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Abstract

Introduction

Maxillofacial prostheses are used to substitute lost facial parts, but give variable

clinical results due to complications such as contamination and infection. Candida

albicans infection remains a significant problem for facial prostheses made of

silicone, as the organism causes degradation of the material and infection of the

surrounding tissue. This study investigated the antifungal properties of silver

nanoparticles (Ag NPs) as a coating on silicone facial prostheses to eliminate

infection.

Methods

The experimental approach used fibroblast cell cultures to test the biocompatibility of

Ag NPs and to demonstrate the safety of Ag NPs compared to AgNO3 at

concentrations of 5 and 50 mg l-1. Cells cultures with and without the prosthetic

material coated with Ag NPs were tested for cell viability and adherence to the

prosthetic. An addition of yeast (C. albicans) was used as a pathogenic challenge to

test the “antifungal” properties of the new facial prosthetics. End points included the

determination of the cytotoxic response of the cells to nanoparticles including;

protein and lactate dehydrogenase enzyme (LDH) leak, as well as electrolytes

relating to the osmotic health of the cells (measuring pH, Na+, K+). Total Ag

concentrations were also measured. In addition, an ethanol assay was used to follow

metabolic activity associated with C. albicans, as fibroblasts do not produce ethanol.
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Results

This study revealed that facial prostheses coated with Ag NPs preserved fibroblast

cells from fungal infection compared to uncoated silicone prosthesis at a

concentration of 50 mg l-1. Cell viability measures showed Ag NPs were not toxic to

fibroblast cells compared to AgNO3 after 24h exposure. LDH leak was 9.7 % at a

concentration of 50 mg l-l Ag NPs, while LDH leak for cells exposed to AgNO3 was

97%. Additionally, fibroblast cells exposed to AgNO3 showed significant change in

cell Na+ content, as a coating, and when silver was added directly to the culture

media (Kruskal Wallis, p< 0.05). However, when cells were exposed for 24 h to Ag

NPs prepared in the media, this caused a significant change in cell K+ content (One

way ANOVA, p< 0.05) and inhibition of Na+ K+-ATPase activity. In contrast, when the

cells were exposed to the same concentrations of Ag NPs as a coating on silicone

prostheses for 72 h, there was no effect on the Na+ pump or on cell K+. This study

also showed that silver released from Ag NPs as a coating was less compared to

that from AgNO3.  Moreover, the production of ethanol by C. albicans was 30-fold

lower when the silicone coated with Ag NPs compered to uncoated silicone, and 8-

fold lower when coated with AgNO3.

Conclusion

The coating of silicone materials with Ag NPs could be of great use clinically to

prevent fungal infection for patients with maxillofacial prostheses. A practical coating

on the surface of the silicone prosthesis of 50 mg l-1 Ag NPs should be antifungal

without any toxic effects to human dermal fibroblast cells. In clinical situations

Candida infection occur at lower innoculations than used here and a lower

concentration of Ag NPs could therefore also be effective in real patients.
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Introduction

Maxillofacial prostheses are made of artificial substitutes like silicone and used to

replace facial parts lost through disease or trauma. They are also used to restore

and maintain the health of the tissues, and to improve aesthetics for better social

acceptance of facial injuries (Aziz et al., 2003; Hooper et al., 2005). Some of the

materials used for facial prostheses give variable clinical results in terms of quality

and stability, due to problems such as contamination and infection (Lewis et al., 1980;

Montgomery et al., 2010). Some examples of different prosthetic materials used for

facial replacement are presented in Table 1. The surface of maxillofacial prostheses

appliances, which are used for nasal, mid-facial, or combinations of facial prostheses

with a defect in maxilla, are exposed to body fluids such as saliva and nasal

secretions (Kurtulmus et al., 2010). Inevitably, these prostheses are susceptible to

surface colonisation by microorganisms, with subsequent degradation of the material

and infection of the surrounding tissue (Busscher et al., 1994).

Table 1. The advantages and disadvantages of available materials used for
maxillofacial prostheses modified from Maller et al. (2010).

Name of
materials used

for
prostheses.

Advantages Disadvantages

Acrylic Resin The benefits of acrylic are that
they are long lasting and easily
coloured for cosmetic use.
Additionally, acrylic materials can
be relined or repaired.

This material is characterised  by
rigidity, thus the mould needs to be
destroyed after the processing,
therefore, duplication is not possible.
Additionally this material absorbs
water after one week, leading to
increases in weight about 0.5%.
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Acrylic

Co-polymers

Acrylic Co-polymers are soft and
elastic in texture compared to
acrylic resin.

This material has not received wide
acceptance due to poor edge strength
and lack of toughness. Furthermore,
when this material is exposed to
sunlight, this lead to degradation. Dust
collection and staining of the material
which may damage the prostheses.

Polyvinyl
chloride co-
polymers

Polyvinyl chloride co-polymers
are flexible and suitable for both
intrinsic and extrinsic colouration;
thus better cosmetic results can
be obtained.

This material can discolour over time,
the edges may show tearing. The
material may also absorbs sebaceous
secretions, which will compromise the
physical properties of the material.
Additionally, it is sensitive  to UV
Light.

Polyurethane
Elastomers

This material is elastic and it can
be coloured extrinsically and
intrinsically, which gives better
cosmetic results.

This material is moisture sensitive and
water contamination is difficult to
control, leading to discoloration of the
prostheses and poor compatibility.

High
temperature
vulcanization
silicones HTV

This material has excellent
thermal stability and colour
stability and it is biologically inert.

Not adequately elastic, low edge
strength, opaque and life less
appearance.

Room
temperature
vulcanizing
silicone RTV

This material retains physical and
chemical properties at a wide
ranges of temperatures.
Additionally, it is biocompatible,
and easily manipulated.

Cosmetic appearance of the material
is inferior to that of polyurethanes,
acrylic resins and polyvinyl chloride.
Additionally, discolouration with the
time occurs and it has poor edge
strength, besides it is expensive.

There are many microorganisms that thrive and proliferate in the space

between the prostheses and the surrounding biological environment. These include

bacteria such as Porphyromonas gingivalis (Zortuk et al., 2010) Staphylococcus

epidermidis, Pseudomonas. aeruginosa (Benson et al., 1996) and Candida albicans
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(Sobolewska et al., 2007), resulting in a complex biofilm formation on the prosthesis.

Yeast infections are of particular concern.  One of the most prevalent fungal

infections in the human oral cavity as well as on the skin is C. albicans (Coenye et al.,

2011). Growth of C. albicans has been observed on facial prosthetic materials, as

well as on the dentures causing denture stomatitis, and is also responsible for a

great number of infections related to implanted devices such as prosthetic heart

valves and joint replacements (Dominic et al., 2007; Thein et al., 2007; Estivill et al.,

2011; Borghi  et al., 2011).

Furthermore, facial prostheses come into direct contact with the skin, where

various microbes are present including C. albicans. In addition, the moisture arising

from sweating and body warmth assists fungal growth on the silicone surface.

Residual salts from the sweat and sebum from sebaceous glands can adhere to the

surfaces of the prostheses; providing nutrients for fungal growth (Leow et al., 1997).

The facial skin also has a pH range between 4.0 to 4.9 (Korting et al., 1996), which is

favourable for the growth of C. albicans. Although C. albicans is able to grow over a

broad range of pH conditions (Ghosh et al., 2008), most yeast cells tend to colonise

more in acidic conditions (Spielmann et al., 2011). Together, the presence of optimal

pH, nutrients, moisture and warmth lead to the colonisation on the surface of the

prostheses, and acidic metabolic waste from organisms such as oral strains of C.

albicans can support this environment (Kurtulmus et al., 2010). The acid conditions

may lead to degradation of the prosthetic materials and eventually will produce a

rough surface which is more susceptible to microorganisms attachment (Mandracci

et al., 2008), exacerbating the problem of infection for the patient.

Traditionally, patients are instructed to wash their prostheses regularly with

water, which is the most common cleaning medium used to prevent colonisation by
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bacteria (Denge et al., 2004). This is a simple measure that can help prevent

microorganism-related damage to maxillofacial prostheses. However, recently

Kurtulmus et al. (2010) demonstrated that even after washing, high number of

microorganisms remained on the surface.  Another particular problem is that yeasts

are able to infiltrate prosthetic materials such as silicone rubber; either by enzymatic

degradation of silicone or by using the silicone directly as a nutrient source

(Busscher et al., 1994; Lemon et al., 1995). Additionally, facial prostheses absorb

water after washing; affecting the physical properties and the perception of colour

matching of the prosthesis to the surrounding facial tissue (Aziz et al., 2003). To

overcome these problems microwave sterilisation, strong solvents such as benzene

and xylene, and chlorhexidine gluconate have all been used to disinfect maxillofacial

prostheses. However, all these disinfectant substances affect colour stability of

maxillofacial prostheses (Deng et al., 2004; Kiat-amnuay et al., 2005). A study by

Jani et al. (1978) revealed that more than 69% of the prostheses were remade (e.g.,

repaired or replaced) within a year because of changing colour of prosthetic material.

Currently, silicone elastomers also exhibit colour change over time and require

replacement (Goiato et al., 2009). The most popular material is A-2186, but despite

its long clinical success, A-2186 has a number of disadvantages in terms of durability

and infection control and it is not an “ideal” material for maxillofacial prostheses

(Montgomery et al., 2010). Nevertheless, many experiments has been conducted to

improve A-2186 facial prostheses, for instance, Han and co-workers added nano

scale metal oxides (Ti, Zn, or Ce) into A-2186 to improve its mechanical properties,

and found that 2.0 and 2.5% of these oxides strengthened the mechanical properties

(Han et al., 2008). But, still further research should be done to develop A-2186
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material to fulfil the needs of patients; to overcome these problems nanotechnology

offers some advantages.

Recently nanotechnology has opened up new avenues of research and offers

many applications in human health (Sozer et al., 2012). Nanotechnology can be

defined as using materials and structures with nano scale dimensions usually in the

range 1-100 nm (Handy et al., 2007). Keck et al. (2013) has also defined

nanoparticles as a range of particle size from 1 nm to just below 1000 nm.

Nanomaterials can potentially be applied to refine and improve maxillofacial

prostheses. For example, due to their small size and their colloidal behaviour to

adhere on to surfaces, they could be used as a coating or incorporated into the

products (Christian et al., 2008). Furthermore, nanostructure materials can produce

better responses (e.g., improved biocompatibility) between the material surface and

biological entities (Engel et al., 2008). Due to these properties, nanoparticles have

been used in many biomedical applications (Fadeel et al., 2010). For instance, nano

silver (Ag NPs) has been used as an antimicrobial coating for catheters. Roe et al.

(2008) applied a thin coating of 100 nm Ag NPs on the surface of the catheters and

revealed that the coating was able to prevent biofilm formation of a wide range of

species including Escherichia coli, Enterococcus, Staphylococcus aureus,

coagulase-negative Staphylococci, Pseudomonas aeruginosa and C.albicans.

Furthermore, Ag NPs have been used as an antimicrobial agent in wound dressings.

Tian et al. (2007) used Ag NPs in an animal model and found that rapid healing with

a better cosmetic appearance occurred in a dose-dependent manner.

Nanomaterials are also being used in dentistry, in an attempt to make dental

procedures faster, more reliable, safer, and much less painful. The use of

nanomaterials has had a great effect on dental treatment methodologies and
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potentially can reduce recovery times (Subramani et al., 2012). For example, simple

measures include using Ag NPsin toothpastes as an antibacterial agents to retard

bacterial growth and reduce tooth decay. Similarly, quaternary ammonium

polyethylenimine (PEI) nanoparticles were incorporated into composite resin

restorations to prevent biofilm formation and secondary caries (Beyth et al., 2006).

Nanotechnology has been applied to dental implants by coating the surface of the

implant to improve biocompatibility and biointegration. For example, implant surfaces

coated with nano-textured titanium or nano hydroxyapatite may provide a better

biological response as it improves the osseointegration properties (Kanaparthy et al.,

2011).

Silver metal has been used in dentistry in the amalgam filling materials to inhibit

microbial attachment and colonisation (Davies et al., 1997; Tweden et al., 1997).

This is because silver ions can retard the growth of bacteria, fungi, protozoa, and

spirochetes by inactivating enzymes vital to microbial metabolism, and by disabling

the mechanisms for DNA replications causing cell death (Oei et al., 2012). After the

application of silver ions, some proteins (e.g., metal chelators) will be produced by

the yeast cell to protect the nuclear region and especially DNA molecules. However,

if the silver ions are toxic, the cell membrane may collapse or leak, leading to a loss

of intracellular integrity and the cells will lose their ability to replicate (Feng et al.,

2000). These toxic effects of Ag ions are in part due to their high affinity for thiol

groups (-SH residues) in biological macromolecules such as the peptide chains used

to make proteins (Graf et al., 2009; Liau et al., 1997). Ag NPs have a high surface

area to volume ratio, thus in theory, it would allow for the more effective release of

silver ions. However, the dissolution rates of Ag from Ag NPs are surprisingly low in

saline conditions (Besinis et al., 2012), and this is in part due to the formation of
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insoluble silver chloride which is not bioavailable. Consequently, silver metal salts

are regarded as having low toxicity to human cells in culture conditions since the

silver ions tend to form strong complexes with anions in the media that lower toxicity.

