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Chapter 1
INTRODUCTION

The aim of the research was the development of preducts and
processes from a manufacturing waste.

The manufacturing waste were produced by a megadiuitalian
company which produced thin silver metallic filmihiese films were
used as coating and food decoration.

Thin films were produced by an hammering processe S$tarting
material, silver laminate, had a thickness of (. During the
hammering process films with various thickness wastained. The
final produced silver films had a thickness of ab800 nm which
can be considered a submicrometric dimension, rearthe
nanometric range<(l0O0 nm). At the end the submicrometric films
were cut, giving a square shape (10 cm x 10 cm)iaselted into
boxes. The residues, produced during this step,edaontreated
flakes (UF) (figure 1), were used in the research.

Figure 1 -Manufacturing waste: untreated silver flakes
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Mainly we studied the possible use of UF as a ysitain
antimicrobial applications in aqueous medium.

1.1 Structure of the research

After a thorough bibliographic research considerthg various
aspects of the use of silver as antimicrobial agehapter 2), the
research was divided in various stages:

% To investigate the use of flakes as antimicrobgerd, at first
we verified if they possessed antimicrobial capghbilWe
conducted some antimicrobial tests usiBgcherichia coli
(E. coli IM109) as Gram-negative microorganism model. We
showed that the flakes (UF) didn't present antiotcal

capability up to 24 h (chapter 3).

% On the basis of these results we treated the UR thtee
activation processes:

e Thermal activation in reducing atmosphere;

e Thermal activation in air;

¢ Chemical activation with pD».
Then we tested the antimicrobial activity of thevnebtained
products. We showed that the activation processe® dghe
flakes antimicrobial capability (chapter 3).

% The antimicrobial agents are classified as badtim or
bactericidal. Bacteriostatic agents cause only trewth
inhibition of microorganisms while bactericidal ag® cause the
cells deathE. coli were observed at a fluorescence microscope
and at a scanning electron microscope (SEM), afpercific
treatment processes. In this way we determined d@b@vated
flakes were bactericidal agents (chapter 4).
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In the next two stages we investigated the possii@ehanism of

action of the flakes:

% On the basis of literature knowledge we studiedréaionship
between the capability of flakes to release silwveraqueous
medium and their antimicrobial activity. We showerht the
presence of flakes was necessary to Haveoli decrease over
time (chapter 5);

* We characterised the morphology and chemical coitpof
the flakes surface by SEM and XPS to verify if the
antimicrobial activity acquired by activated flakesuld be
affected by some morphological or chemical changée
concluded that the antimicrobial property was doe the
presence of dissolved oxygen (chapter 6).

s In the final stage we performed some experimentsctwh
simulated possible applications of activated silvitakes
(chapter 7).
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Chapter 2
USE OF SILVER AS ANTIMICROBIAL AGENT: STATE OF THRART

2.1 Metallic silver

The antimicrobial effects of silver (Ag) have be&nown for

thousand of years. In ancient times, it was usedadter containers
and to prevent putrefaction of liquids and foods.ahcient time in
Mexico, water and milk were kept in silver contameSilver was
also mentioned in the Roman pharmacopoeia of 3. BlL].

At the beginning of last century, Gibbard (1937)swae first to
systematically investigate the antimicrobial prdigsrof silver [2].

2.2 Silver ions

Silver nitrate is the most common silver compourskdi as an
effective medicine in clinical practice. There ig8g evidence in the
literature that the active component of this silgait is the silver
itself [3]. Silver nitrate is a substance that askes silver ions rapidly.
The antimicrobial activity of silver ions dissolvex$ silver nitrate
was studied in different works. Hwang et al. [4ftirested the
bactericidal ability at various concentrations (@-Gng/L of Ag)
against different bacterial strainsLe@ionella pneumophila
Pseudomonas aeurigingsd&scherichia coli demonstrating that
silver showed sufficient bactericidal ability to activate these
bacteria at concentrations that did not affectdbality of drinking
water or mammalian cells. Zhao and Stevens [5] gmtesl an
evaluative model, studying different parametersC(CPAE, CAE,
MBC ...), as a reference for the quantitative analysif the
susceptibility of bacteria to silver ion. Spacciapet al. [6]
investigated the use of silver nitrate for the tmeent of periodontal
pathogens. They found silver nitrate more efficihr@n antibiotics
for the treatment of oral cavity of periodontalanfions.

Furthermore some Authors investigated the use of generated
electrically. Berger et al. [7] determined the leaictstatic and
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bactericidal concentrations (MIC, MBC) of electtlgagenerated
silver against 16 clinical isolates and standast teganisms and
they demonstrated that Agenerated at the anode seemed to be a
very effective bactericidal agent without any degntal effects upon
normal mammalian cells. Jung et al. [8] investigdtee antibacterial
activity againstStaphylococcus aurewmndEscherichia colibacteria
of a silver ion solution generated from a laundracinine. The
S. aureusbacterial count was significantly reduced by thiges
laundry machine with detergent in comparison tordsailts with the
conventional laundry machine. All of the inoculatedcoli bacteria
were eliminated when detergent was used in bothstliver and
conventional laundry machines. In the absence tdrdent,E. coli
was significantly reduced by the silver laundry imae in
comparison to the results with the conventionahtay machine.

2.3 Silver nanoparticles

The application of nanoscale materials and strasturusually
ranging from 1to 100 nanometers (nm), is an emgrgirea of
nanoscience and nanotechnology.

Chemical reduction is the most frequently applieethod for the
preparation of silver nanoparticles (Ag NPs) asblstacolloidal

dispersions in water or organic solvents [9, 10pmBhonly used
reductants are borohydride, citrate, ascorbate, at@mental

hydrogen [12-19]. The reduction of silver ions {(Adn aqueous
solution generally yields colloidal silver with piate diameters of
several nanometers [10]. Initially, the reductidrvarious complexes
with Ag" ions leads to the formation of silver atoms QAgvhich is

followed by agglomeration into oligomeric clustefiese clusters
eventually lead to the formation of colloidal Agpeles [19].
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When silver is prepared in the form of very smalktizles, it is
expected to show better antimicrobial charactesdbecause of their
larger specific surface area [20].

With the development of nanotechnology, differemtrke about the
bactericidal activity of silver nanoparticles wenmeported in
literature. The unique properties of Ag NPs havenbextended into
a broader range of applications. Incorporation gfMPs with other
materials is an attractive method of increasing atibility for
specific applications.

2.4 Mechanisms of action

The exact mechanism of action of silver on the aties is still not
known but the possible mechanisms of action of lnetailver,
silver ions and silver nanoparticles have been astgg according to
the morphological and structural changes founthénltacterial cells.

Silver ions

Different works reported the mode of action of eflvons in AgNQ

solution.

The most widely known bactericidal mechanism of shieer ion is

its interaction with the thiol groups of the L-og®te residue of
proteins and consequent inactivation of their erayenfunctions
[21, 22]. Feng et al. [23] studied the effect d¥esi nitrate against
two strains of bacteriaS( aureusand E. col)) in LB medium by
transmission electron microscopy (TEM) and X-raynmianalysis.
They suggested a possible mechanism of actionharaons. The
silver ions enter into the bacterial cells by peatetg through the
cell wall and consequently turn the DNA into conskssh form which
reacts with the thiol group proteins, resultingéil death. The silver
ions also interfere with the replication processltkhnd Bard [24]
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using an electrochemical method studied the antohial effect of
micromolar concentration of AQNCQ< 10uM) againstE. coli. They
observed that the rate of respiration increasetialilyi upon the
addition of silver(l) because of the uncoupling thé respiratory
chain, followed by cessation of respiration.

Low concentrations of Aginduced a massive proton leakage
through theVibrio choleraemembrane, which resulted in complete
deenergization and cell death [25]. Yamanaka gR6].investigated
the antibacterial efficacy of silver ions usiig coli as a model
organism with the help of energy-filtering TEM (EHEW), two
dimensional electrophoresis (2-DE) and matrix-&sdis laser
desorption lonization-time-of-flight mass spectramme
(MALDI-TOF MS). They concluded that bactericidakiaa of silver
ions was basically due to the interaction of silgrs with ribosome
and the suppression of enzymes and proteins negeksaATP
production. Park et al. [27] studied bactericidatiaty against
E. coliandS. aureusThey demonstrated that antimicrobial activity
of silver ions is closely related to the presen€eoxygen which
causes the generation of reactive oxygen speci@S)R

Silver nanoparticles

Sondi and Salopek-Sondi [28] reported antimicrolaativity of
silver nanoparticles again&. coli as a model for Gram-negative
bacteria. From the SEM micrographs, they obsenaethdtion of
aggregates composed of silver nanoparticles aneipgacells death.
They also observed that the silver nanopatrticlésrasted with the
building elements of the bacterial membrane andeduwamage to
the cell. The TEM analysis and EDAX study confirméde
incorporation of silver nanoparticles into the meante, which was
recognized by formation of pits on the cell surface
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Morones et al. [29] obtained a similar result alijo they observed
that silver ions gave an additional contributiohey showed that
silver nanoparticles act primarily in three ways aiagt
Gram-negative bacteria: (1) nanoparticles attadhdcsurface of the
cell membrane and disturb its proper function, llemeability and
respiration; (2) they are able to penetrate inglue bacteria and
cause further damage by possibly interacting withfus and
phosphorus-containing compounds such as DNA; (8pparticles
release silver ions, which will give an additiomaintribution to the
bactericidal effect of the silver nanoparticles.

