24 h at 37 �C.

Cement samples from ICP solutions were used to obtain

data with respect to maturation (1, 7, 30 days). Luria agar

and broth were used for the culture of E. coli, which was

grown aerobically at 37 �C. Preparation of the agar disc-

diffusion plates involved seeding agar plates with a sterile

swab dipped in a 1/50 dilution of the appropriate 16 h

culture of bacteria. The agar diffusion test was performed

under standard laboratory sterile conditions in a fumigation

hood using sterile swabs for inoculation of bacteria. Cali-

pers were used to measure zones of inhibition where each

sample was analyzed in triplicate and mean zone

sizes ± standard deviations were calculated. Inhibition

zone sizes were calculated using Eq. 3

Inhibition ZoneðmmÞ ¼ Halo/� Disc/
2

ð3Þ

2.6 Statistical analysis

One-way analysis of variance (ANOVA) was employed to

compare the antibacterial efficacy of the experimental mate-

rials considering the broth dilution test specifically consider-

ing (1) immersion time and (2) comparison of experimental

materials (Control, AT-1, AT-2) with a growing bacterial

culture. Inhibition zone measurements were also analyzed

from the agar-diffusion test. Comparison of relevant means

was performed using the post hoc Bonferroni test. Differences

between groups was deemed significant when p B 0.05.

3 Results and discussion

3.1 Glass characterization

The objective of this work is to relate the structure of the

glass, in particular the role of Ti, when substituted in a

SiO2–ZnO–CaO–SrO series of bioactive glass, to ion

release and antibacterial efficiency. Initial characterization

included x-ray diffraction (XRD), network connectivity

calculations (NC) and particle size analysis (PSA). Fig-

ure 1a shows the XRD patterns of each glass, Control,

AT-1 and AT-2, and confirms that each starting material

was amorphous. Figure 1b shows the NC calculations

based on the assumption that Ti acts as both a network

former and a network modifier. Assuming that Ti acts as a

network former the NC will not change from 1.83 as the Si

concentration is being substituted by the Ti. However, if

it is assumed that the Ti acts as a network modifier, the

NC decreases from 1.83 (Control), to 1.56 (AT-1) to 1.24

(AT-2). This reduction in NC arises from a higher con-

centration of network modifier ions, and is related to the

concentration of non-bridging oxygen (NBO) within the

glass network. Figure 1c shows the PSA of each of the

glass particles, and determined that each glass had a similar

size which ranged between 4.2 and 4.9 lm.

XPS was employed in order to confirm the presence of

each of the elements incorporated into the individual

glasses. Figure 2 shows the survey scans of two represen-

tative glasses, the Control glass and AT-2. The control

glass was found to contain, Zn, O, Ca, Sr and Si, while both

AT-1 and AT-2 contain each of these elements in addition

to Ti. The Ti at this binding energy (458 eV) is associated

with TiO2. Additionally, carbon was also detected which is

likely due to sample preparation.

A thermal profile of each of the glasses was achieved

using differential thermal analysis (DTA) and is presented

in Fig. 3. Figure 3a shows the thermal profile of the Con-

trol glass which has a glass transition temperature (Tg) of

685 �C, a primary crystallization peak (Tc1) at 848 �C, a

secondary crystallization peak (Tc2) at 939 �C, and a

melting temperature (Tm) at 1155 �C. When comparing

AT-1 (3 mol% TiO2) to the Control glass, it is evident that

there is a reduction in the Tg (674 �C), also Tc1 and Tc2

reduce to 828 and 929 �C respectively and the Tm reduced

to 1,112 �C. A greater effect was found when comparing

AT-2 (6 mol% TiO2) to the Control glass. Figure 3c shows

the thermal profile of AT-2 which shows a greater reduction

in the Tg (669 �C), also Tc1 and Tc2 reduce to 821 and

903 �C and the Tm reduced to 1,103 �C. The reduction in

the thermal characteristics as a result of the increasing

addition of Ti may be attributed to de-polymerization of

the continuity of the silicate network by breaking of the

Si–O–Si bonds. This is indicative of increased network

disruption which is facilitated by the incorporation of

network modifiers in the glass.