For example, reports suggest that Ag NPs have only modest toxicity to mammalian

cells in culture with lethal concentrations around at 1.0 mg l-1 (Kawata et al., 2009).

Furthermore, 14 × 10–5 % of silver nitrate (AgNO3) caused 76% inhibition of fibroblast

growth after 2h of contact (Hidalgo et al., 1998). The apparent low toxicity of

dispersions of Ag NPs in biological media may be due to the presence of

biomolecules like proteins and solutes in the media that can make a complex coating

on the surface of the particles called the “protein corona” (Hellstrand et al., 2009).

This may have the effect of masking the particle surface so that the bioavailability of

any silver ions released is lower than expected, and would also prevent the reactive

surface of the particle coming into direct contact with the cell membranes.

Additionally, the high ionic strength of the media used to culture cells may aggregate

Ag NPs to increase settling in the media. Also, like the metal salts above, any

dissolution of silver may precipitate or form poorly soluble salts like silver chloride

due to the presence of chloride in the culture media (Greulich et al., 2012).

Some substantial experiments have been conducted on the antibacterial

properties of Ag NPs (Rai et al., 2009; Xiu et al., 2012), but less work has been done

on the antifungal properties of Ag NPs, although recent studies suggest that the

fungicidal activity of the Ag NPs may be significantly stronger than their bactericidal

effects. Ag NPs exhibited fungicidal activity against C. albicans at very low

concentrations 0.4–3.3 mg l-1 prepared in RPMI 1640 medium (Monteiro et al., 2011),

while the survival rate of one of the common oral bacteria Streptococcus mutans was

2% at 100 mg l-1 Ag NPs in  saline–BHI media (Besinis et al., 2012).
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To eliminate biofilm formation on facial prostheses, coating the surface of the

silicone with antimicrobial nanomaterials might be the solution. So far, no material

has been developed that meets all the ideal clinical requirements without any

undesirable characteristics. Additionally Ag NPs have not been used as antifungal

coating on silicone facial prosthetic before. One hypothesis is that the surface

characteristics of maxillofacial prostheses can be changed by applying Ag NPs as a

thin film or coating which might help to prevent infections such as C. albicans and

the ingrowth of yeast into the prosthetic appliance. Nonetheless, medical devices

that involve nanomaterials need to be tested for safety and biocompatibility, since

these medical devices may provide a route for direct dermal exposure to a potentially

toxic metal and may lead to penetration of nanoparticles into the (damaged) skin;

which then may spread to other organs through the blood and lymphatic networks

(Rothen-Rutishauser et al., 2006; Handy et al., 2008).  Such exposures might lead to

clinically relevant hazards to the patients such as harmful inflammatory responses

(Atiyeh et al., 2007). It is mandatory at the early stages of product development to

consider the human health risks and all adverse effects of nanoparticles that will be

incorporated into biomedical materials (Chang et al., 2009). Additionally, many

factors should be considered when nanoparticles are to be used, since the

antimicrobial activity of Ag NPs changes according to size and shape; for example,

30 nm and 15 nm Ag NPs are more toxic than the 55 nm Ag NPs (Auffan et al.,

2009). Furthermore, triangular Ag NPs displayed greater biocidal action than rod or

spherical nanoparticles (Monteiro et al., 2011).
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Biofilm formation

It has been estimated that 65% of human microbial infections are due to biofilm

formation (Dominic et al., 2007). Biofilms are highly structured, hydrated microbial

communities containing sessile cells embedded in a self-produced extracellular

polymeric matrix (Coenye et al., 2011). Several medical devices have been

introduced in the human body which are susceptible to biofilm formation, including

those made with polydimethylsiloxane (PDMS) also called “silicone”. Silicone

prostheses, as any other medical device when introduced into the body, is first

exposed to water and solutes, then to proteins in the body fluids. Because of the

high surface hydrophobicity of silicone, it interacts strongly with macromolecules,

thus adsorbs significant quantities of protein from the surrounding biological

environment (Chen et al., 2004). Consequently, the protein-coated biomaterial will

accelerate the initial attachment of microorganisms, forming a biofilm layer on the

surface (Oustre et al., 2004; Dominic et al., 2007). As microorganisms reach the

prostheses surface, they will be attracted or repelled depending on the nature of the

bacterial cell wall (Pompilio  et al., 2008), biomaterial surface structure such as

surface charges or chemical composition (Engel  et al., 2008), and environmental

factors such as the presence of serum proteins and the associated flow conditions

(Katsikogianni et al., 2004).

The adhesive nature of bacteria depends on cell surface structures such as, pili,

flagella proteins, and lipopolysaccharides (LPS), which enable microorganisms to

adhere initially to the surface and to form biofilms. In addition to bacterial cell

structure, surface characteristics of the biomaterial are considered one of the most

important factors. It is well known that the microbial cell’s response is affected by the
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physico-chemical parameters of the biomaterial surface (Engel et al., 2008). For

example, oral stomatitis may occur as a consequence of cell colonisation on

polymeric materials, which is facilitated by van der Waals and electrostatic forces. In

addition, surface energy also influences the adherence of microorganisms, as when

the free surface energy is increased, it activates microbial adhesion and the number

of adhered microbes also increases (Kurtulmus et al., 2010; Spielmann et al., 2011).

Similarly, ions present on the material surfaces have a role in biofilm formation, as

these ions may interact with cell receptors and cause cell adhesion and growth

(Khorasani, et al., 2006). Furthermore, many studies have shown that the

hydrophobicity of the prosthetic surface and irregularity on the surface can promote

bacterial adhesion (Katsikogianni et al., 2004).

Apparently, large proportions of C. albicans infections are also associated with

biofilm formation on the surface of medical devices (Borghi et al., 2011). Several

studies have revealed that the strains of C. albicans, C. parapsilosis, C. tropicalis,

and C. glabrata have been associated with failure of many medical devices (Von Eiff

et al., 2005; Ramag et al, 2006; Estivill  et al., 2011). These micro-organisms

become pathogens and cause infections ranging from superficial mucous membrane

infection (candidiasis) to life-threatening systemic diseases. To eliminate the

opportunities for microbial adhesion and biofilm formation, traditional coatings aim to

alter the physical chemical properties of the surface, such as surface roughness, to

prevent biofilm formation. Different antimicrobial compound have also been

incorporated into polymers to prevent biofilm formation such as antibiotics

(Schierholz, 1997), antifungals (De Prijck et al., 2010), as well as silver metals and

Ag NPs (Bengt 2002; Coenye  et al., 2011; Padial-Molina  et al., 2011).
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Hypothesis

The hypothesis to be tested in the present study is that selected Ag NPs coatings

can prevent fungal growth on silicone prostheses without any toxic effect on the cells

involved in wound repair such as fibroblasts (i.e., biocompatibility). Ag NPs will inhibit

microorganism adherence, as it causes damage to microbes via direct contact

toxicity or via localised free metal ion toxicity due to silver ions being released from

nanoparticles as shown in Figure 1. Thus, this project aimed to develop a method to

overcome the deficiencies of silicone-based prostheses.

The main aim of the study was to apply Ag NPs as an antifungal coating against one

of the most prevalent fungal infection in the human oral cavity and skin, C. albicans.

The purpose was to prevent fungal infection and the in growth of yeast into the

prosthetic materials without interfering with biocompatibility of fibroblast cells.

The specific objectives of this study were as follows:

 Demonstrate the biocompatibility of the Ag NPs compared to AgNO3 using

fibroblast cell cultures without the presence of silicone prostheses, by testing

cell viability and adherences of the cells to culture plates. End points included

the cytotoxic response of the cells.

 Demonstrate whether Ag NPs and AgNO3 can be applied as coatings on the

surface of the silicone prostheses.

 Demonstrate the effect of Ag NPs as a coating over the silicone surface on

the fibroblast cells compared to AgNO3, as well as to investigate whether or

not fibroblast cells would adhere and grow on the coated prostheses.
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 Investigate the antifungal properties of silver coated silicone against C.

albicans, with the presence of fibroblast cells on the surface, in order to

determine the antifungal properties of the coatings against C. albicans without

damaging fibroblast cells.

 Demonstrate the effect of silver on the fibroblast and C. albicans on cell

electrolytes relating to osmotic health.

 Demonstrate the effect of silver on the ethanol production by C. albicans.
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Figure 1 Problems of currently used prosthetic silicone material and the hypothesis that nano silver-coated silicone is antifungal. (a) Biofilm formation on
surface of non-coated silicone which is exposed to oral mucosa and/or skin surface. Panels b,c,d, and e Illustrates the steps in the hypothesis of coating
silicone surface with silver nanoparticles and the expected outcomes of the newly coated silicone.

( Bacteria, Yeast, Ions, silver nanoparticles, secretions from glands).
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Materials and methods

In this study, three series of experiments were performed (Fig 2). The first series

demonstrated the safety/biocompatibility of the Ag NPs by using fibroblast cell

cultures. The second series demonstrated the effect of Ag NPs as a coating over the

silicone surface on fibroblast cells. The third series investigated the antifungal

properties of new silver coated silicone against C. albicans.

Preparation of the stock dispersions and nanomaterial
characterisation

Ag NPs and silver nitrate (AgNO3) were used. The same batches of both Ag NPs

and AgNO3 have been used and characterised by Besinis et al (2012). Ag NPs was

obtained from (Sigma-Aldrich, Wisconsin, USA, lot number 7721KH) and the

manufacturer’s information is: purity, 99.5%, <100 nm; trace elements in this batch of

dry powder; Al 7.3, B 5.6, Ba 5.7, Ca 15, Cr 26, Cu 5.5, Fe 229, Mg 1.5, Mn 7.9, Na

8.0, Ni 7.0, Sn 15, Ti 4.9 ppm; measured BET surface area, 4.8 m2 g-1. While AgNO3

was obtained from Fisher, Loughborough, UK (product code s/1280/46,) and

manufacturer’s information of AgNO3 was: purity, 99.9%, main impurities <10 ppm

Ca and <20 ppm Na. BET surface area measurements for AgNO3 in our laboratory

were below detection limit (<1 m2 g-1) and the analysis indicated the main elemental

component was nitrogen (as expected, see Besinis et al, 2012).
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In brief, the Ag NPs and AgNO3 were dispersed in Milli-Q at a concentration of

100 mg l-1 and sonicated for 4 h to disperse the materials following the protocol of

Besinis et al. (2012). The aggregate size of Ag NPs and AgNO3 in Milli-Q water were

(means ± SD, n = 3) 164 ± 70 and 130 ± 50 nm respectively, which was determined

by nanoparticle tracking analysis (NTA, using a Nanosight LM 10, Nanosight,

Salisbury, UK, laser output set at 30 MW at 640 NM). Transmission electron

microscopy (TEM, JEOL-1200EX II) was used to measure particle diameters. The

primary particle diameter of Ag NPs and AgNO3 were 56.8 ± 18.6 and 52.8 ± 18.6

nm respectively. For further information see Besinis et al. (2012).

In this study Ag NPs and AgNO3 were characterised at concentrations of 5, 50

and 100 mg l-1. Stock dispersions of 1 g l-1 were initially prepared in sterile Milli-Q

water for Ag NPs and AgNO3, and then sonicated (35 kHz frequency, Fisherbrand

FB 11010, Germany) for 4 h to disperse the materials. To analyse Ag NPs and

AgNO3 by NP tracking analysis (NTA, using a Nanosight LM 10, Nanosight,

Salisbury, UK, laser output set at 30 mW at 640 nm), in Mili-Q water, secondary

stocks were prepared at 5, 50 and 100 mg l-1 (samples were continuously sonicated

for 3 h until they were analysed, n = 3). In addition, attempts were made to

characterise the test materials at concentrations 5, 50 and 100 mg l-1 in culture

media (Dulbecco’s Modified Eagle’s medium with L-Glutamine, 10% fetal bovine

serum), (n = 3). Each secondary stock was prepared separately just as before and

analysed by NP tracking analysis.

