Antimicrobial properties of Ag
zeolites and Ag zeolite containing

polymers

Sama Salem Belkhair

Manchester
Metropolitan
University



Antimicrobial properties of Ag zeolites
and Ag zeolite containing polymers

Sama Salem Belkhair

Submitted in the partial fulfilment of the
requirements of Manchester Metropolitan
University for the degree of Doctor of
Philosophy

Faculty of Science and the Environment

The Manchester Metropolitan University
2016



Declaration

This is a declaration to certify that the material contained in this thesis has not been

accepted in substance for any other degree and it is not currently submitted in

candidature for any other academic award.

Sama Salem Belkhair



Abstract

Ag zeolites have been studied in this thesis for antibacterial applications in
powder form or in composite materials. The influence of the textural characteristics
(crystal size and mesoporosity) of silver-exchanged FAU- and BEA-type zeolites on
their antimicrobial efficacy was studied. Two pairs of zeolite X and zeolite beta with
different sizes as well as a mesoporous zeolite beta were tested against Escherichia
coli (E. coli) and Candida albicans (C. albicans). Reduction of crystal size resulted
in a slight decrease in the killing efficacy against both microorganisms. Zeolite beta
showed higher activity than zeolite X despite the lower Ag content in that sample,
which was attributed to the higher concentration of silver released from zeolite beta
samples to the medium. Introduction of mesoporosity had a beneficial effect on the
antimicrobial efficacy. Cytotoxicity measurements using peripheral blood
mononuclear cells indicated that Ag zeolite X was more toxic compared to Ag beta,

particularly the nanosized sample.

The influence of the form of silver (metallic or ionic) on the antimicrobial
efficacy was determined using Ag-loaded EMT zeolites. The killing efficacy of pure
EMT, Ag"-EMT and Ag’-EMT against E. coli was studied semi-quantitatively. The
antibacterial activity increased with increasing Ag content for both types of samples
(Ag-EMT and Ag’-EMT). The Ag’-EMT samples show slightly enhanced
antimicrobial efficacy compared to that of Ag™-EMT, however, the differences are
not substantial and the preparation of Ag nanoparticles is not viable considering the

complexity of preparation steps.

A multidisciplinary approach has been applied to the preparation of
antibacterial Ag zeolite/silicone elastomer composites aimed at products that satisfy

a range of requirements, namely good mechanical properties after zeolite



incorporation and strongly antibacterial. The composites showed strong efficacy
against E. coli and Staphylococcus epidermidis (S. epidermidis). Organic
functionalisation of the zeolite with organo-silanes prior blending with the matrix
usefully improved composite mechanical properties and reduced colour development

in Ag zeolite containing silicone elastomers.

The same approach was applied for the preparation of dental acrylic resins.
Antibacterial dental resin containing Ag zeolites at loadings of 0.2, 0.4, 0.7 and 2
wt.% were prepared. The composites showed strong efficacy against E. coli and no
viable E. coli were detected after 5 hours of incubation. The presence of Ag zeolites
within the acrylic resin resulted in resin discolouration, which was more pronounced
at high Ag zeolite loadings. A sustained Ag release over long periods of time (54
days) was observed with a greater Ag release in artificial saliva compared to that in
distilled water. Dental resins loaded with Ag-free zeolites followed by post-
fabrication insertion of Ag by ion-exchange were prepared to overcome
discolouration. The materials prepared using this approach had a similar colour to
that of the original polymer as determined by the colour measurements. These
composites showed strong efficacy against E. coli and no viable E. coli cells were

detected after 5 hours of incubation.
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Chapter 1. Introduction

1.1 Zeolites

Zeolites are naturally occurring aluminosilicate minerals firstly discovered by
Alex Cronstedt in 1756." 2 Their name originates from the classic Greek words
meaning boiling stone, describing Cronstedt’s observation of steam formation upon
gently heating the mineral stilbite. There are more than 45 natural zeolites (e.g.
clinoptilolite), and 229 synthetic zeolites to date.> Based on pore diameters, materials
are classified according to the International Union of Pure and Applied Chemistry
(IUPAC) as microporous (less than 2.0 nm), mesoporous (between 2.0 nm and 50
nm) and macroporous (more than 50 nm).* Zeolites are microporous materials with
pore sizes in the range 0.3-1.2 nm. They are built of oxygen-linked tetrahedral units
of Si**or AI** that form a three-dimensional structure comprising channels and voids
occupied by alkali or alkali-earth cations and water molecules. Zeolites may be

represented by the empirical formula

M2,O - Al203 " xSi0; " yH20
In this formula, M is the counterion, n is the valence of the cation, x is the
Si02/AlbO3 and y is the number of molecules per unit cell in the hydrated zeolite.
Zeolites are classified according to their framework structure with a unique three-
letter code, which is not related to their composition. For example, zeolites X and Y
have different Si/Al ratio but the same FAU-type structure. Zeolite X has lower Si/Al
ratio and correspondingly higher ion-exchange capacity in comparison with zeolite
Y. Other zeolite structures used in this work are the BEA-type (zeolite beta) and the
EMT-type (EMT) zeolites. Based on the Si:Al ratio the zeolite compound is further

categorised as low Si:Al zeolite, like zeolite X, intermediate Si:Al zeolite e.g.
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mordenite and high Si:Al zeolite like zeolite beta.” In addition to this, zeolites are
further sub-divided based on the number of T atoms present, where T is Si or Al.
Depending on the zeolite pore openings, they are classified as small pore opening
zeolites (8-member ring), medium or intermediate pore opening zeolites (10 member
ring) and large pore opening zeolites (12 member ring).® For instance, the zeolite
beta pore structure is characterised with a three dimensional system having 12
member ring channels (5.5 x 5.5 A and 7.6 x 6.4 A). Other examples of large pore
zeolites are FAU- and EMT-type zeolites. EMT-zeolite is considered as the
hexagonal form of FAU zeolite.” The structural feature of EMT zeolite represent two
distinct cage like structures also known as the hypercages (7.3 x 7.3 A) and

hypocages (7.5 x 6.5 A), on the other hand only one supercage with a size of 7.4 x

7.4 A is observed in the case of FAU-zeolite.®°

Figure 1. Framework structures of zeolite FAU, EMT and BEA.!°

Zeolites are synthesised by hydrothermal treatment of reactive
aluminosilicate gels or solutions in a basic environment. Zeolite syntheses are
generally conducted at temperatures between 100-200 °C in stainless steel

autoclaves. Crystallisation times vary from hours to days. Sometimes, organic
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molecules such as tertaalkylammonium cations are added to act as structure-directing
agents or templates in the synthesis of zeolites. Calcination at high temperatures (500
°C) for several hours is applied to remove the templates and result in opening of the
zeolite pore structure. The zeolite crystallisation involves two steps: nucleation and
crystallisation. Nucleation is a process, where small aggregates of precursors give
rise to nuclei, which become larger with time.'!"!> Crystallisation is the formation of
the zeolite crystals. The main factors affecting zeolite formation include temperature,
time, composition of reactant mixture and nature of precursors. Zeolite traditional
applications include ion exchange, adsorption and catalytic processes. The counter
cations for instance can be ion-exchanged by other cations, which is used in laundry
detergents to soften water (to remove Ca?" and Mg** cations).!

In the past two decades, there have been significant efforts to develop
synthetic methods for: (i) preparing zeolites with crystal sizes of less than 100 nm
(nanozeolites) and (i1) hierarchical zeolites containing secondary porosity in the
meso/macro pore range.'®?> Nanozeolites comprise one of the major developments
in the zeolite area since their first synthesis in the early 1990s.2? Nanozeolites exhibit
large external surface area and reduced diffusion paths compared to micron sized
zeolites.!”> 2628 There are examples of their superior performance compared to
conventional micron-sized zeolites in traditional applications such as catalysis.?’ In

addition, they have shown potential for many emerging applications.*°

1.2 Synthesis of nanozeolites
Conventionally, zeolites are prepared in the form of micron sized crystals. After
understanding the potential of micron sized zeolites in the petrochemical industry,

there were great efforts conducted to modify the characteristics of existing zeolite
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materials to enhance performance. Reduction of zeolite sizes is amongst the most
important and most studied approaches. Increasing the relative surface area by
decreasing the particle size for example, increases the percentage of surface atoms
exposed and reduces diffusion paths.!” Nanosized zeolites in the form of stable
colloidal suspensions were first prepared in 1993 in the presence of structure-
directing agents.’! Since then, intense research in the area of nanozeolites has been
conducted to prepare nanozeolites of different zeolite types. However, the number of
different zeolites prepared in nanoform is somewhat limited, and most synthesis
techniques use templates, which are not industrially friendly due to their high costs.
FAU-type zeolites are commonly used in the petrochemical industry and
therefore it is vital to develop industrially favourable methods to obtain FAU-type
nanozeolites.'* Previously, FAU nanocrystals were prepared by the addition of
tetramethylammonium hydroxide and 15-crown-5 ether along with a reduced sodium
oxide content.*> 33 Eliminating the use of organic templates gives rise to more
efficient green synthesis methods. Nanosized zeolite X crystals with a size of 150 to
200 nm were synthesized at room temperature in the absence of organic template for
the duration of 3 weeks.!* However, these crystals were aggregated due the increased
sodium content. A template free synthesis method using a reactive gel system with a
three stage temperature control procedure, nanosized zeolite Y with a 850 nm
diameter was achieved.>* In another work with a two stage crystallisation, zeolite Y
with a size of 120-200 nm were synthesised using a template free approach. Kim et
al. synthesised relatively small zeolite Y particles with a template free, shorter
crystallisation times and optimised gel compositions.>> FAU nanocrystal with a

particle size below 100 nm were synthesised using a structure directing agent.>
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Similarly to FAU-type zeolite, EMT zeolites could be used as catalysts in the
petroleum industry but high cost is a major obstacle for the preparation EMT
zeolites.’” *® Traditionally, EMT-type zeolites are prepared by the addition of an
expensive structure direct agent, namely 18- crown-6 ether. Recently, a template free
approach was developed for the synthesis of nanosized EMT zeolites.”> EMT
zeolites with a size of 50- 70 nm were synthesised under ambient conditions at 30
°C.

BEA-type zeolites also play an important role in catalysis. Traditionally, the
synthesis of zeolite BEA involves the use of structure-directing agents such as
tetracthylammonium.*> *' An alternative structure-directing agent used in BEA
synthesis is 4,4'-trimethylenebis(N-methyl-N-benzylpiperidinium).** Altering the
Si/Al ratio in the aluminium silicate gel from 14 to 42 yielded nanosized zeolite
BEA with a size of 30 to 50 nm at a synthesis temperature of 100 °C for 72 h.*}
Even higher yields of nanozeolite beta (57 nm) were observed from 18 to 21 Si/Al
ratios at 90 °C.** Using a template free approach, zeolite beta with a size of 400 nm

was synthesized at 100 °C.*

1.3 Synthesis of hierarchical zeolites

Hierarchical zeolites are another key area attracting considerable attention due
to the presence of larger pores often leading to improved catalytic activity as well.
To date, several different approaches have been used to synthesise hierarchical

zeolites.?!

They include removal of framework atoms, dual templating with
surfactants, hard templating methods, silanisation methods and other mixed

approaches. The physical characteristics of the secondary porosity depend on the

synthesis methods used.
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The first approach includes the removal of atoms such as Si or Al from the
zeolite structure to develop mesoporosity. The developed mesoporosity is dependent
on the atom removed from the structure. Although it gives rise to additional
mesoporosity, a large mass of the zeolite is dissolved and lost during synthesis. In
addition, the removal of the framework atoms can create vacancies and cause the
zeolite structure to collapse and also alter the acidic properties of the zeolite.
Alternatively, dual templating with surfactants is extensively employed, and is an
alternative procedure to the conventional synthesis methods.*® The technique
involves introducing a template for the synthesis of the zeolite and a surfactant for
the introduction of mesoporosity. The hard templating synthesis method involves the
use of sacrificial templates giving rise to the secondary porosity in the zeolite
products. The hard templates are removed after the synthesis by combustion or
dissolution. Employing this synthesis method has disadvantages including the hard
template being completely destroyed and high costs involved in scaling up. The next
approach involves the introduction of organosilanes (silanisation) to give rise to
additional mesoporosity.*’* Organosilanes react with silanol groups and form
functionalised organosilane silica. After calcination, the space previously occupied
by the organosilane is directly proportional to the developed mesoporosity.

Silanisation and T atom removal strategies has resulted in zeolite ZSM-5 with
superior properties in comparison to the hard templating technique.’® Lately, many
mixed approaches have been applied combining different methods to introduce
mesoporosity. One approach involves post synthesis treatment involving surfactant

and a base.’"> > Another involves the local rearrangement of zeolite framework.>-’
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1.4 Silver as antimicrobial agent

The constant rise of antibiotic-resistant bacteria and lack of new antibiotics to
treat infectious diseases are causing significant health concerns worldwide. Silver
has the ability to act on a wide range of microorganisms, including bacteria, fungi
and moulds.>® Its antimicrobial properties have been known since ancient times and
were excessively used in World War II to prevent wound infections. % Silver-
based materials have emerged as one of the most promising antibacterial
alternatives.’%® Many forms of silver include silver as an ion (e.g., silver halides,
silver sulphides, silver nitrates, etc.), others contain metallic silver (e.g., silver
nanoparticles), silver complexes and colloidal silver have been employed in many
materials to reduce bacterial colonisation. Silver additives (e.g., AgION, Zeomic,
etc.) have even been used within textiles, food packaging, clothing and deodorants to
eliminate bacteria. The mechanism of antibacterial action, issues and challenges in
the use of silver as antibacterial agent have been discussed in several excellent
reviews.’® % 6770 The silver mechanism of action with microbes have been discussed
in many studies and different mechanisms have been proposed. Firstly, it is proposed
in the Ag mechanism of action that bacterial cells, when in contact with silver, take
in the silver ion, which, binds with negatively charged components and cause
structural defects in bacteria that affect the bacterial cells viability.”'”* The second
mechanism suggests that when Ag" is released to an aqueous or humid environment,
it forms strong bonds with electron donor groups containing sulphur, oxygen,
nitrogen and interact with thiol groups (—SH) in the biomolecules causing the
bacteria cell death.”>””” The mode of action of silver raises a degree of controversy,
and is yet not understood clearly. Silver can enter the body via inhalation’® (dust and

fumes), contact with jewellery and in applications such as burn cream. Also, silver
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can enter the human body through the use of acupuncture needles,”” medical
devies,®® dental amalgams®! or accidental puncture wounds. The National Institute
for Occupational Safety and Health (NIOSH) established a Recommended Exposure
Limit (REL) of 0.01 mg m™ per 8 hours for silver compounds.®* For biomedical
application, the determination of the cytotoxicity of Ag zeolites is of paramount
importance, but such studies are rarely carried out. Greulich et al. have reported that
the toxic effect of silver towards bacterial and mammalian cell is similar.®* Zeolites
themselves have shown cytotoxicity depending on the zeolite type, dose and cells
used.?* # Ultrasmall, 8-18 nm EMT and LTL, zeolites have demonstrated absence of
cytotoxicity at concentrations between 100 and 400 ug mL™'.3 Two recent review

discuss aspects of nanozeolite cytotoxicity in more detail.®” 38

1.5 Antimicrobial applications of Ag zeolites

An 1on-exchange procedure with the counter-balancing cations in zeolites
allows ions such as silver (Ag") to be easily incorporated into the zeolite. Silver
metal has emerged as one of the most promising metals for the preparation of
antibacterial zeolites. The antimicrobial property owned by silver have been
established for decades, and Ag materials are effective against a wide range of
microorganisms (Table 1).”! 7> 899 Incorporating silver within a porous material
such as zeolite allows gradual release of silver to the environment.®- > Experiments
with Ag zeolite coatings submersed in distilled water for a year indicated that the
coatings retained their antibacterial activity and were capable of killing E. coli upon
repeated exposures.”® Direct comparison of different studies is often difficult because
of the different testing methods used. There are a number of established synthesis

methods for the introduction of silver into zeolites, but commonly it is introduced via
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ion-exchange from silver nitrate solution. ZSM-5 containing only 0.2 wt.% Ag
loading has been reported to be active against Staphylococcus aureus, °’ higher Ag
loadings, 2 wt.% and above, have been classically used.?- %> 9% 97101 Zhou et al. have
demonstrated that the Ag exchange procedure can be optimised to achieve higher
silver loadings compared to reported values.!”! The antimicrobial activity of Ag
zeolites could be further improved by introducing a second metal and Zn/Ag
containing zeolite Y showed good activity against bacteria and yeast.!? The
antifungal properties of Ag mordenite have been extensively studied for six
microorganisms, moulds and yeasts.!” Further, the antimicrobial properties of Ag-
zeolites were dependent on the zeolite structure (pore sizes, pore channel systems)
rather than the amount of silver exchanged in the zeolite.!”® Zeolites with a three-
dimensional pore system (beta) had proved to exhibit greater degree of antibacterial
activity compared to one-dimensional zeolites (MTW). The possible reason for this
result is that the three dimensional pore structure offers greater efficiency with
respect to the Ag released in the medium.®”> 1% It has also been noted that a variation
in the Si/Al ratio within the same zeolite-type structure, e.g., zeolite X (Si/Al ratio =
1.64) and zeolite Y (Si/Al ratio = 2.83), FAU-type structure, was found to influence
the minimum inhibitory concentration against bacteria, correspondingly.®® The
results were attributed to the presence of metallic silver in zeolite X.%

The zeolite crystal size is another parameter proposed to effect the
antibacterial efficiency but a direct comparison has not been reported to date. A
reduction of zeolite crystal size has been found to effect the antibacterial activity.”
The antibacterial tests indicated that the micron sized (1.5-5 pm) zeolite killed
Enterococcus faecalis, E. coli and Pseudomonas aeruginosa about 1.3-2 times more

rapidly compared to the nanosized (50-400 nm) zeolite. However, the effect of the
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zeolite characteristics, in particular particle size, on the antibacterial properties was
not the main focus of this work. Ag-exchanged zeolite A with a particle size between
1 and 3 pm showed higher antibacterial activity when challenged with E. coli in
comparison with zeolite A with a particle size between 2 and 5 pum,
correspondingly.'® The results were attributed to the differences in varying size
distribution of the zeolites.!® Sotiriou and Pratsinis have argued that smaller sized
particles can release silver ions at a comparatively faster rate, leading to a toxic
effect due to an increased silver concentration.!® The Ag form (Ag" or Ag’) of Ag-
zeolites has been found to effect the antibacterial activity.””> 1% 197 The antibacterial
activity of Ag zeolites increased with increasing the Ag content in parent ETS-10,
EMT and A, correspondingly, zeolites. In these works, six Ag zeolite samples were
tested, three after Ag ion-exchange at different levels, and three after subsequent
silver reduction. The samples prepared after Ag reduction showed higher activity,
although the conclusions from these studies were somewhat controversial.'%: 107
Although several studies have reported the antibacterial properties of Ag-zeolites

following reduction of the ion-exchanged silver,® % 108

a comparative study
between the two different forms of silver (Ag" or Ag®) has not been reported. The
antibacterial activity of six Ag zeolite samples were tested, three after Ag ion-
exchange at different levels, and three after subsequent silver reduction. The samples
prepared after Ag reduction showed higher activity.!” Further, it has been
demonstrated that the activity of silver nanoparticles was due to the aerobic release
of silver ions and that Ag® did not have any bactericidal properties.'®!'! From the
above it seems clear that the antimicrobial efficiency of silver zeolites depends on a

number of factors. Particularly important are (i) the silver form (Ag* or Ag®) and

content; and (ii) the zeolite structure, crystal size and Si/Al ratio.
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Table 1. Summary of experimental procedures used, Ag wt.% and microorganisms

tested in antimicrobial testing of Ag-zeolites.

