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Abstract

Ag*- and Zn**-exchanged zeolites and clays have been used as coatings and in composites to confer broad-spectrum antimicrobial properties on a
range of technical and biomedical materials. 11 A tobermorite is a bioactive layer lattice ion exchanger whose potential as a carrier for Ag* and Zn*
ions in antimicrobial formulations has not yet been explored. In view of this, batch Ag*- and Zn>*-exchange kinetics of two structurally distinct
synthetic 11 A tobermorites and their subsequent bactericidal action against Staphylococcus aureus and Pseudomonas aeruginosa are reported.
During the exchange reactions, Ag* ions were found to replace labile interlayer cations; whereas, Zn>* ions also displaced structural Ca** ions
from the tobermorite lattice. In spite of these different mechanisms, a simple pseudo-second-order model provided a suitable description of both
exchange processes (R? > 0.996). The Ag*- and Zn?*-exchanged tobermorite phases exhibited marked bacteriostatic effects against both bacteria,

and accordingly, their potential for use as antimicrobial materials for in situ bone tissue regeneration is discussed.

© 2008 Elsevier Ltd. All rights reserved.
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1. Introduction

Tobermorites are a family of naturally occurring layered
calcium silicate hydrate cation exchangers which are also read-
ily synthesised from a variety of reagents under hydrothermal
conditions.!=® Their ideal structures comprise infinite double
layers of seven-coordinated Ca—O polyhedra linked on both
sides to wollastonite-like silicate chains running along the b-
axis direction, as depicted in Fig. 1.7-8 This assembly is stacked
in the c-direction creating interlayer channels, similar to those
found in zeolites, which accommodate water molecules and one
labile calcium ion per unit formula. Paired silicate tetrahedra
facing into the polyhedral calcium layer are referred to as ‘non-
bridging’, whereas those tetrahedra which link the pairs together
are termed ‘bridging’. Deviations from ideal structure, such as
breaks in the silicate chains and the condensation of bridging
silicate tetrahedra between adjacent layers, arise from stacking
defects and crystallographic substitutions give rise to composi-
tional variations which influence cation exchange behaviour.>
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Members of the tobermorite family are characterised in
terms of their interlayer spacing which is dependent on the
number of water molecules per unit formula. There are three
principal polytypes, viz. 9, 11 and 14 A, whose names are
derived according to the approximate d-spacing of their (00 2)
Bragg reflections (i.e. their basal spacings). 11 A tobermorite,
CasSicO16(OH); - 4H, 0, the most technologically-significant
polytype, is found among alteration products formed at the
cement rock interface of toxic and nuclear waste repositories
and is the principal binder in autoclaved concrete products.
During the past 20 years, aspects of the ion exchange character-
istics of a range of natural and synthetic 11 A tobermorites have
been investigated with respect to their application in nuclear
and hazardous wastewater treatment.”* 11 A tobermorite has
also been investigated as a heterogeneous catalyst for lactose
isomerisation,” and the incorporation of tobermorite nanofibres
into bioactive composites for bone tissue regeneration has been
suggested.”

The broad-spectrum antimicrobial properties of the silver
(I) ion, Ag", have been utilised since ancient times by the
Mediterranean and Asiatic cultures and the historic use of sil-
ver foils in the surgical treatment of wounds and broken bones
is documented.'? Silver-exchanged zeolites and clays have been
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Fig. 1. Projections of 11 A tobermorite (a) in the be-plane and (b) in the ac-plane.

used as coatings and in composites to confer antimicrobial prop-
erties to dental filling materials,!! Portland cement mortars, 2
food packaging,'3!# ointments, ! stainless steel,'® paper, paints
and plastic products.!” The antibacterial properties of silver have
also been exploited by its incorporation into ceramic and glass
implant materials for prosthesis and tissue regeneration.'8-20
Furthermore, silver nanoparticles, complexes, chelates and their
composites have been shown to afford antibacterial action
against a wide range of pathogens in various technical and
biomedical applications.'%->1-23