Lock et al. [30] synthesized spherical nano-Ag (age
diameter~9.3 nm) particles using a borohydride cedao method
and investigated their antibacterial action agaifst coli by
proteomic approaches (2-DE and MS identificatidri)e proteomic
data revealed that a short exposureEofcoli cells to nano-Ag
resulted in an accumulation of envelope protein cysors,
indicative of the dissipation of proton motive fercConsistent with
these proteomic findings, nano-Ag were shown totadelze the
outer membrane, collapse the plasma membrane [@bteartd
deplete the levels of intracellular ATP. The mode agtion of
nano-Ag was also found to be similar to that of Aaps [25].
Furthermore the antimicrobial properties of silmanoparticles were
recognized shape and size dependent. Pal et §lin\3dstigated the
antimicrobial property of differently shaped nandjoées against
E. coli both in liquid and agar plate. Truncated triangutdver
nanoplates displayed the strongest biocidal acttmmpared with
spherical and rod-shaped nanopatrticles. Energgrifilj transmission
electron microscopy images revealed consideratdagds in the cell
membranes upon treatment, resulting in cell deg#thiguerra et al.
[32] found that silver nanoparticles underwent aesiependent
interaction with human immunodeficiency virus type preferably
via binding to gpl20 glycoprotein knobs. The sammeug [29]
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demonstrated that the only nanoparticles that ptese direct
interaction with the bacteria preferentially have demeter of
~1-10 nm.

2.5 Applications

In literature most works investigate silver as ntrobial additive

into various matrices: silver nanoparticles werdedded in a matrix
of amorphous silicon dioxide (SHD [33], were impregnated in
bacterial cellulose (BC) [34]. Silver ions were addin ZnO

nanoparticles [35] and the Mexican zeolitic minefi@m Taxco,

Guerrero was exchanged with silver ions [36]. Soimgortant

advantages of silver-based antimicrobials are tetellent thermal
stability and their health and environmental safety

The mechanism underlying the bactericidal actiatysilver loaded
materials remains generally unclear. Some repaats lsuggested
that the antibacterial activity of silver loadedterals is realized via
the elution of silver ions into the system contaghmicroorganisms,
leading to cell death through cell penetration bmtling at specific
sites to DNA, RNA, respiratory enzymes and celluf@otein

[37-39]. Others attribute the bactericidal activity silver loaded
materials to catalytic oxidation involving reactiwxygen species
(ROS) [40-42].

Medical devices

Resin composites with antibacterial activity may bseful to
decrease the frequency of secondary caries aroastbrations.
Yoshida et al. [43]investigated the antibacterial activity of
TEGDMA-UDMA-based light-activated resin composites
incorporating one of three silver-containing matsri (Novaron,
Amenitop and AIS) and evaluated the antibactectivities against
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Streptococcus mutansnechanical properties and release of silver
ions. They suggested that the inhibitory effect tbfee silver-
containing materials agains. mutanscan be attributed to the
catalytic action of silver at the surface of theimecomposite or to an
anti-adhesion property of the surface.

Hospital patients that are mechanically ventilatedugh intubation
with endotracheal tubes are at an increased riskaagfuiring
pulmonary infections caused by bacteria residinthehospital. One
way to minimize the risk could be to make the sefa on
endotracheal tubes antibacterial with the aim tevent bacterial
adhesion rather than to treat an already formetilrbioRamsted et
al. [44] deposited silver onto the tube surfaceulgh wet chemical
treatment and bacterial growth on the treated seri@as assayed
using Pseudomonas aeruginasBacterial growth tests showed that
all the modified surfaces inhibited bacterial growan the tube
pieces but also in the surroundings of the tubebpaily due to
leaching of silver ions.

Implantable devices are major risk factors for [lit@d@cquired
infection. Biomaterials coated with silver oxide slver alloy have
all been used in attempts to reduce infection. &ueh al. [45]
developed a new approach using supercritical caddlioride to
impregnate silicone with nanoparticulate silver ahetThey
concluded that this impregnation method presentedadvantages:
the continued release of silver ions in antimicablmoncentrations
and the ability to protect both inner and outefags of catheters.
Pyrolytic carbon has been widely used in cardiovtascsurgery as
artificial heart valves because of its remarkabtedmpatibility and
mechanical properties. Tang et al. [46hvestigated the
biocompatibility and bactericidal properties of “Aigplanted
pyrolytic carbon. The pyrolytic carbon samples wenplanted by
silver ions with the dose ranging from 5*@o 5*10'® ions/cnf at
an energy of 70 keV. They showed that the bact&iciate for both

10
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S. aureusandE. coliincreased with the ion dose when the silver ion
dose was under the saturated dose of 5*li@ns/cnf. The
bactericidal rate was over 97 % when the ion dosmexrled that
value. Furthermore Agimplanted pyrolytic carbon showed a good
biocompatibility without biotoxication.

Yuranova et al. [47] investigated the fixation af Aluster on cotton
(cotton-Ag) that would protect wounds from bactegeowth and
contamination. For fixation of silver on cotton tié the precursor
solution was prepared by adding isopropanol to #memonia
aqueous solution of AN OThe cotton textile was then immersed in
this solution and boiled for 1 h. Subsequently, Algecotton sample
was removed from the solution, washed with watet sonicated
several times before drying at 25 °C. The antinb@btests, using
E. coli, were conducted in the dark and under light. The
antimicrobial activity of the cotton was negligible the dark and
increased under solar simulated light. Furthermare efficient
bactericide performance was attained with a vewy lmading of Ag
(0.1 wt.% Ag/wt).

Water treatment

Microfiltration track membranes (TMs) are widelyedsin separation
of virus containing and colloid solutions and imdi stages of
drinking water treatment under household conditio¢hen a
membrane is brought in contact with an aqueous unedn the
course of filtration, various components, with higind low
molecular weight, are sorbed on its surface, as @smicrobe cells
to form a biological film. This film is firmly fixd on the membrane
surface, which leads to contamination of drinkingitev with
products formed by microorganisms. Solov'ev e{48] developed a
method for modification of track membranes by imifipation of
polymer complexes of colloid silver nanoparticlestbe surface of

11
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microfiltration membranes. Track membranes modifigth silver
nanoparticles presented antimicrobial effect oB. coli
P. aeruginosaS. aureuandB. cereus

Activated carbons find widespread use in removiafjupants from
gas and liquid phases and in wastewater treatmadt veater
purification processes. One way to foster new appbns involves
the modification of their surfaces through chemicehctions or
through deposition of new materials with attractpreperties, such
as bactericidal agents. In this respect, silvemigexcellent candidate
that complies with the bactericidal requirementgizcHibarra et al.
[49] studied an electrochemical reactor operateteudifferent flow
conditions to deposit silver from aqueous AgN€blutions and
tartaric acid on a commercial activated carbon. Dlaetericidal
activity of the carbon/silver samples was testeddanking water
inoculated withE. coli. The XPS results suggested the formation of
Ag,0 and AgO surface species and confirm the reducti@iver to
the metallic form. Antimicrobial activity towaré. coli indicated
reductions by up to 7 orders of magnitude in tlge@dU/mL in just
10 min contact time and for silver contents of 2mM%. Le-Pape et
al. [42] tested, in a dynamic aqueous system, thm@mnarobial
activity of four activated carbon fibres (ACF), iregnated or not
with metallic compounds. All ACF supporting silvexhibited strong
lethal activity againsE. coli, S. cerevisiaeand P. pastoris Cell
mortality was clearly shown by ATP measurementsgd avas
obtained after a very short contact time (a fewosds) between
microorganisms and the ACF supporting silver. Maeil al. [50]
tested a commercially available activated carbdterfifor water
purification enriched with silver. The microbial agvth was in
general more inhibited in the presence of metalesilinto the
activated carbon with respect to filters with thetivaated carbon
alone: >4 log inhibition of bacterial proliferaticeiiter 78 days of
incubation the presence of silver vs. 2 log withsilwter.

12
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Chang et al. [51] investigated the catalytic inzatibn of
Escherichia coliin water by silver loaded alumina (Agi&; and
AgCI/Al,03). They demonstrated that catalyst had a strorajytet
inactivation ofE. coli at room temperature in water and the fixed
silver species and/or eluted Agtrongly enhanced the bactericidal
activity of the catalyst by catalyzing the reactiwhadsorbed ©to
ROS (Reactive Oxygen Species) such a®H-OH and -@. The
catalyst caused the destruction of the cell walth& bacteria and
finally the complete lysis of the bacterial cellurthermore they
suggested that the catalytically bactericidal effehould be
considered as a synergic action of ROS an@, Agt as an additive
one.