Zeolite Ag Method Microorganisms tested Ref

wt.%
Zeolite BEA 0.7 Viable plate count  E. coli 103
Zeolite MTW 1.3
Zeolite A 2.2
Zeolite Y 9.7 Minimum E. coli 89
Zeolite X 9.8 Inhibition Bacillus subtilis

Concentration Saccharomyces
cerevisiae
Candida albicans

ZSM-5 na Viable plate count  S. aureus o7
Mordenite 15-20
(Pellet) wt.%
Mordenite 35 wt.%
(granular)
FAU 15.2 Viable plate count  E. coli 93
(micron sized) (Ag/Cu Ent. Faecalis
FAU wt.%) Ps. aeruginosa
(nanosized) 13.9

(Ag/Cu

wt.%)
Zeolite X 33.2 Minimum S. aureus 104
Zeolite A 37.3 Inhibition E. coli

Concentration P. aeruginosa

Bacillus cereus
Candida albicans
Candida glabrata
Aspergillus niger
Penicillium vinaceum
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1.6 Antimicrobial composites containing zeolites

Mixed matrix membranes (MMMs) combine the easy processability and low
cost of the polymeric materials with the high stability and permeability and/or
selectivity of the inorganic filler. The novelty of the concept of MMMs was to
combine the major properties of an inorganic filler with a polymer to overcome the
shortcomings of both types of materials. Zeolites are often used as inorganic fillers
due to their attractive properties, such as; (i) rigid framework with high chemical,
mechanical and thermal stability and (ii) high surface areas and micropore systems

with slow antimicrobial release rates.!!?

Multifunctional materials based on Ag
zeolites, can be already found in the literature.!'® In organic-inorganic composites,
Ag-zeolites are introduced to reduce as well as prevent bacterial colonisation on
surface of polymeric materials. Although inorganic fillers introduce enhanced
properties such as thermal and mechanical characteristics, poor interfacial interaction
is observed between zeolites and the polymer interface. Poor interfacial interaction
leads to defects at the interface such as voids.!'"* ''> To overcome the existing
defects, different factors such as zeolite particle size, zeolite loading and zeolite
surface characteristics have to be optimised.!'® However, to eliminate the interfacial
defects (voids), introducing a coupling agent, which creates a chemical bridge
between the filler and the matrix is considered a vital step to improve the
compatibility between the phases. Ag-zeolites have been studied as additives in
various biocompatible polymers at loadings of 1-10 wt.%.”" 17133 The work of
Pehlivan and co-workers showed that the presence of a coupling agent significantly
improved the filler-matrix adhesion, however, the antimicrobial efficiency of the

MMMs prepared were not reported in their work.'?? Silanes are recognised to

extensively improve filler-matrix adhesion studied for the preparation of zeolite
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containing composites.'?% 13* 135 In spite of numerous research representing the need
of surface modification of inorganic filler to eliminate the occurrence of interfacial
incompatibility (leading to poor dispersion in the matrix), Ag zeolites have rarely
been modified prior to composite fabrication.!'$ 119 121 123-125 Often  only
antimicrobial properties have been studied without determining how the mechanical
properties of the composites changed upon Ag zeolites loading. !'> 123 124 The
beneficial role of Ag zeolite compound as additives in a number of medical
appliances like catheters may be cited as examples to deliver microbial resistance. It
is observed that on routine use of catheters, microbial growth on the surface of the
catheters is a common problem and impregnation with Ag zeolite has been effective
to address the above stated problem to a significant extent.!’® In the case of
removable dentures fabricated from dental acrylic resins, it has been observed that
such dentures are very susceptible to bacterial colonisation and incorporation of the
antimicrobial additives compounds has solved the problem to a considerable
extent.!3”1%% Oral candidiasis is the most common infection involving oral mucosal

tissues in complete denture wearers.!!

Although incorporating antimicrobial
additive such as Ag-zeolites have the potential to bring direct benefit to denature

wearers, there has been limited studies in this area.

1.7 Silicone elastomers

Silicone elastomers, also known as ‘polydimethylsiloxanes’ are elastic
substances which  contain linear silicone polymers crosslinked in a three-
dimensional network.!>? Elastomers display natural rubber-like properties; once
stretched the elastomer reverts to its original shape. Elastomer main characteristics

are: (1) the elastomers consists of long chains, (ii) a flexible Si-O-Si backbone and
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(iii) the crosslinks prevent the chains from sliding.!> In general, silixones are known
for their low temperature and high temperature resistance, biocompatibility, and

hydrophobic behaviour.!>

The traditional approach to form elastomers is to crosslink silicones. There
are a number of routes to crosslink silicones. The most popular routes include room
temperature vulcanisation (RTV) and high temperature vulcanisation (HTV). RTV
systems are able to cure at room temperature and HTV systems cure at temperatures
above 100 °C. The RTV system is mainly comprised of two component materials
and cure at room temperature with a catalyst (RTV-2) or cure with water at room
temperature (RTV-1).> The RTV-2 system (used in this study) are either
condensation (polydimethylsiloxanes are reacted with a crosslinker) or addition cure
systems. The principle of the addition reaction process (used in this study) involves
2-polydimethylsiloxanes crosslinked using a catalyst. Most common addition curing
RTV systems are available in mixing ratios of 1:1, 9:1 or 100:1. Variable mixing
ratios are possible. The system starts to cure once a platinum compound is added as a
catalyst.!>® Silicone elastomers are widely used, in medical device production such

as catheters, tubing for dialysis and transfusion equipment.”®

1.8 Acrylic resins

Denture bases are fabricated with poly(methylmethacrylate) (PMMA) resins
with a degree of crosslinking.!”” The PMMA resin consists of long chains of
methylmethacrylate (MMA) repeated units. Free radical polymerisation of MMA
repeated units result in the formation of PMMA. Dental acrylic resins have been

used since 1936 due their low cost, satisfactory aesthetic and biocompatibility in oral
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environments. Dental resins are useful in dentistry because they can be shaped and
moulded and then transformed to a solid that can take a permanent shape when they
polymerise. The ‘dough-technique’ is used to fabricate dentures, whereby a powder-
liquid system is used. The powder consists of the polymer: polymethylmethacrylate
beads (produced by suspension polymerisation), initiator (approx. 0.5 % benzyl

peroxide) and pigment (iron or cadium salts).!>®

The liquid component
(methylmethacrylate major component) is added to the powder (typically 1:2 ratio)
to form a dough which can be moulded. The International Organisation for
Standardisation (ISO 20795-1:2013) specifies requirements for denture base
polymers (BS EN ISO 20795-1:2013). The ideal requirements of denture base

polymers are listed below: >’

Physical properties: Denture base polymers should match the appearance of natural
soft tissues. The glass transition temperature should take into an account of
temperature ranges in the oral cavity. The material must be radiopaque to enable

detection of denture if swallowed.

Chemical properties: In the oral cavity, the polymer should be inert. Absorption of
oral fluids can cause an alteration in the mechanical properties. This may cause
crasing and dimensional change. The polymer should be insoluble, chemically inert

and of low water absorption.

Biological properties: The polymer upon set should be non-toxic and non-irritant to
the patient. If absorption of fluid occurs, the denture base should prevent bacterial

colonisation.
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Mechanical properties: Denture base polymers should have high yield stress,
modulus of elasticity and sufficient flexural strength, to resist the occurrence of

midline fracture.

1.9. Antimicrobial composites
1.9.1. Antibacterial silicone elastomers

Silicone elastomers are usually associated with a widespread range of
applications but in particular medical devices. A major concern associated with
medical devices are microbial infections.!*® Silicone elastomers contain a strong O-
Si-O backbone, the backbone gives silicone elastomers its unique performance
properties biocompatibility, high flexibility, ease of fabrication, chemical and
thermal resistance. A significant number of studies have focused on surface
modification, whereby biocide(s) are chemically attached to the polymer’s surface to
prevent and reduce bacterial colonisation. Surface modifications with organosilanes,
quaternary salts and crosslinking polymers have given rise to silicone elastomers
with antibacterial activity.!*!®* For instance, quaternary salts were used to reduce
and prevent biofilm formation.!®® The significant antibacterial activity observed was
attributed to the positive charge on the quaternary ammonium which strongly binds
to the negative bacterial cell wall causing structural damage. Another strategy
involves impregnating a hydrogel network of cross-linked poly(2-hydroxyethyl
methacrylate) embedded in silicone elastomers for a long term sustained drug release
at loadings of 1-25 wt.%.!9 1% Often, only the antibacterial properties have been
studied without assessment of the mechanical properties of the antimicrobial

elastomers. The modification of silicone elastomer with Ag zeolites has rarely been
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studied. A study using Ag/nano TiO; incorporated in silicone elastomers has shown
that the materials had great antimicrobial efficiency when challenged with
Staphylococcus aureus.'®” Loadings of up to 10 wt.% showed increased antibacterial

activity with increased loading. Again, mechanical properties were not reported.

1.9.2. Antibacterial dental acrylic resin

Dentures are installed in patients to restore dental and other functions
affected by tooth decay, including facial prosthetic appearance. However, the
insertion of prosthetic devices in the oral cavity affects the oral microflora resulting
in accumulation of microorganisms on the surface of denture acrylic resins. This can
lead to a number of oral diseases, which would require medical treatment and
eventually replacement of the denture. Thus, the introduction of antimicrobial agents
in dentures that do not influence the denture characteristics would be highly
beneficial. Such dentures will have the potential to reduce the need to take
medication and reduce additional costs linked to denture replacements. Silver is the
most popular metal of choice for preparation of antibacterial polymers. However,
limited research is available on incorporating Ag additives into dental acrylic
resins.!?® A few studies using Ag nanoparticles have been published in the
literature.!47- 148, 168, 169 Dyifferent concentrations of Ag in dental acrylic gave rise to
antibacterial activity.'®® Introducing Ag nanoparticles with sizes ranging from 1 to
100 nm showed a high antimicrobial efficiency towards C. albicans.'*® Holtz et al.
incorporated Ag vanadate containing Ag nanoparticles at 0-10 wt.% loading into
dental resins.'®® The composite showed strong efficiency against Staphylococcus

aureus, Pseudomonas aeruginosa and C. albicans. Ag nanoparticles at loadings of
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0.2 and 0.5 wt.% incorporated in dental acrylic resins showed antibacterial efficiency
against Streptococcus mutans with 52.4% and a 97.5%, correspondingly, bacterial

inhibition.'*’

The use of Ag-zeolites as an antimicrobial additive for biocompatible dental
acrylic resins has rarely been used. The impregnation of silver-zinc containing
zeolite at a loading 2.5 wt.% in dental acrylic resins displayed significantly high
activity against microorganisms.'?® However, the mechanical properties of the
composite significantly decreased upon increasing the Zn/Ag zeolite loadings.
Further, a significant reduction in the flexural strength of Zn/Ag zeolite incorporated
in dental acrylic resins at a 10 wt% loading was determined.!*® Although
incorporating antimicrobial additives is of great benefit in reducing bacterial
colonisation, reduction in flexural strength can risk fracture in oral cavity. An
alternative method to Ag additives is to employ polymer poly(2-tertbutylaminoethyl)
methacrylate, in which the amine in the methacrylate backbone reduced bacterial

colonisation.'?®

1.10. Zeolite functionalisation

A strategy to overcome poor filler-matrix adhesion is via chemical treatment
(such as silane treatment).!”® Y,SiR4.n is the general formula for silanes, where R are
easily hydrolysable groups (such as methoxy or ethoxy) and Y is a functional
organic group (non-hydrolysable groups), capable of interaction with surface silanol

1

groups, respectively.!”! Silyation is conducted either through hydrolysis or a

condensation reactions such as as:
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Hydrolysis reaction:

YSi(O—R); + 3H.O —> YSi(OH); + 3ROH
Condensation reaction:

=Si—OH + YSi(OH); —> =Si—0—SiY + Hx0
The coupling agents used in this study to modify zeolite samples are 3-

(Trimethoxysilyl)propyl methacrylate (Figure 2) and vinyl silane (Figure 3).

(')CH3 O

Hsco_?;c?/\() CH2
° CH3

Figure 2. The chemical structure of 3-(Trimethoxysilyl)propyl methacrylate.

H2C\ (I:HS
\—sli—CH3
CHs

Figure 3. The chemical structure of vinylsilane.

1.11. Characterisation methods

1.11.1. Scanning electron microscopy

Scanning electron microscopy (SEM) is an analysis technique, which is commonly
used in zeolite studies to determine the zeolite crystal size, morphology and the
presence of impurities. The SEM consists of an electron gun, electron lenses, scan
coils and detectors.!”? The electron gun generates a beam of electrons from a cathode

or filament made of tungsten or LaB¢. The electrons escape at high voltage from the
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filament. The interaction with the sample and the electron beam generates different

signals, see Figure 4.

SE
BSE Auger

— EBIC

/ \4 Inelastically scattered e

Elastically scattered e

Transmitted electrons

Figure 4. Overview of the different signals generated when an electron beam

interacts with a specimen.

In SEM, secondary electrons generated are used for the fabrication of images. The
fine beam of electrons is scanned across the specimen by the scan coils and the
number of secondary electrons produced from each point of the sample is counted by
a detector. At the same time, the spot of a cathode ray tube (CRT) is scanned across
the screen and the brightness of the spot is determined by the amplified current from
the detector. The electron beam and the CRT spot are both scanned in a similar way

to a television receiver, i.e. in a rectangular set of straight lines (a raster).
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1.11.2. Energy-dispersive X-ray spectroscopy

Energy-Dispersive x-ray spectroscopy (EDS or EDX) is a chemical
microanalysis procedure used in combination with the scanning electron microscope.
Energy-Dispersive X-ray spectroscopy finds its application in estimating the atomic
% of an element present within a compound. The atomic % of elements present in
the periodic table starting from sodium to uranium can be detected by the utilisation
of the the EDS technique.'”> One or multiple peaks can be related to each element.
Hence for the purpose of calculation of the concentration of the element present
within a compound, it is required to evaluate the line intensities of every element
present in the sample and also for the same element in calibration standards of

known concentrations.

1.11.3. X-ray diffraction

X-ray diffraction (XRD) is a method used to identify the phase(s) present and
to determine the degree of crystallinity. In this technique, X-rays are focused
through a specimen; they are diffracted in all possible directions by the atoms in the
structure. When destructive interference occurs, the waves will be refracted in all
directions such as in amorophous materials. In a constructive interferance, atoms in a
crystal are arranged in a regular pattern, and the waves will be scattered in a very

few directions (Figure 5).
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Figure 5. The diffraction of X-rays (constructive interference).

Braggs Law states that these waves could be used to evaluate the distance between
the planes. Complex interference is achieved when the length AB + BC is similar to
the entire whole number of wavelength.!” To determine the distance between two

crystal planes, Bragg’s law is used:
2d sin 6 =nA

where 0 is the deflection angle, d is the lattice spacing, A is the wavelength and n is

the order of reflection.'””

1.11.4. Gas adsorption

Gas adsorption is used to estimate the surface area of solids. Adsorption
isotherms give the amount of gas adsorbed by a solid at a constant temperature.
Usually nitrogen is used as an adsorptive gas and the isotherms are measured at -196
°C. The monolayer capacity can be determined from gas adsorption data using

different models. The most commonly used model is the BET (Brunauer, Emmet and
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Teller) model and the surface area calculated using this model is called the BET

surface area.

Based on the shape of the adsorption isotherms measured for different types
of solids, the adsorption isotherms have been classified into five types according to

the Brunauer, Deming, Deming and Teller (BDDT) system (Figure 6).!7¢

1 | m P IV |V
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Figure 6. The five types of adsorption isotherms; a is the amount of gas adsorbed

and P/Py is the partial pressure.

Type I — characteristic of microporous adsorbents such as zeolites and metal organic

frameworks.

Type II — nonporous or macroporous adsorbents; at point A monolayer coverage is
complete and multilayer adsorption begins; point A can be used for a rough
estimation of the surface area — the larger the y-axis value corresponding to point B

is the larger the surface area would be.

Type IV — typical of mesoporous adsorbents such as ordered mesoporous materials;
it is characterised with a hysteresis loop formed as a result of the different adsorption
/ desorption behaviour at certain relative pressures associated with capillary

condensation of the gas in mesopores.
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Type III and V (rare) — adsorptive molecules have greater affinity for one another

than they do for the solid; valueless in surface area and pore analysis.

1.11.5. Fourier transform infrared spectroscopy

Fourier transform infrared spectroscopy or FTIR is a technique that finds its
application in the process of obtaining infrared spectrum of absorption, emission,
photoconductivity or Raman scattering phenomena of an experimental sample
(solid/liquid/gas). The major components of the FTIR spectrophotometer are a light
source, beam splitter, static and movable mirror. The process involves passing a light
beam over an experimental sample. The beam of light emitted from the light source
has a wavelength falling into the region of infrared to electromagnetic spectrum.
Partial absorption of the infrared wavelength occurs with some part of the
wavelength being transmitted. The obtained data or reading indicates the molecular
absorption of bonds in a particular chemical group and hence the molecular
fingerprint of the experimental sample is obtained.!”” Diffuse reflectance infrared
Fourier transform spectroscopy or DRIFTS is a type of Fourier transform infrared
spectroscopy (FTIR). The advantage of DRIFTS over standard FTIR methods no
sample preparation required. It eliminates pellet pressing thus eliminating the risk of
modifying the chemical nature of the sample before analysis. Also, DRIFTS is more

surface specific in the 1200-400 cm™ middle-IR region.'”