Zinc is an essential antioxidant and anti-inflammatory agent
in the human body, deficiency in which causes delayed wound
healing, immune dysfunction, growth retardation and neuro-
sensory disorders. In the human body Zn>* ions are associated
with the structure and function of a large number of macro-
molecules and are essential to over 300 enzymic processes which
include the regulation of bone growth and the replication of
DNA 2423 The antimicrobial action of the Zn>* ion is less exten-
sive than that of Ag* although its wound healing and bactericidal
properties are similarly exploited in a range of formulations,
composites and coatings.'¢-17-26

The ion exchange and antimicrobial characteristics of numer-
ous Ag*- and Zn>*-bearing zeolites and clays have been
researched although, to date, there have been no such reports
of the antibacterial properties of Ag*- and Zn>*-bearing tober-
morites. Tobermorites have a number of technical advantages
over zeolites and clays in that they can be prepared, not
only as finely dispersed powders, but also as nanofibres and
large monolithic articles of variable porosity. Tobermorites
are stable in Portland cement mortars, whereas zeolites and
clays degrade by pozzolanic reaction. And furthermore, the
recent discovery that tobermorite fibres exhibit bioactivity —
the ability to bond to living bone tissue — has invoked inter-
est in their incorporation into composites for bone tissue
engineering.”

In the present study, batch Ag*- and Zn**-exchange kinetics
of two structurally distinct 11 A tobermorite samples are mod-
elled using simple pseudo-first- and pseudo-second-order rate
equations. A preliminary in vitro investigation of the antibacte-
rial action of the Ag*- and Zn”*-bearing tobermorites against
Staphylococcus aureus and Pseudomonas aeruginosa is also
reported. S. aureus and P. aeruginosa were selected for this
investigation as they are known to cause biomaterial centred
infections and resistant septic conditions in tissues such as bones,
teeth and skin.!”

2. Experimental
2.1. Hydrothermal synthesis of 11 A tobermorite specimens

11 A tobermorite specimens were prepared in duplicate by
heating mixtures of 6.8 g of Na;SiO3-5H,0, 1.47 g of CaO
and 60cm’ of NaOH solution at 100°C in sessile hermeti-
cally sealed PTFE reaction vessels under autogenous pressure
for 19 days. Samples Tob-Nal and Tob-Na4 were synthesised
in 1.0M and 4.0M NaOH,q), respectively. The products of
each synthesis were washed with deionised water to pH 7,
dried to constant mass in air at 40°C and stored in air-tight
polypropylene containers until required. Analysis of the reac-
tion products by powder XRD and 2°Si MAS NMR is described
elsewhere.?” Oxide analyses were obtained by X-ray fluores-
cence spectroscopy (XRF) which was carried out at the Materials
Research Institute, Sheffield Hallam University, Sheffield, S1
1WB, UK.

2.2. Evaluation of the silicate chain structure by *°Si MAS
NMR

Notation will be used to describe the silicate chain struc-
ture such that the symbol Q represents one SiO4*~ tetrahedron
and a superscript denotes the number of other Q units to which
it is bonded. For example, a mid-chain Si04%~ unit would be
represented as Q2.

The silicate chain configurations of specimens Tob-Nal and
Tob-Na4 were evaluated in terms of their ‘mean chain length’
(MCL). MCL is a measure of the average number of tetrahedra
linked along the b-axis direction between breaks in the chain
(including bridging, cross-liked and non-bridging tetrahedra)
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and is given by
20'+0°+ Q%)
Ql
where the Q" symbols represent the relative intensities of

the 2°Si resonances arising from the corresponding silicate
tetrahedra.