Food packaging

Developing antimicrobial films intended for food gkaging
applications is one of the emerging research dietsvin the fields of
both applied microbiology and packaging. The acteenponent of
these antimicrobial systems can be either organimarganic. In
particular, the inorganic systems are based on|nm@ta such as
silver, copper, and platinum [52].

An interesting example of an active package basedileer ions is
represented by antimicrobial films based on theeaidim of silver
zeolite particles on laminate surfaces in contaith ioods. This
system is widely used as polymer additives for famgpblications,
especially in Japan. Sodium ions present in zexodite substituted by
silver ions. These substituted zeolites are inc@fea into polymers
like polyethylene, polypropylene, nylon, and buésd styrene at
levels of 1% to 3% [53].

Del Nobile et al. [52] investigated the effectiveaeof active films
obtained by depositing via plasma an Ag-containing
polyethylenoxide-like coating on a polyethylenedayn inhibiting

13
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the growth ofAlicyclobacillus acidoterrestrisa thermal resistant
food spoilage microorganism, in acidic beveragdseyTsuggested
that the proposed active film can be successfugldufor inhibiting
or reducing the microbial growth and also indicatdwht the
effectiveness of the active film depends on the tgpmedium (Malt
Extract Broth or apple juice). Results from silven release tests
showed that the effectiveness of the proposededitm was strictly
related to the amount of silver ion released iheorhedium.
Tankhiwale and Bajpai [54] demonstrated that gngftof acrylamide
onto filter paper, followed by incorporation of\&@l nanoparticles
was a novel biomaterial which showed fair biocidation against
E. coli, and so it could be used as an antibacterial gmoganaterial
to prevent food stuff from bacterial infection. thermore filter
paper had a degradable nature.

Silver based antibacterial hybrid materials havenb#geveloped after
in situ reduction of silver nitrate adsorbed onludeke fibres [55].
Fibre structure and silver reduction method infiesh the
morphology of the in situ created silver nanop&tcand therefore
their antimicrobial activity. Hybrid materials wegedfective against
pathogenic microorganisms in vitro and showed \pasitive results
in assays with chicken exudates, both for mesoplaitel lactic acid
bacteria counts.

2.6 Silver toxicity

The silver toxicity is recognized only in argyria6], 57] which is due
to the excessive use of AgNO here are no regular reports of silver
allergy [58] and silver toxicity is insignificantompared to the
benefits of use and in comparison with other artiobials.

Sensitization to silver is rarely described ancadbwer incidence
compared to other topical antimicrobials used irspeal care and
wound dressings.

14



Chapter 2
USE OF SILVER AS ANTIMICROBIAL AGENT: STATE OF THRART

In the environment, silver is usually associatethwsulfide minerals
and released into soil and surface water througlativeging.
However, in areas where silver levels are highicttxto fish and
marine life has been noted. Uncontrolled releassilgér into the
water supply from wastewater treatment plants adimulation in
waste products may have a secondary effect on &iama plants
that may have long-term effects e.g. affectingftwa chain, so this
needs close monitoring [59].

The silver toxicity is related to individual silvepecies rather than
total silver concentration. In natural waters, wvehesilver
contamination can be of concern, evidence of toxifiom the
dissolved silver ion is generally less than in kabory tests because
of the rich opportunities for possible covalent,mgbexing, or
colloidal binding silver encounters with a varieif reactants. The
majority (94%) of the silver released into the eamment will
remain in the soil or wastewater sludge at the siomissite [60].
Silver nanoparticles are typically used in the seege of 1-50 nm.
At this very small size, the particles surface asdarge comparative
to its volume. The comparatively large surface arfeaanoparticles
increases their reactivity, which in many instane¢so increases
toxicity. Hussain et al. [61] studied the toxiciy different sizes of
silver nanoparticles on rat liver cell line (BRL BAATCC,
CRL-1442 immortalized rat liver cells). The authéwand that after
an exposure of 24 h the mitochondrial cells dispthgbnormal size,
cellular shrinkage and irregular shape. The bioaibpity and
toxicity of Ag nanoparticles were exhibited by ohgeg single
Ag NPs inside embryos at each development stage. ty¥jes of
abnormalities in zebrafish were strongly dependenthe dose of
nanoparticles [62].

15
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2.7 Conclusions

Silver is recognized as a good antimicrobial ag@&hts property is
known for silver in the form of ions, colloidal pates,
nanoparticles, metallic silver as well as silvempounds and many
works study their use to inhibit the proliferatioh microorganisms
for medical, food packaging and water treatmentiegitons.
Generally silver ions, so as heavy metals, leatthe@oinactivation of
proteins reacting with thiol groups (-SH) on the nnbeane of
bacteria causing the microbial cell death. It hesrbreported that the
attack of silver ions eliminates the replicatinglighbof DNA and
causes the collapse of the cell wall. Furthermoreramolar levels
of Ag® ions inhibit respiratory chain enzymes and alswiivate the
growth of some microorganisms Legionella pneumophila
Pseudomonas aeruginosadEscherichiacoli) by the chemisorption
properties of silver ions onto bacteria.

The antimicrobial properties of silver nanoparsclere shape and
size dependent. It was demonstrated that trundatatular silver
displayed the strongest biocidal action, comparéd spherical and
rod-shaped nanoparticles and also thiiter nanoparticles with a
diameter of 1-10 nm attached to the surface of meinbrane and
after penetrating inside the bacteria caused danaeitpe DNA.

The possibility to use different materials, treatedh silver, as
antimicrobial agent is investigated in many works.

16
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Abstract

In this work we studied the possibility to use thsilver flakes as

antimicrobial agent in aqueous medium. The flakesewihe waste product
of an Italian metallurgic company, thus having zéndial cost. The

antimicrobial activity of the flakes was investigdt in batch using
Escherichia colias Gram-negative microorganism model. The flakesew
previously treated with three different activatigrocesses: thermal
activation in reducing atmosphere, thermal activain air and chemical
activation. The flakes, activated with either treant, had antimicrobial
activity and acted with different velocity. Furthesre we demonstrated
that the antimicrobial capability was amount demendand the flakes
maintained the antibacterial property when reused.

3.1 Introduction

At the beginning of last century, Gibbard [1] wdse tfirst to
systematically investigate the antimicrobial prajesr of silver.
These properties are known for silver in the forimoms, colloidal
particles, nanoparticles, metallic silver as wallsdlver compounds.
Many works study their use to inhibit the prolifeoa of
microorganisms for medical [2], food packaging [8hd water
treatment [4, 5] applications. When silver is preglain the form of
very small particles, it is expected to show bet@timicrobial
characteristics because of their larger specifitase area [6]. With
the development of nanotechnology, different wokksout the
bactericidal activity of silver nanoparticles wenmeported in
literature. The antimicrobial properties of silveanoparticles are
shape and size dependent [7]. There are far feamyuats of the
antimicrobial properties of metallic silver [1, 8]Activation,
generally with oxidising agents, is necessary meoto promote the
formation and availability of Ag ions. The possibility to use
different materials, treated with silver, as antimabial agent is
investigated in many works [9, 10]. As regards ggapions of
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nanoparticles, they are usually dispersed in a nmedir deposited on
surfaces in order to perform antimicrobial functofil, 12]. All
these silver-based products show an antimicrobiality but require
complex, time and money consuming production prEEES
(i.e. many chemicals and several steps).

In this work we studied the possibility to use tlsitver flakes as
antimicrobial agent in aqueous medium. The flakesewthe waste
product of an Italian metallurgic company, thusihgvzero initial
cost.

3.2 Methods and materials

3.2.1 Flakes features

An Italian company produced thin silver films siiagt from silver

laminates, with a thickness of 10 um, and usingd cbéating

processes with mechanical hammers. During the loedding process
silver films, with different thickness, were prodédgc The films

obtained in the final cold beating stage were giting a square
shape (10 x 10 cm), and inserted in a box. Thelues, produced
during this step, in the following named untreatietes (UF), were
used in this work.

The UF showed a sub-micrometric dimension: thicknegas
300 nm. The UF thickness was measured by a cordgtis
profilometer (KLA-TENCOR P10). Because silver flakeeacted
electrostatically with charge surface we used asiay vapour
deposition silver thin film as holder. In this wthe properties of the
substrate and the flakes had a good matching. €lghthand lateral
resolution were, respectively, 2 nm and 0.8 pum.[13]

The flakes didn’t show homogeneous dimension. Werdened the
dimensional composition of flakes in percentageébl@al) using
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sieves with different porosity.