1.11.6. Raman Spectroscopy

Raman Spectroscopy is a technique used to observe molecular vibrations,

rotations, and other low-frequency modes in a system. In this technique, samples are

46



irritated with a monochromatic light source (i.e. laser). Upon interaction with the
molecule, a photon may be elastically scattered; this gives rise to the Rayleigh line.
Interactions may, however, be inelastic. The molecules in the sample can undergo a
quantum transition causing their electrons to be excited to a virtual energy state, with
the result the photon loses energy and is scattered to a lower frequency (Av
negative). This scattering process is known as Anti-Stokes scattering (Figure 7). If
the molecule is already in an energy level above its lowest, an encounter with a
photon may cause it to undergo a transition to a lower energy, in which case the
photon is scattered with increased frequency (Av positive). This scattering process is
known as Stokes scattering.!”® 180 Thus, we see that a Raman spectrum consists of
the intensity of the scattered radiation plotted as a function of wavenumber.
Molecular vibrations induced by inelastic scattering can only be Raman active if
there is a change in the polarisability of the molecule. The symmetry of a molecule
determines which vibrations are Raman active. Symmetric vibrations are much more

intense when compared to anti-symmetric vibrations in Raman spectroscopy.'®!

1
Rayleigh Stokes Anti -
scattering ~ Raman Stokes
scattering ~ Raman
scattering

Figure 7. Schematic illustration of the Rayleigh, Stokes and Anti—Stokes scattering

processes.
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1.11.7. Dynamic light scattering

Dynamic light scattering or DLS is a procedure that is applied to estimate the
size distribution profile of minute particles present as suspension or polymers in a
particular solution. The initial step of this process involves sample irradiation and
this is subsequently followed by the phenomena of light scattering also known as the
Rayleigh scattering phenomena. The colloidal particles undergo random kinetic
motion or Brownian movement due to continuous collision with the surrounding
particles and also with the medium. The value obtained by the process of DLS is
represented as the Z-average value. With reference to the Rayleigh scattering
phenomena it may be stated that the amount of light scattered by a single molecule
of the experimental sample is directly proportional to the sixth power of the radius of

the experimental sample. !

1.11.8. Thermogravimetric Analysis

Thermogravimetric analysis (TGA) is an analytical technique used to
determine the mass change as a function of temperature. A TGA analyser consists of
an extremely accurate balance (+£0.0005g) mounted inside a furnace, which
continually records the mass of a sample during the experiment. Alternatively, when
temperature is kept constant and the change of mass is measured it is known as
isothermal or static thermogravimetric. The data obtained gives information about
properties such as thermal stability, moisture content or solvent and decomposition
temperature and rate.'®> TGA is used for zeolite analysis to determine water content,

organic template content and phase transformations.
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1.11.9. ICP-AES

The process of inductively coupled plasma atomic emission spectroscopy
(ICP-AES) is also designated as inductively coupled plasma optical emission
spectroscopy or ICP-OES is an example of an analytical method that is utilized for
the detection of trace metals. The primary steps involved in ICP-AES include sample
nebulisation by spraying the sample with aerosol or argon gas.'®* The aerosol is
introduced into the plasma. The electron of the experimental sample attains an
excited state and jump to the higher energy level. On returning to the ground state it
is observed that the experimental sample emits radiation of electromagnetic
radiation. By subsequent separation of the photon wavelength the concentration of
the experimental samples can be estimated. It is evident that the emission intensity is
variable in nature and all elements except argon can be detected by the process of
ICP-AES. Considering the case of alkalis with presence of elements like sodium,
potassium, rubidium and caesium are difficult to be detected by this procedure due to

weak emission property. The detection limits range from 1-100pug dm™.'%

1.11.10. Mechanical testing

The process of mechanical testing of an experimental object can be executed
with the help of tensometer. This instrument can be utilised in estimation of the
tensile strength and Young’s modulus of a sample. The tensile strength can be
represented as force applied per unit area sufficient to break the experimental sample
(Figure 8). The process applied by tensometer involves the loading of the sample and

subsequent application of force. A hydraulic arm is present in the tensometer. As
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force is exerted over the experimental sample tensometer measure the tensile

strength of the sample.'%

Ultimate tensile strength

Stress
(Mpa) X

Failure (fracture point or
tensile point)

v

Strain (%)

Figure 8. Tensile stress-strain diagram

The process applied by tensometer involves the loading of the sample and
subsequent application of force. For tensile testing, dumbbell specimens are cut. The
exact shape and width of the specimen is dependent on the material used. The tensile
strength of samples of variable size and dimensions can be estimated with the

application of this mechanical testing procedure.'®’

1.12. Microorganisms and methods for determination of the antibacterial activity

Bacteria are unicellular organisms that are too small to be seen with the human eye
(cell diameter range approximately 0.5 um - 20 pm), and therefore fall under the
classification of microorganisms. Bacteria are examples of the prokaryotic cell. In
general, prokaryotic cells are those that do not have a membrane bound nucleus.
Bacteria can be distinguished into two subgroups based on structural characteristic:

Gram-positive and Gram-negative bacteria.'®® The names derive from the Danish
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scientist Christian Gram, who, in 1884 developed a rapid staining technique that can
differentiate bacteria as belonging to one of the two basic types based upon colour
reactions. In Grams staining procedure cells are stained with crystal violet and iodine
then washed with alcohol, which decolourises Gram negative bacteria. As for Gram

positive bacteria the retain the deeper purple of the crystal violet-iodine complex.

1.12.1. Gram-positive bacteria

In Gram positive bacteria, the shape and integrity of the cell is maintained by
a thick single layer of peptidoglycan. As much as 90% of the Gram-positive wall is
composed of peptidoglycan. Some Gram-positive bacteria have a single layer of
peptidoglycan, many others have several layers of peptidoglycan stacked one upon
another. They also contain acidic molecules called teicholic acids in their cell walls
which provides rigidity. Gram-positive bacteria take up the crystal violet stain used
in the Gram staining test, and then appear to be purple-coloured when seen through a
microscope. In contrast to the Gram-negative bacteria, the Gram positive cell wall is
typically much thicker. S. epidermidis are one of over 40 species belonging to the
genus Staphylococcus. S. epidermidis is a Gram positive cocci, about 1-2 mm in
diameter after overnight incubation. Species of Staphylococcus commonly occur on
the skin surface. S. epidermidis has gained significant interest with prosthetic

189

implants infections such as hip and knee replacements '* and medical devices.'*°

1.12.2. Gram-negative bacteria

Gram-negative bacteria have a much thinner inner 2-7 nm peptidoglycan

layer and outer membrane (7-8 nm thick), making the walls less sturdy. In Gram
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staining procedure, Gram-negative bacteria loose the crystal violet stain and appear
pale pink when seen through a microscope. E. coli, a Gram negative bacteria, is a rod
shaped bacterium, about 3um in length and 1pm in diameter.!”! In contrast to the
Gram-positive bacteria, E. coli does not present a coat of peptidoglycan in the cell
wall. E. coli is the organism commonly contaminating catheter and in particular

catheter related urinary tract infections.'?

1.12.3. Fungi

Fungi are large, diverse, and widespread group of organisms, consisting of
mold, mushrooms, and yeasts. Fungi reproduce by asexual means in one to three
ways: (1) by the growth and spread of hyphal filaments; (2) by the asexual
production of spores; or (3) by simple cell division, as in budding yeasts.!”* C.
albicans is fungi that grows as a yeast. Asexual reproduction occurs among yeast. In
this process, the parent cell divides, either equally or unequally, to produce one or
more offspring’s that develop into mature forms. Binary fission is a type of cell
division. Although some fungi also reproduce asexually by budding. In budding, a
new individual is formed either at the surface or in an internal cavity. C. albicans is a
recognised human pathogen and is usually associated with infections involving

implants of the oral cavity.'**
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1.12.4. Bacterial growth

When a culture of bacteria is added to a fresh medium and the cell
concentration is periodically measured, then a curve describing the change in cell

number against time can be drawn. This curve is called the growth curve (Figure 9).

Log viable B
bacteria/mL A

Time
Figure 9. Growth curve for bacteria with its four distinct phases, Lag (A), Log (B),

stationary (C), and death phase (D).

The typical growth curve of a bacterial culture (or other microorganisms,
such as yeasts) begins with the lag phase. The lag phase represents what appears to
be the transition period for bacteria transferred to a new environment. At this stage,
the bacteria are producing the necessary enzymes so that they can grow in the new
environment. While there is a no increase in cell numbers, there is a significant
increase in the size of individual cells, with increases in cell protein, DNA and
overall metabolic activity. In the log phase, the number of cells increase, cell
division occurs at a maximal rate. At some point, the growth rate begins to taper off
and the stationary phase starts. Here the growth and death rates are more nearly
identical and a fairly constant population of viable cells is achieved. After a short

period, the death phase is observed. During this period the number of viable cells
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decreases, this situation will continue until the number of cells is very low and

remain almost constant for a time.

1.12.5. Methods for determination of the antibacterial activity

There are a number of ways of to measure the antimicrobial efficiency of
antimicrobial agents (Contact kill, Inductively Coupled Plasma Atomic Emission

Spectroscopy (ICP-AES) or ion release, Minimum Inhibitory Concentration (MIC),

Minimum Bactericidal Concentration (MBC) and Zone Of Inhibition (ZOI)., each
with their own advantage for specific purposes.’ 891959 Tq assess the efficiency
of Ag zeolite antimicrobial (used in this work) activity, a viable bacterial counting
technique was used, which involves the removal of the bacteria from the surface by
sonication and quantifying them by colony counting on agar plates. The viable plate

count method used in this work was selected according to ISO 22196 standard.

1.12.5.1. Viable plate count method

Viable counts are carried out to count the number of living microorganisms
in a sample that are capable of developing colonies on a suitable solid agar medium
195 Serial dilutions of the bacterial suspension are conducted to ensure an
appropriate number of colonies are counted. The serial dilution are transferred to a
sterile solid agar medium either by a spread method or pour plate method. The agar
plate are incubated so that the bacteria can reproduce. The formation of visible
colonies generally takes 16 to 24 hours, depending on the microorganism used. For

accuracy, it is recommended not to count colonies fewer than 30 or more than 300. It
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is assumed that each colony arises from an individual bacterial cell. Therefore by the
counting the number of colonies that develop, the colony forming units (CFUs) can

be calculated according to the formula:
"CFU mL'= Number of colonies x Dilution Factor" /(Volume plated in mL)

A drawback of the viable count procedure, is that there is no set of incubation
condition and medium compositions that permit the growth of all bacteria types.
Tiny colonies can be missed during the counting stage. The results are the probable
number of bacteria, and not the exact number since more than one organism may

produce a single colony. Also, accurate results require many replications.!*°

A surface viable count ‘miles and misra method’ is a technique used in
microbiology, allowing quick comparison of the antimicrobial efficacy of samples
with a similar nature. A faster and more economical alternative to standard plate

count method. This technique was used to compare Ag zeolite powder samples.

1.12.5.2. Minimum inhibitory and minimum bactericidal concentration

Minimum inhibitory concentration (MIC) is the concentration that will
inhibit the growth of challenging microbe after incubation. Diffusion assays,
containing a serially decreasing amount of antimicrobial agent are added to suitable
growth medium with inoculated bacteria. After incubation all samples are examined
for growth. The last concentration which produces no visible growth is scored as
MIC. Determining the minimum bactericidal concentration (MBC) requires
inoculating a second set of assays agar plates with inocula taken from assays

without bacterial growth. After incubation, plates without growth represent the
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antibacterial agent concentrations that kill the test microorganisms. The technique is

used to confirm resistance and in vitro activity of new antimicrobials.

1.12.5.3. Cytotoxicity tests

Cytotoxicity refers to an agents that disrupt or destroy cells. A cytotoxic
agent may be genotoxic (causing DNA damage), mutagenic (causing gene mutation)
or it may be harmful for cell organelles (e.g. cell membrane) or it may even be
teratogenic. The test conducted to quantify the toxicity level of a biological
experimental sample is designated as Cytotoxicity test. This procedure involves the
quantification of viable cells after a specific period of incubation. This test is found
to be very effective in analysing the toxic effect on living cells. Induced cellular
necrosis or apoptosis are the significant steps of this particular test. ' A surrogate
marker is applied in order to highlight the viable cellular population when compared
with the untreated control sample. While it can be measured in a number of different
ways, assessing cell viability through the use of vital dyes (formazan dyes), protease
biomarkers or by measuring ATP content are some of the most commonly used

methods in determining cytotoxicity. 1%
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1.13. Aims and objectives

1.13.1 Aim

The primary aim of this thesis was to investigate the antibacterial applications of Ag

zeolites in powder form (Section 1.5) or as additives to polymers (Section 1.6).

1.13.2 Objective

e To identify convenient screening technique allowing the comparison of the

antimicrobial efficacy of samples, for which great differences in the

antimicrobial properties are not expected.

e To apply the technique developed to compare the antimicrobial efficacy of

Ag zeolites (powder form) of different crystal size and also to study the

influence of mesoporosity.

e To assess the efficiency of antimicrobial Ag zeolite containing polymers.

e To characterise polymer before and after addition of zeolites: mechanical

properties, compatibility between the zeolite and the organic matrix

depending on the presence or absence of organic modification of the zeolites,

discolouration and Ag loading.

e To overcome discolouration problems of the polymers when loaded with Ag

zeolites.
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Chapter 2. Experimental

2.1. Synthesis of zeolites
2.1.1 Synthesis of zeolite X

Three samples of zeolite X were prepared in this work and denoted as X1, X2
and X3 for convenience. Sample X1 was prepared from a gel with the molar
composition 5.5Na;0O : 1.0A1203 : 4.0Si0> : 190H20 using NaAlO; (Fischer), NaOH
(Alfa Aesar), fumed silica (Aerosil 200, Degussa) and distilled water. ' The
mixture was stirred at room temperature for 24 h, transferred to a polypropylene
reactor and hydrothermally treated at 60 °C for 4 days. After the synthesis, the
sample was purified by three-time centrifugation and redispersion in distilled water

and dried at 60 °C overnight.

Sample X2 was prepared from a gel with the molar composition 8NaOH :
0.2A1,03 : 1.0Si0; : 200H,0 as described previously.'* The precursor gel was

transferred to a Teflon-lined autoclave and treated at 110 °C for 3 h.

Sample X3 was prepared from a gel with the molar composition 8NaOH :
0.2A1,03 : 1.0SiO2 : 200H2O as described previously. The precursor gel was

transferred to a Teflon-lined autoclave and treated at 80 °C for 24 h.

2.1.2 Synthesis of zeolite beta

Three zeolite beta samples were synthesised in this work, samples B1, B2 and
B3. Zeolite beta samples B1 and B2 were synthesised form a clear precursor solution
with the molar composition 0.3Na;0O : 9TEAOH : 0.5A1203 : 255107 : 489H,0 using

aluminium isopropoxide (Alfa Aesar), silica sol (Bindzil 30/220, EKA Chemicals),
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tetracthylammonium hydroxide (20 wt.% aqueous solution, Alfa Aesar) and distilled
water. Sample B1 was prepared by hydrothermal treatment at 150 °C for 48 h,
whereas for sample B2 the crystallisation was performed at 170 °C for 38 h. Both
samples were purified by three-time centrifugation and redispersion in distilled water
and dried at 60 °C. The organic template was removed by calcination at 550 °C for 5

h after heating to that temperature at a rate of 10 °C min™.

A mesoporous zeolite beta sample, sample B3, was synthesised according to the
procedure reported by Zhu et al. employing poly(diallyldimethylammonium
chloride) (PDADMA) (20 wt.% in water, Aldrich) as a template.’”® A gel was
prepared with the molar composition 45Si02 : Al,O3 : 10Na;O : 2258H20 : 7.5
PDADMA using fumed silica (Aerosil 200), sodium aluminate, NaOH and
PDADMA. The gel was stirred for 12 h at room temperature, transferred to an
autoclave and crystallised at 180 °C for 96 h. The powder obtained was collected by
filtration, dried at 100 °C, and calcined at 550 °C for 5 h as described above to

remove the organic template.

2.1.3 Synthesis of EMT zeolites

The EMT-type zeolite, sample E, was prepared from a clear precursor
suspension with the molar composition 5.15S102 : 1A1,03 : 18.45Na,0 : 240.3H,0.
The suspension was continuously stirred for 10 min at room temperature and then
kept at 30 °C for 36 h. This sample was kindly provided by Prof. Svetlana Mintova

from the University of Caen, France.?’!
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Table 2. Synthesis conditions for the zeolites used in this work.

Ref  Sample  Zeolite Molar composition Hydrothermal
treatment
199 X1 X 5.5NaO : 1.0A10s; : 4.0Si0; : 60°C/4d
190H20
14 X2 X 8NaOH : 0.2ALO3; : 1.0Si0> : 110°C/3h
200H20
X3 X 8NaOH : 0.2ALO3; : 1.0Si0> : 80°C/24h
200H20
41 B1 Beta 0.3Na2O : 9TEAOH : 0.5AL0O; : 150°C/48h

25810, : 489H,0

B2 Beta 0.3NaxO : 9TEAOH : 0.5A1,03 : 170°C/38 h
2585103 : 489H,O
200 B3 Beta 455103 : A1203 : 10Na20 : 2258H,0 180 °C/96 h
: 7.5 PDADMA
202 E EMT 18.45Na0 : 1.0A1,03 : 5.15Si0; : 30°C/36 h.
3H,0

2.2. Preparation of Ag zeolites

2.2.1 Ag-X and Ag-beta zeolites

For the preparation of the Ag-exchanged silver zeolites, the as-made zeolites
X or calcined beta zeolites were added to 0.05 M silver nitrate solution (AgNOs3,
Alfa Aesar) at a weight ratio of 1 to 20. The slurry was stirred for 72 h at room
temperature. The Ag-exchanged zeolite (AgX) were filtered or centrifuged, washed

repeatedly with distilled water and dried at 60 °C overnight.
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2.2.2 Ag-EMT zeolites

The Ag- EMT zeolites, were provided by Prof. Svetlana Mintova from the
University of Caen, France. The ion-exchange process was performed as follows: 20
mL silver perchlorate solutions with a concentration of 0.05 M were added to three
dispersed EMT zeolite suspensions (7.5 wt.%, 12 mL) and kept for 2 h, 4 h and 6 h.
The ion-exchanged samples were purified three times via high-speed centrifugation
and redispersed in distilled water. The silver nanoparticles (Ag NPs) in the EMT
zeolite suspensions (2 wt.%, 7 mL) were obtained under microwave reduction (120
°C, 10 min, 1000 W) in the presence of a triethylamine as a reducing agent
(N(CoHs)3, 2 mL). The reduced suspensions were again purified three times and
finally dispersed in water. The as-made zeolite suspensions before and after
reduction are abbreviated as Ag'-EMT 2 h, Ag"-EMT 4 h and Ag"-EMT 6 h and
Ag’-EMT 2 h, Ag’-EMT 4 h, and Ag’-EMT 6 h, respectively, according to the

different ion-exchange times used (2, 4 and 6 hours).