MCL =

2.3. Ag™* and Zn** ion exchange kinetics

The ion exchange kinetics for the uptake of Ag* and Zn>* by
Tob-Nal and Tob-Na4 were determined in triplicate in sessile
batch sorption experiments using single metal nitrate solutions at
25°C. Ineach case, 0.5 g of tobermorite were added to 0.2 dm 3
of either 3.0 mM AgNO3yq) or 5.0 mM Zn(NO3)3(aq) in a screw-
capped polypropylene bottle. Residence times for specimens
varied between 15 min and 9 days, after which the supernatant
liquors and ion exchanged solids were separated by gravitational
filtration. The recovered solutions were appropriately diluted
and analysed for silver and zinc by atomic absorption spec-
troscopy using a Pye Unicam SP 9 spectrophotometer. The
resulting Ag*- and Zn>*-substituted tobermorites (Tob-Ag1 and
Tob-Zn1 derived from Tob-Nal; and Tob-Ag4 and Tob-Zn4
derived from Tob-Na4) were dried to constant mass in air at
40°C and analysed by XRF.

2.4. Kinetic models

The pseudo-first-order rate model which describes the sorp-
tion of a solute by a solid surface can be expressed in the
following way28-30:

%q; = ki(ge — q1)

where ki is the apparent pseudo-first-order rate constant (in
min~'), ¢g; is the extent of sorption at time ¢ (in mmolg’l),
and ¢, is the extent of sorption at equilibrium (in mmol g~ ).
This pseudo-rate law is used to describe processes in which the
reaction rate, dg,/dt, is proportional to the number of available
sorption sites (ge — g;). The linear, integrated form of this equa-
tion for the boundary conditions; ¢g;=0att=0and g, =¢q; at t=t,
can be written as

1
1 —g) =1 -
08(qe = q1) = logge = 3353

Hence, the pseudo-first-order rate equation is obeyed when
a linear relationship exists between log(ge — ¢;) and ¢, in which
case, k| may be estimated from the gradient of the plot.

Similarly, the pseudo-second-order rate expression can be
used to describe sorption processes in which the reaction rate is
proportional to the square of the number of available sorption
sites?831:

dCIt 2
— k —
i 2(qe — q1)

where kj is the apparent pseudo-second-order rate constant (in
gmmol~! min~!), and can be rearranged thus:

Estimates of k, and g. may be derived from the intercept and
gradient of a linear plot of #/¢; against ¢.

The simple kinetic models outlined above have been widely
applied to the uptake of a range of solutes by a variety of sor-
bent and ion exchange substrates.”83! They have been used to
compare ion exchange efficiencies and to predict the perfor-
mance of sorption processes although the relationship between
the models and the underlying sorption mechanisms is dis-
puted. However, Azizian3? presents a compelling theoretical
argument which suggests that the applicability of the kinetic
model does not arise from a fundamental difference in sorp-
tion mechanism, but is in fact a function of initial solute
concentration. His proof indicates that high solute concentra-
tions (with respect to the number of active sorption sites) give
rise to apparent pseudo-first-order kinetics and that pseudo-
second-order kinetics become more relevant as initial solute
concentration decreases. In each case, the apparent rate constant
is a combination of the adsorption and desorption rate constants,
although k is shown to be a linear function of initial solute
concentration whereas k» is a more complex function of this
parameter.

2.5. Antibacterial assays

Samples Tob-Nal, Tob-Na4, Tob-Agl, Tob-Ag4, Tob-
Znl and Tob-Zn4 at concentrations of 1.0mgcm~—> and
10.0mgcm ™ were added in triplicate to separate McCartney
bottles containing 10 cm? of Nutrient Broth (Oxoid). These
tubes were then inoculated with cultures of S. aureus NCIMB
9518 or P. aeruginosa NCIMB 8628 to densities of 4.1 x 10*
and 5.6 x 10° colony forming units per cm?, respectively. The
cultures were then incubated, with shaking, at 37 °C overnight
and duplicate plate counts on nutrient both (Oxoid) were taken
for each assay. Cultures with no added tobermorite were also
analysed as controls.