Table 1- Dimensional distribution (%) of untreated flakesH)jU

>2mm | 850pm<d 500pm<d 250pm<d 150pm < d <150
<2mm < 850pm < 500pm < 250pm pm
56 % 23 % 10 % 7% 3% 1%

Furthermore organic impurities present in the flakere determined
by CHN elemental analysis: 0.13 % C, 0.02 % H, Q4.

3.2.2 Flakes activation processes

The untreated flakes were treated by three difter@ctivation
processes:

1) Thermal activation in reducing atmosphere (TRA);
2) Thermal activation in air (TA);
3) Chemical activation (CA).

In TRA processUF were heated at 710 °C for 60 seconds in an
industrial furnace characterised by reducing atrhesgy which was
formed by the ionic dissociation of ammonia (it 890 °C. Then
the flakes were cooled in the furnace for 3 minutBise flakes
obtained with this process were named reduceddI&kE).

TA process used the same thermal conditions as tiAe precess,
but it took place in air. The obtained flakes we@med thermal
flakes [TF).

In CA process, UF were rinsed, under agitation, in hyeno
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peroxide (HO,) 35 % wt. (Sigma-Aldrich).

The reaction of silver with D, is exothermic, producing heat and
water vapour. When the reaction stopped the flakese washed
with sterilised deionised water and then were driiechn oven at
105 °C. The flakes obtained were named chemickeddCF).

3.2.3 Microorganism and culture conditions

The bacterial strain used in this work was Gram-negative
Escherichia coli (E. coli JM109). This strain came from our
laboratory collectionE. coliis normally used as indicator organism
in tests of environmental bacterial contaminatiath.materials used
in the experiments were autoclaved at 121 °C fom® to ensure
sterility. E. coli liquid cultures were prepared in 100 mL of LB
medium (yeast extract 5 g/L, tryptone 10 g/L, N&Clg/L) and
incubated overnight at 37 °C by constant agitatloknown volume
of the liquid culture, chosen on the basis of nitial optical density
measured at 600 nm, was centrifuged at 4000 rpmi3omin. The
bacterial pellets were twice washed and resuspentationised
water. The initial cell density was 200° CFU/mL.

3.2.4 Antimicrobial activity tests in batch

Appropriate amounts of silver flakes (UF, CF, RRdalrF) were
added in 50 mL oE. coli culture in deionised water medium. The
antibacterial activity was investigated in batchr@am temperature
(22-23 °C), monitoring the cell density by viabllcounts.

At fixed times, the samples were collected andafigrdiluted in the
range of 10 to 10 100 pL of each dilution were plated on an LB
agar plate. The colonies were counted after incoibat 37 °C for
24 h. The reproducibility of the plate counting hw was within
0.4 log CFU/mL.
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During every test we also monitored tke coli concentration in
absence of flakes (control sample). In all thestethhe order of
magnitude of the microbe count determined for thietrol remained
unchanged over time.

3.2.5 Determination of Minimum Inhibitory Concentration

Freshly isolated colonies dE. coli (JM109) on LB agar were
cultured over night in LB broth at 37 °C [14]. Afte4 h the cultures
were diluted to an optical density at 600 nm of-@.2 in 10 mL

medium. Various masses of the different activalales (RF, CF
and TF), ranging from 0.001 to 2.931 g, were soaketi0 mL of

culture medium. The mixed media were shaken in ddetrifuge

tubes for 24 h at 37 °C. The transparency of theliune was

measured by visual inspection. When the medium tassparent,
we judged that the multiplication of the bacteriaswnhibited. The
minimum concentration of the flakes in the LB medigg/L) that

maintained the transparency of the medium was eeéfias the
minimum inhibitory concentration (MIC) [15].

3.2.6 Statistical procedure

To verify whether the results of the experimentsensignificantly
different, a statistical procedure for comparingpgls of regression
lines was applied at 95 % confidence level [16, 3@0-302]. The
values were considered not different if the stadsttest indicated
that the null hypothesis Hthe values were not different at 95 %
confidence level) was accepted; on the contrariyifvas rejected,
the values were different.

When the slopes were not significantly different eadculated the
common slopébcom) [16, pp. 292-302].
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3.3 Results and discussion

3.3.1 Preliminary tests

Preliminary tests were conducted for the develogmeh the
analytical methods and to acquire information atibatefficiency of
the activation processes.

3.3.1.1 Untreated Flakes

The early stage of the research was the studyeotititreated flakes
antimicrobial activity.

Different amounts of UF (30 mg, 60 mg, 2 g and 4vgje added to
50 mL of E. coli culture in deionised water medium and the badteria
growth was monitored over time. In these experimehe samples
were diluted in the range of P08

In figure 1 the data points obtained in the experita were reported.
The viable cell count was similar to that in thenitol even after
24 hours. It was evident that UF hadn’t any agtivdgainst
microorganisms. As we didn’'t detect a diminishedctéaal
concentration in solution, this also indicated ttieg E. coli didn’t
adhere on the flakes surface.

On the basis of these results we treated the fladtbsthe activation
processes, described above, and verified if theguieed the
antimicrobial capability.
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3.3.1.2 Reduced Flakes

We decided to study, at first, the reduced flakeB)(because the
company owned an industrial furnace characterisgdrdalucing
atmosphere.

Different amounts of RF (0.5 g, 1 g, 2 g and 4 @revadded to
50 mL of E. coli culture in deionised water medium and the badteria
growth was monitored over time. In these experiméhé samples
were diluted in the range of P08

The bigger amount of RF tested was 4 g, havinglanve coincident
with that of theE. coli culture. In this way, maximum contact
between the microorganism and the flakes was agsure

In figure 2 the data points obtained in the experita were reported.
The RF showed antimicrobial activity agaifstcherichia coliand it
appeared that a longer period of time was requitedill the
bacteria, when diminishing RF amount. Furthermdre velocity
with which bacteria decreased seemed to be dirpetigortional to
the flakes amount.

Because the results were satisfactory we studiedrétationship
between kill rate and flakes amount (see par. B.3.2
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Figure 2(a-d} Preliminary tests of RF antimicrobial activity

3.3.1.3 Chemical Flakes

As some Authors hypothesised that antimicrobialagtof metallic

silver was due to silver oxide [8, 17], we treasdder flakes with the
oxidizing agent HO,. 2 g of CF were added tB. coli culture in

deionised water medium and the bacterial growth wasitored

over time. The samples were diluted in the rangE03f10°8.

In figure 3 the data points obtained in the experita were reported.
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Figure 3- Preliminary test of CF antimicrobial activity

It seemed that CF possessed a stronger antimitrabi@ity than
RF; the bacterial cells were killed in ten minutesng only 2 g of

CF.

CF used in previous test was washed with deionigs@r, dried in
oven at 105 °C and utilized in a further experim@gure 4).
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Figure 4- Preliminary test of reused-CF (r-CF) antimicrabactivity.
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Apparently CF preserved their antimicrobial actiwithen reused. So
we decided to investigate this property for actdafflakes (see
par. 3.3.3).

3.3.1.4 Thermal Flakes

4 g of TF were added tB. coli culture in deionised water medium
and the bacterial growth was monitored over timee $ample was
diluted in the range of 1810°%.

In figure 5 the data points obtained in the experitrwere reported.

— ——4.0372 g/

—=— control

log CFUmL *

time (min)

Figure 5- Preliminary test of TF antimicrobial activity

Also TF presented antimicrobial capability but iasvweaker than
RF and CF.

We concluded that flakes, by the three differetitvation processes,
could be used as antimicrobial agents. So we deddesxamine
closely this possible application.

We investigated different antimicrobial activity paests for the
treated flakes. Mainly, using RF, we studied thpeselence of the
antibacterial activity on the flakes amount; usi@§ and TF we
analyzed the maintenance of the antimicrobial cidipab
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3.3.2 Flakes amount dependence

Different amounts of reduced flakes (0.05 g, 0.3 g, 2 g and 4 g)
were added to 50 mL d&. coli culture in deionised water and the
cells growth was monitored over time. In these expents the
samples were diluted in the range of"410".

In figure 6 the data points obtained using 0.05egeweported.
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Figure 6(a-c} RF antimicrobial activity (0.05 g)
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Figure 6(a-c} RF antimicrobial activity (0.05 g)
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In figure 7 the data points for the experimentsduared with 0.5 g

were reported.
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Figure 7(a-c} RF antimicrobial activity (0.5 g)
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In figure 8 the data points experiments obtainemhgud g were
reported.
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Figure 8(a-c}- RF antimicrobial activity (1 g)
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In figure 9 the data points experiments using 2egeweported.
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Figure 9(a-c} RF antimicrobial activity (2 g)
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In figure 10 the data points obtained using 4 Bfwere reported.
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Figure 10(a-f)- RF antimicrobial activity (4 g)
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Figure 10(a-f}- RF antimicrobial activity (4 g)
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We observed that the decreasdotoli concentration with time was
faster when the RF amount increased.