2.3 Functionalised Ag-zeolites

Organic modification of the AgX zeolites (sample X3) was performed as
appropriate prior to their use as additives in polymers. For the preparation of the
functionalised silver zeolites, 2 g of AgX were mixed with 20 g of 10 wt.% solution
of 3-(trimethoxysilyl) propylmethacrylate (GE Bayer silicone) or triethoxy-
vinylsilane (97%, Sigma-Aldrich) in cyclohexane (Fischer) and stirred for 30 min at
room temperature. The zeolite was then washed several times with cyclohexane by

decanting. The modified zeolites were dried at 50 °C for 72 h. All procedures were
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performed in the dark using foil to cover glassware. The two organically-

functionalised samples were labelled as Ag-X /M and Ag-X / V, respectively.

2.4 Synthesis of polymer composites

2.4.1 Silicone elastomers

Silicone elastomers (SE) were prepared from samples of M511 maxillofacial
(Technovent, UK). The elastomers were prepared using a mixture consisting of
29.106 g of Part A (Silicone polymer with Si-H groups) and 3.234 g of part B (vinyl
functionalised dimethyl silicone polymer, plus Pt catalyst). The system components
were mixed for 60 s under vacuum using Multivac 4 (Degussa AG, Germany). After
a resting time of 15 min, the uncured SE was spread into a 13 cm x 13 cm x 1 cm
metal mould using a pallet knife. The mould was placed on a vibrating table for 10-
15 minutes to bring the air bubbles to the surface, the bubbles were burst using a thin
wire. The moulding was cured at room temperature for 24 h. After curing, the SE
was removed from the steel mould and stored in a polythene bag. A melinex sheet
was used in the mould to ease the recovery of the cured SE. Zeolite-containing
silicone elastomers were prepared similarly after adding 2 wt.% zeolites (X3) to the
uncured SE mixture. SE containing NaX, AgX, M-AgX and V-AgX were prepared

and stored as described.

2.4.2 Dental acrylic resins

For the preparation of dental acrylic (DA) composite, a mixture containing

14.4 g of liquid component (mainly methyl methacrylate with added crosslinking
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agent (ethylene glycol dimethacrylate)) (Davis Schottlander & Davis Ltd, UK) and
35.0 g powder poly(methyl methacrylate) (Davis Schottlander & Davis Ltd, UK)
were mixed slowly in an acrylic mixing jar. After a resting time of 15 min, a mould
releasing agent (CIL 1711E) (Chemical Innovations Limited, Preston, UK) was
sprayed onto two melinex sheets covering the surface of the mould for easy removal.
The mixture was packed into eight, 10 mm x 110 mm x 3 mm moulds within its
packing time, and the flask was screwed down tightly. The closed mould was then
placed in hydraulic press pump to remove excess flash. The moulding was cured at
95 °C for 9 hours in a dry heat curing unit (Milnes Bros, UK). When flasks cooled
down to room temperature, test pieces were deflasked and removed carefully from
moulds. Each specimen was sawed into 10 mm x 20 mm x 3 mm coupons suitable
for antimicrobial testing. The Ag-zeolite (X3) sample was added at a 2 wt.%, 0.7
wt.% , 0.4 wt.% and 0.2 wt.% to the uncured DA. The Ag-zeolites samples were
organically modified with 3-(trimethoxysilyl)propyl methacrylate prior to addition to

the uncured DA. A summary of the polymer composites is presented in Table 3.
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Table 3. Summary of polymer composites.

Polymer type Zeolite Coupling agent Amount of Sample code
inorganic  filler
added
Silicone X3 - - SE
elastomer X3 - 2.0 wt.% NaX/SE
X3 - 2.0 wt.% AgX/SE
X3 Vinylsilane 2.0 wt.% V-AgX/SE
X3 3-(trimethoxysilyl) 2.0 wt.% M-AgX/SE
propylmethacrylate
Dental acrylic X3 - - DA
X3 - 2wt.% NaX/DA
X3 - 2 wt.% AgX/DA
X3 3-(trimethoxysilyl) 2 wt.% DA/ Ag-X
propylmethacrylate (2 wt.%)
X3 3-(trimethoxysilyl) 0.7 wt.% DA/ Ag-X
propylmethacrylate (0.7 wt.%
X3 3-(trimethoxysilyl) 0.4 wt.% DA/ Ag-X
propylmethacrylate (0.4 wt.%)
X3 3-(trimethoxysilyl) 0.2 wt.% DA/ Ag-X
propylmethacrylate (0.2 wt.%)
X3 3-(trimethoxysilyl) 2.0 wt.% DA /M-
propylmethacrylate NaX 2 wt.%
X3 3-(trimethoxysilyl) 1.0 wt.% DA/ DA/
propylmethacrylate M-NaX 1
wt.%

2.5 Antimicrobial tests
2.5.1 Antimicrobial activity of Ag-zeolites (X, Beta and EMT)

A single colony of E. coli (ATCC 8739) from a freshly cultured nutrient agar
(Oxoid, UK) plate was removed using a sterile loop and inoculated in a 100 mL of
sterile nutrient broth (Oxoid, UK). The broth was incubated for 18—24 hours at 37 °C
in a rotary shaker incubator set at 150 rpm. The liquid culture was centrifuged at
3000 rpm for 10 minutes to form a pellet. The supernatant was discarded and the
pellet was re-suspended in distilled water. An optical density of 1.0 at 540 nm
wavelength was obtained (Jenway 6305 Spectrophotometer, UK), equalling

approximately 10® colony-forming units (CFU) per mL. 25 pL of the bacterial
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suspension was added to 20 mL of 0.5, 0.1, 0.05 mg mL"! suspension and vortexed
immediately for 30 seconds (Table 4) for zeolite X and beta. For EMT-type zeolite,
25 mL of the bacterial suspension was added to 5 mL of 0.5 mg MI'! suspension of
Ag'-EMT and Ag®-EMT. The Ag-free sample was used for control experiments. The
samples were incubated at 37 °C in a rotary shaker incubator set at 150 rpm and a
sample was taken every 60 seconds using a 50 dropper over a period of 0—7 minutes
with continuous vortexing in between time intervals. A single drop (20 pL) of
sample was added to an eighth of thioglycollate agar plate for culturing the E. coli.
The thioglycollate (thio-neutralising) agar was prepared by mixing thioglycollate
broth with 1.2 wt. % technical agar (Oxoid, UK). All tests were carried out in

duplicate. The plates were incubated overnight at 37 °C.

The same procedure was applied for C .albicans (NCYC 1363) but the
overnight growth was performed in sabouraud dextrose liquid medium. An optical
density of 1.0 at 540 nm wavelength was obtained (Jenway 6305 Spectrophotometer,
UK), equalling approximately 10> CFU per mL. The dilutions were made as above
and plated out onto thioglycollate (thio-neutralising) agar. The release of silver from
the zeolite samples was measured in the mother liquor immediately after the 7
minute test. The liquid culture was centrifuged at 3000 rpm for 10 minutes to form a
pellet. The pellet was discarded and the supernatants were analysed on a Thermo
Scientific ICAP6300 DUO inductively coupled plasma optical emission

spectrometer (ICP-OES) using the Ag 328.1 nm analytical wavelengths.
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Table 4. Summary of concentrations used in Ag-zeolite (zeolite = X or beta)

antimicrobial tests.

Amount of Ag-zeolite Volume of sterile water Concentration of Ag-zeolite
added (mg) (mL) suspension (mg/mL)
1 20 0.05
20 0.1
10 20 0.5

2.5.2 Cytotoxicity tests

The cytotoxicity tests, were conducted by Dr Nasser Al Shanti from the University
of Manchester Metropolitan University, UK. The peripheral blood mononuclear cells
(PBMCs) were isolated from donated blood of healthy individuals (n=3, one female
and two males, age between 20-25 years old) as previously described.?”> An in house
ethical approval protocol (Manchester Metropolitan University) was followed. The
blood (20 mL) was carefully layered on the same volume of Ficoll-Paque PLUS (GE
Healthcare Life Sciences, Buckinghamshire, UK). After 40 min centrifugation at 400
x g at 18-20 °C, the peripheral blood mononuclear cells layer was carefully removed
and washed twice with RPMI-1640 medium. Isolated PBMCs (3x10° per well) were
cultured in flat-bottomed 24-well plates.’** The PBMCs were grown in RPMI-1640
medium containing Ag zeolite (X1, X2, B1 and B2) samples of different
concentrations (1, 0.5, 0.1, 0.05 and 0.001 mg mL™'), 10% (v&) human AB serum
and 1% penicillin/streptomycin at 37 °C in 5% COaz. Three experiments (blood from
three volunteers) were performed for each zeolite concentration with eight readings
obtained for X1 and X2 samples (one duplicate and two triplicates) and seven
readings obtained for B1 and B2 samples as well as the untreated cells (two

duplicates and one triplicate). The amount of Ag zeolite needed to obtain the above
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concentrations was firstly added to PBS and vortexed. After two weeks, the samples
were centrifuged and the supernatant was used in the cytotoxicity tests. All cultures
were supplemented with 50 U mL' human recombinant interleukin-2 (IL-2) (R&D

Systems Abingdon, UK).

Flow cytometry, which is widely used to determine apoptotic population using

pre-G1,2%

was employed to measure the cytotoxic effect of silver zeolites on
PBMC:s apoptosis, following 48 h days in culture. The PBMCs were harvested and
washed in PBS prior to fixing at -20°C in 75% ethanol. After a minimum of 24 h, the
PBMCs were washed twice in PBS and re-suspended with gentle vortexing in
propidium iodide labelling buffer (50 ug mL™! propidium iodide, 0.1% sodium
citrate, 20 pg mL! ribonuclease A, 0.3% Nonidet P-40, pH 8.3) at approximately 1 x
10° cells mL!. The PBMCs were analysed using a Becton Dickinson FACSCalibur
flow cytometer. Data were analysed using Cell Quest software (Becton Dickinson,
Oxford, UK). Statistical significance of the results for zeolite-treated cells and
untreated cells was determined with a one-way ANOVA followed by Tukey-
Kramerith multiple post hoc analysis. All results are presented as mean + standard

deviation of the mean (N= 7 or 8 as discussed above). Results were considered as

statistically significant when p< 0.05.

2.5.3 Antimicrobial activity of Ag-zeolites composites

A single colony of E. coli (ATCC 8739) or S. epidermidis (NTCC 11046)
from a freshly cultured nutrient agar (Oxoid, UK) plate was removed using a sterile
loop and inoculated in sterile nutrient broth (Oxoid, UK). Broth was incubated for

18-24 hours at 37 °C on a rotary shaker at 150 rpm. The liquid culture was
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centrifuged at 3000 rpm for 10 minutes to form a pellet. The supernatant was
discarded and the pellet was re-suspended in sterile ringers solution (Oxoid, UK). An
optical density of 1.0 at 540 nm wavelength was obtained, equalling approximately
10 colony-forming units (CFU) per mL. A 1:10 dilution was performed in ringers
solution and this suspension (approximately 10 CFU/mL) was used to inoculate the
surfaces. The dimension of the composites test pieces was 20 mm x 10 mm. The
specimens were sterilised by autoclaving at 121 °C for 15 minutes. Each sample was
placed in a separate sterile Petri dish. Antimicrobial activity of test specimens was
carried out according to ISO 22196 standard. The standardized bacterial suspension
(50 pl) was pipetted onto the sample surface. A 20 mm x 10 mm polyethylene film
was placed on top and gently pressed down to ensure the bacteria spread evenly on
the surface; care was taken to ensure the bacteria did not leak beyond the edges of
the film. Immediately after inoculation, surfaces were placed individually into 10 ml
neutralising agent (14.6% sodium thiosulphate and 10% sodium thioglycolate in 100
ml distilled water, 5 ml was filter sterilized into 495 ml sterile distilled water) 2°¢ and
vortexed for 30 seconds ensuring the polyethylene film detached. Bacteria were
enumerated by serial dilutions (1:10) and plating followed by CFU determination. A
100 ul were spread onto nutrient agar plate and plates were incubated overnight at 37
°C. The remaining surfaces in Petri dishes were incubated at 37 °C and tested as
above at 5 and 24 hours. All tests were carried out in triplicate. The same procedure
was applied for C. albicans (NCYC 1363) but grown overnight in sabouraud
dextrose liquid medium (Oxoid, UK). The 1:10 dilutions were made as above and
100 pl were plated out onto sabouraud dextrose agar. The surfaces were incubated at

37 °C and tested at 0, 24 and 48 hours. Comparing this to the known initial number
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of viable cells (10°) inoculated onto the surface allowed a quantitative measure of the

level of cell death caused by the Ag in the polymer sample.

2.5.4 Ag release of silicone elastomers loaded with AgX zeolite

For determining the amount of silver leached from the surface to a liquid
medium, 10 mL of HPLC grade water (Fischer, UK) was placed in sterile plastic
universals containing one of each of the silver, modified silver and control surfaces.
Surfaces were incubated at 37 °C in a reciprocating shaker at 150 rpm and at 1 h, 5 h,
24 h, 48 h and 72 h, the surfaces were transferred to a fresh universal containing
HPLC grade water. Test surfaces were tested in triplicate and all samples were
frozen at -85 °C prior to analysis. The samples were analysed on a Varian Vista AX
CCD inductively coupled plasma atomic emission spectrometer (ICP-AES) using the
Ag 328.1 nm analytical wavelength. Silver content was calculated from calibration

curves (0.01 to 2 ppm).

2.5.5 Ag release of dental resin loaded with AgX zeolite

For determining the amount of silver leached from the surface (DA
containing Ag-zeolites) to a liquid medium, 20 mL of sterile distilled water was
placed in glass universals containing one of each of the surfaces. Surfaces were
incubated at 37 °C in a reciprocating shaker at 150 rpm for different periods 4, 8, 12,
26, 40 and 54 days the surfaces were transferred to a fresh universal containing
sterile distilled water after each time interval. Test surfaces were tested in triplicates.
The amount of silver leached from the surface to artificial saliva was also monitored.

The same protocol was used as above. Artificial saliva was synthesised as follows
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0.4 g Sodium chloride (Fischer scientific, UK), 0.4g Potassium chloride (BDH
Laboratory supplies poole, UK), 1.192 g di-sodium hydrogen orthophosphate
dodecahydrate (Fischer scientific, UK) and 0.218 g potassium dihydrogen

orthophosphate (Fisher chemical, UK) added to 1000 ml sterile distilled water.

2.5.6 Charging of preformed dental acrylic composites with silver

The Dental acrylic samples (Ag free) were charged with 20 ml of 0.01 M
silver nitrate solution (Alfa Aesar) using the same conditions of the original samples

at room temperature for 24 hours in a reciprocating shaker at 150 rpm.?"’

2.5.7 Ag release of charged NaX dental acrylic components with silver

For determining the amount of silver leached from the surface to a liquid
medium, 10 mL of sterile distilled water was placed in glass universals containing
one of each of the surfaces. Surfaces were incubated at 37 °C in a reciprocating
shaker at 150 rpm and at 1 and 20 days (DA charged from AgNOs; samples), the
surfaces were transferred to a fresh universal containing sterile distilled water. Test
surfaces were tested in triplicate. The samples were analysed on a Thermo scientific
(Icap6300 DUO) inductively coupled plasma atomic emission spectrometer (ICP-
AES) using the Ag 328.1 nm analytical wavelength. Silver content was calculated

from calibration curves (0.01 to 10 ppm).
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2.6 Characterisation methods
2.6.1 Zeolite characterisation

Zeolite crystal size (Sample X3) was determined using a Carl Zeiss Ltd 40VP
Supra Scanning Electron Microscope (SEM). The morphology of the zeolites
(Sample X1, X2, B1, B2 and B3) and dispersion quality within the SE/zeolite
composites was studied using a JEOL 5600LV SEM. The particle sizes of samples
B1 and B2 were also verified by dynamic light scattering (DLS) using a Zetasizer
Nano ZS instrument with a 173° backscattering angle geometry. Semi-quantitative
chemical analysis was performed on uncoated sample pellets by energy-dispersive
X-ray spectroscopy (EDX) using an Apollo 40 SDD detector (EDAX Inc.). An
average of five absolute measurements was used to provide the final values. X-ray
diffraction (XRD) patterns were collected with a PANalytical X’Pert X-ray
diffractometer (XRD) employing Cu Ka radiation (40 kV and 30 mA) and a PIXcell
detector. Nitrogen adsorption isotherms of the zeolite samples prior to silver ion-
exchange were recorded on a Micromeritics ASAP 2020 surface area analyser at -
196 °C. Samples were degassed at 110 °C overnight prior to analysis. Surface areas
(Seet) were calculated using the BET equation, whereas external surface areas (Sgxr)
and micropore volumes (V,) were determined by the t-plot method. Total pore
volumes (V) were obtained from the volume adsorbed at a relative pressure of 0.99
and mesopore volumes (Vmeso) Were calculated from the difference between Vp and
V... BJH pore-size distributions were determined from the desorption branch of the
isotherms. Thermogravimetric analysis was performed with a TGA4000 instrument
from PerkinElmer. Samples were heated to 900 °C at a heating rate of 10 °C min! in
air. Powder samples diluted in KBr were examined by diffuse reflectance Fourier
transformed infrared (DRIFT) spectroscopy using a Thermo Nicolet Nexus FT-IR
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spectrometer fitted with a Spectra-Tech DRIFTS cell (Thermo Fisher Scientific,
Waltham USA). DRIFT spectra were measured between 400 and 4000 cm™ with an
instrumental spectral resolution of 4 cm™ using 160 scans. Raman-scattering
experiments were performed on NaX and AgX zeolite powders with a Horiba Jobin-
Yvon T64000 triple-grating spectrometer equipped with a LN2- cooled Symphony
CCD detector and an Olympus BH41 microscope with a 50 x long-working distance
objective. Spectra in the range 15-4000 cm™ were collected in backscattering
geometry using the 514.5 nm line of an Ar'-ion laser (Coherent Innova 90C FreD).
The laser power on the sample surface was 5.9 mW, whilst the diameter of the laser
spot on the sample surface was approximately 2 pm. No polarization, orientation, or
spatial dependence of the Raman spectra was detected, indicating that the average
linear crystallite size is much smaller than linear size of the probed sample volume.
The achieved spectral resolution was 1.9 cm™, while the precision in the peak
positions was 0.35 cm™'. The measured spectra were baseline corrected for the
continuum photoluminescence background, temperature-reduced to account for the
Bose-Einstein occupation factor and then the spectral range 15-650 cm™! was fitted
with Lorentz functions to accurately determine the peak positions, full widths at half

maximum (FWHMs) and intensities.