Viable cell count data for the cultures containing tober-
morite samples were compared with those of the control culture
populations. In each case, the null hypothesis that the two mea-
surements are not significantly different was tested at the 95%
significance level using a one-tailed 7-test. The observed value
of ¢ was estimated as

t_)_cdﬁ

Sd

where n is the number of data pairs, Xq is the mean of the dif-
ferences between the data pairs and sq is the standard deviation
of Xq. If the tabulated critical #-value was found to be greater
than the observed (calculated) value of ||, the null hypothesis
was retained (i.e. the two sets of results were not statistically
different).
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Fig. 2. Powder XRD patterns of Tob-Nal and Tob-Na4.

3. Results and discussion
3.1. Characterisation of Tob-Nal and Tob-Na4

The powder XRD data for specimens Tob-Nal and Tob-Na4
(Fig. 2) are similar to those of other synthetic phase-pure crys-
talline 11 A tobermorites reported in the literature."*3* Minor
traces of calcite (CaCQO3) are also present and commonly arise
from atmospheric carbonation during the preparation of tober-
morites. The 2°Si MAS NMR data for specimens Tob-Nal
and Tob-Na4 (Fig. 3) are also consistent with those of crys-
talline phase-pure 11 A tobermorites.3*35 Mid-chain Q7 silicate
tetrahedra of the wollastonite-like chains are denoted by the
asymmetrical resonances at —86.5 ppm and the signals at —97.0
arise from bridging Q3 silicate tetrahedra which are linked across
the interlayer (Fig. 3). Q! resonances are signified by the peaks at
—80.5 ppm which arise from breaks along the silicate chains and
the presence of isolated dimers,> and the broad low-intensity
signals at ~—110 ppm are assigned to traces of Q* amorphous
silica.

The mean silicate chain lengths of specimens Tob-Nal and
Tob-Na4 are estimated to be 9.7 and 5.5 silicate units, respec-
tively. Hence, the Tob-Na4 specimen prepared in 4 M NaOH y)
is less well crystallised than Tob-Nal which was prepared in 1 M
NaOH,q). Other research has demonstrated that the first reac-
tion product during tobermorite synthesis is a poorly organised
calcium silicate hydrate gel phase and that increasing concen-
trations of Na* ions in the reaction mixture can stabilise this

Table 1

Tob-Na1

Tob-Na4

T T

-50 -70 -90 -110 -130
Chemical shift (ppm)

Fig. 3. 2°Si MAS NMR spectra of Tob-Nal and Tob-Na4.

intermediate phase and inhibit the subsequent development of a
well-crystallised tobermorite product.*3* Therefore, the com-
paratively fragmented chain system of specimen Tob-Na4 is
consistent with the mixture composition-structure relationships
reported previously.

The calculated formulae for specimens Tob-Nal and Tob-
Na4, derived from XRF analysis, are listed in Table 1. It is of
interest to note that, despite the increased Na* ion concentration
in the reaction mixture, the extent of Na* substitution in the latter
specimen is ~23% lower than that of its counterpart.

3.2. Ag* and Zn®* ion exchange kinetics

The uptake profiles for Ag* by the tobermorite specimens
are plotted in Fig. 4 and show that equilibrium is achieved
within 24 h, by which time the extents of Ag*-uptake by Tob-
Nal and Tob-Na4 are found to be 10.4 and 10.7 wt% (0.958
and 0.993 mmol g~ 1), respectively. These equilibrium silver-
contents exceed those reported for palygorskite (0.6 wt%)36 and
montmorillonite (8.37 wt%)37 clays and fall within the range
reported for various clinoptilolites (3—18.4 wt%).3840

Formulae of the tobermorite specimens, percentages of Ca’>* and Na* ions which were exchanged for Ag* or Zn?* ions and the Ag*- and Zn**-content of the

exchanged tobermorites

Sample Formula Ca exchanged (%) Na exchanged (%) Ag- or Zn-content (Wt%)
Tob-Nal Cay 55Nag 44Si6.00016.77 6.4H20 - - -

Tob-Na4 Cay.38Nap 345i6.00016.55 5.9H20 - - -

TOb—Agl Ca4A06Na0‘04Ag0A92Si6A00016A54 11.9H,0 11 91 10.4

Tob-Ag4 Cay 07Nag.04Ag0.93Si6.00016.56 10.6H,0 7 88 10.7

Tob-Zn1 Ca3‘19Nao'o7Zn1‘995i6,00017'21 5.4H20 30 84 124

Tob-Zn4 Caz23Nag 0s5Zn] 59Si6.00016.85 3.1H,0 26 85 10.7
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Fig. 4. Uptake of Ag* ions by Tob-Nal and Tob-Na4.