With the aim to verify if the experimental data sleal a linear trend,
we calculated the regression lines affd/&ues for each experiment
(table 2). The regression lines were calculatedsicening as final
time the first data point with zero cell concentmat

Table 2 -Regression line equations and correlation coeffitse
for each experiments

RF amount Equation R®
(9)
RF (6a) 0.0554 | Y = (-0.011+0.00005)x + (8.46+0.09) | 0.9983
RF (6b) 0.0508 | Y = (-0.0080+0.0001)x + (8.31+0.02) | 0.9998
RF (6¢) 0.0523 | Y = (-0.008+0.001)x + (8.4£0.2) 0.9704
RF (72) 0.5010 | Y = (-0.038+0.004)x + (8.0%0.5) 0.8857
RF (7b) 0.5009 | Y = (-0.037+0.004)x + (8.3+0.5) 0.9156
RF (7¢) 0.5003 | Y = (-0.039+0.004)x + (8.2+0.5) 0.9220
RF (8a) 1.0090 | Y = (-0.08%0.01)x + (7.5%0.5) 0.9422
RF (8b) 1.0008 Y = (-0.080+0.007)x + (7.7+0.4) 0.9791
RF (8¢) 1.0015 Y = (-0.080+0.008)x + (7.7+0.4) 0.9696
RF (9a) 20150 | Y = (-0.100.03)x + (8.720.4) 0.7626
RF (9b) 20361 | Y =(-0.116+0.006)x + (8.6+0.2) 0.9866
RF (9¢) 20109 | Y = (-0.110+0.008)x + (7.3%0.3) 0.9761
RF (10a) | 41707 | Y = (-0.28%0.08)x + (7.9%1.5) 0.9270
RF(10b) | 41752 | Y =(-0.3:0.1)x + (7.1£2.7) 0.7930
RF (10c) | 4.0961 | Y =(-0.32+0.06)x + (6.840.7) 0.8879
RE(10d) | 41592 | Y =(-0.23+0.01)x + (7.1%0.2) 0.9864
RF (10e) | 4.0473 | Y = (-0.35+0.04)x + (6.6+0.5) 0.9266
RF (10f) 4.0495 | Y = (-0.31+0.05)x + (5.940.6) 0.8868

The correlation coefficients @Rwere comprised between 0.89 and
0.99 except for two values (REOb and RF9a). On the basis of the
regression lines and®Rralues we concluded that the experimental
data showed a linear trend for all experiments. sThwe
hypothesized that the decreaseEofcoli concentration with time
followed a first order kinetics.
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The slope of each regression line represented éheedse of viable
cells, expressed as CFU/mL, in a minute and waseerkill rate
[log CFU mL* min.

The slopes of the regression lines determined @ dkperiments
conducted using the same RF amount were compaiagirap the
statistical test at 95 % confidence level. We vedifthat the slopes
were not significantly different and calculated twnmon slope for
each experiments group (table 3) [16, pp. 300-302].

Table 3 -Common slopes and errors for experiments
with different RF amount.

Common slope Common slope
[log CFU mL ™ min™] error
RF 005 0.009 +0.001
RF o5 0.038 +0.002
RF 4 0.080 +0.006
RF , 0.113 +0.006
RF , 0.30 +0.03

The obtained common slopes were used to analysteftendence of
the rate of bacterial kill on RF amounts.

In figure 11 the relationship between the remowate rand the
amount was reported. The data were very well fittetth a linear
function, whose equation was also reported in &gl with the R
coefficient. The intercept of the regression linaswt significantly
different from zero tftest at 95 % significance level), as expected,
since we didn’t detect any antimicrobial activityabsence of RF.

We concluded that the antimicrobial activity wasoammt dependent.

It was evident that the killing rate increased wiite RF amount with
direct proportionality.

Using the Kill rates reported in table 3, we estadathe time
necessary to have zero CFU thiising 0.05 g, 1 g, 2 g and 4 g of RF

46



Chapter 3
ANTIMICROBIAL ACTIVITY

and supposing thave an initial cell concentration of 1GFU mL™.
The estimated times were 889 min for 0.05 g, 214 far 0.5 g,
100 min for 1 g, 71 min for 2 g and 27 min for 4g.

0,35

Lo | Y =(0.070:0.006)x - (0.001:0.01)
' R?= 0.9801

0,25 4

0,2

b com [logCFU mL "t min™]
o
=
(&)}

0 0,5 1 15 2 25 3 35 4 4,5
RF amount (g)

Figure 11 Dependence of the removal rate on the amount of RF.

3.3.3 Maintenance of the antimicrobial capability

1 g of CF were added tB. coli culture in deionised water and the
bacterial growth was monitored over time. In thegperiments the
samples were diluted in the range of-41D".

Figure 12 showed the data points obtained in exyparis for CF.
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Figure 12(a-d} CF antimicrobial activity (1 g)

With the aim to use the flakes as antimicrobial ragm water
treatment, we studied if the reused-CF (r-CF) naaned the
antimicrobial capability (figure 13).
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4 g of TF were added tB&. coli culture in deionised water and the
bacterial growth was monitored over time. In thip&iment the
samples were diluted in the range of-41D".

Figure 14 showed the data points obtained in tipe@xent for TF.
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Figure 14— TF antimicrobial activity (4 g)

With the aim to use the flakes as antimicrobial nagm water
treatment, we studied if the reused-TF (r-TF) nmimed the
antimicrobial capability (figure 15).
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Figure 15 —+-TF antimicrobial activity (4 g)..
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It was evident that CF and TF maintained the awtiofial activity
when reused, even if apparently a longer time wasessary to
completely kill the microorganisms.

We calculated the regression lines afd/&ues for each experiment
(table 4). The regression lines were calculatedsicening as final
time the first data point with zero cell concentmat

Table 4 -Regression line equations and correlation coeffitdie

Flakes Amount
(@) Equation R®
CF (13a) 1.0011 Y = (-0.78+£0.09)x + (7.6£0.6) | 0.9873
CF (13b) 1.0012 Y = (-0.8+0.2) + (7+1) 0.9290
CF (13c) 1.0007 Y = (-1.44+ 0.03) + (8.1+0.1) | 0.9996
CF (13d) 1.0040 Y = (-1.4+ 0.2) + (8+1) 0.9699
r-CF (14a) 1.0014 Y = (-0.840.1) + (8.7+0.6) 0.9701
r-CF (14b) 1.0015 Y = (-0.87+0.06) + (8.620.3) 0.9873
r-CF (14c) 1.0011 Y = (-0.88+0.09) + (8.4+0.6) 0.9679
TF (15) 4.0372 Y = (-0.10+0.01) + (7.5+0.5) 0.9248
r-TF (16) 4.0156 Y = (-0.089+0.008) + (8.3+0.3) | 0.9641

The correlation coefficients @Rwere greater than 0.9. The slope of
each regression line represented the decrease alfievicells,
expressed as CFU/mL, in a minute and was termed rate
[log CFU mL* min.

The slopes were compared applying the statistiesistat 95 %
confidence level [16, pp. 300-302]. We demonstraited the slopes
of the regression lines of the experiments conduetgh CF and
r-CF [16, pp. 300-302], and with TF and r-TF [16, @92-295] were
not significantly different.

We calculated the common slope for CF and r-CF mxeats
(beor= 0.940.1 log CFU mt min?) [16, pp. 300-302] and the
common slope for TF and r-TF experiments.{d 0.095) [13,
pp. 292-295]. The g represented the rate of removal of viable cells
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using flakes or reused flakes indifferently.

We concluded that thE. coli kill rate was constant even if CF and
TF were reused.

3.3.4 Minimum Inhibitory Concentration values

Table 5 showed the MIC values agaiBstcoli for the flakes treated
with the different activation processes.

Table 5 -MIC values of the activated flakes

MIC Value (g/L) |

Reduced Flakes 80
Thermal Flakes 205
Chemical Flakes 10

The MIC value of the chemical flakes was greatemtithe MIC
values of the reduced and thermal flakes. Theseltsesvere in
accordance with the antimicrobial tests where thenucal flakes
were the more efficacy.
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3.4 Conclusions

The recovery of a waste product from a thin metadiiver films
manufacturing company was proposed using it asmasrbbial
agent. The silver flakes were treated by thermalvaiton in
reducing atmosphere, thermal activation in air acitemical
activation. The flakes obtained by the thermalvatibn process in
reducing atmosphere were named reduced flakes (RE)flakes
obtained by the thermal activation process in @rensnamed thermal
flakes (TF) and the flakes obtained by the chemmetivation
process were named chemical flakes (CE).coli was used as
indicator organism in the antimicrobial tests inotésed water. The
activated flakes (RF, TF and CF) acquired antinfi@boproperties
The Kkill rate ofE. coliwas dependent on the type of activated flakes.
The chemical flakes were the more efficient, int fdee kill rate
calculated for 1 g of CF (0.940.1 log CFU thimin) was greater
than the kill rates calculated for 4 g of RF
(0.30+0.03 log CFU mt min™) and of TF
(0.10+0.01 log CFU mtt min™®). This was confirmed also by the
MIC values.