In order to prevent microbial contamination, all the stocks of Ag NPs and

AgNO3 were prepared in sterile Milli-Q water and autoclaved at (121 oC for 15 min at

15 psi pressure). Before preparing the secondary stocks for dosing the culture

dishes, the dispersions were sonicated for 4 h (35 kHz frequency, Fisherbrand FB
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11010, Germany) then diluted to the desired concentrations (5 mg l-l, 50 mg l-1) in

culture media (Dulbecco’s Modified Eagle’s medium with L-glutamine, foetal bovine

serum). In experiments where the coating was applied directly to the silicone surface,

the stocks were diluted to the desired concentrations (5 mg l-l, 50 mg l-l) in Milli-Q

water (see below).

Cell culture

Human dermal fibroblast HS-68 cells were obtained from the Health Protection

Agency and cultured at a density of 1.5 x 106 in 75 cm2 culture flasks containing 15

ml growth medium (Dulbecco’s Modified Eagle’s medium with L-glutamine, 10%

foetal bovine serum and penicillin-streptomycin obtained from Lonza laboratories).

The cells were sub-cultured every six days (when confluence was at 80%); for

routine maintenance the medium was changed every three days. For the

experiments, antibiotics were withdrawn two passages before seeding the cells into

6-well plates.  The cells were washed twice with Phosphate-Buffered Saline, PBS,

(Lonza, containing 9.5 mmol l-1 phosphates without added calcium and magnesium)

and removed from 75 cm2 tissue culture flasks using trypsin and re-suspended in

fresh medium then counted using a haemocytometer. The cells were plated in 6-well

plates (n = 6) at a density of 106 cells ml-1. Cell viability was checked by tryphan blue

staining, prior to seeding the cells into the 6-well plates. After overnight growth the

cells showed confluence (visually inspected), but the cells were left for another 24 h

to ensure that the confluence had been established.
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Figure 2. Experimental designs. The approach to the 1st experiment involved seeding fibroblast cells in culture flasks then exposing the
cells to Ag NPs or AgNO3 added to the media. In the 2nd experiment fibroblast cells were grown over Ag NPs or AgNO3 coated silicone
prostheses. The 3rd experiment was the same as 2nd experiment, but after 72h, the fibroblasts were challenged with a C. albicans
infection for 24h.

AgNPs AgNPs

AgNO3 AgNO3

5 50
Control

Control
5 50MQ
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Silicone Elastomer A-2186 and coatings preparation

A-2186 Silicone Elastomer used in the clinic for facial prostheses was supplied from

(Factor 2, Inc., Lakeside USA) as a two part material system, silicone elastomer

base (part A) and catalyst (part B), mixing of the two parts of A-2186 were processed

according to manufacturer’s instructions. Parts A and B were mixed in a 10:1 ratio by

weight. Functional Intrinsic Skin Colour (Naturall Fl-SK01) was added into the part A

silicone elastomer base and mixed thoroughly, then the mixture was mixed with the

catalyst and placed under a vacuum (using a de-pressurised Tupperware box) for 15

min until all bubbles were visually removed. The mixture was then placed with

special care to minimise air entrapment into 6 well plates and allowed to be cured at

room temperature for 24 h. To ensure sterility, the 6-well plates with the silicone

elastomer surface were soaked with 5 ml of 0.5% (v/v) of chlorhexidine digluconate

(clinical antiseptic product R4, Septodont Ltd, UK). After 5 min the chlorhexidine

digluconate was aspirated from the surface of silicone and then washed twice with 5

ml PBS. To coat the surface of silicone elastomer, Ag NPs and AgNO3 at

concentrations (5 mg l-l, 50 mg l-l) were prepared in Mili-Q water (as above) and 2 ml

were added to each well of 6-well plates and left for 24 h to allow the particles to

precipitate on the surface of silicone elastomer and the remaining were aspirated.

Experimental design

In the first experiment, to demonstrate the effect of the Ag NPs/AgNO3 on fibroblast

cells, the cells were seeded into 6-well plates (n = 6 plates/treatment), then

supernatant from the well plates were aspirated out after 48 h growth and replaced
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with fresh medium containing Ag NPs compared to AgNO3 at concentrations 5 mg l-l

or 50 mg l-l. There were two controls, one as a reference control (only media and

cells), the second control-Milli-Q water (volume of Milli-Q water without nanoparticles

were added to the well in order to investigate the effect of osmolality on the cells).

After 24 h of exposure, the overlying media were carefully collected to measure

lactate dehydrogenase (LDH) leakage, and total Ag, Na+, K+ concentrations and pH

of media (see below). The remaining cells which were adhered to plates were

washed twice with 2 ml of a sucrose washing buffer (300 mmol l-1 sucrose, 0.1 mmol

l-1 ethylenediaminetetraacetic acid (EDTA), 20 mmol l-1 4-(2-hydroxyethyl)-1-

piperazineethanesulfonic acid (HEPES) buffered to pH 7.4 with a few drops of trizma

base). Then the cell morphology was examined in situ on dishes by light microscopy

(Olympus Microscope SZ-1145 CHI with transmitted light magnification 40x and

camera Scope Tek MDC 560 with magnification 0.6 x). Normal fibroblast cells

appears elongated with a spindle-shape (Bell et al., 1979). After photographing, the

plates were scraped to collect the cells (Fisher scientific cell scarper 250 mm handle,

18 mm blade) and then 1 ml of sucrose lysis buffer was added (as the washing

buffer above but hypotonic made with 30 mmol l-1 sucrose). The scraped cells were

then sonicated for 30 s to ensure the lysed samples were well mixed. The

homogenised cells were used to measure total Ag, K+, and Na+ by inductively

coupled plasma optical emission spectrometer (ICP-OES, Varian 725ES), as well as

the protein concentration (BCA assay), and LDH activity (see below).

In the second experiment, to demonstrate the effect of silver as a coating

over the silicone surface on fibroblast cells, instead of applying the silver directly into

the culture media, the materials were applied to the silicone surface in order to

investigate the effect of silicone coated with Ag NPs and AgNO3 on the viability and
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growth of the fibroblast cells. The same measurements were performed as above,

but for the cells to be confluent, they were incubated for 3 days over the Ag NP or

AgNO3 coated-silicone with appropriate controls as above. In order to ensure cell

growth, the supernatant from the well plates was replaced with fresh growth media

every 24 h (n = 6 plates/treatment).  Photographs were taken following 72 h

exposure (n = 4), the supernatant from the well plates was aspirated and cells were

fixed and stained with Giemsa 1% for 3 min (Giemsa’s stain solution, IVD, England).

The same microscope was used as above.

The third experiment investigated the antifungal properties of silicone

prostheses against C. albicans with and without a silver coating in the presence of

fibroblasts. C.albicans NCPF-3179 was first cultured at 37 oC for 24 h in

Sabouraud’s dextrose agar (SDA). Then, a loop full of yeast was inoculated in 30 ml

of Sabouraud’s dextrose broth (SDB) and incubated for three days. The SDB was

adjusted to a turbidity equivalent to a 1.5 McFarland standard in SDB (used as a

reference to adjust the turbidity) then, the yeast suspension was diluted in culture

media (Dulbecco’s Modified Eagle’s medium with L-glutamine, 10% foetal bovine

serum) so that the density equals to 106 cells ml-1. To test antifungal properties of

silver coated silicone, fibroblast cells were grown over the appropriate silver-coated

silicone for 72 h (the same as the second experiment above), but after 72 h the

media was replaced with 2 ml culture media inoculated with C. albicans at a density

of 106 cells ml-1 and incubated at 37 oC for another 24 h. Measurements on the

fibroblast cells and culture media for this experiment were the same as the first

experiment, except for cell morphology. The cells of C. albicans were stained with

methylene blue stain for 1 min. In addition, an ethanol assay was also used to

measure ethanol production by C. albicans (n = 4, see below).
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Additional experiments were conducted to determine whether or not the

sterilisation step caused any effect on silver coatings. Thus two separate sets of

experiments were conducted. First, SEM images were taken of the silicone surface

which were prepared following the same protocol as described above with  fibroblast

cells grown for 72h (n = 3). In the second method, SEM images were taken from

silicone surface coated with Ag NPs/AgNO3 without sterilising and washing with PBS

(n = 3).  Energy dispersive spectroscopy (EDS) was also used to confirm the

presence of silver on the silicone surface.

For scanning electron microscopy (SEM), the samples were fixed and silicone was

cut out of the well plate for mounting on SEM grids. Briefly, cells were fixed in 3 ml of

(2.5 % glutaldehyde in 0.1 M phosphate buffer) for 1 h. The cells were dehydrated in

ascending ethanol steps (30, 50, 70, 90 and 100 % ethanol. Each concentration of

ethanol was left on the surface of silicone for 15 min and then the cells were air dried

for 24 h. The samples were coated with gold using (Emitech K550 gold sputter

coater). Samples were imaged and elementally analysed using (SEM, JEOL / JSM-

7001F, Oxford Instruments INCA X-ray analysis system) with a voltage 15 KV, at a

working distance of 10 mm.

Metal analysis

Metal analysis of the overlying cell culture media, and cell homogenates removed

from the dishes were conducted according to Besinis et al. (2012).  Metal analysis

was determined by inductively coupled plasma optical emission spectrometer (ICP-

OES, Varian 725ES) to measure the total Ag, Na+ and K+ concentrations in the cell

homogenates, and in the media.



22

For Ag analysis, to 400 µl of the cell homogenate, three ml of 70%

concentrated nitric acid were added, and then three ml of 10 mmol l-1 sodium citrate

(as a stabiliser) were added to the mixture. For total Na+ and K+ concentrations, to

400 µl of the cell homogenate, three ml of 70% concentrated nitric acid were added

without the stabiliser. All samples were sonicated for 1h prior to being analysed to

disperse the particles and to ensure uniform introduction of the samples into the

instrument. Samples were analysed by closely matching the standards to the

concentrations of samples. The standards used for ICP-OES calibrations were

between 0-2, 0-80 and 0-800 mg l-1 for Ag, K+ and Na+, respectively. In the absence

of certified reference materials for Ag NPs in cells or tissue, spike recovery tests was

performed. For the spike recovery test, samples were spiked with 50 mg l-1 of Ag

NPs or AgNO3 in culture media without the cells, then subjected to the digestion

protocol above. The samples showed a procedural recovery of 12 % for Ag NPs and

97 % for AgNO3 (n = 5). Most of the blank samples produce signals which represent

the background noise of the instrument, and in order to determine the instrument

detection limit, 3 x standard deviation of the blank were used which required

producing a signal greater than three times the standard deviation of the noised level,

and the instrument detection limits were 1.26, 1.03, 1.15 µg l-1 for each experiments.

Lactate dehydrogenase activity and protein determination

The lactate dehydrogenase assay was used as a method for measuring the

cytotoxicity or cell injury which was produced by exposure to Ag NPs or AgNO3

compared to unexposed controls. The assay measures the appearance of LDH in

the medium, which leaks from injured cells. In addition, the LDH assay was used to
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measure the leakage of LDH from inside the cells by following the LDH content of

the cell homogenates. The assay was performed according to Plummer (1971),

using 100 µl of test sample (medium from the experiment, or cell homogenate). The

cell culture media from each well was gently centrifuged for 1 min to remove any cell

debris/turbidity. The assay was performed by adding 2.8 ml of a reaction mixture (0.6

mmol l-1 pyruvate in 50 mmol l-1 phosphate buffers at pH 7.5) to a 3 ml curvette, and

then adding 0.1 ml of 0.6 mmol l-1 NADH solution, then mixed with 0.1 ml of sample

in last. In the assay, the oxidation of NADH was followed at 340 nm (Helios ß

Spectrophotometer, manufacturer, England) for 2 min. The LDH concentration was

calculated using an extinction coefficient of 6.3 mM for a path length of 1 cm. LDH

activity was expressed as IU mgl-1 (µmol min-1 ml-1) for media and (µmol min-1 mg-1)

cell protein, and total LDH leak was measured by calculating (total LDH leak into

external media/ total LDH  in well plate).

The (BCA) assay bicinchoninic acid (MC155208, Pierce, Rockford, USA) was

used to determine the protein content of the cell homogenates. Briefly, 200 µl of the

BCA reagents was added to 10 µl of sample. A series of standard were prepared

from bovine serum albumin (BSA) 2 mg ml-1 stock (2, 1, 0.5, 0.25, 0.125, 0.0625, 0

mg ml-1). Afterward the plates were incubated at 37 oC for 30 min (a colour changes

were observed when the reaction was carried out at 37°C). Then absorbance was

read at 562 nm on a plate reader (VERSA max, Molecular Devices, Berkshire, UK).

Standard curves were used to calculate the concentration of protein in the samples.