Further analysis of the glass structure was completed

using magic angle spinning nuclear magnetic resonance

(MAS–NMR), which is an analytical tool that is widely

used for investigating the structure of glass. An established

1170 J Mater Sci: Mater Med (2013) 24:1167–1178

123



method to represent structural arrangement within a glass

can be represented by Qn units, where Q represents the Si

tetrahedral unit and n the number of bridging oxygens (BO);

n ranges between 0 and 4. Si is the central tetrahedral atom

which ranges from Q0 (orthosilicates) to Q4 (tectosilicates)

and Q1, Q2 and Q3 structures represent intermediate silicates

containing modifying oxides that depolymerize the silicate

network [34]. Si29 MAS-NMR was performed in order to

probe the local environment of the Si atom. Figure 4 shows

the MAS–NMR spectra of the Control, AT-1 and AT-2. The

Control spectra, presented in Fig. 4, was found to have a

peak position of -81 ppm, while AT-1 and AT-2 had

chemical shifts in the positive direction to -77 and -76 ppm

respectively. A shift in ppm in a positive direction, as pre-

sented with AT-1 and AT-2, is indicative of an increase in

NBO species within the glass. Previous studies have identi-

fied regions where the chemical shift represents structural

changes around the Si atom which lie in the region of -60 to

-120 ppm for SiO4 tetrahedra [35]. Previous NMR studies

by Galliano et al. and Hayakawa et al. [36, 37] on silicate

melts suggest the presence of Q1, Q2 and Q3 species at -78,

-85 and -95 ppm respectively. This suggests that the

Control glass contains both Q1/Q2, AT-1 and AT-2 can be

described as being predominantly Q1. However, the broad-

ness of the spectral envelope in each case suggests the

presence of multiple Q-species.

Fig. 1 a XRD patterns,

b network connectivity

calculations and c particle size

analysis of glass series

Fig. 2 XPS survey scans of

a Control and b AT-2
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Deconvolution of each spectrum supports the evidence

of increasing NBO content with increasing TiO2 concen-

tration in the glass. In Fig. 4 the larger band is present at

-80 ppm in the Control, while the same band is present at

-77 ppm for both AT-1 and AT-2. The smaller asymmetric

shoulders were determined to be present at -88 ppm

(Control), -85 ppm (AT-1) and -83 ppm (AT-2), which

supports the hypothesis that Ti acts as a network modifier

in the glass encouraging the formation of Si–O–NBO

species. This correlates with the network connectivity

predictions when Ti is assumed to be a network modifier

and also the changes presented with the reduction in Tg

associated with the increase in TiO2 concentration.

3.2 Handling and mechanical properties

The Tw and Ts of the cement series was evaluated with

respect to two parameters, the increasing concentration of

TiO2 in the glass phase and also the concentration of PAA

used. The Tw are presented in Fig. 5a and shows a similar

trend with each material where the increase in PAA con-

centration results in a decreased Tw. This is as expected and

is due to the higher concentration of COO- groups avail-

able for binding of metal cations. The Control exhibited Tw

of 19 s (50 wt%), 11 s (55 wt%) and 9 s (60 wt%)

respectively, which are too short for any clinical applica-

tion. AT-1 exhibited Tw of 25 s (50 wt%), 22 s (55 wt%),

Fig. 3 Thermal profile of each

glass determined by DTA

Fig. 4 MAS–NMR of

a Control, b AT-1 and c AT-2
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and 18 s (60 wt%) and AT-2, 61 s (50 wt%), 42 s (55 wt%)

and 35 s (60 wt%) respectively. The Ts are presented in

Fig. 5b and exhibited a similar trend to the Tw where the

increase in PAA concentration results in a reduction in Ts.