To check whether Ag enters the zeolite structure in mono- or divalent ionic
form, Fourier transform infrared (FTIR) spectroscopic experiments in the far-IR
range (50-550 cm!) were conducted on NaX and AgX powders as well as on
reference mechanical mixtures of NaX with 10 wt% commercial Ag(1) (99.99%, Alfa

Aesar) and Ag(n) (98%, Alfa Aesar) oxides.

FTIR spectra were measured in transmission with a Bruker IFS66 v/S equipped
with a Globar white source, a DTGS detector, and a 6 pm Si/Mylar beam splitter. In
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order to avoid artificial absorption bands from rotation transitions of atmospheric
molecules, in particular from H>O molecules, the far- IR spectra were measured in
the sample compartment under a vacuum of 3 mbar. Samples have been prepared as
ethanol suspensions, placed onto Si windows (Korth, 400 mm thick, wedged) and the
ethanol evaporated off. A background spectrum was collected from a clean Si
window. The mirror scanning velocity was 5 kHz and the instrumental spectral
resolution was 4 cm™!. Spectra were averaged over 32 scans. An attempt was made
using synchrotron IR radiation (IR2 beamline at ANKA/KIT) to collect far-IR
spectra from individual zeolite particles NaX, AgX, M-AgX, and V-AgX before and
after their incorporation into elastomers. An IR microscope, sealed in a home-made
compartment and purged with N> gas was used for the analysis. Although the
humidity was reduced to ~3%, the spectral range below 300 cm™ was still

confounded by the H>O rotation bands, which prevented definitive interpretation.

2.6.2 Polymer characterisation

Hexane (Fisher) swelling measurements on the composite samples were
carried out at ambient temperature. Sample dimensions were 10 mm x 20 mm x 1
mm and the immersion was for 24 h. After immersion, excess hexane was removed
from samples before weighing using filter paper. Degree of swelling was calculated

using the following equation:
"Swelling degree (%) = " "Weight before - Weight after " /(Weight before) x 100

For tensile testing, dumbbell specimens with a width of 3.6 mm were cut from
the approximately 1 mm thick SE sheets. A universal testing machine, Hounsfield

H10KS tensometer, was used and the tensile tests were carried out at a crosshead
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speed of 500 mm min™'. The dumbbell specimens were placed within the tensile grip,
with a separation of 20 mm between them. Prior to testing, the thickness of each
specimen was measured using a digital caliper at the centre and at the ends. The
tensometer measured extension of samples and a 100 N load cell measured the

applied force. Five composite samples per compound were tested.

Colour changes in the dental acrylic composites were tested by using the
colorimeter (Gretag Macbeth Spectro-Eye, X-Rite, England, UK). In reflectance
mode against while background, Sample specimens (10 x 20 mm) were measured in
three randomly selected areas. Absolute values of the three coordinates (L*, a*, b*)
were achieved. Before the measurement, in order to prevent colour variation, the
white background was standardised. For each specimen, three repeated
measurements were taken to evaluate the colorimetric values, i.e. b* (yellow-blue
proportion), a*(red-green proportion), and L*(brightness). By using the colorimetric
values, the differences with the zero value were measured from the means value of
AL*, Aa* and Ab*. From this particular difference, the difference in colour AE for

each and every sample was measured by using the below equation:

(AE=[(AL*y+(Aax)>+(Abx)*]'?)
AL* = L1 - Lo, Aa*x = a1 — ao, Ab* = b1 - bo

Li, a1, bi: sample, Lo, ao, bo: control.
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Chapter 3. Results and discussion

3.1 Ag zeolite powders and their antimicrobial efficiency
3.1.1. The antimicrobial properties of Ag™-EMT and Ag’-EMT zeolites

In the present work, the antibacterial properties of an EMT type zeolite, ion-
exchanged with silver before and after silver reduction were tested and directly
compared. The EMT-type zeolite (diameter of 10 to 20 nm) stabilised in water
suspensions was synthesised in the absence of an organic template.’® The high
porosity, low Si/Al ratio, high concentration of sodium and ultrasmall crystal size of
the EMT-type zeolite permitted the introduction of high levels of silver using short
ion-exchange times in the range of 2—-6 h (Table 5). The bacterium selected in this
study for determination of the antimicrobial properties of Ag-EMT samples was
Escherichia coli, which is one of the most popular microorganisms in Ag-zeolite
studies ¥ 97-101. 103. 108 The killing efficacy of pure EMT, Ag"-EMT and Ag’-EMT
against E. coli was studied semi-quantitatively. 25 mL of the bacterial suspension
was added to 5 mL of 0.5 mg mL™! suspension of Ag"-EMT and Ag’-EMT. The Ag-
free EMT sample was used for control experiments. The samples were incubated at
37 °C in a rotary shaker incubator set at 150 rpm and a sample was taken every 60
seconds using a 50 dropper over a period of 0—7 minutes. The zeolite concentrations

used in the tests were based on previous work on Ag-FAU zeolites.”
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Table 5. ICP-OES results of Ag" leaching from Ag"-EMT and Ag’-EMT samples

immersed in distilled water.

Sample Ag (wWt.%)
Ag"-EMT 2 h 1.1
Ag’-EMT 2 h 1.2
Ag"-EMT 4 h 8.0
Ag’-EMT 4 h 9.1
Ag"-EMT 6 h 14.0
Ag’-EMT 6 h 14.1

Experiments with Ag-free EMT zeolite (control) using both nutrient agar and
thio-neutralising agar indicated that the number of viable E. coli cells was

unaffected, independent of the growth medium used (Figure 10).

E. coli inoculated onto E. coli inoculated

thio-neutralising agar onto nutrient agar

Figure 10. Spot inoculation of E. coli (in duplicate) onto thio-neutralising agar (left)

and nutrient agar (right) at 1 minute intervals, following exposure to Ag-free EMT
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zeolite (control). Each sector corresponds to one minute sampling time; the first

sample is taken directly after mixing (0 min).

Initial experiments were conducted using nutrient agar as the growth medium
for E. coli. However, no viable cells were detected from any of the Ag-containing
EMT samples, even after sampling immediately following the addition of E. coli to
the Ag-containing samples (0 min). It has been assumed that accurate testing of an
antimicrobial agent includes the use of a substance to neutralise the effects of the
antimicrobial agent before plating on agar. The use of such a neutraliser has been
widely accepted by regulatory agencies. Further experiments continued using a
thioglycollate agar in order to neutralise the effects of the Ag 296208

In the presence of Ag™-EMT 4 h and Ag"-EMT 6 h samples, the number of
viable E. coli cells visually decreased over time and no viable cells were detected at
3 and 1 minutes of incubation, respectively (Figure 11, left). For the Ag’-EMT 4 h
and 6 h samples, no viable E. coli was seen at 2 and 1 minutes, respectively (Figure
11 and Figure 12, right). The approximate killing times increased to 6 min in the
presence of Ag™-EMT 2 h samples. In Ag"-EMT 2 h and Ag’-EMT 2 h samples, the

number of viable E. coli cells visually decreased over time and no viable cells were

detected after 7 minutes of incubation for both samples (Figure 13).
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Ag"™-EMT 6h Ag’-EMT 6h

Figure 11. Spot inoculation of E. coli onto thioglycollate agar plates (in duplicate)
following 1 minute interval exposure to Ag"™-EMT and Ag’-EMT zeolite samples.
Each sector abovecorresponds to one minute sampling time; the first sample is taken

directly after mixing (0 min).

Ag"-EMT 4h Ag’-EMT 4h

Figure 12. Spot inoculation of E. coli onto thioglycollate agar plates (in duplicate)
following 1 minute interval exposure to Ag™-EMT and Ag’-EMT zeolite samples.
Each sector above corresponds to one minute sampling time; the first sample is taken

directly after mixing (0 min).

78



Ag"™-EMT 2h Ag’-EMT 2h

Figure 13. Spot inoculation of E. coli onto thioglycollate agar plates (in duplicate)
following 1 minute interval exposure to Ag"™-EMT and Ag’-EMT zeolite samples.
Each sector above corresponds to one minute sampling time; the first sample is taken

directly after mixing (0 min).

The antibacterial experiments performed indicated that the use of a
neutralising agar to quench the antimicrobial activity of silver on bacteria following
the exposure was of great importance for the results obtained, which again

emphasized the difficulty in comparing results from different studies because of the
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different test conditions used; 67 8% 97-101. 103. 108 The A0 EMT samples were slightly
more active compared to Ag'-EMT samples across the different Ag loadings used in
this work. The latter observation is surprising considering that the antibacterial
properties of Ag’ are associated with its oxidation to Ag" in an aqueous
environment.®”> 1% Possible explanations for these results could be the increased
amount of surface silver nanoparticles in Ag’-EMT samples combined with the
higher interparticle mesopore volume (Table 6). As a result, an improved Ag
mobility resulting in higher Ag" concentration in solution is achieved. Nevertheless,
the difference in the killing times for reduced and non-reduced silver in the EMT
samples was not significant. The results indicated instant killing of E. coli upon
exposure to Ag'-EMT and Ag’-EMT 6 h zeolite suspensions demonstrating the

potential of these materials for antibacterial applications.

Table 6. Specific surface area (*Sper), micropore volume (®Vmic), external surface

(°Sext ) and mesoporous volume (‘Vimeso) for Ag™-EMT and Ag’-EMT samples.

Sample Seer(m?g!)  Vmic® (em®g ™) Sex® (M? ") Vimeso'(em? g)
EMT 592 0.17 201 0.70
Ag-EMT 2h 487 0.15 127 0.36
AQ-EMT2h 517 0.16 136 0.42
Ag-EMT 4h 447 0.13 135 0.35
AQ-EMT4h 425 0.12 173 0.42
Ag-EMT 6h 366 0.10 151 0.38
Ag>EMT6h 326 0.09 130 0.39
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3.1.2. Conclusions

The EMT zeolite nanocrystals with high silver content showed excellent
antimicrobial activity against Escherichia coli. The Ag’-EMT (2, 4 and 6 h) samples
show slightly better antimicrobial efficacy compared to that of Ag™-EMT (2, 4 and 6
h) analogue samples due to increased mesoporosity. However, the differences are not
significant and reduction of ion-exchanged Ag"® within the zeolite to Ag
nanoparticles is not viable considering the complexity of preparation steps. The
results in this study demonstrate that E. coli cells are instantly killed upon exposure
to water suspensions of ultrasmall Ag"-EMT and Ag’-EMT 6 h zeolites.
Antibacterial tests also showed that neutralising Ag to halt the Ag activity following

incubation with microorganisms is essential for the reliability of the tests.

3.2 Influence of the zeolite textural characteristics on the antimicrobial efficacy of
Ag zeolites

This section investigated the effect of textural characteristics (crystal size and
mesoporosity) of Ag exchanged FAU- and BEA- type zeolites on antimicrobial
efficacy. Two pairs of zeolite X (X1 and X2) and zeolite beta (B1 and B2) with
different sizes, as well as a mesoporous zeolite beta sample (B3) were tested against
E. coli and C. albicans using our previously developed semi-quantitative procedure.
E. coli was used as a model for Gram-negative bacteria.”® C. albicans, a recognised

human pathogen'** was used as an yeast microorganism.
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3.2.1 Zeolite characteristics

SEM was used to determine the crystal size distributions of the samples used
(Figure 14) and data are presented in Table 7. Sample X1 contained crystals with
sizes of about 200 nm, whereas the crystal sizes of sample X2 were one order of
magnitude larger (Figure 14 a,b). The size of the crystals in sample B2 was about
two times larger compared to the crystals in sample B1 (Figure 14 c,d). This result
was also confirmed by the DLS measurement (Figure 15) with Z-average sizes of
254 and 576 nm, correspondingly. DLS could not used to analyse sample X1
because the polydispersity index for that sample was > 0.1, indicating aggregation.
Sample B3 contained crystals with sizes 550-750 nm and also impurities of

amorphous material (Figure 14 e).
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Figure 14. SEM images of (a) X1, (b) X2, (c) Bl1, (d) B2 and (e) B3 zeolites

displaying the morphology and crystal size.
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Figure 15. DLS particle size distribution for zeolite samples B1 and B2.
Table 7. Crystal sizes of the zeolite samples used determined by SEM.
Sample Zeolite type Crystal size (SEM)
X1 X 180-230 nm
X2 X 1.1-2.2 pm
Bl Beta 200-300 nm
B2 Beta 400-500 nm
B3 Beta 550-750 nm
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The samples were further analysed by XRD (Figure 16). The XRD analysis
confirmed the presence of zeolite X or zeolite beta, correspondingly, and the absence
of other crystalline phases (Figure 16). Changes in the relative intensities in the XRD
patterns of the Ag-exchanged zeolite X were observed compared to a NaX sample
(Figure 16). The relative intensity variations are related to the change in the charge-
balancing cations from Na to Ag.® The peak intensities of the X1 sample were
considerably lower compared to these of X2 and the peaks were broader. Both
effects can be attributed to the reduction of crystal sizes in X1 to nano-dimensions.!”
Also, no additional peaks due to the presence of silver were detected. The reduction
of crystal sizes in X1 to nano-dimensions X2 resulted in similar micropore volumes
(Table 10), which were typical of a highly crystalline FAU-type zeolite.®” Samples
B1 and B2 were highly crystalline, whereas sample B3 contained a large amount of
amorphous material as judged by the low intensity of the zeolite beta XRD peaks and

the presence of an amorphous halo between 15 and 30 © 26.
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Figure 16. XRD patterns of the zeolites X and beta samplesshowing the phase of

samples.
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EDX was used to analyse the Si, Al, Na and Ag content in all samples. EDX
results are presented in Tables 8 and 9. The Si/Al molar ratio remained constant in
all samples. The Ag content slightly decreased as a result of the organic
functionalisation (see Table 9). The reduction of crystal sizes in X1 to X2 resulted in
similar micropore volumes (Table 10), which were typical of a highly crystalline
FAU-type zeolite.®” Samples B1 and B2 were highly crystalline, whereas sample B3
contained a large amount of amorphous material as judged by its lower micropore
volume in agreement with the XRD results (Figure 16 and Table 10). Differences in
the textural characteristics of the different samples were observed according to
nitrogen adsorption data (Figure 17 and 18). All zeolites showed type I isotherms
with a hysteresis loop at high relative pressures due to intraparticle textural porosity
associated with small particle sizes.®” The external surface areas increased with a
decrease in the particle size accordingly (Tables 7 and 10). Sample B3 showed a type

IV isotherm typical of mesoporous materials.

Table 8. Chemical analysis EDX results of zeolites.

Sample Zeolite Elemental composition (wt.%) Si/Al ratio
O Na Al Si

X1 X 40.0 15.5 20.5 24.0 1.2

X2 X 41.4 15.5 19.7 23.4 1.2

B1 Beta 45.9 - 3.8 50.3 13.3

B2 Beta 45.0 - 3.1 51.9 16.9

B3 Beta 45.2 0.8 3.8 50.1 13.0
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Table 9. Chemical analysis EDX results of Ag zeolites.

Sample Zeolite Elemental composition (wt.%) Si/Al ratio
O Na Al Si Ag

X1 X 35.5 12.1 19.4 22.6 10.8 1.2

X2 X 35.5 12.1 19.2 22.5 10.7 1.2

B1 Beta 444 - 3.7 49.5 2.4 13.5

B2 Beta 435 - 3.0 51.2 2.3 17.2

B3 Beta 49.6 0.7 3.7 43.1 2.9 11.5

Table 10. BET surface area (Sger), micropore volume (Vp), mesoporous volume

(Vmeso) and external surface (Sext ) of the Ag zeolite samples used.

Sample Zeolite Seerm’g!  Viemlg! Vimeoom®g!  Sex m? g!
X1 X 690.5 0.30 0.51 62.3

X2 X 686.5 0.31 0.63 42.5

B1 Beta 639.4 0.22 0.50 185.9

B2 Beta 529.6 0.20 0.31 107.5

B3 Beta 535.6 0.05 1.00 418.4
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Figure 17. Nitrogen adsorption/desorption isotherms of zeolite X samples

demonstrating the nature of the samples’ pore structure.
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Figure 18. Nitrogen adsorption isotherms of caclined zeolites Beta. Nitrogen
adsorption/desorption isotherms of caclined zeolites Beta samples demonstrating the

nature of the samples’ pore structure.

3.2.2 Cytotoxicity tests

For cytotoxicity tests, PBMCs were cultured for 2 days under the conditions
described in experimental (Section 2.5.2.). At the end of cell treatments, PBMCs
were subjected to flow cytometry analysis for Pre-G1 (apoptosis marker) and results
are shown in Figure 19. According to the results, all zeolites were non-toxic at
concentrations of 0.05 mg mL™' and below. Moreover, zeolite beta Bl and B2
samples were non-toxic even at higher concentrations, 0.5 and 0.1 mg L,
respectively. The higher toxicity of zeolite X samples could not be explained by the
amount of Ag released, which was lower compared to that for beta (Table 11). Thus,

a possible explanation might be the higher aluminium content and associated
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cytotoxicity of the zeolite itself, which effect was more pronounced for the
nanosized X1 sample.®® For biomedical applications, the determination of the
cytotoxicity of Ag zeolites is of paramount importance, but such studies are rarely
carried out. The cytotoxicity results indicated that Ag zeolite X was more toxic

compared to Ag beta, particularly the nanosized sample.
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Figure 19. Cytotoxic effect of silver zeolite samples of different concentrations on
freshly isolated cultured PBMCs. Asterisks (*) indicate significant differences in

comparison with the control (* p<0.05, ** p<0.01, *** p<0.001).
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3.2.3 Antimicrobial tests

The zeolite samples were directly compared in terms of their antimicrobial
efficacy using our previously developed qualitative procedure (Chapter 3.1). There
have been reports in the literature, based on different testing methods, suggesting
that larger zeolite crystals might have higher activity.”> °” However, comparing the
antimicrobial efficacy as a function of crystal size was not an objective in these
studies. The Ag zeolite samples at different concentrations were tested against E. coli
and C. albicans. The Ag-free samples used as controls did not show any
antimicrobial activity (Figure 20). The results for zeolite concentrations of 0.5 mg
mL! and both microorganisms are shown in Figures 21 (E. coli) and 24 (C.
albicans). The number of viable E. coli colonies visually decreased with time for
both zeolite X samples (Figure 21). However, a substantial number of viable cells
were still present in the presence of the nanosized X1 sample after 7 min, whereas no
viable cells could be seen at the 7 min sampling time for the micron-sized sample
X2. Similar trends were observed for the zeolite beta B1 and B2 samples, although
these samples were more efficient and killed E. coli within 2 min. The mesoporous
zeolite beta (B3) showed the highest efficacy with a killing time of only 1 min. The
experiments performed with two additional concentrations, 0.05 mg mL™' (Figure
23) and 0.1 mg mL! (Figure 22) showed similar results except that the killing time

increased with increasing the zeolite concentration.
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Figure 20. Spot inoculation of C. albicans (left) and E. coli (right) onto
thioglycollate agar plates (in duplicate) following 1 minute interval exposure to the
Ag free zeolite samples. Each sector on the plates above corresponds to one minute

sampling time; the first sample (top) is taken directly after mixing (0 min).
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Figure 21. Spot inoculation of E. coli onto thioglycollate agar plates (in duplicate)
following 1 minute interval exposure to X1 (a), X2 (b), B1 (¢), B2 (d) and B3 (e)
zeolite samples at concentration of 0.5 mg/ml. Each sector on the plates above
corresponds to one minute sampling time; the first sample (top) is taken directly after
mixing (0 min).
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Figure 22. Spot inoculation of C. albicans onto thioglycollate agar plates (in
duplicate) following 1 minute interval exposure to X1 (a), X2 (b), B1 (¢), B2 (d) and
B3 (e) zeolite samples at concentration of 0.1 mg/ml. Each sector on the plates above
corresponds to one minute sampling time; the first sample (top) is taken directly after

mixing (0 min).
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Figure 23. Spot inoculation of E. coli onto thioglycollate agar plates (in duplicate)
following 1 minute interval exposure to X1 (a), X2 (b), B1 (c), B2 (d) and B3 (e)
zeolite samples at concentration of 0.05 mg/ml. Each sector on the plates above
corresponds to one minute sampling time; the first sample (top) is taken directly after

mixing (0 min).