Ethanol assay
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Ethanol production was determined only in the third experiment to follow metabolic

activity associated with C. albicans. The rationale being that fibroblasts do not

usually produce ethanol and so any ethanol present in the media will have come

from fermentation by the yeast. The enzymatic method for ethanol determination (K-

ETOH 12/12, Megazyme International Ireland Ltd) was used to measure the ethanol

production according to the manufacturer’s protocol. Following incubation of the

fibroblast cell cultures for 24 h in the presence of C. albicans, the culture media was

collected for immediate ethanol determination. 0.010 ml of the samples were mixed

with 0.020ml β-nicotinamide-adeninedinucleotide (NAD+), and 0.005 ml  alcohol

dehydrogenase enzyme (ADH) and buffer (pH 9.0 plus sodium azide as a

preservative) and the absorbance was measured after 2 min; then the reactions

were started by adding 0.002 ml NADH and the absorbance was measured for 10

min again. The reaction was observed by measuring the absorption of samples

caused by the consumption of NAD+, or the formation of NADH during the

conversion of ethanol to acetaldehyde within a spectrophotometer at 340 nm

(VERSA max, Molecular Devices, Berkshire, UK). A standard curve was used to

calculate the concentration of ethanol ranging from 1 to 1000 (µg/ml) in the samples.

Statistical analysis

All data are presented as mean ± S.E and analysed using Stat Graphics Plus

Version 5.1, while the Figures were drawn using Excel. The differences between the

treated samples and controls were evaluated using one way ANOVA. Parametric

data were tested by one-way ANOVA and differences found using the default least

squares difference multiple range test in the software. Non-parametric data that
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could not be transformed were analysed using the Kruskal–Wallis test and

differences were located using notched box and whisker plots. The student’s t-test

was used as well to investigate the differences between the reference control and

the control with added Milli-Q water. All statistical analysis used the default 95 %

confidence limit, so that all P values equal to or less than 0.05 were considered

statistically significant.
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Results

Ag NPs and AgNO3 Characterisation

Hydrodynamic diameter of aggregates was measured by nanoparticle tracking

analysis (NTA) and shown in Fig 3. The resulting dispersion of Ag NPs in Milli-Q

water gave a mean value of average aggregate size (Mean diameter ± S.E, in nm);

14 ± 8 in control and 114 ± 43, 177 ± 52, 201 ± 16 nm at concentrations of 5, 50, 100

mg l-1 respectively. While average aggregate size of AgNO3 in Mili Q water were 169

± 11, 171 ± 16, 263 ± 54 at concentrations of 5, 50, 100 mg l-1 respectively.

Figure 4 shows the particles dispersed in culture media, Ag NPs gave a mean

value of average aggregate size (Mean diameter ± S.E, nm) of  189 ± 19 in control

culture media and 159 ± 17, 82 ± 2, 122 ± 13 nm at concentrations of 5, 50, 100 mg

l-1 Ag NPs respectively. The average aggregate size of AgNO3 were 176 ± 19, 149 ±

12, 183 ± 14 at concentrations of 5, 50, 100 mg l-1 respectively.
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Figure 3 Nanosight graphs showing the particle size distributions in Mili-Q water, examples from triplicate; (A) Control Milli-Q water,
(B) 5 mg l-1 Ag NPs, (C) 50 mg l-1 Ag NPs, (D) 100 mg l-1 Ag NPs, (E) 5 mg l-1 AgNO3, (F) 50 mg l-1 AgNO3, (G) 100 mg l-1 AgNO3.
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Figure 4 Nanosight graphs showing the particle size distributions in culture media, examples from triplicate; (A) Control Mili-Q
water, (B) 5 mg l-1 Ag NPs, (C) 50 mg l-1 Ag NPs, (D) 100 mg l-1 Ag NPs, (E) 5 mg l-1 AgNO3, (F) 50 mg l-1 AgNO3, (G) 100 mg l-1
AgNO3.
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Controls of all experiments

The main findings were that the unexposed control cells showed normal elongated

spindle-shape morphology during all the experiments with the cells remaining

confluent and attached to the well plates (Fig 5a, 9a). Furthermore, silver was also

measured in control cells and showed that the silver was below the detection limit

when the cells were grown in all experiments.

Demonstrating the effect of the Ag NPs/AgNO3 on fibroblast cells.

Silver was measured in the media when the cells were exposed to treatments for

24h, and showed that silver was statistically different between all groups (One way

ANOVA, p< 0.05). The highest concentration in the media was when the cells were

exposed to AgNO3 at 50 mg l-1 followed by Ag NPs 50, AgNO3 5 and Ag NPs 5 mg l-1

(Table 2). Silver accumulation in the cells was also investigated when the cells were

exposed for 24h, and silver was statistically different between all groups (Kruskal-

Wallis, p< 0.05). The highest concentration in the homogenates cells was when

exposed to AgNO3 50 mg l-1 followed by Ag NPs 50, AgNO3 5 and Ag NPs 5 mg l-1

(Table 5). Exposure of fibroblast cells to Ag NPs and AgNO3 caused changes in the

electrolyte levels (K+ and Na+) in the media, as well as, in the cell homogenates of

exposed compared to unexposed cells. K+ was measured in the external media after

24h exposure and showed that there was a rise when the cells were exposed to

AgNO3 compared to Ag NPs, while there was no change in K+ concentration in the

media when the cells were exposed to Ag NPs compared to controls (Table 3).

Whereas, a decrease of the K+ content in cell was observed (normalised to protein)

when the cells were exposed to Ag NPs. The effect of the silver treatments on Na+ in
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the media was the same as controls (Table 4, no effect), whereas the Na+ content in

the cells showed a clear increase when cells were exposed to AgNO3 compared to

unexposed cells in all three experiment (Table 5).
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Table 2 Total Ag concentrations in culture media after exposure to different concentrations of Ag NPs and AgNO3

. Total  Ag (mg l-1)
Experiments Nominal

concentration   Treatment
(mg l-1)

Day 1 Day 2 Day 3 Day 4

The effect of the
Ag NPs/AgNO3

on fibroblast
cells

After 24h

Control-MiliQ
5                  AgNO3
50                AgNO3
5                  AgNPs
50                AgNPs

0.02 ± 0.01 a
2.75  ± 0.95 b
23.20 ± 3.66 c
1.04 ± 0.22 a
13.60 ± 2.13 d

The effect of
silver as a

coating over the
silicone surface

on fibroblast
cells after 72 h

Control-MiliQ
5                  AgNO3
50                AgNO3
5                  AgNPs
50                AgNPs

0.19  ± 0.03 a
3.49  ± 1.24 b
13.27 ±  2.95 c
0.59 ±  0.25 a
0.36 ± 0.10 a

0.20  ± 0.04 a
0.95  ± 0.15 a *
13.27 ±  2.30 b
0.38 ±  0.09 a
0.36 ±  0.09 a

0.23  ± 0.06 a
0.43  ±  0.17 a *
12.79 ±  4.85 b
0.38 ±  0.12 a
0.43  ±  0.11 a

Fibroblast cells
grown over

coated silicon
and inoculated
with C. albican

96 h

Control-MiliQ
5                  AgNO3
50                AgNO3
5                  AgNPs
50                AgNPs

0.03 ± 0.01 a
3.04  ± 0.712 b
13.52 ± 1.10 c
0.19 ± 0.03 a
0.30  ±  0.03  a

0.06  ± 0.01  a
2.09 ± 0.44  b
11.85  ± 1.36 c
0.12 ± 0.02  a
0.31 ±  0.06 a

0.06 ± 0.02 a
1.47 ± 0.54  b
10.82 ± 0.83 c
0.19± 0.08 a
0.30± 0.07 a

0.04± 0.03a
4.91 ± 2.22  b
11.60  ± 0.87 c
0.05 ± 0.02  a
0.44 ± 0.20  d

Total Ag in culture media after exposure to Ag NPs and AgNO3. The first experiment cells were confluent then treatments were added into media for
24h (n = 6). Second experiment fibroblast cells were grown over coated silicone for 72h, silver was measured every day for three days in the external
media (n = 6). Third experiment fibroblast cells were grown over coated silicone for 96h in last 24h the media was inoculated with C. albicans (n = 4),
all data (Mean ± S.E).Numbers with different letters are statistically different from each other within the colum, * difference from day one within row, #
difference from the previous time point within row (One way ANOVA or Kruskal-Wallis test, p< 0.05).
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Table 3 Total K + concentrations in culture media after exposure to different concentrations of Ag NPs and AgNO3.

Total   K (mmol l-1)
Experiments Nominal

concentration   Treatment
(mg l-1)

Day 1 Day 2 Day 3 Day 4

The effect of the
Ag NPs/AgNO3

on fibroblast
cells

After 24h

Control-MiliQ
5                  AgNO3
50                AgNO3
5 AgNPs
50                AgNPs

3.53 ± 0.02 a
3.63 ± 0.06 b
3.66 ± 0.03 b
3.46 ± 0.07 a
3.47 ± 0.03 a

The effect of
silver as a

coating over the
silicone surface

on fibroblast
cells after 72 h

Control-MiliQ
5                  AgNO3
50 AgNO3
5                  AgNPs
50                AgNPs

5.45 ± 0.11 a
5.79 ± 0.30 b
6.59 ± 0.14 c
5.96 ± 0.14 a
5.97 ± 0.14 a

4.52 ± 1.42 a
7.05 ± 0.29 b
7.44 ± 0.48 b
5.29 ± 0.16 a
4.98 ± 0.69 a

5.39 ± 0.30 a
6.87 ± 0.62 b
7.84 ± 0.41 b
4.75 ± 0.49 a
7.03 ± 0.27 b *#

Fibroblast cells
grown over

coated silicon
and inoculated
with C. albicans

96 h

Control-MiliQ
5                  AgNO3
50                AgNO3
5                  AgNPs
50 AgNPs

6.77 ± 0.63 a
5.61 ± 0.20 b
6.36 ± 0.12 a
6.18 ± 0.26 a
5.81 ± 0.09 b

6.04 ± 1.21 a
6.87 ± 0.19 a
7.30 ± 0.32 b
5.92 ± 0.32 c
4.82 ± 0.46 c

7.54 ± 0.89 a
6.69 ± 0.42 a
7.70 ± 0.27 a
5.20 ± 0.33 b
7.29 ± 0.24 a #

4.93 ± 0.44 a *
7.53 ± 0.62 b
6.67 ± 0.07 b
4.96 ± 1.06 a *
6.15 ± 0.48 a

Total K+ in culture media after exposure to Ag NPs and AgNO3. The first experiment cells were confluent then treatments were added into media for 24h
(n = 6). Second experiment fibroblast cells were grown over coated silicone for 72h, silver was measured every day for three days in the external media
(n = 6). Third experiment fibroblast cells were grown over coated silicone for 96h in last 24h the media was inoculated with C. albicans (n = 4), all data
(Mean ± S.E) Numbers with different letters are statistically different from each other within the colum, * difference from day one within row ,# difference
from the previous time point within row (One way ANOVA or Kruskal-Wallis test, p< 0.05).
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Table 4 Total Na+ concentrations in culture media after exposure to different concentrations of Ag NPs and AgNO3.

Total Na (mmol l-1) µmols/mg protein

Experiments
Nominal
concentration Treatment
(mg l-1)

Day 1 Day 2 Day 3 Day 4

The effect of the
Ag NPs/AgNO3

on fibroblast
cells

After 24h

Control-MiliQ
5                  AgNO3
50                AgNO3
5                  AgNPs
50                AgNPs

113.93 ± 3.81 a
108.89 ± 1.56 a
111.57 ± 1.21 a
115.77 ± 6.40 a
111.80 ± 3.48 a

The effect of
silver as a

coating over the
silicone surface

on fibroblast
cells after 72 h

Control-MiliQ
5                  AgNO3
50                AgNO3
5                  AgNPs
50                AgNPs

123.53 ± 0.64 a
110.28 ± 2.06 b
109.45 ± 0.31 b
113.98 ± 0.85 c
112.60 ± 0.97 c

99.69 ± 0.71 a *
96.95 ± 0.08 b *
96.22 ± 1.13 b *
99.36 ± 0.77 a *
94.82 ± 0.51 b *

98.10 ± 0.17 a #
93.79 ± 0.12 b #
92.92 ± 0.11 b #
97.73 ± 0.78 a #
95.25 ± 0.15 c #

Fibroblast cells
grown over

coated silicon
and inoculated
with C. albican

96 h

Control-MiliQ
5                  AgNO3
50                AgNO3
5                  AgNPs
50                AgNPs

115.93 ± 7.25 a
109.94 ± 1.39 a
91.00 ± 6.41 a
128.14 ± 8.04 a
115.92 ± 3.31 a

99.71± 8.90 a
96.60 ± 0.06 a*
95.90 ± 0.76 a
117.14 ± 9.07 b
94.52 ± 0.34 a*

101.38 ± 3.63 a
75.31 ± 6.44 b *
81.71 ± 5.66 b *#
97.39 ± 0.52 a *#
94.94 ± 0.10 a *

97.27 ± 1.04 a*
92.97 ± 0.25 b *#
92.32 ± 0.16 b #
95.62 ± 1.42 a *#
95.77 ± 0.84 a *

Total Na+ in culture media after exposure to Ag NPs and AgNO3. The first experiment cells were confluent then treatments were added into media for
24h (n = 6). Second experiment fibroblast cells were grown over coated silicone for 72h, silver was measured every day for three days in the external
media (n = 6). Third experiment fibroblast cells were grown over coated silicone for 96h in last 24h the media was inoculated with C. albicans (n = 4),
all data (Mean ± S.E) Numbers with different letters are statistically different from each other within the colum, * difference from day one within row,#
difference from the previous time point within row (One way ANOVA or Kruskal-Wallis test, p< 0.05).
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Table 5 Total Ag, K+, Na+ concentrations in fibroblast cells after exposure to different concentrations of Ag NPs and AgNO3.