The Control material presented Ts of 70 s (50 wt%), 55 s

(55 wt%) and 51 s (60 wt%) respectively. AT-1 exhibited

longer Ts than the Control and were determined to be 95 s

(50 wt%), 83 s (55 wt%) and 75 s (60 wt%), while AT-2

exhibited longer Ts than both Control and AT-1 at 427 s

(50 wt%), 415 s (55 wt%) and 385 s (60 wt%) respectively.

The setting characteristics associated with AT-2 are prefer-

able when compared to the Control and AT-1, as clinically

relevant materials are expected to have a Ts of *5 min

(300 s) [38]. AT-1 exhibited Ts of 7:06 min (427 s),

6:54 min (415 s), 6:36 min (385 s) respectively by modi-

fying the concentration of PAA.

Mechanical testing (rc) was undertaken in order to

determine with formulation produced the highest strength.

The compression testing was conducted with respect to

TiO2 concentration in the glass and also PAA concentra-

tion. An additional parameter was investigated also, the

effect of maturation time. Regarding the Control cement,

the rc was observed to increase with respect to both TiO2

concentration in the glass, and also PAA concentration.

The Control cement produced maximum strengths of

65 MPa with 60 wt% PAA after 7 days and reduced to

42 MPa after 30 days. A similar trend was observed with

AT-1 where the maximum strength was 82 MPa with

60 wt% PAA after 7 days and reduced to 54 MPa after

30 days. This may be attributed to water absorption

resulting in plasticizing effects, however previous studies

by Nicholson and Abiden [39] demonstrate that GPCs

formed from acrylic-maleic acid copolymers reduce in

compressive strength in media other than water, suggesting

that an additional time-dependant factor results in the

reduction is strength, such as an increase in brittleness as

cross-linking continues. Further mechanical testing, such as

fracture toughness, would be required to further explore

this phenomenon. AT-2 was found to have a highest com-

pressive strength of 85 MPa with 55 wt% PAA after

7 days. A reduction in compressive strength after 30 days

was also observed, however it was not found to be sig-

nificantly reduced. These results suggest that the addition

of Ti to the glass phase, and the higher concentration of

PAA results in cements with higher mechanical properties,

however, the compressive strengths are still significantly

lower than the commercially available materials, which is

likely due to differences in glass composition, the acid

components used (PAA and PAA copolymers) and the

specific formulation used Fig. 6.

This increase in compressive strength of these GPCs can

primarily be attributed to the incorporation of Ti into the

glass phase. The addition of Ti increases the Tw and Ts

which facilitates greater chelation between the COO-

groups (particularly at higher PAA concentrations, 55,

60 wt%) and metal cations released into the cement poly-

salt matrix.

3.3 Ion release studies

Ion release studies were undertaken in order to evaluate the

solubility of the cements in relation to Ti incorporation into

Fig. 5 a Working times and

b setting times of cement series
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the glass phase. In general ion release from each cement

was low, which may be due in part to the concentration

(50 wt%) and molecular weight of the acid used. For the

ion release studies 50 wt% PAA was selected as it dem-

onstrates superior rheological properties, and also this

formulation will likely yield higher ion release values than

55 or 60 wt% PAA additions. The ion release profiles are

presented in Fig. 7. Figure 7a shows the release of zinc

(Zn) over 1, 7 and 30 days. Zn release was found to

increase over 1, 7 and 30 days, which had a maximum of

3.0 lg/L. Interestingly, the addition of Ti to the glass phase

resulted in a reduction of Zn release to *1.2–1.4 lg/L.

Figure 7b shows the calcium (Ca) release which also

showed an increase in ion release over 1, 7 and 30 days. Ca

release peaked at 4.5 lg/L after 30 days. Similarly to Zn,

the addition of Ti to the glass phase resulted in a reduction

in Ca release, which seems to be directly related to Ti

concentration, AT-1 (1.9 lg/L) and AT-2 (1.2 lg/L). Fig-

ure 7c shows the strontium (Sr) release from the cements.