XREF analysis of the Ag*-exchanged tobermorite phases, viz.
Tob-Agl and Tob-Ag4, indicated that 91% and 88% of the orig-
inal Na* ions had been exchanged for incoming Ag* ions, as had
11% and 7% of the original Ca”* ions, respectively (Table 1).
These data suggest that the majority of labile interlayer Na* and
Ca”* ions in both tobermorite samples is readily exchanged for
Ag"* ions, and that the remaining four Ca>* ions per unit formula
which constitute the structural Ca—O polyhedral layer are not
available for reaction with Ag* under the selected experimental
conditions (Table 1).

The applicability of the pseudo-first- and pseudo-second-
order kinetic models (outlined in Section 2.4) to the uptake
of Ag* by Tob-Nal and Tob-Na4 has been tested by fitting
the experimental data to the models by least squares regres-
sion analysis. The apparent pseudo-rate constants, integrated
rate equations, experimental and calculated equilibrium uptake
values and the corresponding squares of the correlation coeffi-
cients (R?) are listed in Table 2. A strong correlation between the
experimental data and the pseudo-second-order kinetic model is
indicated by R%=0.9999 in each case; whereas the pseudo-first-
order model is, in comparison, shown to be less representative
(0.745 < R? < 0.575). Furthermore, the theoretical steady-state
uptake values, gecalc, Obtained by the pseudo-second-order
model, 0.961 mmol g~! and 0.993 mmol g~! for Tob-Nal and
Tob-Na4, respectively, are within 1% of the experimentally
observed data, ge exp (Table 2). The experimental data for Ag*-
uptake and theoretically fitted lines for the pseudo-first- and
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Fig. 5. Kinetic models fitted to experimental data for the uptake of Ag* by Tob-
Nal and Tob-Na4: (a) pseudo-first-order model and (b) pseudo-second-order
model.

pseudo-second-order kinetic models are presented in Fig. 5(a)
and (b), respectively.

To date, no citations for the application of these pseudo-
kinetic models to describe the uptake of Ag* by clays, zeolites
or other layered silicate materials could be located in the liter-
ature. However, other researchers have reported that the uptake
of Ag* ions by modified chitosan, a biopolymeric sorbent
whose potential applications include antimicrobial dressings
for burns and wounds, also conforms to the pseudo-second-
order kinetic model.*!=*3 The respective pseudo-second-order
rate constants, ky, for the uptake of Ag* ions by Tob-Nal and
Tob-Na4, 0.067 and 0.079 g mmol~! min~!, determined in the
present study, show that these exchange reactions are approx-

Table 2
Kinetic data for the uptake of Ag* ions by Tob-Nal and Tob-Na4
Sample ki (x103 min~1) Integrated rate equation eexp (mmol g~ 1) Ge.calc (mmol g~1) R?
Pseudo-first-order model
Tob-Nal 2.01 log(ge — q) = —(8.72 x 10~*)t — 0.527 0.958 (£0.033)* 0.298 0.745
Tob-Na4 1.61 log(ge — q;) = —(7.00 x 10~*)t — 0.618 0.993 (+0.029)* 0.241 0.575
Sample k; (gmmol~! min~1)
Pseudo-second-order model
Tob-Nal 0.0671 tlq;=1.04t+16.2 0.958 (£0.033)* 0.961 0.9999
Tob-Na4 0.0792 tigr=1.01r+12.8 0.993 (£0.029)* 0.993 0.9999