Metal concentrations (µmols mg-1 protein)
Experiments Nominal

concentration Treatment
(mg l-1)

Ag K+ Na+

The effect of the Ag
NPs/AgNO3 on fibroblast

cells
After 24h

Control-MiliQ
5                  AgNO3
50                AgNO3
5                  AgNPs
50                AgNPs

0.05 ± 0.03 a
1.11 ± 0.22 a
34.52 ± 6.15 b
3.01 ± 0.47 c
18.42 ± 1.11 d

2.44 ± 0.22 a
2.89 ± 0.40 a
2.98 ± 0.18 a
2.11 ± 0.23 b
2.17 ± 0.22 b

14.27 ± 1.33 a
30.24 ± 4.82 b
49.87 ± 4.34 c
8.93 ± 1.42 d
10.90 ± 1.51 d

The effect of silver as a
coating over the silicone

surface on fibroblast cells
after 72 h

Control-MiliQ
5                  AgNO3

50                AgNO3
5                  AgNPs
50                AgNPs

0.04 ± 0.01 a
0.02 ± 0.06 a
2.08 ± 0.31 b
0.12 ± 0.04 c
0.11 ± 0.02 c

13.76 ± 1.34 a
16.00 ± 2.02 a
18.19 ± 1.212 a
20.74 ± 1.33a
18.42 ± 2.63 a

34.13 ± 1.22 a
73.70 ± 8.60 b
95.77 ± 4.85 c
42.41 ± 6.20 a
29.90 ± 2.69 a

Fibroblast cells grown over
coated silicon and

inoculated with C. albican
96 h

Control-MiliQ
5                  AgNO3
50                AgNO3
5                  AgNPs
50                AgNPs

0.00 ± 0.00 a
2.25 ± 1.21 b
5.52 ± 0.91 c
0.04 ± 0.00 a
0.06 ± 0.01 a

6.43 ± 1.72 a
5.46 ± 2.53 a
5.31 ± 1.89 a
9.41 ± 1.91 b

11.68 ± 1.82 b

8.84 ± 2.73 a
47.17 ± 23.28 b
53.15 ± 17.92 b
11.47 ± 2.32 a
12.86 ± 1.02 a

Total Ag, K+, Na+ in fibroblast cells after 24h exposure to Ag NPs and AgNO3 (n = 6). Total Ag K+, Na+ in fibroblast cells grown over Ag NPs and
AgNO3 coated silicone for 72 h (n = 6).  Total Ag K+, Na+ in fibroblast cells grown over silver coated silicone for 96 h in the last 24 h the cells
were inoculated with C. albicans (106) cells/ml (n = 4). Data are expressed as (Mean ± S.E) numbers with different letters are statistically
different from each other within row (One way ANOVA or Kruskal-Wallis test, p< 0.05).
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The effect of nanoparticles was investigated on fibroblast cells grown in the

dishes for 24h (Fig. 5), and the main findings were that the cells exposed to Ag NPs

were morphologically in good health with no effect on the cell structure. In contrast,

when cells were exposed to AgNO3, the treatment caused the cells to detach from

the dishes at both concentrations (5 and 50 mg l-l).

Figure 5 Morphology of fibroblast cells after 24h exposure to Ag NP and AgNO3.
Olympus microscope SZ-1145 CHI with transmitted light magnification 40x and
camera Scope Tek MDC 560 with magnification 0.6 x, was used (n = 6) scale bar-10
µm (a) control (b) 5mg l-l Ag NPs  (c) 5mg l-1 AgNO3 (d) 50 mg l-l Ag NPs (e) 50 mg l-1
AgNO3.
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Lactate dehydrogenase leaked from the cells was also measured after 24 h as

a method to determine injury to the cell membrane (cell permeability) and was

statistically different between all groups (Kruskal Wallis, p< 0.05) (Fig 6). Total LDH

leaked of control cells leaked 4.2 % of cell LDH and cells exposed to Ag NPs leaked

4.8% and 9.7 % of cell LDH at concentration 5 and 50 mg l-l respectively. While LDH

leakage for cells exposed to AgNO3 were 44% and 97% at concentrations 5 and 50

mg l-l respectively. Table 6 shows total LDH activity leaked in µmol min-1 ml-1. After

24 h exposure to 5 and 50 mg l-1 Ag NPs or AgNO3, the adherent cells were washed

and lysed, and the cell homogenate quantified for LDH activity (Fig 7). The LDH in

the cell homogenate was not statistically different between the control and when

cells were exposed to Ag NPs, whereas, when the cells were exposed to AgNO3

statistically they showed less LDH activity compared with those exposed to Ag NPs.

Figure 6 LDH activity leak into the external media after 24h. Data are means ± S.E (n
= 6) Bars with different letters are statistically different from each other (Kruskal-
Wallis test, p<0.05).
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Table 6 LDH activity after 24 h incubation with different concentrations of Ag NPs
and AgNO3.

Treatment Media LDH activity
(µmol min-1 ml-1)

Cell homogenate LDH activity
(µmol min-1 mg-1 protein)

control
control-MQ
AgNO3 5
AgNO3 50
AgNPs 5
AgNPs 50

0.37 ± 0.04  a
0.50 ± 0.11  a
1.16 ± 0.39 b
3.50 ± 0.16  c
0.65 ± 0.25  a
1.11 ± 0.81  ab

0.88 ± 0.11  a
0.70 ± 0.12  a
0.31 ± 0.09  b
0.04 ± 0.01  c
0.59 ± 0.08  a
0.60 ± 0.07  ab

*The effect of Ag NPs and AgNO3 exposure on total LDH activity release after 24h
into media and in fibroblast cells. Values are means ± S.E (n = 6). Different letters are
statistically different from each other within colum (One way ANOVA, Kruskal-Wallis
test, p<0.05).

Figure 7 LDH activity from cell homogenate after 24h exposure. Data are means ±
S.E. (n = 6). Bars with different letters are statistically different from each other (One
way ANOVA, p<0.05).
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The protein assay was used as an indication for measuring the cell viability

since it measures the protein content of viable cells that were left after 24 h exposure.

From the data in Figure 8, it is apparent that the protein content was not statistically

different from control when cells were exposed to 5, 50 mg l-1 Ag NPs compared to

AgNO3. Protein content was (in mg ml-1); 0.168 ± 0.013 in controls, and 0.226 ±

0.054, 0.188 ± 0.009 when the fibroblast cells were exposed to 5, 50 mg l-1 Ag NPs

respectively. Whereas when the fibroblast cells were exposed to 5, 50 mg l-1 AgNO3,

protein content was lower than controls 0.083 ± 0.007, 0.081 ± 0.010 for 5, 50 mg l-1

AgNO3 respectively.

Figure 8 Protein concentration in cell homogenates from fibroblasts exposed to 5 or
50 mg l-1 Ag NPs or AgNO3 for 24 h. Data are means ± SE (n = 6) culture
plates/treatment). Bars with different letters are statistically different from each other
(Kruskal-Wallis test, p<0.05).
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Demonstrating the effect of silver as a coating over the silicone
surface on fibroblast cells.

When the cells were grown over silicone coated prostheses for 72h, silver was

measured in the external media every day. It is apparent from Table 2 that silver

concentration in external media showed a constant increase when the cells were

grown over silicone coated with AgNO3 at concentration 50 mg l-1 compared to Ag

NPs. Silver accumulation in the cells was also measured after 72h exposure (Table

5). Comparing the results of that with the first experiment (24h exposure) shows that

silver accumulation, after washing the cells was higher when cells were exposed for

24 h to AgNO3 and Ag NPs prepared in the media compared to silver accumulation

in cells grown on silicone coated silver (AgNO3 and Ag NPs). Although the cells were

exposed for three days with direct contact with silver, the accumulation was less in

fibroblast cells than without the silicone. Furthermore Ag accumulation in fibroblast

cells were more when the cells were grown over silicone coated with AgNO3

compared to Ag NPs. Cell electrolytes were also measured in cell homogenate after

72h exposure to silver coated silicone prostheses, and showed no effect on cell K+

content, while Na+ content showed a clear increase when cells were grown on the

silicone coated with AgNO3 (Table 5).

When the cells were grown on silver coated silicone for 72h, cell viability

showed the same effect on cell morphology (Fig 9), indicating that the effect of

AgNO3 and Ag NPs on fibroblast cell viability was the same with and without the

presence of silicone prostheses. The cells which were exposed to 5 and 50 mg l-1 Ag

NPs showed normal morphology with the cells remaining confluent and well attached

to the well plates (Fig 9 b, d). Whereas AgNO3 at both concentrations were toxic to

fibroblast cells as the cells were dead and detached from well plate (Fig 9 c, e).
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Figure 9 Morphology of fibroblast cells after 72h exposure to Ag NPs and AgNO3.
Olympus microscope SZ-1145 CHI with transmitted light magnification 40x and
camera Scope Tek MDC 560 with magnification 0.6 x, was used (n = 6) scale bar =
10 µm. Fibroblast cells grown over silicone coated prostheses stained with Giemsa
(a) control uncoated silicone (b) silicone coated with 5mg l-l Ag NPs  (c) silicone
coated with 5mg l-1 AgNO3 (d) silicone coated with 50 mg l-l Ag NPs. (e) silicone
coated with 50mg l-1 Ag NPs.

In relation to cumulative LDH leak to external media over three days exposure

(Fig 10 A), LDH leak of unexposed cells every day was about 4.3 %, and at the end
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of 72 h cumulative LDH leak was about 13 % of the cell LDH. Similarly cumulative

LDH of cells grown over silicone coated with Ag NPs was 6.6 and 12.5 % of cell LDH

at concentration 5 and 50 mg l-l respectively after 72 h exposure. While cumulative

LDH leak of cells grown over silicone coated with AgNO3 was around 30.8 % and 36 %

at concentration 5 and 50 mg l-l after 72 h exposure (maximum leak was in the first

day as the cells were all dead and detach after 24h exposure). After 72 h exposure

to 5 and 50 mg l-1 Ag NPs and AgNO3, the adherent cells were washed and lysed to

measure LDH from the cell homogenate (Fig 10 B) and the LDH in the cell

homogenate was not statistically different between the control and when cells were

exposed to Ag NPs, whereas, when the cells were exposed to AgNO3 they showed

less LDH activity compared with those exposed to Ag NPs. Table 7 shows total LDH

activity leaked into media every day (µmol min-1 ml-1 ) and LDH from cell homogenate.

Table 7 LDH activity in the media from fibroblast cells every day for 72 h grown on
silicone coated with different concentrations of Ag NPs and AgNO3.

Total LDH activity
Treatment Total LDH

activity after
24 h

Total LDH
activity
after 48 h

Total LDH
activity
after 72 h

Media LDH
activity
(µmol min-1 ml-
1)

Control
Control-MQ
AgNO3 5
AgNO3 50
AgNPs 5
AgNPs 50

0.09± 0.00 a
0.11± 0.01 a
0.14 ± 0.02 a
0.20 ± 0.03 a
0.07 ± 0.00 a
0.14 ± 0.01 a

0.06± 0.00 b
0.13 ± 0.04 a
0.00 ± 0.00 b
0.00 ± 0.00 b
0.08 ± 0.00 a
0.06 ± 0.00 b

0.06 ± 0.00 b
0.09 ± 0.00 a
0.00 ± 0.03 b
0.00 ± 0.00 b
0.08 ± 0.00 a
0.10 ± 0.00 c

Cell
homogenate
LDH activity
after 72 h.
(µmol min-1

mg-1 protein)

control
control-MQ
AgNO3 5
AgNO3 50
AgNPs 5
AgNPs 50

0.46 ± 0.05 a
0.31 ± 0.04 a
0.00 ± 0.00 b
0.00 ± 0.00 b
0.49 ± 0.08 a
0.32 ± 0.03 a

*Media LDH activity: The effect of Ag NPs and AgNO3 exposure on total LDH activity release after 72h
from fibroblast cells. Values are means ± S.E (n = 6). Different letters are statistically different from
each other within row (One way ANOVA or Kruskal-Wallis test, p<0.05).  Cell homogenate LDH activity
Total LDH in fibroblast cells after 72h. Values are means ± S.E (n = 6). Different letters are statistically
different from each other (One way ANOVA, p<0.05).
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Figure 10 LDH activity after 72h exposure to Ag NPs and AgNO3. (A) The effect of Ag NPs and AgNO3 exposure on LDH activity
leaked to external media per 2 ml over  24 h  (B) LDH activity from cell homogenate after 72 h exposure. Data are means ± S.E (n
= 6).* difference between control and treatment with in day, different letters with in treatment indicates a time effect, # concentration
effect within day. (One way ANOVA or Kruskal-Wallis test, p<0.05).