The antimicrobial capability was dependent on ffakemount.
Increasing the flakes amount, the removal rate esmsxd.
Furthermore the flakes maintained their propedies when re-used.
On the basis of these results it was proposed ¢oths activated
flakes when it was necessary to hinder the micEa@sgs
proliferation.
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Abstract

In this work we investigated the activated flakéfea on bacterial

cells. The flakes are the waste product of analtalmetallurgic

company and they acquired antimicrobial activitghatwo different

activation processes: thermal activation in redy@tmosphere and
chemical activation. We observed tBscherichia colitreated with

activated flakes by fluorescence microscopy anchrsog electron

microscopy (SEM).

We demonstrated that activated flakes caused daitfsage and then
their death. We concluded that activated flakesdcba considered a
bactericidal agent.

4.1 Introduction

The exact mechanism of action of silver on the ahbes is still not
known but possible mechanisms of action have beejyested
according to the morphological and structural clgnfpund in the
bacterial cells.

Generally silver ions, so as heavy metals, leatthe@oinactivation of
proteins reacting with thiol groups (-SH) on the rnbeane of
bacteria causing the microbial cell death [1-3]hdls been reported
that the attack of silver ions eliminates the meging ability of DNA
and causes the collapse of the cell wall [4]. Fertiore micromolar
levels of Ad ions inhibit respiratory chain enzymes [5-6] artsba
inactivate the growth of some microorganisms bydhemisorption
properties of silver ions onto bacteria [7]. Thetirarcrobial
properties of silver nanoparticles are shape amd dependent. It
was demonstrated that truncated triangular silvisplayed the
strongest biocidal action, compared with spheraradl rod-shaped
nanoparticles [8] and also thgitver nanoparticles with a diameter of
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1-10 nm attached to the surface of cell membrand after
penetrating inside the bacteria caused damage A [9].

The antibacterial activity of silver loaded matériean be due to the
elution of silver ions into the system containingrmorganisms [10]
or/and to catalytic oxidation involving reactive ygen species
(ROS) [11].

Various techniques were used to study the mechaoisastion and
so the effect of silver on bacterial cellShen et al. [12] used
scanning electron microscopy (SEM) to study theafdof Ag/ALO;
on Escherichia coli Chang et al. [13] studied the effect of silver
loaded alumina orEscherichia coliusing transmission electron
microscopy (TEM). They observed that the cells stabwiramatic
morphological changes. The cells swelled to a madier size than
the untreated ones. Furthermore they released nhracellular
ingredients. Feng et al. [4] studied the effectsdfer ions on
Escherichia coliusing TEM and observed that Adons were
detected inside the cells indicating the interactiath thiol groups
in cytoplasmic proteins.

Furthermore the membrane integrity of the bacted#tiected by the
influx of membrane-impermeable fluorescent PI, dsn used to
judge whether the bacteria are still alive [14].

We are investigating the possibility to use actdasilver flakes as
antimicrobial agent in aqueous medium. In this wwek studied the
mode of action of flakes using two techniques: rhsgcence
microscopy and scanning electron microscopy (SEM).

We showed thatE. coli cells were damaged when treated with
activated flakes: 10-20 % of the cells appeared admd and
80-90 % dead at fluorescence microscopy observatSEM
photographs showed cells disruption and consequeziase of the
intracellular constituents.
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4.2 Methods and materials

4.2.1 Flakes features

An Italian company produced thin silver films siiagt from silver

laminates, with a thickness of 10 um, and usingd cbéating

processes with mechanical hammers. During the loedding process
silver films, with different thickness, were proddgc The films

obtained in the final cold beating stage were giiting a square
shape (10 x 10 cm), and inserted in a box. Thelues, produced
during this step, in the following named untreatietes (UF), were
used in this work.

The UF showed a sub-micrometric dimension: thicknegas

300 nm. The UF thickness was measured by a corgbtis

profilometer (KLA-TENCOR P10). Because silver flakeeacted
electrostatically with charge surface we used asigay vapour
deposition silver thin film as holder. In this wthe properties of the
substrate and the flakes had a good matching. €lghthand lateral
resolution were, respectively, 2 nm and 0.8 um [8].

The flakes didn’t show homogeneous dimension. Werdened the
dimensional composition of flakes in percentagébl@al) using
sieves with different porosity.

Table 1- Dimensional distribution (%) of untreated flakes (UF

>2mm | 850pm<d 500pm < d 250pm <d 150pm <d <150
<2mm < 850pm < 500pm < 250pm pm
56 % 23 % 10 % 7% 3% 1%
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Furthermore organic impurities present in the flakere determined
by CHN elemental analysis: 0.13 % C, 0.02 % H, Q4.

4.2.2 Flakes activation processes

The untreated flakes were treated by two differastivation
processes:

1) Thermal activation in reducing atmosphere (TRA);
2) Chemical activation in air (CA).

In TRA processUF were heated at 710 °C for 60 seconds in an
industrial furnace characterised by reducing atress which was
formed by the ionic dissociation of ammonia (it 890 °C. Then
the flakes were cooled in the furnace for 3 minufBise flakes
obtained with this process were named reduceddI&kE).

In CA process, UF were rinsed, under agitation, in hyeno
peroxide (HO,) 35 % wt. (Sigma-Aldrich).

The reaction of silver with D is exothermic, producing warm and
water vapour. When the reaction stopped the flakese washed
with sterilised deionised water and then were diredn oven at
105 °C. The flakes obtained were named chemickeddCF).

4.2.3 Microorganism and culture conditions

The bacterial strain used in this work was Gram-negative
Escherichia coli (E. coli JM109). This strain came from our
laboratory collectionE. coli is normally used as indicator organism
in tests of environmental bacterial contaminatiath.materials used
in the experiments were autoclaved at 121 °C fom® to ensure
sterility. E. coli liquid cultures were prepared in 100 mL of LB
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medium (yeast extract 5 g/L, tryptone 10 g/L, N&Clg/L) and
incubated overnight at 37 °C by constant agitatloknown volume

of the liquid culture, chosen on the basis of nitial optical density
measured at 600 nm, was centrifuged at 4000 rpmi3omin. The
bacterial pellet was twice washed in deionised wated then
resuspended in deionised water. The initial celhsdtg was
16° CFU mL*. TheE. coli concentration was determined by viable
cell count plate.

4.2.4 Fluorescence Microscopy

Appropriate amounts of silver flakes (RF and CFyevadded in
50 mL of E. coli culture in deionised water medium. 1 mL of the
samples was collected at initial and final time.efiithe samples
were treated with the DNA double staining Sybr Grde SG
(Molecular Probes, Eugene, Oregon, USA) and Propidodide, PI
(Sigma, St. Louis, Montana, USA) and observed #t@escence
microscope. The sampling and analysis was don#giicate.
Furthermore the samples were plated on an LB atgte @and
incubated at 37 °C for 24 h. The colonies were teaiby viable cell
counts.

We subjected to this procedure also control samples

4.2.5 Scanning Electron Microscopy (SEM)

0.5 g of reduced flakes (RF) were added in 50 mE.ofoli culture

in deionised water medium. At 0 and 180 minutes D0of the
samples were plated on an LB agar plate and inedkatt 37 °C for
24 h.

Then the samples were:

e fixed for 30 minutes with glutaraldehyde (2 %),
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paraformaldehyde (1 %), picric acid (1 %) and HgOI1 %) in
cacodylate buffer (0.1 M);

* washed three times for 10 minutes in cacodylatéebgblution
(0.2 M);

*  post-fixed with osmium tetroxide (1 %) in cacodgldnuffer for
45 minutes;

 washed three times for 10 minutes with cacodylaiéeb
solution (0.2 M);

e drained with ethanol/water in increasing concerdnat of
ethanol (20 %, 50 %, 70 % x 2, 90 % and 100 % XoR)
10 minutes. The absolute ethanol was replaced
dimethoxymethane;

* underwent critical point drying with GO

* were located on a stub and metallized with gold.

The samples were microscoped and photographed avigbanning
electron microscope (SEM LEO 1240). Analyses wareied out at
CIMA, Milano University.

We subjected to this procedure also a control sampl

4.3 Results and discussion

With the aim to study the mechanism of action dfesiflakes on
bacterial cells, samples were collected fremcoli cultures added
with activated flakes and treated with Sybr GreenSG, and
Propidium lodide, PI. SG and Pl make specific bordk microbial

DNA, but their ability to penetrate the cell thréuglasmatic
membranes is different: SG can penetrate both eviabtl dead cells,
while PI penetration concerns only membrane compmedncells,
which can be simply damaged or definitively deaal. i8§ viable cells
only SG is present, while in damaged or dead céitgh
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fluorochromes are found. When both fluorochromes @resent at
the same time, the light energy emitted by SG edudy energy
transfer, to excite PI. Viable cells thus emit oghgen fluorescence,
dead cells only red fluorescence and damaged letls green and
red, according to the amount of Pl which can peatetthe cell,
depending on the damage extent.