& Figures in brackets are the 95% confidence limits of the mean equilibrium Ag*-uptake values, g exp-
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Fig. 6. Uptake of Zn>* ions by Tob-Nal and Tob-Na4.

imately twice as fast as that reported for modified chitosan
(ky =0.033 gmmol~! min—1).%°

A previous study of the rate of uptake of Cd** by 11 A tober-
morites has indicated that structural disorder within the lattice
accelerates ion exchange kinetics but has little impact on the
total number of available exchange sites.* This observation is
also reflected in the present findings, since k, for the uptake of
Ag* by the more poorly organised Tob-Na4 lattice is approxi-
mately 15% greater than that of its more crystalline counterpart
(Table 2).

The uptake profiles for Zn>* ions by Tob-Nal and Tob-
Na4 are depicted in Fig. 6 and indicate that equilibrium is
not established within the 216-h observation period, by which
time Zn”*-uptake is found to be 12.4wt% and 10.7 wt%
(2.26mmol g~! and 1.95mmol g~ '), respectively. XRF anal-
ysis demonstrated that, in addition to the exchange of labile
cations as is observed in the case of Ag*-uptake, approximately
20% of the ‘structural’ Ca** ions from the polyhedral layer also
participate in the Zn>* exchange process (Table 1). This differ-
ence in mechanism between Ag*- and Zn>*-exchange accounts
for the superior uptake capacity of tobermorites for Zn** and
for their comparatively slow reaction rates, since bond-breaking
processes and structural rearrangement of the lattice occur dur-
ing Zn’*-uptake. Unlike those of Ag* and Cd**,* the rate and
extent of Zn>*-uptake are significantly greater for the more crys-
talline Tob-Nal specimen (P =0.01); an observation that is also
likely to derive from the participation of structural Ca®* ions
from the Ca—O double layer during the Zn>* exchange reactions.

Integrated forms of the pseudo-first- and pseudo-second-
order rate equations for the uptake of Zn>* by Tob-Nal and
Tob-Na4, apparent pseudo-rate constants, k; and kp, and the
corresponding squares of the correlation coefficients, R%, are
listed in Table 3 along with experimental and theoretical Zn*-
uptake values following a contact time of 216h, grat216nexp
and gy at216h.calc, respectively. High correlations between the
experimental data and the pseudo-second-order kinetic model
for the uptake of Zn** by Tob-Nal and Tob-Na4 are indicated by
respective R? values of 0.996 and 0.997. Furthermore, calculated
uptake values, g;at216h,calc, Obtained by the pseudo-second-
order model are within 2% of the experimentally observed data.
R? values of 0.955 were obtained by fitting the Zn>*-uptake
data to the pseudo-first-order model, and indicate that this model
is less representative (Table 3). The relationships between the
experimental Zn>*-uptake data and the theoretically fitted curves
for these kinetic models are shown in Fig. 7.

Typical equilibrium times for Zn>*-uptake by clays
(stevensite** and bentonite®) and zeolites (A,*0 4A,*% 13X%)
are within 2h of contact and maximum sorption capaci-
ties are generally found to be between 0.3mmolg~! and
2.5mmol g~'. A number of studies has shown that the pseudo-
second-order model is representative of these processes and
ky values in the range 8.3 x 1073 to 15.43 gmmol~! min~!
are reported.***® In comparison, the Zn**-exchange rates
for Tob-Nal (k, =8.50 x 10~ gmmol~! min~!) and Tob-Na4
(ky=9.87 x 10~* gmmol~' min~!) are considerably slower
than those documented in the literature; however, the extents
of Zn?*-uptake by the tobermorite specimens were found to
be towards the top end of the reported range for clays and
zeolites. *440