The 0.5 mg mL™"' zeolite concentration was also tested against C. albicans
(Figure 24). Although less conclusive, the results also suggest that micron-sized
zeolites are more efficient against yeast. Zeolite beta was again more active
compared to zeolite X. However, differences between zeolite samples were difficult
to discern and quantitative analysis would be more appropriate to further study the

activity of the samples against C. albicans. Additionally, because of the much larger

96



C. albicans cells and their lower concentrations compared to E. coli, the results for

the two microorganisms cannot be directly compared.

Figure 24. Spot inoculation of C. albicans onto thioglycollate agar plates (in
duplicate) following 1 minute interval exposure to X1 (a), X2 (b), B3 (¢), B4 (d) and
B5 (e) zeolite samples at concentration of 0.5 mg/ml. Each sector on the plates above
corresponds to one minute sampling time; the first sample (top) is taken directly after

mixing (0 min).

97



The silver release data is provided in Table 11. The amount of released silver
was higher for all zeolite beta samples despite their lower Ag loading, which could
explain their higher activity. Daniel et al. has shown that there are distinct
differences in the estimated number and strength of adsorption sites for Xe in silver-
modified zeolites X and beta, suggesting that differences could be expected for their
Ag release profiles.?”” Extra-framework aluminium has also been speculated to
hinder the silver release.!®® Additionally, smaller crystals may be aggregated to a
larger extent in the testing medium to obstruct the release of silver and lower
concentrations of Ag were measured for samples X1 and B1 compared to X2 and

B2, respectively.

Table 11. ICP-OES results of Ag®ions leachimg from zeolite samples immersed in

distilled water after the 7-minute tests using E. coli

Sample Ag released (ppm)
Concentration 0.5 0.1 0.05

(mg L)

X1 0.05+0.00 0.04 £ 0.01 0.02+0.01
X2 0.15+0.01 0.14+0.01 0.11+0.01
Bl 1.71 £0.08 1.00 £ 0.04 1.01 +£0.10
B2 2.19+0.11 1.70 £ 0.07 1.52+0.24
B3 2.78 £0.58 1.92+0.11 1.08+0.18
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3.2.4 Conclusions

The effect of the zeolite structure and crystal size on the antimicrobial
efficacy of two Ag zeolites, zeolite X and zeolite beta, was studied by a qualitative
method allowing for a direct visual comparison of the antimicrobial activity of
different samples. Zeolite beta was found to be more efficient compared to zeolite X
and no viable cells of E. coli and C. albicans were observed within 2 min of
incubation with both microorganisms using zeolite concentrations of 0.5 mg mL.
Introduction of mesoporosity in zeolite beta also resulted in an increase in the
antibacterial activity. Reduction of crystal size resulted in an increase in the E. coli
killing time as a result of the reduced Ag content released to the medium by the
smaller crystals. The results reported here will be of interest when selecting silver
zeolites for biomedical applications, particularly when fast antimicrobial response is

required.

3.3 Silver zeolite-loaded silicone elastomers

A multidisciplinary approach has been applied to the preparation of
antibacterial Ag zeolite/silicone elastomer composites aimed at products that satisfy
a range of requirements, namely good mechanical properties after zeolite
incorporation and strongly antibacterial. The antimicrobial effect of the silver zeolite
containing polymers was tested against selected organisms. S. epidermidis, E. coli
and C. albicans are amongst the organisms, which are recognised to be involved in

medicial device infections.
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3.3.1 Zeolite characteristics

Initial experiments started with the preparation of small batches of zeolite
Na-X. After confirmation of the phase purity and the degree of crystallinity, a large
batch of zeolite Na-X was prepared and used for the preparation of all samples
described in this section. The as-made zeolite was in a sodium form (Na-X). The
NaX zeolite prepared had a Si/Al ratio of 1.4. SEM analysis indicated that the
sample was highly crystalline and free from impurities of other phases (Figure 25 a
and c). The crystal sizes ranged between 400 nm and 3.5 pm and a typical
morphology for the FAU-type zeolite structure (Figure 25 a and c). The introduction
of Ag and the functionalisation with organic silanes did not influence the
morphology or the crystal size distribution of the zeolite samples (Figure 25 b and d)

in accordance with previous studies.”!
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Figure 25. SEM images at two different magnification of (a and c) zeolite Na-X and
(b and d) typical SEM images of organically modified AgX crystals displaying the

morphology and crystal size.

The phase purity was further confirmed by XRD analysis (Figure 26). All
Bragg peaks observed in the XRD patterns of all four samples could be indexed to
the FAU-type zeolite structure.’! Ag ion-exchange resulted in negligible change in
the Bragg peak positions and widths, indicating high degree of crystallinity for all
four samples. The substitution of Ag for Na only changed the relative intensity of
some diffraction peaks, which was most pronounced for the (220), (311) and (331)
faujasite peaks. In the XRD pattern of NaX, the intensity decreased in the order
1(220) > 1(331) > I(311), whereas in the XRD pattern of all AgX zeolites, the order
was I(311) > I(220) > I(331). The relative intensity variations are related to the

change in the charge-balancing cations from Na to Ag.®® EDS analysis showed that
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86% of the Na in NaX (15.9 wt%) was ion-exchanged with Ag in AgX (Table 12).
The Si/Al ratio of 1.4 for NaX slightly increased as a result of the modification
procedures to 1.5 for AgX and M-AgX and 1.7 for V-AgX, respectively, indicating
that there may be a certain degree of Al leakage. However, EDX analysis does not
allow quantification of the degree of Al leakage. The Ag content of zeolite samples
decreased as a result of silane treatment (Table 12), and a C content of ca. 6 wt.%

was detected in both M-AgX and V-AgX samples.

111 Fd3m
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Figure 26. XRD patterns of Na-X and Ag-containing zeolite showing the phase of

samples. Miller indices are given in Fd3m.

Nitrogen adsorption isotherms, Brunauer—Emmett-Teller (BET) surface
areas and micropore volumes for the Na-X and Ag-X samples further confirmed the

results from the XRD study. The decrease in the degree of crystallinity was also
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evident from the gas adsorption data (Figure 27 and Table 12). Nitrogen adsorption
isotherms were all type I isotherms typical of microporous materials suggesting that
the Ag ion-exchange and organic modification did not change the nature of the pore
structure of the samples. However, there was a progressive decrease in the micropore
volume in the order AgX > V-AgX > M-AgX. The external surface area of all
zeolites was similar except for the M-AgX. Considering the XRD results, the
decrease of the micropore volume is most likely due to the larger ionic radius of Ag”

compared to Na" as well as inaccessibility of the nitrogen adsorbate gas to the pore

structure of silane-modified samples and not due to loss of crystallinity.

Table 12. Ag content, BET surface area (Sget), micropore volume (V) and external

surface area (Sexr) of zeolite and modified zeolite samples.

Sample Ag, wt% Sperm? g’! Vyem?® g Sext m* g1
NaX - 571 0.26 43.1
AgX 14.1 511 0.23 40.6
V- AgX 9.6 450 0.20 42.5
M- AgX 8.8 351 0.16 18.3

103



100

e}

0.4 0.6
Relative pressure p/p,

1.0

S
o

-9

~ 500 | .

TN NaX

)= —e— AgX
20 o M-AgX

g 300

o

O

2 200 -

o A e ] e [ e = e L gL e D O = ) ul
3

<

Q

S

=

@)

>

Figure 27. Nitrogen adsorption/desorption isotherms at -196 °C of NaX and Ag-
containing zeolites samples demonstrating the nature of the samples’ pore structure

did not change with the introduction of silver.

The organic modification was further studied by DRIFTs analysis. DRIFTs
spectra of Na-X, Ag-X, Ag-X/M and Ag-X/V samples are shown in Figure 28. First,

! remained unchanged confirming

all zeolite bands in the range 460-1100 cm
preservation of the zeolite structure in the modified samples. The organic
modification resulted in additional C—H bands in the range 1200-1500 cm™', which
were more evident in the spectrum of M-AgX, and also bands in the range 2800—

3000 cm™! for M-AgX.!** 2!l In addition, a shoulder at 1700 cm™ was present in

spectrum of M-AgX, associated with the carbonyl C=0 group of the M modifier.?!?
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The organic functionalisation was further proved by the ability to obtain dispersions
of V-AgX and M-AgX in chloroform and their aggregation in distilled water (Figure
29). The modification of the Ag-X zeolite with silanes increased the zeolite
hydrophobicity, which was confirmed by the zeolite low dispersibiliy in distilled
water and high dispersibiliy in chloroform (Figure 29). The hydrophobicity of the

modified samples is key for the next section in order to improve dispersion in the

polymer.

Absorbance (a.u.)

4000 3500 3000 2500 2000 1500 1000 500
-1
Wavenumber (cm )

Figure 28. DRIFTS spectra of Na-X, Ag-X, Ag-X/M and Ag-X/V zeolites
demonstrating the structure remained unchanged confirming preservation of the

zeolite structure in the modified samples.

105



Figure 29. Digital images of: Left) V-AgX in distilled water and Right) V-AgX in

chloroform showing dispersion of the vinylsilane modified zeolite in chloroform.

Figure 30a shows the Raman spectra of NaX, AgX, V-AgX, and M-AgX
samples. The Raman spectra of the silane-modified samples V-AgX and M-AgX
resembled the Raman spectrum of AgX, i.e. the influence of the organic modifier on
the skeleton vibrations was negligible. All three Ag-exchanged samples showed the
same spectral differences in the range of framework vibrations as compared to NaX:
(i) slight shift of the main Raman peak near 510 cm™ towards lower energies
accompanied with a slight broadening (see Figure.30b) and (ii) additional weak
peaks near 570 and 600 cm’!.

The strongest peak in the Raman spectrum of zeolite X is generated by the
double 6-membered rings (D6Rs) typical of FAU framework topology.?!® Previous
single-crystal XRD analysis of Ag-exchanged FAU has revealed that a large part of
the incorporated Ag* ions are accommodated in the D6Rs.?!* On the other hand, a
lower-energy shift and broadening of the peak near 510 cm™ along with appearance
of a peak near 570 cm™' due to the existence of single 4-membered rings (S4R) has

been observed in amorphous FAU.?!* 215 Raman scattering in the vicinity of 600 cm™
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' is typical of small 3-membered rings in amorphous framework silicates.>!¢

Therefore, the Raman data presented here indicate that the incorporation of Ag in
part induces local structural defects, but otherwise the overall zeolite framework
topology is preserved. The Raman scattering in the range 3200-3600 cm,
originating from O-H bond stretching is suppressed in the spectrum of AgX.
Thermogravimetric analysis showed a negligible reduction in the water content of
AgX compared to NaX (Figure 31) indicating that this region of the Raman spectra
was very sensitive to variations in the water content of samples. The level of
photoluminescence background above 3000 cm™ was unfortunately too high for M-
AgX and V-AgX to draw any conclusions about H>O in the pores of these two
samples. The comparison of far-IR spectra of AgX with the spectra of reference
mechanical mixtures of zeolite NaX and monovalent and divalent silver oxides
(Figure 32) indicate that indeed Ag enters the zeolite structure in a monovalent ionic
form, in accordance with the results from single-crystal XRD analysis*!* and EXAFS

analysis.?!”
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determined by fitting the spectra.
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Figure 31. TGA curves of NaX and AgX samples demonstrating percentage mass

loss against time.
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Figure 32. Far-IR absorption spectra of zeolite X (NaX) and Ag-exchanged zeolite
X (AgX) as well as of reference mechanical mixtures of zeolite X with 10 wt.%
Ag(]) oxide (NaX + 10 wt.% Ag>0) and Ag(Il) oxide (NaX + 10 wt.% AgO). The
arrows mark the spectral bands that can discriminate monovalent and divalent Ag"".

Spectra are vertically offset for clarity.
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3.3.2 Silicone elastomers

Na-X, Ag-X and organically functionalised Ag-X zeolites were used as
additives in silicone elastomers. Zeolite and modified zeolite samples were added to
silicone elastomers at 2 wt.% loading. Digital images of the obtained polymers are
shown in Figure 33. The addition of the filler to the silicone elastomer presented a

number of challenges. First, NaX and AgX without silane treatment was poorly

dispersed in the matrix; large aggregates were noticeable.

Figure 33. Digital images of silicone elastomers containing NaX, AgX, M-AgX and
V-AgX zeolites showing the dispersion throughout the polymer. The middle image
shows the neat SE (control). The arrows point to zeolite aggregates present in

samples NaX/SE and AgX/SE.
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Treatment of the NaX and AgX with the silanes, however lead to a
significant increase in dispersion quality. This is consistent with the good dispersion
observed in chloroform (Figure 29) and is a reflection of effective hydrophobisation
of the zeolite surface. The colour of all elastomers containing Ag zeolite particles
was darker compared to the neat SE. However, SE / Ag-X appeared yellow-
brownish with brown aggregates visible throughout the polymer. Both of the
coupling agent containing samples exhibited a brown discolouration due to the
presence of silver, however the colour was homogeneous as opposed to the colour of
SE / Ag-X. The brown discolouration was stronger in the M-AgX/SE in comparison
to V-AgX/SE, approaching the overall appearance of NaX/SE. Since the amount of
Ag in M-AgX/SE is slightly larger than that in V-AgX/SE (Table 12), the
concentration of Ag cannot be the sole reason for the colour differences observed
between M-AgX/SE and V-AgX/SE. Brownish discolouration of polymers upon
addition of Ag has been observed before and attributed to the reduction of silver
within the polymer, this effect has not been fully investigated.'?! A combined
computational and experimental study of the electronic structure of d!'’-ion-
exchanged zeolites has demonstrated that the colour of evacuated (H2O-free) silver
containing sodium zeolite X changes to yellowish/reddish due to electronic transition
between Ag" and the lone pair of adjacent O from the four-membered rings in the
absence of H,0.?!” The reduction of H>O in the zeolite pores during the preparation
of the silicone elastomers could be the reason for the brownish colourisation
observed in AgX/SE. In the case of M-AgX/SE and V-AgX/SE, organic
functionalisation may have partially prevented the water from leaving the zeolite
channels during preparation thus reducing the degree of colourisation, this was

particularly true for the V-AgX/SE sample. Also, it was found that in the presence of
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coupling agents, it was difficult to separate the silicone elastomer bond composite
from the two mould plates after preparation. Therefore, introducing a melinex
polyethylene film above and below the mould eased the removal and reduced the
number of defects. The SEM images of cryo-fractured SE/zeolite composite fracture
surfaces (Figure 34) supported visual observation of poor zeolite dispersion (Figure
33). Zeolite aggregates and poor filler-matrix adhesion are apparent in NaX/SE and
AgX/SE (Figure 34a). In contrast, composites based on the organo-silane treated

zeolite showed good filler dispersion and good filler — matrix adhesion (Figure 34b).

Figure 34. Typical SEM images of cryo-fractured surfaces of SE/zeolite composite
containing: (a) unmodified zeolite (NaX or AgX) and (b) organo-silane modified Ag
zeolite (M-AgX and V-AgX gave similar images), demostrating the importance of

the presence of a coupling agent.

Mechanical testing results are presented in Table 13. The mechanical testing
of the samples provided some insight into both the stiffness and the filler-matrix
interaction related to the coupling agent. The addition of the zeolite in the absence of
a coupling agent resulted in reduction in the stiffness. There were significant

differences in the tensile strength and elongation of break. The unfilled silicone
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elastomer matrix and the composites based on silane treated zeolites showed similar
values of tensile strength and elongation break, indicating good filler-matrix
adhesion. The composites based on unmodified NaX and AgX had lower tensile
strength and elongation at break due to poor dispersion of the zeolite particles and
week filler-matrix adhesion. Poor dispersion of the unmodified AgX and NaX was

confirmed by the SEM analysis of SE cross-sections (Figure 34).

Table 13. Mechanical testing data of SE samples prepared in this work.
Demonstrating no deterioration in the mechanical properties of composite samples

compared to these of the neat silicone elastomer was observed.

Sample Tensile Strength (MPa) + SD Break % + SD
SE 5.98 £0.56 661.6 + 65.00
SE / Na-X 4.01 +£0.78 557.5+91.55
SE/ Ag-X 4.50+0.26 523.1 +£42.86
SE/Ag-X/M 5.89£0.31 649.5+21.00
SE/Ag-X/V 5.63£0.51 694.4 +£42.45

The hexane swelling characteristics are given in Table 14. The degree of
swelling was lower when organo-silane modified NaX or AgX were added to SE;
this is entirely consistent with increased filler — matrix interaction. Silicone/Na-X
and Silicone/Ag-X showed the highest level of swelling in comparison with silicone

(poor filler-matrix interaction). The high level of swelling can be related to reduced
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filler-matrix adhesion which is constant with the inferior mechanical properties and
the visible presence of aggregates. The composite based on silane treated zeolites
exhibit a similar level of swelling to that of the unfilled matrix confirming the
improved filler-matrix adhesion the presence of a coupling agent. These results
indicated that the coupling agents improved the compatibility between the zeolite

and the polymer and resulted in high quality SE/zeolite composites.