Sr was observed to also increase in the Control cement

with increasing exposure time with a maximum of 5.6 lg/L

after 30 days. Similar to both Zn and Ca, Sr ion release was

found to decrease with the addition of Ti in the glass phase.

This was also a function of Ti concentration where Sr

levels reduced to 2.0 and 1.27 lg/L in AT-1 and AT-2

respectively. Figure 7d shows the Ti release profile from

the cement series. No Ti was present in the Control,

however very low concentrations of Ti were detected in

AT-1 (0.03 lg/L) and AT-2 (0.02 lg/L).

One theory that may explain the reduction in ion release

levels with the addition of Ti in the glass is that the

incorporation of Ti in the glass phase facilitates longer Ts.

When the cements are permitted time to mature and

strengthen, the Ca2?, Sr2? and Zn2? form crosslinks with

COO- groups on the PAA chains. This increase in Ts

facilitates greater interconnectivity within the cement

matrix resulting in an overall increase in mechanical

strength and a reduction in the concentrations of released

ions. Regarding the Control cement, the setting is too rapid

to fully establish a crosslinked network and unreacted

residual glass particles are degrading over time facilitating

greater ion release. It may also be possible that the addition

of Ti into the glass network results in depolymerising the

silicate network (as observed by MAS–NMR), and during

cement gelation, there is a change in the pH of the setting

polysalt matrix which significantly alters the setting char-

acteristics of the materials, resulting in a more mature,

crosslinked cement matrix with the majority of the avail-

able ions contributing to mechanical strength as opposed to

ion release.

3.4 Antibacterial testing

The antibacterial properties of the materials were determined

using two separate tests, the broth dilution test and also the

agar diffusion test. The results of the broth dilution test are

presented in Fig. 8. Each solution was probed with UV/

Visible light spectroscopy immediately after inoculation and

Fig. 6 Compressive strength of E11 cements over 1–30 days
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obtained %T values similar to the control broth of *92 %.

As the incubation time increased the %T of the bacteria

containing broth was seen to decrease to 45 % (12 h) and

ranged between 28 and 32 % over 36–108 h. Statistical

analysis was performed with respect to immersion time

(Table 2) and it was determined that the bacterial broth

showed a significant reduction in %T over 0–60 h (P =

0.000) which then stabilized over 60–108 h (P = 1.000).

This was expected as the proliferation of the bacteria in the

broth results in increased cell density, thereby restricting the

passage of light through the medium. The Control cement

maintained a high %T over 0–60 h where the %T ranged

from 91 to 94 % (0–60 h, P = 1.000). After 84 h the %T

reduced to 84 % and after 108 h the %T reduced further to

67 % (60–108 h, P = 0.000). A similar trend was also

observed with the Ti containing cements where for AT-1 and

AT-2 the %T ranged from 86 to 91 % over 0–60 h which was

not deemed a significant reduction (P = 1.000). At 108 h the

%T reduced to 69 and 76 % for AT-1 (60–108 h, P = 1.000)

and AT-2 respectively (60–108 h, P = 1.000) which also did

not exhibit a significant reduction in %T. This is a positive

result as the AT-1 and AT-2 materials experienced less

deviation from the original sterile broth than the Control

material, suggesting that the proliferation of bacteria was

greatly reduced in cultures containing AT-1 and AT-2. The

slight reduction in %T over time is most likely due to the

increase in the number of bacterial cells which were not

initially eradicated as a result of either ion release from the

cement, or pH changes within the bacterial broth as a result of

the ion release. Statistical analysis (Table 3) was performed

comparing the experimental materials to the bacterial broth

and it was found the in each case the Control, AT-1 and AT-2

initially (at 0 h) there was no difference (P = 1.000,

P = 0.703, P = 1.000 respectively), however at each time

Fig. 7 Ion release profiles for

Ti-cements observing a zinc,

b calcium, c strontium and

d titanium

Fig. 8 Broth dilution antibacterial analysis of cements in E. coli
broth
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period following the initial time point, there was a significant

change in %T (P = 0.000–0.007).