(A)

(B)



43

The protein assay was again used to measure the protein content of viable

cells that were left after 72 h exposure. From the data in Figure 11, it is apparent that

the protein content remained the same when cells were exposed to 5, or 50 mg l-1

Ag NPs compared to AgNO3. Protein content were (in mg ml-1); 0.166 ± 0.007, in

controls, and 0.145 ± 0.02, 0.151 ± 0.012 when the fibroblast cells were exposed to

5, 50 mg l-1 Ag NPs respectively. Whereas when the fibroblast cells were exposed to

5, 50 mg l-1 AgNO3, protein content was lower than controls 0.111 ± 0.03, 0.110 ±

0.005  for 5, 50 mg l-1 AgNO3 respectively.

Figure 11 Protein content after 72h exposure to Ag NPs and AgNO3. (n = 6) Bars
with different letters are statistically different from each other (One way ANOVA,
p<0.05).
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Quality of silver coating on the silicone surface and contact with
the cells.

Some preliminary experiments were conducted to determine whether or not

sterilisation of the silicone surfaces with (chlorhexidine and PBS) had caused any

changes to the silver coatings. SEM investigations showed that when the silicone

surface was sterilised, it had no effect on Ag NPs distribution as a coating. Similarly,

when the surface of silicone was coated with Ag NPs but without sterilising and the

washing step, it showed no effect as well (Fig 12 a, b). Another three sets of plates

were prepared separately (silicone coated prostheses with fibroblast cells grown for

72h), (Fig 12 c, d). They showed that fibroblast cells were attached to silicone coated

with Ag NPs. Moreover the silicone surface coated with 5 mg l-1 Ag NPs formed

aggregations of nanoparticles (Fig 13 a b), however when silicone was coated with

50 mg l-1 Ag NPs, bigger aggregates were formed compared to the concentration of

5 mg l-1. Furthermore the presence of Ag was confirmed as a coating by EDS

measurements for both 5 and 50 mg l-1 concentrations of Ag NPs (Fig 13 c, d).

When the silicone surface was coated with AgNO3, sterilisation with

chlorhexidine and PBS showed a different distribution of silver compared with

unsterilised silicone (Fig 14). Silicone coated with 5 and 50 mg l-1 AgNO3 showed

silver chloride formation on the surface when silicone was sterilised (Fig 14a b),

whereas when the surface was not sterilised less silver was detected (Fig 14 e ),

indicating that PBS had an effect on AgCl formation on the surface.
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Figure 12 SEM images of silicone coated with Ag NPs: a) unsterilised silicone
surface coated with 5 mg l-1 Ag NPs; b) unsterilised silicone surface coated with 50
mg l-1 Ag NPs; c) Sterilised silicone surface coated with 5mg l-1 Ag NPs with
fibroblast cells grown for 72h; d) Sterilised silicone surface coated with 50 mg l-1 Ag
NPs with fibroblast cells grown for 72h (scale bar represents 100 µm).
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Figure 13 SEM images of unsterilised silicone coated with Ag NPs, a) silicone
surface coated with 5 mg l-1 Ag NPs (scale bar represents 1µm); b) Silicone surface
coated with 50 mg l-1 Ag NPs (scale bar represents 1 µm); c) silicone surface coated
with 5 mg l-1 Ag NPs confirming the presence of silver (scale bar represents 10µm);
d) Silicone surface coated with 50 mgl-1 Ag NPs confirming the presence of silver
(scale bar represents 2.5µm).
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Figure 14 SEM images of silicone coated with AgNO3; a) Sterilised silicone surface
coated with 5 mg l-1 AgNO3; b) Sterilised silicone coated with 50 mg l-1 AgNO3; c)
Sterilised silicone surface coated with 5 mg l-1 AgNO3 confirming presence of AgCl; d)
Sterilised silicone coated with 50 mg l-1 AgNO3 confirming presence of AgCl; e)
Unsterilised silicone surface coated with 50 mg l-1 AgNO3, while no silver was found
at concentration 5mgl-1.
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Investigating the antifungal properties of new silver coated silicone
against C. albicans.

Silver was again measured in the media when the cells were exposed to treatments

for 96h (Fibroblast cells were grown for 72h and then inoculated with C. albicans for

another 24h). From Table 2, the same trends as the previous 72h exposure were

seen. Furthermore, silver accumulation in the cells was also measured and showed

the highest silver accumulation when cells were grown over silicone coated AgNO3

compared to other treatments (Table 5). Cell electrolytes were also measured in cell

homogenate after 96h exposure to silicone coated prostheses, and showed an

increases of K+ content when silicone was coated with Ag NPs, while Na+ content

increased when cells were exposed to AgNO3 (Table 5).

Morphology of fibroblast cells grown on silicone for 96h and inoculated with

C.albicans in the last 24h of the experiment (Fig 15) showed that C.albicans were

attached to the uncoated silicone and  the fibroblast cells were dead. In contrast, the

fibroblast cells were viable and protected when the silicone was coated with Ag NPs

(more cells were attached when silicone was coated with 50 mg l-l than 5 mg l-l).

Whereas silicone coated with AgNO3 showed no fibroblast cells growing on the

surface, as the cells had been already detached from silicone, in addition to that few

yeast cells were observed when the silicone was coated with 5 mg l-l AgNO3

compared to 50 mg l-l AgNO3.
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Figure 15 Morphology of fibroblast cells after 96hand in last 24h cells were
inoculated with C. albicans (106 cell ml -1) stained with methylene blue, exposed to
different concentrations of Ag NPs and AgNO3. Olympus microscope SZ-1145 CHI
with transmitted light magnification 40x and camera Scope Tek MDC 560 with
magnification 0.6 x, was used (n = 6) scale bar = 10 µm.(a)  control uncoated (b)
silicone coated with 5mg l-l Ag NPs (c) silicone coated with 5mg l-1 AgNO3 (d)
silicone coated with 50 mg l-l Ag NPs. (e) silicone coated with 50mg l-1 AgNO3.
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Figure 16 A shows cumulative LDH leak to the external media after 24

inoculations with C. albicans. LDH leak of cells grown on uncoated silicone was

6.8 % . Whereas total LDH leak of cells grown on silicone coated with Ag NPs were

6.2 and 4.2 % of cell LDH at concentrations 5 and 50 mg l-l respectively, although

more cells were attached to silicone than unexposed cells. While LDH leak of cells

grown on silicone coated with AgNO3 was around 12.1 and 51 % at concentrations

5 and 50 mg l-l respectively. After 96 h exposure to 5 and 50 mg l-1 Ag NPs and

AgNO3, the adherent cells were washed and lysed same as second experiment to

measure LDH from cell homogenate (Fig 16B). Table 8 shows total LDH activity

leaked into media every day µmol min-1 ml-1 and LDH from cell homogenate.

Table 8 LDH activity in the media from fibroblast cells every day for 96h grown on
silicone coated with different concentrations of Ag NPs and AgNO3, in last 24h the C.
albicans were inoculated into culture media.

Treatment Total LDH activity
Total LDH
activity  after
24h

Total LDH
activity  after
48h

Total LDH
activity  after
72h

Total LDH
activity  after
96h

Media LDH
activity
(µmol min-1

ml-1)

control
control-
MQ
AgNO3 5
AgNO3 50
AgNPs 5
AgNPs 50

0.05 ± 0.01 a
0.03 ± 0.00 a
0.11 ± 0.03 a
0.23 ± 0.03  a
0.11 ± 0.01 a
0.09 ± 0.01 a

0.04 ± 0.00 a
0.03 ± 0.00 a
0.01 ± 0.00 b
0.01 ± 0.00 b
0.09 ± 0.00 ab
0.08 ± 0.00 a

0.04 ± 0.00 a
0.03 ± 0.00 a
0.01 ± 0.00 b
0.01 ± 0.00 b
0.08 ± 0.00 b
0.04 ± 0.00 b

0.18 ± 0.00 b
0.18 ± 0.00 b
0.03 ± 0.01 b
0.04 ± 0.00 b
0.11 ± 0.01 ac
0.10 ± 0.01 a

Cell
homogenate
LDH activity
after 96 h
(µmol min-1

mg-1 protein)

control
control-MQ
AgNO3 5
AgNO3 50
AgNPs 5
AgNPs 50

0.54 ± 0.09 a
0.79 ± 0.08 b
0.32 ± 0.12 c
0.33 ± 0.03 c
0.42 ± 0.06 c
0.42 ± 0.03 c

Media LDH activity: The effect of Ag NPs and AgNO3 exposure on total LDH activity in the media after 96 h
from fibroblast cells. Values are means ± S.E (n=6). Different letters are statistically different from each other
within row (One way ANOVA or Kruskal-Wallis test, p<0.05). Cell homogenate LDH activity, Total LDH in
fibroblast cells after 96h incubation. Values are means ± S.E (n = 6). Different letters are statistically different
from each other (One way ANOVA t, p<0.05)
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Figure 16 LDH activity after 96h exposure to Ag NPs and AgNO3. (A) The effect of Ag NPs and AgNO3 exposure on LDH activity
leaked to external media per 2 ml over  24 h  (B) LDH activity from cell homogenate after 96 h exposure. Data are means ± S.E (n
= 6).* difference between control and treatment with in day, different letters with in treatment indicates a time effect, # concentration
effect within day. (One way ANOVA or Kruskal-Wallis test, p<0.05).

(A)

(B)
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The protein assay was measured, and showed that the protein content of

viable cells that were left after 96 h exposure was highest when cells were grown

over silicone coated with Ag NPs compared to silicone coated with AgNO3 (Fig 17).

Protein content in the controls were 0.078 ± 0.020  and when the cells were exposed

to 5 and 50 mg l-1 Ag NPs were 0.152 ± 0.026, 0.188 ± 0.010 mg ml-1 respectively,

and protein content were 0.042 ± 0.023, 0.017 ± 0.004 when cells where exposed to

5 and 50 mg l-1 AgNO3.

Figure 17 Protein content of fibroblast cells after 96h exposure to Ag NPs and
AgNO3.and inoculated with C. albicans in last 24 h. Bars with different letters are
statistically different from each other (One way ANOVA, p<0.05).
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Extracellular ethanol produced by C. albicans was also measured to

investigate whether the yeast cells were capable of aerobic metabolism (no ethanol

production) or if they used fermentation to make ATP and therefore produce ethanol

(Fig 18). The main findings were that ethanol production before incubating the plates

(mean ± S.E) was about 0.07 ± 0.02 µmols ml-1, and after 24h incubations with the

yeast, the ethanol production was highest when the fibroblasts were grown on

uncoated silicone 43.2 ± 25.02 µmols ml-1, since Candida grew more than the on the

other treatments. However when the silicone was coated with 5 and 50 mg l-l Ag NPs,

ethanol production was less at 1.8 ± 1.08 and 1.1 ± 0.50 µmols ml-1 respectively.

Whereas ethanol production was 3.6 ± 1.19 and 6.7± 4.98 µmols ml-1 when silicone

were coated with 5 and 50 mg l-l AgNO3 respectively.

Figure 18 Ethanol productions by C. albicans into external media after 24h. (n = 4).
Data are expressed as (Mean ± S.E) numbers with different letters are statistically
different from each other (Kruskal-Wallis test, p<0.05). Ethanol production before
incubating the plates was 0.07 ± 0.023 µmols ml-1. After 24h incubations ethanol
production of the cells grown on uncoated silicone was higher compared to both 5
and 50 mg l-l Ag NPs and AgNO3.
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Discussion

C. albicans infection remains one of most significant problems of facial prostheses

made of silicone. This study revealed that facial prostheses coated with Ag NPs

preserved fibroblast cells from fungal infection compared to uncoated silicone

prosthesis; Ag NPs also inhibited the production of ethanol by C.albicans.