4 g of RF were added to 50 mL Bf coli culture in deionised water.
Samples were collected at 0, 180 and 1440 minutesall
experiments theE. coli concentration was constant over time in
control samples. ThE. coli concentration, when exposed to RF, was
zero at 180 and 1440 minutes.

1 mL samples were stained with Sybr Green (SG) Rrapidium
lodide (PI). The results of fluorescence microscaybservations
were reported in figure 1, as the mean of threboaps.

~
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80% - -

60% - - -

40% -

20% -

Distribution of E.coli (%

o
X
|
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time (min)

m Viable 0 Damaged m Dead

Figure 1 -RF Fluorescence microscopy results.
Mean values are reported with standard deviation.

In control samples, the viable cells percentage w@sstant over
time (about 85 %) and the damaged and dead cetls @v&0 %. The
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same result was obtained for tBecoli treated with RF at O minutes.
E. coli treated with RF at 180 minutes were damaged (25a84d)
dead (63 %). At 1440 minutes damaged and deambli were 29 %
and 71 %, respectively. Furthermore, at both expenial times, the
ratio dead (%) : damaged (%) was constant and e¢quab. On the
basis of these results, we concluded that RF niyt demaged the
cells but also caused their death.

1 g of CF were added to 50 mL Bf coli culture in deionised water.
Samples were collected at 0 and 6 minutes. In>gkements the
E. coli concentration was constant over time in contraidas. The
E. coliconcentration, when exposed to CF, was zero afteinutes.

1 mL samples were stained with Sybr Green (SG) Rrmagpidium
lodide (PI). The results of fluorescence microscaservations
were reported in figure 2, as the mean of threboagps.
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m Viable 0 Damaged m Dead

Figure 2 -CF Fluorescence microscopy results.
Mean values are reported with standard deviation
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In control samples, the viable cells percentage w@sstant over
time (about 86-90 %) and the damaged and deadwetls < 10 %.
The same result was obtained for e coli treated with CF at
0 minutes. After 6 minutes damaged and deadoli were 10 % and
90 %, respectively, the ratio dead (%) : damagedl lfgéng 8.7,
higher than in the experiments with RF. So we aahetl that CF
principally caused the cell death in a shorter time

Moreover we investigated the flakes effect on Eheoli cells using
scanning electron microscopy technique. We underlkinat the
E. coli concentration in sample control was constant aand
180 minutes. While the concentrationkf coli treated with RF was
zero at 180 min.

In figure 3 the SEM photographs & coli sample before (a) and
after (b) treatment with RF were reported. In feg@(a) thek. coli
cells morphology is regular and don’t appear dardad®hile in
figure 3(b) theE. coli cells can’t be distinguished. The “objects” in
figure 3(b) have various dimensions which in sorages are bigger
than the normal dimension &. coli. We supposed that they were
the aggregates of the cells residues or the c@thpslls. So the RF
treatment caused the cells damage and death.

We concluded that RF could be classified as bautiatiagent.
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EHT =20.00 kV

Figure 3 -SEM photographs of E. coli before (a) and
after (b) treatment (180 min) with RF.
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4.4 Conclusions

The recovery of a waste product from a thin metadiiver films

manufacturing company was proposed using it asmasrbbial

agent. The silver flakes were treated with therraetlivation in

reducing atmosphere and chemical activation. Tdleel obtained by
the thermal activation process in reducing atmosphere named
reduced flakes (RF) and the flakes obtained by t¢hemical

activation process were named chemical flakes (EF)coli was

used as indicator organism. The activated flakes @dd CF)

acquired antimicrobial properties.

The E. coli cells treated with activated flakes in aqueous iored
were observed with fluorescence microscopy andrsegrelectron
microscopy (SEM). We determined that the cells wiamaged and
at the end dead.

We concluded that activated flakes could be cleeskds bactericidal
agent.
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Abstract

In this work we studied the capability of thin €hflakes to release
silver in aqueous medium by inductively coupledspia optical
emission spectrometry (ICP-OES). The flakes arewthste product
of an Italian metallurgic company and they werevimesly treated
with three different activation processes: thernaakivation in
reducing atmosphere, thermal activation in air acitemical
activation. The Ag concentration released by flakesated with
either of the activation processes increased vatitact time, instead
the silver eluted from untreated flakes remainedstant. We also
verified that a relationship existed between tlakdk concentration
and the silver release. Furthermore, usiBgcherichia coli as
Gram-negative microorganism model, we investigatéd the
antimicrobial property of the activated flakes waige only to the
silver release. The presence of flakes was negessdraveE. coli
decrease over time.

5.1 Introduction

Silver-based antimicrobials capture much attentiononly because
of the non-toxicity of the active Agto human cells [1, 2], but
because of their novelty being a long lasting ldeciSilver ions are
significant antimicrobials by virtue of their ardj#tic properties
[3, 4] with only few bacteria being intrinsically resistato this
metal [5]

The antimicrobial activity of silver is usually depdent on the silver
cations Ad, which bind strongly to electron donor groups in
biological molecules containing sulphur, oxygenndrogen. Hence
the silver-based antimicrobial materials have tease the Agjto a
pathogenic environment in order to be effectivee Biidation of the
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metallic silver to the active species Agas proposed to take place
through an interaction of the silver with the wateslecules [6].

For silver filled polymers, the entire process d¥es ion release
from the material was interpreted as the sum oéehelementary
processes. The diffusion of water into the composgecimen, the
reaction between the silver and water moleculeslidgato the
formation of silver ions and the migration of siliens through the
composite specimen leading to the release from cimposite
specimen to the aqueous environment. Having sloates one of
these physical processes can be the rate detegnstage of the
entire release mechanism. So material properkestie crystallinity
and matrix polarity, which constitute the diffusibarrier to water
molecules and the Agions during their propagation through the
specimens, can influence the rate of release fy]an effort to
understand the mechanism of antimicrobial actionttof silver
flakes, in this work we studied the capability bint silver flakes to
release silver in agueous medium by inductively ptedi plasma
optical emission spectrometry (ICP-OES), as a fancbf contact
time and varying the silver flakes concentration.

5.2 Methods and materials

5.2.1 Flakes features

An Italian company produced thin silver films siiagt from silver

laminates, with a thickness of 10 um, and usingd cbéating

processes with mechanical hammers. During the loedding process
silver films, with different thickness, were prodédgc The films

obtained in the final cold beating stage were giiting a square
shape (10 x 10 cm), and inserted in a box. Thelues, produced
during this step, in the following named untreatietes (UF), were
used in this work.
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The UF showed a sub-micrometric dimension: thicknegas

300 nm. The UF thickness was measured by a cordgtis

profilometer (KLA-TENCOR P10). Because silver flakeeacted
electrostatically with charge surface we used asiay vapour
deposition silver thin film as holder. In this wthe properties of the
substrate and the flakes had a good matching. €lghthand lateral
resolution were, respectively, 2 nm and 0.8 [@m

The flakes didn’t show homogeneous dimension. Werdened the
dimensional composition of flakes in percentageébl@al) using
sieves with different porosity.

Table 1- Dimensional distribution (%) of untreated flakesH)jU

>2mm | 850pm<d 500pm < d 250pm < d 150pm <d <150
<2mm < 850pm < 500pm < 250pm pm
56 % 23 % 10 % 7% 3% 1%

Furthermore organic impurities present in the flakere determined
by CHN elemental analysis: 0.13 % C, 0.02 % H, G©N.

5.2.2 Flakes activation processes

The untreated flakes were treated by three difteraetivation
processes:

1) Thermal activation in reducing atmosphere (TRA);
2) Thermal activation in air (TA);
3) Chemical activation (CA).
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In TRA processUF were heated at 710 °C for 60 seconds in an
industrial furnace characterised by reducing atess which was
formed by the ionic dissociation of ammonia (it 890 °C. Then
the flakes were cooled in the furnace for 3 minufBise flakes
obtained with this process were named reduceddI&kE).

TA process used the same thermal conditions as tiAe precess,
but it took place in air. The obtained flakes we@med thermal
flakes [TF).

In CA process, UF were rinsed, under agitation, in hyeno
peroxide (HO,) 35 % wt. (Sigma-Aldrich).

The reaction of silver with D, is exothermic, producing warm and
water vapour. When the reaction stopped the flakese washed
with sterilised deionised water and then were driiechn oven at
105 °C. The flakes obtained were named chemickeddCF).

5.2.3 Quantitative analysis of dissolved silver iwater
We conducted two different experiments:

1) 0.01 g of flakes (UF, RF, TF and CF) were soakadsteady
condition, in 20 mL of deionised water for diffeteontact times
between 5 and 240 min and at selected times 10frthheceluate
were sampled and analysed;

2) Different amounts of RF (0.01 g, 0.05 g and 0.1 wgre
immerged, in steady condition, in 20 mL of deiodiseater for
40 min and then 10 mL of eluate were withdrawn.