The agar diffusion test was also performed where mat-

uration time was also considered. Cement samples were

aged for 1, 7 and 30 days in sterile de-ionized water to

determine if antibacterial efficacy is retained after pro-

longed periods of time in solution. Figure 9 shows the

results of the agar diffusion test. It is evident from Fig. 9

that each cement sample exhibits a greater antibacterial

effect when initially tested as opposed to being subjected to

immersion in an aqueous environment over prolonged

periods of time. At 0 day, the cements exhibited inhibition

zones of 3.5, 3.4 and 3.3 mm for Control, AT-1 and AT-2

respectively. The inhibition zones exhibited by the Control

(3.7 mm, P = 1.000) after 1 day immersion in solution

were similar to 0 day samples, however AT-1 (1.6 mm,

P = 0.000) and AT-2 (1.5 mm, P = 0.000) were found to

reduce. The Control sample reduced at 7 days (2.2 mm)

and then recovered after 30 days to 3.2 mm, which was

determined as insignificant (P = 0.000) when compared to

the initial samples (0 day). Both AT-1 and AT-2 did not

significantly change over 1–7 and 7–30 days (Table 4),

however both were found to significantly reduce over time

when compared to initial sample (0 day, P = 0.000). This

is as expected as ions leached from the cements accumulate

in solution over time; however the cements retained some

of their antibacterial nature even after prolonged periods of

time in water. This suggests that some of the antibacterial

ions are residing within the cement over long periods of

time or that ion exchange is occurring between the cement

and the solution in which the cements were immersed. Also

when comparing the Control to AT-1 (P = 0.881) and

AT-2 (P = 0.238) at 0 day it was found that there was no

significant difference in inhibition zone.

Table 2 Means comparison of broth dilution test with respect to

immersion time

0–60 h 60–108 h

Broth 0.000* 1.000

Control 1.000 0.000*

AT-1 1.000 0.120

AT-2 1.000 1.000

* Significant at 0.05 level

Table 3 Means comparison of materials and bacterial broth at each

time period

0 h 12 h 36 h 60 h 84 h 108 h

Broth versus
Control

1.000 0.000* 0.000* 0.000* 0.001* 0.005*

Broth versus
AT-1

0.703 0.000* 0.000* 0.000* 0.004* 0.004*

Broth versus
AT-2

1.000 0.000* 0.000* 0.000* 0.007* 0.001*

* Significant at 0.05 level

Fig. 9 Agar diffusion

antibacterial analysis of cements

in E. coli (inset, each cement at

0 days)

Table 4 Means comparison considering antibacterial agar diffusion

testing

Day BT 101 AT-1 AT-2

0 versus 1 1.000 0.000* 0.000*

1 versus 7 0.000* 0.130 1.000

7 versus 30 0.004* 1.000 0.230

0 versus 30 1.000 0.000* 0.000*

* Significant at 0.05 level
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4 Conclusion

From this study it appears that the substitution of Ti into

the glass for Si, results in greater depolymerisation of the

silicate network by breaking the Si–O–Si bonds. This leads

to greater dissolution of the glass particles when mixed

with PAA and water which subsequently results in greater

handling and mechanical properties when compared to the

Control. However, the Zn, Ca and Sr ion release was found

to decrease when Ti was substituted into the glass, which

may be attributed to these ions contributing to the com-

pressive strength of the cements. It was also determined

that the broth dilution antibacterial testing revealed greater

antibacterial properties over the Control, while the agar

diffusion testing did not reveal any significant difference.

Future work on these materials will include testing these

glass compositions with different molecular weight PAA,

investigating the effect on ion release and the subsequent

effect in cell culture and relevant animal models.
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