Furthermore, Ag NPs as a coating over silicone had no toxic effect on fibroblast cells

compared to AgNO3 which was toxic as a coating. Similar observations were made

when fibroblasts were exposed via Ag additions to the cell culture media. Overall,

this study shows that coating the silicone material used for facial prosthesis with 50

mg l-1 Ag NPs is biocompatible with dermal fibroblast cells and was able to prevent

fungal infection. Coating of silicone prosthesis with Ag NPs could therefore be a

clinically relevant method to prevent fungal infection in patients with maxillofacial

prostheses.

Ag NPs and AgNO3 characterisation

The hydrodynamic diameter of aggregates was measured by nanoparticle tracking

analysis (NTA) shown in Figures 3 and 4. The main findings were that control Milli-Q

water showed few/no particles which could be due to background noise of the

instrument, while culture media control (without silver) showed a hydrodynamic

diameter of aggregates (189 ± 19 nm). The latter is likely due to NaCl crystals and

colloidal materials such as the protein and FBS in the  culture media. This high
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background of existing particulate material in the culture media prevented any

reliable detection of the particle distributions due to the Ag NPs or AgCl crystals

formed from AgNO3.  This masking of the Ag NP distribution due to organic material

or salt crystals in biological media is to be expected and has been reported by

Besinis et al. (2012) for salines and bacterial broth mixtures for the same

nanomaterials used here.

The hydrodynamic diameter of aggregates in Milli-Q water, increased with

increasing concentration, while the behaviour of Ag NPs and AgNO3 in culture media

was dissimilar, as it is difficult to visualise individual particles and track their

Brownian motion when Ag NPs and AgNO3 added into media. The increase in mean

hydrodynamic of aggregates with increasing Ag NP concentration could simply be a

function of particle collision rate;with more particles more collisions may form

aggregates.

Effect of silver nanoparticles on fibroblast cells

To confirm Ag exposure to fibroblast cells, Ag accumulation in/on the fibroblast cells

were measured (Table 2), as well as Ag concentration in the media (Table 5). When

Ag was added into media after 24 h 20 % of the expected total Ag concentration was

measured from the Ag NP treatment at the nominal concentration of 5 mg l-1; and 27 %

of the expected value at a nominal concentration of 50 mg l-1. This effect was

probably mainly due to particle settling from the media, although there are also

inefficiencies in detecting Ag from Ag NPs by ICP-OES. Interestingly, despite very

reliable detection of Ag from AgNO3 by ICP-OES, the values in the media were also

lower than the expected nominal concentrations, but not as low as those for Ag NPs.
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For AgNO3 53% of the total Ag was measured at the nominal concentration of 5 mg l-

1 and 46 % at the nominal concentration of 50 mg l-1, indicating that most of silver

had been either up taken by cells or combined to culture media and settled very

quickly. Furthermore when the silver was measured every day for three days, it

revealed that there was a constant release of silver from silicone coated with AgNO3

to the media, compared to silicone coated with Ag NPs. There are two explanations

for this: (i) the culture media contained some debris of fibroblast cells that picked up

silver nitrate, or (ii) distressing the plates every day to change culture media might

cause damage to the coating, the former seems most likely explanation.

The results of silver accumulation revealed that, silver accumulation after

washing the cells was higher when cells were exposed for 24h to Ag NPs and

AgNO3 prepared in the media compared to silver accumulation in cells grown on

silver coated silicone. Although the cells were exposed for a longer duration with

direct contact with silver in the coating experiment, the total Ag accumulation was

less in fibroblasts compared to those in the previous experiment exposed via

additions to the cell culture media. This indicates that the silver was not bioavailable

as a coating and/or was less easily removed from the surface of silicone even after

washing the cells twice. The latter seems likely since the SEM images showed

particles adhered to the surface of the silicone (see below). Studies showed that

fibroblast cells can take up silver particles, for instance, a study revealed when

primary fibroblasts cells were exposed to 30 μg l-1 Ag NPs in the culture media for 24

h, Ag were accumulated in the mitochondria when visualized by transmission

electron microscope (Arora et al., 2009). Furthermore, another study by Lu et al,

(2010) found that Ag NPs at 100 µg ml-1 were able to aggregate inside the

keratinocyte which was determined by high-resolution ICP-OES and ICP-MS.
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When cells were exposed to AgNO3 as a coating, or and when added in to the

media, the treatments caused the cells to detach from the dishes at both

concentrations. Thus, in the present study the lethal concentrations of AgNO3

against human dermal fibroblast cells were below 5 mg l-l. Similarly, Hidalgo et al.

(1998) determined that AgNO3 at concentrations 4.12 and 82.4 µmol l-1 produced

inhibition in human dermal fibroblast proliferation using (Eagle's Minimal Essential

Medium). In contrast, in the present study when cells were exposed to Ag NPs as a

coating and when added in to media, the cells were viable and well attached to the

dishes, with apparently limited toxicity. Panáček et al. (2009) also found limited

effects of using 30 mg l-1 Ag NPs against human fibroblast cells. Furthermore, Wen

et al, (2007) reported that when Ag NPs, at concentrations 30 and 50 % w/v

inoculated into confluent human fibroblasts (Ag NPs diluted in culture broth DMEM),

inhibited the viability of fission of human fibroblasts, but without causing internal

damage.

The low toxicity of nanoparticles  may be due to the presence of biomolecules

like proteins in culture media (10% FBS) reducing the bioavailability of any silver ions

released, or by protein adsorbing to the surface of the particles, thus preventing the

reactive surface of the particles from coming into direct contact with the cell

membranes. Greulich et al. (2012) has reported that the release of silver ions from

Ag NPs may be decreased by the presence of proteins.  Additionally, silver may

precipitate and form poorly soluble salts like silver chloride due to the presence of

chloride in the culture media. Besinis et al, (2012) found that AgNO3 rapidly forms

insoluble AgCl crystals, but with a small fraction of apparently dissolved silver

(0.01%) being likely responsible for toxicity,, while most of the Ag NPs had settled
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very quickly and only about 10% of Ag NPs remained in the media (similar to the

findings here), which was responsible for its toxicity against bacteria.

AgNPs and AgNO3 as a coating on the silicone surface

This study showed that silver coating of the prostheses with Ag NPs or AgNO3 was

not easily removed from the surface of silicone. SEM images showed that when the

surface of silicone was coated with Ag NPs (with and without sterilisation), the

particles were attached to the surface, even after undergoing of several stages of

media changing and washings for SEM preparation (Fig 12). Interestingly, when the

surface was coated with AgNO3, the PBS washing step appeared to play a vital role

in attaching the silver to the surface of silicone compared to unwashed silicone (Fig

14). This could be due to the presence of chloride in PBS which might be

responsible for formation of insoluble AgCl on the surface of silicone. The EDS

measurements showed that the material was rich in both Ag and Cl. It may also be

possible that during the formation of AgCl the crystal became annealed to the

surface of the silicone.

The insoluble AgCl form is regarded as having low/negligible toxicity. Contreras

et al. (2010) demonstrated that more than one hour of contact of human gingival

fibroblasts cells with AgCl was necessary to induce irreversible cell death, but still

the type of cell death was not clarified and free silver ions may have been present in

the media.  Additionally, Ratte (1999) predicted that the presence of ionic silver (the

toxic form) will be decreased with increasing chloride concentration, and this

explains the low toxicity of Ag in our culture conditions. However, Ramstedt et al.

(2009) demonstrated that even in the presence of 10% FBS plus the media
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containing likely mmolar amounts of chloride, that cytotoxic effects were seen on

bronchial epithelial cells, alveolar epithelial cells and mouse fibroblast cells.

Effect of silver nanoparticles on electrolytes in fibroblast cells and
C. albicans

Silver is well known for its ability to inhibit Na+,K+-ATPase membrane bound

transport system (Hussain et al., 1994). This study measured cell homogenate

concentrations of K+ and Na+ as well as in the media (Tables 3, 4 and 5). The main

findings were that exposure of fibroblast cells to Ag NPs and AgNO3 caused

significant change in cellular electrolytes. The cells exposed for 24 h to Ag NPs

prepared in the media caused a decrease in cell K+ content (normalised to protein)

which could be related to the inhibitory effect of silver on the Na+ K+-ATPase which

would result in the normal outward K+ gradient slowly depleting the cell of K+.

However, when the cells were exposed at the same concentrations to Ag NPs and

AgNO3 coated on silicone prostheses for longer duration (72h), they showed no K+

depletion (Table 5). This indicates that the Ag NPs remained attached to silicone and

did not release Ag ions to block the Na+ pump or cause K+ leak across the

membrane. In keeping with this explanation, when cells were exposed to AgNO3 the

cell Na+ content increased (diffusional influx of Na+ down the electrochemical

gradient). High concentrations of silver ions may block epithelial Na+ channels (Bury.,

et al 1999), but in the media used here this would prevent Na+ entry into cells, and

so the most likely explanation of the silver-effect is on the Na+ pump. Whereas when

the cells were exposed to Ag for 96 h and in the last 24h inoculated with C. albicans,
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Ag NPs caused an increase in cell K+ content well as Na+ content at both

concentrations (normalised to protein).

In C. albicans,  Na+/H+ antiporters play an important role in the maintenance

and regulation of intracellular Na+ and H+ homeostasis (Soong et al., 2000), and like

many organisms, the inward Na+ gradient is used to drive the export of metabolic

acid from the cell. Unsually, the Na+/H+ exchanger in C. albicans is not as specific as

in higher organisms, and may also transport K+ (Kinclová et al., 2001; Kinclová, et al.,

2002). Fungi expend energy to accumulate large amounts of K+, which serves as an

important cofactor in many biosynthetic processes and is required for various

biological functions, e.g., regulation of cell volume and intracellular pH (Kinclova-

Zimmermannova et al., 2007).  Few studies have been done on the effect of Ag on

membrane permeability or osmoregulation in C. albicans. For instance, a study by

Kim et al, (2009) indicated that nano-Ag exhibited potent antifungal effects on C.

albicans, through destruction of membrane integrity by breaking down the membrane

permeability barrier causing the leakage of ions and other materials, as well as

forming pores and dissipating the electrical potential of the membrane. Furthermore

Das et al, (2012) also revealed that Ag NPs were potent cytotoxic agents on the

yeast cells wall (Saccharomyces cerevisiae) leading to altered membranes

permeability and cell death.  In this study, the change in K+ and Na+ content could

not be due to block of the Na+/H+ antiporter alone by Ag. Block of the Na+/H+ would

prevent Na+ influx (less Na+ in the cell), and membrane damage from Ag might

increase the leak of K+ from C. albicans. However, given that both fibroblast cells

and C. albicans were present in the media, discerning the precise contributions of Ag

interference with the different Na+ tranporters in the cells requires further work.
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Effect of silver nanoparticles on ethanol production of C. albicans

The main findings were that fibroblast cells grown over uncoated prostheses were

detached from prosthesis when the cells were inoculated with C. albicans after 24 h

exposure.  While when the surface was coated with AgNO3, the fibroblast cells were

already detached due to toxic effect of AgNO3 , but equally few candida were

observed when silicone was coated with 5 mg l-1 compared to 50 mg l-1 coating

indicating that AgNO3 was toxic to both fibroblasts and C. albicans. Whereas when

fibroblast cells grown over Ag NPs-coated prostheses, at both concentrations of 5

and 50 mg l-1, the fibroblasts were viable (though more fibroblast cells were attached

at concentration 50 mg l-1 compared with 5 mg l-1) when inoculated with C. albicans

(Fig 15), which could be due to antifungal properties of Ag NPs against C. albicans.

Ramstedt et al. (2009) showed that medium inoculated with AgCl were too low in

concentrations to inhibit growth of P. aeruginosa but, was toxic against bronchial

epithelial cells. In this study, Ag NPs silicone coated prostheses were more

fungicidal against C. albicans than those coated with AgNO3, as few candida cells

were seen on the surface of silicone coated with AgNO3 compared to Ag NPs;

although AgNO3 was more cytotoxic to fibroblast cells than Ag NPs.

The antifungal effect of Ag NPs has received only marginal attention. One study

suggests that 2 mg l-1 nano-Ag induces programmed cell death through the

accumulation of reactive oxygen species (ROS), in the early apoptosis phase

(Hwang et al., 2012). In present study, Ag NPs at a concentration of 50 mg l-1 as a

coating over silicone prosthesis, inhibited the growth of C. albicans, and at the same

time preserved the growth of fibroblast cells (Fig 15). This suggests that a

biocompatible coating concentration for Ag NPs was found, whilst also being
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antifungal. Monteiro et al. (2011) showed that Ag NPs added to the media exhibit

fungicidal activity against C. albicans growth at 0.4–3.3 mg l-1 Ag NPs after 48 h.