3.3. Antibacterial properties of Ag* - and Zn** -exchanged
tobermorites

The results of the preliminary in vitro antibacterial assays,
listed in Table 4, indicate that the original tobermorite speci-
mens, Tob-Nal and Tob-Na4, exhibit modest inhibitory effects
against both P. aeruginosa and S. aureus at the selected con-
centrations of 1.0 and 10.0mgcm™3, although in general the
viable cell counts in the presence of these unsubstituted tober-
morites were only found to be one or two orders of magnitude
lower than those of the control populations. In contrast, marked
inhibitory effects were noted for all Ag*- and Zn>*-bearing

Table 3
Kinetic data for the uptake of Zn>* ions by Tob-Nal and Tob-Na4
Sample ki (x10* min~1) Integrated rate equation qrat 216 hexp (mmol g h Gt at 216h,cale (Mmol g h R?
Pseudo-first-order model
Tob-Nal 1.55 log(ge — q) = —(1.48 x 107%),+0.103 2.26 (£0.04)* 1.46 0.955
Tob-Na4 342 log(ge — g1)=—(1.55 x 107%), +0.169 1.95 (£0.06)* 1.25 0.955
Sample ky (x10* gmmol~! min—!)
Pseudo-second-order model
Tob-Nal 8.50 tlq, =0.4331+ 220 2.26 (£0.04)* 222 0.996
Tob-Na4 9.87 t/q; =0.502¢ + 255 1.95 (£0.06)* 1.92 0.997

 Figures in brackets are the 95% confidence limits of the mean Zn2+—uptake values after a contact time of 216 h, gy at 216 h,exp-
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Fig. 7. Kinetic models fitted to experimental data for the uptake of Zn>* by Tob-
Nal and Tob-Na4: (a) pseudo-first-order model and (b) pseudo-second-order
model.

tobermorites against S. aureus at both concentrations. In each
case, the Ag*- and Zn>*-substituted tobermorites were found
to reduce the S. aureus cell populations by more than five
orders of magnitude relative to those of the control culture.
Similarly, all Ag*- and Zn>*-substituted tobermorites at con-

centrations of 10.0 mg cm™3 were also found to effect a relative

reduction in the P. aeruginosa population by greater than five
orders of magnitude. However, the inhibitory effect of these
Ag*- and Zn>*-exchanged tobermorites against P. aeruginosa
at 1.0mgcm™3 was less pronounced and, in fact, the extent of
bacterial growth in the presence of Tob-Zn4 was found to be
greater than that of the control population.

In summary, the results of these antibacterial assays demon-
strate that each of the Ag*- and Zn?*-bearing tobermorite
samples exhibits marked bacteriostatic effects against both S.
aureus and P. aeruginosa, although their antimicrobial effi-
ciencies differ between the two bacteria. These initial findings
indicate that, in the case of S. aureus, the minimum inhibit-
ing concentrations (MICs) of these substituted tobermorites are
below 1.0 mg cm ™3 and that their MICs with respect to P. aerug-

inosa are in the range 1.0-10.0 mg cm™3.

3.4. Potential applications of Ag* - and Zn** -exchanged
tobermorites

In general, the body’s defence mechanism will stimulate the
formation of a fibrous capsule around an artificial implant mate-
rial in an attempt to isolate it from the surrounding tissue; how-
ever, certain bioactive glasses and ceramics have been shown to
form stable mechanically compliant bonds with living bone tis-
sue in vivo.*” The bioactive material-cell interface usually devel-
ops via the deposition of a layer of substituted hydroxycarbonate
apatite (HCA), (Ca,Na)9(PO4,CO3)6(OH),2, which forms by
the precipitation of ions present in human plasma. The result-
ing superficial HCA layer is similar in structure to the mineral
component of bone and provides a focus for the attachment and
proliferation of new bone-forming cells. These bioactive materi-
als can be used to repair diseased or damaged bone tissue and can
be designed to remain in situ indefinitely or to degrade as the nor-