Table 14. The interaction between the interfaces can be explained from their
Swelling degree of:(a) Silicone, (b) Silicone/Na-X, (c) Silicone/Ag-X, (d)

Silicone/Ag-X/M and (e) Silicone/Ag-X/V.

Sample Swelling level on hexane %
Silicone 1.77
Silicone/Na-X 3.74
Silicone/Ag-X 3.09
Silicone/Ag-X/M 1.88
Silicone/Ag-X/V 1.79

3.3.3 Antimicrobial assessment of silicone elastomers loaded with AgX

The SE samples were tested over a 24 hour period for their antimicrobial
activity, with samples taken at time periods of 0, 5 and 24 hours. All the SE samples
were tested against E. coli (ATCC 8739), S. epidermidis (NTCC 11046) and C.
albicans (NCYC 1363). The SE and NaX/SE did not show any antibacterial activity
in all tests. Figure 35 shows the antimicrobial activity of the samples against E. coli.

SE / Ag-X exhibited the highest level of antimicrobial activity after 5 h of exposure.
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This may be due to the higher Ag content in this sample (Table 12). All SE samples
containing Ag showed at least a 3 log reduction in the number of E. coli cells on the
surface in comparison to the positive controls. No viable cells were detected after 24
h of exposure. It should be noted that for the intended applications the long-term
antibacterial activity is more relevant. Thus, the 24 h killing time indicates that the

materials prepared are well-suited for fabrication of antibacterial medical devices.
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Figure 35. Antimicrobial testing of Silicone elastomer (Si elastomer), NaX/SE
(zeolite), AgX/SE (Ag-zeolite), V-AgX/SE (V) and M-AgX/SE (M) against E. coli,
demonstrating the successful conferment of antimicrobial activity to the SE after

addition of the silver.
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Figure 36 shows the antimicrobial efficiency of the samples against S.
epidermidis. There were some variations in the killing efficiency of S. epidermidis
after 5 hours for the different Ag containing samples, but these were not significant
(p > 0.05) unlike test with E. coli. The bactericidal mechanism of silver ions against
E. coli and S. aureus has been studied by Feng et al.”” The authors attributed the
inhibitory effect of Ag" to loss of replication abilities of the DNA molecules and
inactivation of the bacterial proteins as a result of a reaction between the silver ions
and the protein thiol groups. In addition, similar morphological changes were
observed in the two types of bacteria but the Gram-positive S. aureus demonstrated a
stronger defence system against Ag". These results may explain the greater reduction
in the number of viable E. coli cells after 5 h of incubation compared to that of S.
epidermidis on SE containing functionalised Ag-zeolites. This was not observed for
SE/Ag zeolite composites, probably because of local fluctuations in Ag
concentration in test pieces as a result of the presence of aggregates in this sample
(Figure 33). The SE samples containing Ag" challenged with S. epidermidis showed
at least a 2 log reduction in the viable bacterial cells compared to the positive
controls after 5 h exposure. The composite based on silane treated Ag zeolites, gave
similar levels of performance throughout the 24 hours course. It seems that the
Gram-positive S. epidermidis was more resistant compared to the Gram-negative E.
coli because of the log reduction difference, which may be explained by the
presence of the extra cell wall affecting penetration of the silver thus taking longer to
achieve the same antibacterial effect.”” Since the Ag* containing samples reduced the
viability of E. coli and S. epidermidis and as no antimicrobial effect was observed in
the controls (Ag" free samples), it suggests that Ag” were responsible for reducing

the viable bacterial cell count.
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Figure 36. Antimicrobial testing of Silicone elastomer (Si elastomer), NaX/SE
(zeolite), AgX/SE (Ag-zeolite), V-AgX/SE (V) and M-AgX/SE (M) against .S.
epidermidis, demonstrating the successful conferment of antimicrobial activity to the

SE after addition of the silver.

The same procedure was applied to challenge with C. albicans but the growth
medium was performed in Sabouraud dextrose liquid medium (Oxoid, UK). The
antimicrobial activity of the samples against the yeast C. albicans was determined
after 0, 24 and 48 h of incubation (Figure 37). C. albicans proved to be less sensitive
to the action Ag" containing samples than bacteria. A small decline in the number of
viable cells was observed over the first 24 h for all test samples, although this was
only significant when comparing V-AgX/SE at 0 h to 24 h (p ”* 0.014). At the 48 h

sampling time, an increase of C. albicans on the test surfaces was apparent, although
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again only significant when comparing V-AgX/SE at 24 h to 48 h. The reason for
this slight increase may be because C. albicans reproduces by budding followed by
release of daughter cells, which could have led to the higher colony count. The
results in Figure 36 suggest that the Ag" concentration released from the polymers is
not high enough to kill the yeast. Eukaryotic yeast cells are larger and more complex
than prokaryotic bacterial cells, and are less sensitive to many antimicrobial agents.
Ferreira et al. found that Ag-containing FAU-type zeolites displayed higher
minimum inhibitory concentrations for yeasts compared to bacteria.®’ It is therefore
likely that an increase in the Ag-zeolite loading in the SE could also lead to greater
efficacy against C. albicans. However, this was not an objective of the present study.
However, it seems that C. albicans as a fungus is more resistant to the Ag"
containing samples than Gram-negative E. coli and Gram positive S. epidermidis.
The structure of the cell wall of C. albicans may explain the need for greater
amounts of Ag*-zeolite to reduce the number of viable cells ''°. An attempt was
made to determine the concentrations of Ag released from the different surfaces
prepared after immersion in distilled water. Silver concentrations were determined to
be around 0.005 ppm for all surfaces and no trends could be established for the
influence of sample type or the exposure time on the concentrations of released Ag.
Greulich et al. have reported that silver ions can be toxic not only to bacterial but

also to human cells in the concentration range 0.5 to 5 ppm of silver.®?

119



100000 3
- :
N 10000 1
£ 4
D ]_000 E :
= 3 —n— Sj Elastomer
O —e— Zeolite
= 100 [ Ag-Zeolite
2 j: —a—M
= f —-V
§ 10 1
> i
]_-I....I.. | I | | I |

T AT ' T EPET I A R R T A A ' A
0 5 10 15 20 25 30 35 40 45 50
Time (hours)
Figure 37. Antimicrobial testing of Silicone elastomer (Si elastomer), NaX/SE
(zeolite), AgX/SE (Ag-zeolite), V-AgX/SE (V) and M-AgX/SE (M) against C.

albicans, demonstrating the successful conferment of antimicrobial activity to the SE

after addition of the silver.

3.3.4 Conclusions

A multidisciplinary approach was applied to the development of antibacterial
silicone elastomers (SE)/zeolite composites. Silver zeolite X was prepared and
incorporated into silicone elastomers after organo-silane modification. Raman
spectroscopy revealed that Ag ion-exchange of the zeolites introduced local
structural defects, however the overall zeolite structure was preserved. Far-IR

analysis indicated that Ag was present in monovalent form. Organo-silane
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modification of the zeolite was found to be essential for retention of composite
mechanical properties, relative to the unfilled matrix. The latter, together with
reduced swelling in hexane and SEM evidence, indicated that organo-silane
modification lead to improved filler-matrix interaction. Reduction of ionic Ag to
metallic Ag led to discolouration of the SE/Ag zeolite composites. Organo-silane
modification led to a decrease in the extent of discolouration; interestingly this effect
was strongest with the vinyl silane. The antibacterial tests revealed 4 to 3-log
reductions in the viability of E. coli and S. epidermidis (after 24 h of incubation),
respectively, on contact with SE/Ag zeolite composites. C. albicans was less
sensitive to the test materials than the bacteria tested. A higher concentration of
agent might prove more effective against this microorganism. The composites
prepared could potentially be used for medical devices featuring long-term
antibacterial activity to prevent infections.?!® The present work and previous research
clearly demonstrate that a multidisciplinary approach is required for preparation and
evaluation of antimicrobial polymers containing inorganic fillers in order to avoid
compromising key aspects, e.g., zeolite characteristics, polymers mechanical

properties and physical appearance or use of reliable antimicrobial tests.
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3.4 Silver zeolite-loaded dental acrylic resins

In this section the characteristics and antimicrobial properties of Ag zeolite
loaded dental acrylic resins were investigated. The organically functionalised Ag-X
zeolites described in the silicone elastomer work were used as additives. 3-
(trimethoxysilyl)propyl methacrylate was selected for organic functionalisation of
the zeolite. The high level of silver (14 wt.%) within the zeolite enabled the
preparation of antibacterial composites containing low levels of zeolite (2 wt.%, 0.7
wt.%, 0.4 wt% and 0.2 wt.%). The antimicrobial effect of the silver zeolite
containing polymers was tested against E. coli and C. albicans. The sustained Ag
release over long periods of time were studied. Colour measurements were
conducted before and after Ag release experiments in order to provide further insight
into discolouration problems associated with silver-containing materials. In an
attempt to overcome discolouration, dental acrylic samples containing 3-
(trimethoxysilyl)propyl methacrylate functionalised Na-X zeolite (Ag free) at 2 wt.%
and 1 wt.% were submersed in a solution of 0.01 M AgNOs. The samples were

tested for their antibacterial activity against E. coli.

3.4.1. Dental acrylic resins

Organically functionalised Ag-X zeolites were used as additives in dental
acrylic resin (DA). Ag exchanged zeolites were added to dental acrylic resin at 0.2
wt.%, 0.4 wt.%, 0.7 wt.% and 2 wt.%. loadings. Digital images of the composites
obtained are shown in Figure 38. The organically functionalised zeolite was well
distributed through the matrix with no visible aggregation in the polymer sample.

The samples appeared homogeneous. The colour of all resins containing Ag zeolite
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particles was darker compared to the neat DA. The brown discolouration was
stronger and more pronounced with higher loadings of Ag-X. DA / Ag 0.2 wt.%

seems to be considerably less coloured, approaching the overall appearance of DA.

|

Figure 38. Digital images DA acrylic resins; from left to right: DA (control), DA

containing Ag-zeolite at 0.2 wt.% loading, DA containing Ag-zeolite at 0.4 wt.%,
DA containing Ag-zeolite at 0.7 wt.% and DA containing Ag-zeolite at 2 wt.%

loading.

Colour measurements were conducted to further analyse the colour changes
observed (Table 15). For each specimen, three repeated measurements were taken to
determine the colourietric values, i.e. L*(brightness), a*(red-green proportion) and
b* (yellow-blue proportion). The differences to the zero value were calculated from
the means of the colourimetric values AL*, Aa* and Ab*. From that difference, the
total colour difference AE (AE=[(AL*)*+(Aa*)*+(Ab*)*]"?) values were calculated
and compared among the samples.!”® 2! Visual evaluation of the specimens
observed an increase in discolouration with an increase in Ag-X loading. However,
no trend was observed between increasing levels of silver-zeolite and the calculated

AE values (Table 15). Nonetheless a negative trend can be identified when
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comparing a* values to the control. The colour difference (AE) of tested samples
ranged from 11.52 to 20.03 compared with control. It is well known that
discolouration is a common problem for silver-containing materials because of Ag
reduction. Our approach seems to offer a solution to that problems as indicated by

the colour measurements performed.

Table 15. Colour measurement test resulting fromDA and DA containing Ag-

zeolite. The colour difference results from the difference in the Ag-zeolite loadings.

Sample L* a* b* AE*
DA 47.71 15.11 6.70 -
Ag2wt.% 31.25 5.62 3.73 19.23
Ag0.7wt.% 37.01 11.16 5.10 11.52
Ag0.4wt.% 29.29 7.72 3.99 20.03
Ag0.2wt.% 32.74 12.00 8.23 15.37

Mechanical testing results are presented in Table 16. The mechanical testing
of the samples provided some insight into both the stiffness and the interaction in
coupling agent and the polymer. The addition of the zeolite in the absence of a
coupling agent resulted in reduction in the stiffness. There were significant
differences among the dental resin in the tensile strength. DA (control) and DA
prepared by addition of the organically modified Ag-X showed similar tensile
strength. Both values were lower for the non-functionalised samples indicating that

silane modification indeed improved the dispersion of the filler within the polymer.
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These results indicated that the coupling agents improved the compatibility between

the zeolite and the polymer and resulted in high quality DA/ zeolite composites.

Table 16. Mechanical testing data of dental acrylic resin samples prepared in this
work. Demonstrating no deterioration in the mechanical properties of composite

samples compared to these of the neat dental acrylic resin was observed.

Sample Flexural modulus (MPa) =+ Flexural Strength (MPa) = SD
SD

DA 2.12+0.24 90.10 +2.38

DA /Na-X 2.09 £ 0.15 81.15+5.06

DA/ Ag-X 2.14+0.20 80.60 + 6.67

DA/ Ag-X/M 2.35+0.23 85.20 +3.30

3.4.2 Antimicrobial testing of dental acrylic samples

DA, DA/ Ag-X (2 wt.%), DA / Ag-X (0.7 wt.%), DA / Ag-X (0.4 wt.%), and
DA / Ag-X (0.2 wt.%) were tested against E. coli (ATCC 8739, Figure 39) and C.
albicans (NCYC 1363, Figure 40). The DA samples were tested over a 24 hours
period for their antimicrobial activity, with samples taken at sampling periods of 0,
1,2,3,5, 16 and 24 hours. The DA (control) did not show any antibacterial activity
in all tests. Figure 39 shows the antimicrobial efficiency of the samples against E.
coli. DA / Ag-X (2 wt.%) and DA / Ag-X (0.7 wt.%), exhibited the highest level of
antimicrobial activity after 1 h of exposure. No viable cells were detected after 2

hours with DA / Ag-X (2 wt.%) and DA / Ag-X (0.7 wt.%). This may be due to the
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higher Ag content in this sample. All DA samples containing Ag showed at least a 3
log reduction in the number of E. coli cells on the surface in comparison to the
positive control after 6 h exposure. There were some variations in the killing
efficiency of E. coli after 2 hours for the DA / Ag-X (0.4 wt.%) and DA / Ag-X (0.2
wt.%) samples, but these were not significant. No viable cells were detected after 24
h of exposure. Since the Ag" containing samples reduced the viability of E. coli and
as no antimicrobial effect was observed in the controls (Ag" free samples), it

suggests that Ag"” were responsible for reducing the viable bacterial cell count.
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Figure 39. Antimicrobial testing of DA (Dental resin), DA / Ag-X (2 wt.%), DA /
Ag-X (0.7 wt.%), DA / Ag-X (0.4 wt.%), and DA / Ag-X (0.2 wt.%) against E. coli,
demonstrating the successful conferment of antimicrobial activity to the DA after

addition of the silver.
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The same procedure was applied to C. albicans but the growth medium was
in Sabouraud dextrose liquid medium (Oxoid, UK). Figure 40 shows the
antimicrobial efficiency of the samples against C. albicans. DA / Ag-X (2 wt.%) and
DA / Ag-X (0.7 wt.%), exhibited the highest level of antimicrobial activity, with no
viable cells detected after 6 h of exposure. A small decline in the number of viable
cells was observed over the 24 h for DA / Ag-X (0.2 wt.%) and DA / Ag-X (0.4
wt.%). C. albicans proved to be less sensitive to the action Ag" containing samples
than bacteria in the case of DA / Ag-X (0.2 wt.%) and DA / Ag-X (0.4 wt.%). The
reason for this slight decrease in number of viable cells, this may be due to the lower
Ag content in this sample. Also it may be due to the low Ag" concentration released
from the polymers, which is not high enough to kill this yeast. The complex cellular
organization of eukaryotic cells and/or the structure of the cellular wall may explain

the need for greater amounts of Ag to inhibit their growth.
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Figure 40. Antimicrobial testing of DA (Dental resin), DA / Ag-X (2 wt.%), DA /
Ag-X (0.7 wt.%), DA / Ag-X (0.4 wt.%), and DA / Ag-X (0.2 wt.%) against C.
albicans, demonstrating the successful conferment of antimicrobial activity to the

DA after addition of the silver.

The concentration of Ag released from the different surfaces prepared after
immersion in distilled water or artificial saliva were determined during a duration of
54 days. The Ag concentration was determined after the following time intervals 4,
8, 12, 26, 40 and 54 days of incubation at 37 °C. The Ag release in distilled water
(Figure 41) or artificial saliva (Figure 42) are shown. The Ag released from AgX
surfaces was generally higher in artificial saliva compared to distilled water with a
maximum of 0.031 ppm for the 2 wt.% sample tested at day 8. The corresponding
Ag concentration in distilled water was 0.015 ppm. The concentration of Ag released
from the Ag-charged surfaces over 20 days immersion in sterile distilled water was
0.4-06 ppm for the 2 wt.% sample and 0.3-0.4 ppm for the 1 wt.% sample. The
amount of silver released increased with an increase in Ag zeolite loading. All four
materials produced their highest concentrations after 8 days. Longer immersion
times showed a diminished amount of silver released in silver (0.2, 0.4 wt.%) within

zeolite dental resin.
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Figure 41. ICP-OES results of Ag" ions leaching from DA and DA containing Ag-

zeolite composites immersed in20 ml distilled water.
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Figure 42. ICP-OES results of Ag" ions leaching from DA and DA containing Ag-

zeolite composites immersed in 20 ml artificial saliva.
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Colour measurements were conducted to study the effect of Ag release on
discolouration (Table 17, Figure 43). The colour difference (AE) of tested samples
ranged from 11.52 to 20.03 compared with control, whereas after the Ag release test
for 54 days, AE ranged from 11.56 to 15.85. A significant decrease in AE was

observed, suggesting that Ag contributes to the discolouration observed.

Table 17. Colour measurement test of DA and DA containing Ag-zeolite before and

after Ag release test.

Before Ag release test After Ag release test
Sample L* a* b* *AE L* a* b* *AE
DA 4771 15.11 6.70 - 47.71 15.11 6.70 -

Ag2wt. % 3125 5.62 3.73 1923 3528 5.36 5.36 15.85
Ag0.7wt.% 37.01 11.16 5.10 11.52 3824 8.51 6.11 11.56
Ag0.4wt.% 2929 7.72 399 20.03 3445 9.62 6.94 14.35

Ag02wt.% 3274 12.00 823 1537 3824 12.73 13.18 11.72
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Figure 43. Colour difference (*AE) resulting from DA and DA containing Ag-

zeolite before and after Ag release test.