This indicates that C. albicans is at least sensitive to Ag NP additions to the external

media. In the present study, Ag NP coating were used instead, but also showed

fungicidal activity against the growth of C. albicans at both Ag NP concentrations but

more at 50 mg l-1 compared to 5 mg l-1 suggesting that direct silver ion toxicity

(contact toxicity) could play a part in the toxicity to C. albicans in this study. This

suggests that the yeast was penetrating through the fibroblast layer to have direct

contact with the Ag NP coating, or that the coating somehow prevented the

attachment of the yeast to the fibroblast culture.

Furthermore, Ag NPs also altered ethanol production by C. albicas (Fig 18).

The ethanol production by C. albicans was higher after 24 h incubation on the

uncoated silicone compared to that coated with Ag NPs or AgNO3. Yeast have the

capability of aerobic metabolism, and can switch to anaerobic fermentation in less

favourable conditions. In the present study, the ethanol production by yeast in the

uncoated silicone treatment represents 43.2 µmols ml-1. Similarly, Ogasawara et al,

(2008) measured ethanol production in aerobic conditions for 2 h and was about 4

and 6 µg/105 cells at pH 7 and pH5 respectively. Ogasawara et al. (2006) stated that

during aerobic conditions, fermentation dominates during the lag phase of growth

and respiration takes over in the log phase, this explains high ethanol production in

controls in our study. Additionally C. albicans can produce ethanol from a variety of

substrates and glucose is one of the best substrates (high glucose in culture media)

(Yajima et al., 2006). Furthermore, the loss of ethanol production due to exposure to

either Ag NP or AgNO3 coatings could have several explanations: (i) the yeast are

not growing and therefore there are less cells to produce ethanol, (ii) the yeast cells
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are growing normally but favour aerobic metabolism and therefore decrease ethanol

production, or (iii) the yeasts are quiescent and are not able to ferment pyruvate to

alcohol. The former seems a likely explanation as fewer yeast cells were present in

both Ag treatments, but some inhibition of fermentation by Ag is also possible. Low

ethanol production is associated with mitochondrial dysfunction during Ag exposure

(Hwang et al., 2012). Functioning mitochondria can also alter metabolism in

response to changes in the external media. In this aspect, Ogasawara et al, (2008)

revealed that ethanol production was inhibited when C. albicans was under

anaerobic conditions (additions of sodium sulphite) at pH 5. Conditions in our

experiment were not anaerobic (culture dishes were incubated with CO2 at 37oC,

aerobic growth), but low pH alone may also have an effect on ethanol production, as

these findings indicates that under anaerobic conditions, and in acidic conditions, C.

albicans are unable to produce ethanol. After 24 h incubation with silicone coated

with Ag NPs the media had a pH of about 5.9 to 6. The lowering of pH suggest some

metabolic acidic production (e.g., by fermenting to lactate), but the absence of

ethanol suggests that the fermentation was incomplete (not all the way to alcohol).

Ag NP was confirmed not to interfere with the ethanol assay at the concentrations

used in this experiment, so the likely explanation is that Ag NPs prevented the

conversion of lactate to ethanol.  Moreover, ethanol is produced by converting

acetaldehyde into ethanol using the alcohol dehydrogenase enzyme (Strijbis et al.,

2010). The absence of ethanol production in the present experiment could therefore

be due to some Ag-dependent inhibition of the alcohol dehydrogenase. This is a new

finding, and this requires further investigation.
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Conclusion

Ag NP-coated prosthesis can prevent the attachment of C. albicans to silicone

prostheses surface without any toxic effect to human dermal fibroblast cells at

concentrations of 50 mg l-1. The current experiments used high doses of the yeast to

challenge the fibroblast cultures (106 yeast cells ml-1), and yet the coatings were very

effective in preventing growth of the infection. In clinical situations Candida infection

occur at lower doses, suggesting that the current coating would be very effective

indeed, and perhaps a lower concentration of Ag NPs could be used. This study also

revealed that silver was able to block of Na pump of both C. albicans and fibroblast

cells, causing change and leakage of ions which will lead to alteration in membrane

permeability. Furthermore, silver prevented the production of ethanol by C.albicans,

possibly by inhibiting alcohol dehydrogenase enzyme. Overall, this coating could be

of great use to prevent fungal infection for the patient, and appears to be

biocompatible with human cells. However, the edges of the prosthesis may have

prolonged contact with other cells in the dermis, as well as wandering immune cells,

and further studies are required to increase the certainty of safe use of Ag NPs in

prosthetics.
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Appendix

Contain list of figures and tables that provides supplemental information for all
experiments

Appendix A: Protein

Protein assay standards from bovine serum albumin.

Standards
BCA Protein mg/ml (means ± S.E) n = 3

1st Experiment
(Fig a)

2nd Experiment
(Fig b)

3rd Experiment
(Fig c)

0
0.0625
0.125
0.25
0.5
1
2

0.086 ± 0.002
0.129 ± 0.011
0.156 ± 0.002
0.221 ± 0.015
0.361 ± 0.035
0.586 ± 0.082
1.239 ± 0.036

0.001 ± 0.000
0.029 ± 0.000
0.054 ± 0.000
0.110 ± 0.001
0.229 ± 0.009
0.525 ± 0.033
1.232 ± 0.134

0.107 ± 0.017
0.114 ± 0.003
0.131 ± 0.010
0.181 ± 0.002
0.298 ± 0.018
0.441 ± 0.048
0.808 ± 0.019

a
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b

c
Figure: Protein assay standards from bovine serum albumin.a) first
experiment standards; b) Second experiment standards; c) Third experiment
standards.
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Protein content in cell homogenate after 24h exposure to Ag NPs and AgNO3.

Treatment mg per ml) Protein content
control
control-MQ
AgNO3 5
AgNO3 50
AgNPs 5
AgNPs 50

0.168 ±  0.009 a
0.168 ± 0.013 a
0.083 ± 0.007 b
0.081 ± 0.010 b
0.226 ± 0.054 a
0.188 ± 0.009 a

*Values were measured by BCA assay. Data are means ± S.E(n = 6). Different letters are
statistically different from each other (Kruskal-Wallis test, p<0.05).

Protein content in cell homogenate after 72h exposure to Ag NPs and AgNO3.

Treatment (mg per ml) Protein content
control
control-MQ
AgNO3 5
AgNO3 50
AgNPs 5
AgNPs 50

0.181 ± 0.026 a
0.166 ± 0.007 a
0.111 ± 0.035 b
0.110 ±  0.005 b
0.145 ± 0.023 a
0.151 ± 0.013 a

*Values were measured by BCA assay. Data are means ± S.E(n = 6).Different letters are
statistically different from each other (One way ANOVA, p<0.05).

Protein content in cell homogenate after 96h exposure to Ag NPs and AgNO3.

Treatment (mg per ml) Protein content
control
control-MQ
AgNO3 5
AgNO3 50
AgNPs 5
AgNPs 50

0.086 ± 0.010 a
0.078 ± 0.020 a
0.042 ± 0.023 a
0.017 ± 0.004 b
0.152 ± 0.026 c
0.188 ± 0.010 c

*Values were measured by BCA assay. Data are means ± S.E(n = 6). Different letters are
statistically different from each other (One way ANOVA, p<0.05).
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Appendix B: LDH

LDH leak from fibroblast cells into media every day for 72h, cells were grown over
silicone coated with different concentrations of Ag NPs and AgNO3.

Treatment Total LDH activity  µmol min-1 ml-1
Cumulative LDH
after 24h

Cumulative LDH leak
after 48h

Cumulative LDH leak
after 72h

control
control-MQ

AgNO3 5
AgNO3 50
AgNPs 5
AgNPs 50

0.181 ± 0.007 a
0.229 ± 0.034 a
0.335 ± 0.047 a
0.403 ± 0.079 a
0.146 ± 0.013 a
0.284 ± 0.028 a

0.310 ± 0.016 b
0.505 ± 0.123 a
0.343 ± 0.048 b
0.403 ± 0.079 b
0.308 ± 0.014 a
0.411 ± 0.025 b

0.437 ± 0.023 b
0.694 ± 0.122 a
0.343 ± 0.048 b
0.403 ± 0.079 b
0.487 ± 0.015 a
0.616 ± 0.020 c

*The effect of Ag NPs and AgNO3 exposure on total LDH activity release (cumulative LDH
each day) after 72h in fibroblast cells. Values are means ± S.E. (n = 6). Bars with different
letters are statistically different from each other (One way ANOVA or Kruskal-Wallis test,
p<0.05).

LDH leak from fibroblast cells into media every day for 96h, cells were grown over
silicone coated with different concentrations of Ag NPs and AgNO3.

Treatme
nt

Total LDH activity  µmol min-1 ml-1

Cumulative LDH
after 24h

Cumulative LDH
leak after 48h

Cumulative
LDH leak after
72h

Cumulative LDH
leak after 96h

control
control-MQ

AgNO3 5
AgNO3 50
AgNPs 5
AgNPs 50

0.05 ±0.014 a
0.031 ± 0.007 a
0.110 ± 0.035 a
0.236 ± 0.031 a
0.110 ± 0.012 a
0.098 ± 0.015 a

0.09 ±0.015 b
0.067 ± 0.006 b
0.124 ± 0.033 b
0.245 ± 0.031 a
0.202 ± 0.010 a
0.187 ±0.018 b

0.13 ±0.011 c
0.100 ± 0.009 c
0.133 ± 0.033 c
0.255 ± 0.031 a
0.286 ± 0.014 a
0.235 ± 0.027 c

0.32 ±0.009 d
0.286 ± 0.006 d
0.171 ± 0.039 d
0.300 ± 0.034 a
0.404 ± 0.023 a
0.340 ± 0.042 d

*The effect of Ag NPs and AgNO3 exposure on total LDH activity release (cumulative LDH
each day) after 96h in fibroblast cells. Values are means ± S.E. (n = 6). Bars with different
letters are statistically different from each other (One way ANOVA or Kruskal-Wallis test,
p<0.05).
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Appendix C: Ethanol

Ethanol production by C. albicans into external media after 24h.

Treatment Ethanol production by C. albicans micromole ml-1
Time 0
control
control-MQ
AgNO3 5
AgNO3 50
AgNPs 5
AgNPs 50

0.07 ± 0.023 a
48.41 ± 34.179 b
43.24 ± 25.021 b
3.63 ± 1.191 c
6.73 ± 4.985 c
1.80 ± 1.086 c
1.1 ± 80.507 c

*Total ethanol production by C. albicans after 24h incubation. Values are means ± S.E(n = 4).
Bars with different letters are statistically different from each other (Kruskal-Wallis test,
p<0.05). Ethanol production before incubating the plates was 0.07 ± 0.023 µmols ml-1. After
24h incubations ethanol production of the cells grown on uncoated silicone was higher
compared to both 5 and 50 mg l-l Ag NPs and AgNO3.

Ethanol assay standards.

Standards Ethanol µg ml-1 (means ± S.E.) n = 7
(Fig d)

0
0.5
5

50
500

5000

0.025 ± 0.006
0.214 ± 0.098
0.762 ±0.129
1.480 ± 0.102
2.386 ± 0.110
3.524 ± 0.233

Figure d: Ethanol assay standards.
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Appendix D: pH

Ph of the external media every day for 72 h. cells were grown over silicone coated
with different concentrations of Ag NPs and AgNO3.

Treatment Ph of external media
after 24

Ph of external
media after 48

Ph of external media
after 72

control
control-MQ
AgNO3 5
AgNO3 50
AgNPs 5
AgNPs 50

7.62 ± 0.042
7.69 ± 0.023
7.60 ± 0.024
7.60 ± 0.022
7.66 ± 0.049
7.68 ± 0.028

7.61 ± 0.075
7.62 ± 0.034
7.67 ± 0.017
7.67 ± 0.019
7.60 ± 0.029
7.67 ± 0.018

7.67 ± 0.049
7.67 ± 0.033
7.65 ± 0.021
7.66 ± 0.019
7.68 ± 0.025
7.64 ± 0.016

pH of the external media every day for 96h. cells were grown over silicone coated
with different concentrations of Ag NPs and AgNO3.

Treatment pH of external
media after 24

pH of external
media after 48

pH of external
media after 72

pH of external
media after 72
(Incubated with
C. albicans for
24h).

control
control-MQ
AgNO3 5
AgNO3 50
AgNPs 5
AgNPs 50

7.62 ± 0.047
7.37 ± 0.233
7.19 ± 0.275
7.64 ± 0.050
7.56 ± 0.015
7.65 ± 0.033

7.70 ± 0.053
7.63 ± 0.030
7.59 ± 0.031
7.60 ± 0.017
7.61 ± 0.018
7.65 ± 0.038

7.54 ± 0.126
7.62 ± 0.049
7.61 ± 0.037
7.61 ± 0.023
7.67 ± 0.035
7.64 ± 0.037

6.68 ± 0.082
6.74 ± 0.148
6.15 ± 0.092
6.13 ± 0.066
5.90 ± 0.114
6.06 ± 0.048