Table 4
Cell count data for control cultures and cultures containing Tob-Nal, Tob-Na4, Tob-Agl, Tob-Ag4, Tob-Zn1 and Tob-Zn4
Culture Control Tob-Nal Tob-Na4 Tob-Agl Tob-Ag4 Tob-Zn1 Tob-Zn4
Staphylococcus aureus NCIMB 9518
1.0 mg Tobcm ™3
Mean (CFU cm ™) 4.7 x 10° 2.7 x 108 4.6x 108 No count (10%) No count (10%) No count (10%) No count (10%)
St. dev. (CFU cm ™) 3.0x 10° 2.7 x 108 2.2 %108 - - - -
Observed [t]* - 3.66 341 - - - -
10.0mg Tobem ™3
Mean (CFU cm ™) 4.7 x 10° 3.6 x 10° 2.0 x 107 No count (10%) No count (10%) No count (10%) No count (10%)
St. dev. (CFUcm™3) 3.0x 107 2.0x 10° 2.0 x 107 - - - -
Observed |7]* - 1.02 3.87 - - - -
Pseudomonas aeruginosa NCIMB 8628
1.0 mg Tobcm ™3
Mean (CFU cm ™) 9.3 x 1010 1.25 x 10° 5.3 x 107 7.1 x 10° 8.2 x 10° 6.3 x 10° 9.7 x 10°
St. dev. (CFU cm ™) 2.2 x 1010 0.93 x 10° 2.5x 10° 1.8 x 10° 3.9 % 10° 2.2 % 10° 1.5 x 10°
Observed |¢|* - 7.78 4.37 2.65 6.37 4.98 3.90
10.0mg Tobem ™3
Mean (CFU cm ™) 9.3 x 100 4.8 x 10° 1.00 x 10'° No count (10%) No count (10%) No count (10%) No count (10%)
St. dev. (CFUcm™3) 2.2 % 1010 1.9 x 10° 0.22 x 1010 - - - -
Observed |7]* - 4.55 5.11 - - - -

2 Critical |¢| at (P=0.10) for (n — 1) degrees of freedom is 2.02.
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mal functions of the host tissue are restored. Lin and co-workers
have recently acknowledged that tobermorite fibres exhibit the
property of bioactivity and their research indicates that the
tobermorite lattice will stimulate bone tissue regeneration and
subsequently degrade in the physiological environment.’

The occurrence of biomaterial-centred sepsis restricts the
scope and success of bioactive implants and accordingly the
problems presented by infection following implant surgery have
stimulated research into the development of bioactive materials
with antimicrobial properties.!82% Hence, on the basis of this
preliminary study, it is envisaged that Ag*- and Zn>*-exchanged
tobermorites may exhibit the combined bioactive and bacterio-
static characteristics which are required for successful tissue
integration. Additionally, it is anticipated that the wound healing
properties of the Zn** ion may also be relevant in a biomaterials
context. Further work to confirm whether the bioactivity and bio-
compatibility of tobermorites is compromised by the presence
of the interlayer Ag* and Zn>* ions is currently underway.

As previously mentioned, Ag*- and Zn”*-exchanged clays
and zeolites have been incorporated into a range of materials
which exploit their antimicrobial properties,!'>* and in addi-
tion, these Ag*-substituted materials also find application in
electro- and photocatalysis.*®* Hence, it is anticipated that
Ag*-substituted 11 A tobermorites may also be potential can-
didates for incorporation into electro- and photocatalytic cells
and nanocapacitors.

4. Conclusions

Labile interlayer Na* and Ca®* ions in 11 A tobermorites
are readily exchanged for Ag* ions from solution under batch
conditions at 25 °C; whereas, Zn** ions are exchanged for both
labile cations and ‘structural’ Ca>* ions from the polyhedral
Ca—0 layer within the tobermorite lattice. Despite these different
mechanisms, a simple pseudo-second-order model can be used
to describe both exchange processes (R > 0.996). The resulting
Ag*- and Zn**-exchanged phases exhibit marked bacteriostatic
action against S. aureus and P. aeruginosa, and are potentially
significant to a range of applications, including antimicrobial
materials for bone tissue regeneration.
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