The DA and silver containing DA were tested for antibacterial efficiency
after the Ag release for 54 days. The antibacterial activity of dental resin and Ag
containing dental resin was tested against E. coli (Figure 44). The DA and Ag
containing DA demonstrated that polymers retained their antibacterial activity after
54 days submersion in distilled water. They were capable of killing E. coli upon
repeated exposure. It can be seen that these polymers containing Ag at 2 and 0.7
wt.% are extremely antimicrobial, killing all E. coli bacteria after 24 h incubation.
Ag release concentration after 54 days for DA / Ag-X (2 wt.%) is 0.006 ppm. In
comparison, DA / Ag-X (0.2 wt.%) ag release concentration after 54 days Ag release
test is no Ag was detected. The DA / Ag-X (0.4 wt.%) and DA / Ag-X (0.2 wt.%)
showed reduced antibacterial efficiency against E. coli. This can attributed to no Ag

release from the sample. As no antibacterial activity was observed with the DA,
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silver ions released from zeolite NaX were responsible for the efficacy of killing a

large number of bacteria in a very short period of time.
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Figure 44. Antimicrobial testing of DA (Dental resin), DA / Ag-X (2 wt.%), DA /
Ag-X (0.7 wt.%), DA / Ag-X (0.4 wt.%), and DA / Ag-X (0.2 wt.%) against E. coli,

after 54 days submersion in distilled water.

3.4.3 Ag charged NaX dental acrylic samples

The dental acrylic resin contained 2 wt% and 1 wt% 3-
(trimethoxysilyl)propyl methacrylate function NaX zeolite (Ag free). The samples
were submersed in 20 ml of 0.01 M silver nitrate solution at room temperature for 24
h. The samples were washed several times with distilled water after submersion. The

concentration of Ag released from the different surfaces prepared after immersion in
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distilled water were determined during a duration of 20 days at 37 °C (Table 18).
During the test period, the silver release values for DA containing zeolite-silane at 2
wt.% loading ranged from 0.43 to 0.6 ppm. Silver release values in DA containing
zeolite-silane at 1 wt.% loading ranged from 0.26 to 0.39 ppm. The amount of silver
released increased with an increase in zeolite-silane loading. DA containing zeolite-
silane at 2 wt.% loading produced the highest concentration of Ag after 20 days.

Longer immersion times showed a reduced amount of silver release.

Table 18. ICP-OES results of Ag" ions leaching from DA and DA containing

zeolite-silane composites immersed in 20 ml distilled water charged from AgNO;

solution.

Duration (Days) Ag release (ppm)
Sample DA/ M-AgX 2wt.% DA /M-AgX 1wt.%
1 0.60 £ 0.07 0.39 +0.06

20 0.43 +0.09 0.26 £0.01

The DA samples were tested over a 24 hours period for their antimicrobial
activity, with samples taken at time periods of 0, 5 and 24 hours. All the DA samples
were tested against E. coli (ATCC 8739). The DA (control) did not show any
antibacterial activity in all tests. Figure 45 shows the antimicrobial efficiency of the
samples against E. coli. DA containing zeolite-silane at 2 wt.% and DA containing
zeolite-silane at 1 wt.%, exhibited similar antimicrobial activity. No viable cells
were detected after 5 hours with DA containing zeolite-silane at 2 wt.% and DA

containing zeolite-silane at 1wt.%. The antibacterial efficiency can be attributed to
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the high Ag release in both samples. Since the Ag" containing samples reduced the
viability of E. coli and as no antimicrobial effect was observed in the controls (Ag"
free samples), it suggests that Ag" were responsible for reducing the viable bacterial

cell count.
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Figure 45. Viable bacterial cell counts of E. coli in the presence of DA and DA

containing zeolite-silane charged from AgNOs solution.

Colour measurements were conducted before and after submersion of DA
containg silane-zeolite (M-NaX) in AgNO; solution (Table 19). The colour
difference (AE) of tested samples ranged from 4.03 to 10.51 compared with control,
whereas after the AgNO; submersion, AE ranged from 1.87 to 6.64. A significant
decrease in observed in AE, the results suggest that Ag contribute to the
discolouration observed. No visible colour change was observed visually before and

after submersion in AgNO3 solution (Figure 46).
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Figure 46. Digital image of DA acrylic resins; from left to right: DA (control), DA
containing zeolite-silane at 2 wt.% loading (before charging) and c) DA containing

zeolite-silane at 2 wt.% loading (after charging).

Table 19. Colour measurement test resulting fromDA and DA containing zeolite-

silane composites before and after immersion in 20 ml AgNO3 solution.

Sample L* a* b* *AE
DA 47.71 15.11 6.7 -
DA /M-NaX 2 wt.% 47.25 11.62 4.73 4.03
(Before charging)

DA /M-AgX 2 wt% 48.52 14.18 5.30 1.87
(After charging)

DA /M-NaX 1 wt.% 39.25 9.62 3.73 10.51
(Before charging)

DA /M-AgX 1 wt% 42.68 10.99 5.37 6.64
(After charging)
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3.4.4 Conclusions

Functionalised Ag zeolite was incorporated into dental acrylic resin at
loadings of 2 wt.%, 0.7 wt.%, 0.4 wt.% and 0.2 wt.%. The antibacterial tests revealed
a 3 log reductions in viability of E. coli, when in contact with Ag-zeolite dental
acrylic. C. albicans was more resistant, the lower Ag loadings had reliably less
effect, although the two highest loadings showed good efficiency against this more
challenging organism. Mechanical properties indicated that organo-silane
modification was essential for good filler-matrix adhesion. At the most effective Ag-
zeolite loadings a noticeable brown discolouration was imparted to the composites.
Ag release from dental acrylic in artificial saliva was significantly higher than Ag
release in distilled water during the early periods of leaching. Colour measurements

showed a pronounced decrease in AE after a 54 days leaching period.

Ag was charged into DA resins containing NaX zeolites and ion-exchanged
within the zeolite, which has successfully solved the discolouration and Ag-
containing resins with a similar colour to that of the original polymer were obtained.
The Ag-charged samples showed similar activity against E. coli to that of samples
loaded with AgX. The results in this work show that Ag-based antimicrobial dental
acrylic resins with long-term activity and convenient Ag replenishment can be
successfully prepared using zeolites. The materials have the potential to increase the
life-time of denture acrylic resins and to improve the oral health of patients with

prosthetic devices.
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Chapter 4. Conclusions

This project studied different aspects of the antimicrobial properties of Ag
zeolites in powder form such as the influence of the form of silver, metallic or ionic,
the zeolite type and crystal size and the presence of mesoporosity. As part of the
work, a suitable screening technique was developed, allowing quick comparison of
the antimicrobial efficacy of samples of similar nature. The results indicated that
silver in metallic form was slightly more efficient compared to silver in ionic form,
however the difference could not justify the additional complex preparation steps
with the reduction of Ag-exchanged zeolites. Reduction of crystal size resulted in a
decrease in the killing efficiency against E. coli and C. albicans. Zeolite beta showed
higher antibacterial efficiency than zeolite X despite the lower Ag content in that
sample, which was attributed to the higher concentration of silver released from
zeolite beta samples to the medium. Introduction of mesoporosity in zeolites also
resulted in an increase in the antibacterial activity. The difference in the killing
abilities of the different samples were not sustainable and could be as little as 1 min
between samples. However, the results are of importance for applications where
quick killing is needed. Cytotoxicity measurements using PBMCs indicated that Ag
zeolite X was more toxic compared to Ag beta, particularly the nanosized sample.
All samples except the latter showed insignificant differences compared to untreated
cells at concentrations of 0.1 mg mL™' and below. During our method development,
we showed that the use of reliable antimicrobial tests were of paramount importance
for the results. For instance, neutralisation of Ag to halt its activity after incubation
was essential for the reliability of the results. The results reported here will be of
interest when selecting silver zeolites for biomedical applications, particularly when

fast antimicrobial response is required.
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Another aim of this thesis was to apply a multidisciplinary approach on the
preparation and antimicrobial assessment of antimicrobial polymers contacting Ag
zeolites. The works on silicone elastomers and dental acrylic resins showed that Ag
zeolites can successfully incorporated into polymers to introduce antimicrobial
activity. Organic modification of the zeolites was found to be essential in order to
improve the compatibility between the zeolite and the polymer matrix and improved
filler-matrix interactions was found. The polymers showed discolouration when Ag
zeolites were added to uncured polymers. This problem could be solved to a certain
extent by the selection of the organic modifier. A more elegant approach was to
introduce the silver post-synthetically to polymers loaded with Na zeolites. The
materials prepared using this approach had a similar colour to that of the original
polymer as determined by colour measurement tests. The Ag zeolite containing
dental acrylic resin retained antibacterial activity after a 54 days leaching period after
two cycle of antibacterial testing. The results showed the surface will be able prevent
multiple colonisations of surfaces. The antimicrobial silicone elastomer and acrylic
resins reported here will be of interest for potential medical devices and denture

applications.
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Chapter 5. Future work

The initial antimicrobial screening investigated Ag zeolite in powder form.
Zeolite beta showed higher activity than zeolite X despite the lower Ag content in
that sample, which was attributed to the higher concentration of silver released from
zeolite beta samples to the medium. Investigating more zeolites would provide a
better understanding of the zeolites antimicrobial properties. In addition, the
introduction of mesoporosity had a beneficial effect on the antimicrobial efficacy.
Mesoporous zeolite beta contained a large amount of amorphous material. It would
be beneficial to test materials having the same crystallinity but different
mesoporosity to determine the influence of mesoporosity on antibacterial activity.
Cytotoxicity measurements using peripheral blood mononuclear cells indicated that
Ag zeolite X was more toxic compared to Ag beta, particularly the nanosized
sample. Testing the effect of incorporating Ag-zeolite into a polymer on cytotoxicity
would be of great interest for potential future applications of these materials.

The antimicrobial Ag zeolite/polymer composites prepared showed high
antimicrobial efficiency against bacteria and fungi; testing against other
microorganisms would provide an insight into how effective they are as a general
biocidal material. Further analysis of the Ag zeolite containing polymers
antimicrobial properties needed to provide an insight, in particular the long term
behaviour of the polymers (e.g., is Ag stable within the polymers, will there be Ag
migration within the materials, etc.). The growth of biofilms on the surfaces are also
worth investigating.

The antimicrobial testing (viable plate count method used in this study) of the
polymers was fundamental and focused on proof of concept. The plate count method

does not explore the antibacterial agent effect on bacteria, which may be
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bacteriostatic (kills organisms) or bactericide (inhibits the growths of organism)..
SEM can be used to determine whether cells lysis had occurred. Lysis of bacteria
would confirm cells are being killed by antibacterial agents rather than experiencing
growth inhibition. Exploring other techniques to test the antimicrobial efficiency
(e.g., live dead stain ) is necessary to obtain a broader view of its ability to prevent
colonisation. Using a live dead stain would allow for the determination of the
number of viable bacterial cells remaining on the polymer surface.

The effect of charging dental resins loaded with Ag-free zeolites from
AgNOs; solution, focused on the proof of concept. The results proved promising,
although further work needs to be carried out, for instance to study the cytotoxicity
of the materials as well as their activity towards more microorganisms associated
with oral diseases. Applying the same protocol to silicone elastomers, and

determining the antibacterial efficiency would also be worthwhile testing.
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Silver confined within zeolite EMT nanoparticles:
preparation and antibacterial propertiest

B. Dong * 5. Belkhair® M. Zaarour,® L Fisher® J. Veran® L Tosheva,* R. Retou,®
J.=P. Gilson® and 5. Mintowva™

Thee jpreparation of pure zeclite manoonystals (EMT-type framework) and their siver fon-exchanged Ag”© -
EMT) and reduced siher g®-EMT) forms is mpoted. The tempiste-fme zeclte nancorystals are
stabilized i water suspersions and wsed directly for shver fon-exchange and subsequent chemica
meduction under microwese inadiation. The high porasity, bow S0l ratio, high concentafion of sodium
and witrasmal orystal sze of fee EMT-type pedite permitied the intoduction of a ligh amount of siver
wsing short ion-exchange times in the range of 2-6 h The kiling effcacy of pure EMT, Ag™-EMT and
#g"-EMT agminst Excherichia coli wes studied semi-quanftatively. The anfhacterial actity incrassd
with incressing Ag conient for both types of samples (Ag™-EMT and Ag™-EMTL The Ag™-EMT samples
show sightly erhanced antimicrobial efficacy compamd o that of Ag™-EMT, howeer, the differences
am= not substantial and the prepamtion of Ag nanoparcies i not viable considering the complexity of

AL O TNl Preparaton steps.

Introduction

The introduction of antimierobials to a vast range of matedals,
including medical devices, food packaging, clothing and
toiletries, for purposes of reducing infection or deterioration,
of for hygienic and mechanical reasons has been widely
researched. Antibacterial inorgan iem aterials present important
advantages over traditionally used organic agents due to their
chemical and thermal stability allowing for flexible processing
duting prepamtion of nanecomposites, alloys, coatings and
other complex structures™ Amongst them, siver, with it
brosd spectram of antimicobial properties, has become ome of
the most inte nsively shadied systems ® There have been a certain
degres of contmwersy in mechanistic sudies of silver toxieity
becmme of the huge vadations in antibacterial testefzilver
systems used " The antibacte dal effect of sikver has been asoo-
ciated with the mlease of siver lons in agueous sohitions

cauging plasmolysis after entering the bacterial cell and partial
disruption of the cytoplasmic membrane and afecting the DNA
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replication ability.” Direct damage of the bacterial cellwalls and
accumulation of silver in the membrane have been demin-
strated by Sondi and Salopek-Sondi * The bactercidal efieet of
sihver nanparticles has also been found to be de pendent on the
ranoparticle sie ” Sikver manoparticles with gzes below 10 nm
were found to directly interact with bacterial cells. Purther, it
has been demonstrated that the activity of silver remopartic les
was due to the aembic release of silver jons and that Ag” did not
have any bactericidal properties

In many cases, low release of silver ions over long periods of
time i required to ensure sustainable antibacterial efficacy
conforming to the mguirements of the epecific application. For
longterm antibacterial applications, siber is wzally incorpe-
rated inty matrices, guch ag zeolites Zeolites are mienpomus
enstalline ahaminesilicates, composed of TOy tetmbed (T=5i
of Al) linked tos each other by aovgen ions. Each AlO, tetrahe-
dron brings a net negative charge, which is balan ced by a cation.
The channels or imerconnected voids of the framework ame
oecupied by cations, which can readily be exchanged by silver
v ion-exchange post-synthesis treatment. Recently, a proce-
dure to optimise the ion-exchange conditons to yield a high
silver londing inthe seolite was reported ™ In aguesss mediom,
gilver joms can be meleased and act as an antimie robial ' The
stabilisation of Ag within the zeolite matric has esulted in
enhanced antifurgal activity in comparison with free Ag lons. ™
The antibacterial properties of Ag-seclites have been found to
depend on vadous factors such as the physical form of the
zenlite hast (g, powder, granules o pellets)™ the zeolite pone
architecture™ and the siver form [Ag" or Ag")L™ Although
several gudies have reported the antibacterial properties of
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Silver zeolite-loaded silicone elastomers: a

multidisciplinary approach to synthesis and
antimicrobial assessmentt

Sama Belkhair® Malcolm Kinninmonth® Leanne Fisher,® Biliana Gasharowa,®
Christopher M. Liauw,* Joanra Verran,® Borana Mibailova® and Lubomira Tosheva™

A muitidscplinary approach has been appied to the preparation of antibacterial Ag zeofite 'sloone
alasinmer composites armed at produc s that satsfy a mnge of requirements, namely good  mechanscal
Properties after zeclie Noorponation and strongly antbactesal. Zedite X was synthesised and used a5
antibactenal agent after ion-exchange with sier. The high level of siver {14 wiX) within fhe pedite
enabled the preparation of antiacterial composies containng a relatvely low Evel of zeolie 2 wii)
The composites showed strong efficacy aganst Escherichia ool and  Staghylocorars epderminis
Organc functionalization of the zeolie with oganc-sianes pror blending wath the matrix usefully
mproved composte mechamncal properfes and reduced oolor dewelopment i Ag zedite contaming
shcone dxiomes Organo-slane modification did not sulstantially affect $he antbactesal
periormance of fhe materak; the number of viablle oslls of both Gram -positve and Gram -negafee
bacErna was reduced to beyond detecton Bmits within 24 hours of incubation. Efficacy of the Ag
zeolite contaning composies agarst the yeast Candich allvears wes found o be substangally les
than cbserved with fhe two mcteria. This study demonstrates that evaluation of polymer composies
neads to be performed wa a multdscpinary approach i order o awosd compromising a partcular
aspect of e matenials’ design, chamctenstics or peformance, nduding the we of eliable testing

s ey v s et to detesmine the bytter

Introduction

The uee of medical devices has become an esgential part of
madermn day medicine and as a consequence, microbial infec-
tipne regulting fom bacterial adhesion and colonization to
biomatedal sufaces & of major concem. The continsously
increaging levels of antibiotic resictance have promyted
research into adding therapeutie amtimicrmobialk to medical
devices with long-term activity to prevent infections.® Zeolites
are excellent candidates for such applications. They can be
exe hanged with metal antimicrobials, they are chemically and
thermally stable, their pore structure facilitates the slow release
of antibacterial metals and also there & a possibility for
rejene mtion upsn metal depletion by secondary ion-eochange.
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Silver i& a welkknown antibacteral agent with an ability to act
on a broad spectrum of organisms® Siker is ako the mos
popular metal of choice for prepamtion of antibacterial zealites.
The Ag leaching and the antimicrobial activity of Ag-exchanged
zealite A over a 12 month period has been studied by Yan and
coworkers” The study demonstrated that Ag zeclite coatings
retained their antibacte dal actvity after 12 months submemsion
in distilled water and that they were capable of killing Esher-
ihia coli (E. colf) upon mepeated expogures. The killing e fMicacy
of Ag zedites hag been found to depend not enly on the silver
comtent but also on the geometry of zeolite pores.® Zeolites with
a three-dimensional pore gystem showed supedor antibacterial
activity compared to one-dimensional sealites, probably due to
the hindered release of Ag in the litter. Purther, the antibacte-
rial properties of Ay exchanged into seolites hoving the same
structure [FAUHype ) have been found to differ depending on the
SiiAl mtio® Ag-erchanged seolite ¥ (Si/Al mto = 2.03) displayed
lower minimuem  inhibitory concentration against bacteda
compared to zeolite X (SVAl mtic = 1.64), both containing
similar Ag loading of 9.7 wi%h and 9.8 wi'h, comrespondingly.
This result was attrib uted to the presence of metallic siker in
zeolite X The bacterieidal activity of Ay zeolites has aleo been
fourd to depend on the sedlite physical form, mamely powders
or zedite aggmgaes® Although Ag zeclites of very low Ag
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