The eluates were analysed with a Jobin-Yvon 38 ifdQr
inductively coupled plasma-optical emission speungty
(ICP-OES). The sample was nebulised than transfdoean argon
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plasma. It was decomposed, atomized and ionizedellighe atoms
and ions were excited. We measured the intensithefight when
the atoms or ions returned to lower level of ene$iwer emitted
energy at characteristic wavelength (328.07 nm)iamds used for
quantitative analysis. The detection limit was 7@b.p The
experiments were repeated three times.

Note that ICP-OES didn’t distinguish between forofsdissolved
silver, so for the hereafter of this chapter weered to dissolved

silver (Ag™).
5.2.4 Microorganism and culture conditions

The bacterial strain used in this work was Gram-negative
Escherichia coli (E. coli JM109). This strain came from our
laboratory collectionE. coli is normally used as indicator organism
in tests of environmental bacterial contaminatiath.materials used
in the experiments were autoclaved at 121 °C fom® to ensure
sterility. E. coli liquid cultures were prepared in 100 mL of LB
medium (yeast extract 5 g/L, tryptone 10 g/L, N&Clg/L) and
incubated overnight at 37 °C by constant agitattoknown volume
of the liquid culture, chosen on the basis of mitial optical density
measured at 600 nm, was centrifuged at 4000 rpni3omin. The
bacterial pellet was twice washed in deionised wated then
resuspended in aqueous solutions containing s(see. par. 5.2.5
and 5.2.6). The initial cell density was®>XDFU mL*.

The E. coli concentration were determined by the viable cellnt
plate.

5.2.5 Silver ions antimicrobial activity tests

The Ag solutions of desired concentrations were preparsidg
AgNO; (99 %, Sigma-Aldrich) in deionised sterilised wate
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With the aim to investigate the capability of siviens to Kkill
microorganismsK. coli), the Ad solutions were used as medium in
antimicrobial tests. At fixed times, the samplesaveollected and
serially diluted in the range of 1o 10% 100 pL of each dilution
were plated on an LB agar plate. The colonies veexanted after
incubation at 37 °C for 24 h.

We also monitored th&. coli concentration in a control sample
using only deionised sterilised water as aqueoldiume

5.2.6 Dissolved silver antimicrobial activity tests

4 g of reduced flakes (RF) were immerged in 50 nild@ionised
sterilised water for 45 min under agitation at rodemperature
(22-23 °C). RF were separated from the medium uaingembrane
filter unit with a pore size of 1.2 uym (Whatman GL/To the
recovered eluate (25 mL), deionised sterilised wates added to a
final volume of 50 mL. This solution was used asiegmus medium
for the antimicrobial tests.

At fixed times, the samples were collected andafigrdiluted in the
range of 10 to 10% 100 pL of each dilution were plated on an LB
agar plate. The colonies were counted after in¢omait 37 °C for
24 h.

We also monitored th&. coli concentration in a control sample
using only deionised sterilised water as aqueodiumme
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5.3 Results and discussion

The ICP-OES analysis of the eluate showed that goshof flakes
(UF, RF and TF) released silver in deionised wéigure 1).

2.8
2.4
g 2
2 1.6
g 12
2’ 0.8 1
0.4
0
5 10 15 20 40 60 90 120 170 240
our (9 ( |00881 (9 |0.188]| 0.151| 0.154 | (¥ ® | 0053
ORF 0.189 | 0.241 * 0.892 | 1.01 ™* (@] 0.96 1.42 ®*
OoTF 0.309 | 0.314 @) 0.330 | 0.684 1.41 @] 1.385 1.69 2.07
OCF 0.68 | 0.611 * 1.121 | 1.28 | 1.316 ™* 2.45 @) *
(*) not determined Contact Time (min)

Figure 1 -Ad’® released in water.

The trends observed for the ®gconcentration as a function of time
were different for the four types of flakes.

The UF released about 0.1-0.2 ppm of silver uriih®in of contact
time and at 240 min the concentration diminished.

The RF until 10 min of contact time eluted abo& Ppm of silver.
This value was comparable with that measured for\Wih 20 min
of contact time the silver reached the value of @ptn which was
measured until 120 min. When the RF was immergedater for
170 min, we detected about 1.4 ppm.

Silver released by TF until 20 min of contact timwas constant,
about 0.3 ppm. Then it increased gradually and hedca
concentration of 2 ppm at 240 min of contact time.

CF released 0.6-0.7 ppm of silver until 10 min. Théhe
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concentration increased and reached a value gffrbat 120 min of

contact time.
In figure 2 the release of silver as a functionhef contact time, until

170 min, was reported

O RF
28400 A TF °c
o CF
2,
| _________ A
A ]

Ag™ (ppm)

75 90 105 120 135 150 165 180

Contact time (min)

Figure 2 Release of silver from flakes (RF, TF and UF) as
a function of contact time together with the cadtelmodel.

The Ad™ released by RF, TF and CF increased with the cotitae.

At initial contact times, the A released by CF was greater than
RF, which in turn released h}iﬁgher amounts than TF.

At longer contact times, the Agseemed to reach a constant value.
The variation in Af8® concentration with time was modelled

hypothesizing a first-order kinetics:
Ag™® = AgSS - (1—exp (k1)
where Aﬁ's was the concentration released at equilibrium and

k (min™) the first-order kinetic constant of the releasecpss. Both
parameters were determined by a non-linear estmatiocedure.
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The calculated curves were reported in figure 2wshg a good
agreement with the experimental data.

Estimated parameters were reported in table 2,thegewith the
determination coefficient, R

Table 2 -Estimated parameters and falues.

dis
Ad o (PPM) k (min %) R2
RF 1.04 0.057 0.856
TF 1.75 0.017 0.910
CF 1.31 0.092 0.842

The values ok reflected the slope of the initial part of theaii.e.

the release rate was higher for CF; thegﬁgvalues reflected the

asymptotic values approached by the curve at lokigetic times.
Furthermore we showed that release of'Afgjom RF in water was
concentration dependent (figure 3).

Y = (562+61)x + (0.6£0.2)

0 0.001 0.002 0.003 0.004 0.005 0.006

RF (g/mL)

Figure 3 -Dependence of release ofgvith the RF concentration.
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It was evident that the concentration ofd,'&gvas proportional to the
RF concentration. In figure 3 the regression lima interpolated the
experimental data was reported together with the &quation and
R? value.

Kumar and Minstedt [6] studied the ‘Agrelease from
polyamide/silver composites and found that silversvoxidized in
Ag’ in aqueous medium. They observed that &gncentration in
solution increased initially and then was followby a marginal
increase. As to own knowledge the release of siinen the flakes
we are studying wasn't yet determined.

The trends observed for AY concentration in own experiments
(figure 2) was similar to that in [6], we therefdngpothesised that
the silver was released in water as Ag

From the regression line equation in figure 3, alewated the silver
concentration in aqueous medium released by 0.061L§ of RF
(1.2 ppm) and estimated the concentration relebgéd04 g mL* of
RF (23 ppm).

AgNO; solutions of the two concentrations determinedewesed as
medium for antimicrobial tests. In both tests, wihcontact time
lower than 1 min, we detected zero CFU mEscherichia coliin
presence of silver ions (AgND decreased much faster than in
presence of 0.001 g rilland 0.04 g mt of RF (see par. 3.3.2).

On the basis of these results we supposed thatilttez detected in
water by ICP-OES wasn't silver ion.

Two further antimicrobial tests were conducted gsas aqueous
medium the water recovered by filtration from a40® mL* RF
water suspension (see par. 5.2.6).

The results were shown in figure 4. The medium udidd’'t show
any antimicrobial activity.

In absence of RF we didn’'t detect antimicrobiaiaigt This result
was in disagreement with the antimicrobial tes@lized using a
solution of Ad.
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We concluded that it was necessary the presenitakes to have the
E. colidiminished in aqueous solution.
We concluded that the presence of flakes was nagets have the
E. colidiminished in aqueous medium.

log CFUmL *

-+ —-Ag -1

P —=—control |

T T T T T
0 5 10 15 20 25 30 35 40 45 50 55 60 65

log CFU mL !

-+ —Ag -

P —=—control |

0 5 10 15 20 25 30 35 40 45 50 55 60 65

time (min)

Figure 4(a,b) Dissolved silver antimicrobial activity tests
5.4 Conclusions

The recovery of a waste product from a thin metadiiver films
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manufacturing company was proposed using it asmasrbbial
agent. The silver flakes were treated with therraetlivation in
reducing atmosphere, thermal activation in air acitemical
activation. The flakes obtained by the thermalvatibn process in
reducing atmosphere were named reduced flakes (RE)flakes
obtained by the thermal activation process in @rensnamed thermal
flakes (TF) and the flakes obtained by the chemmetivation
process were named chemical flakes (CF). In ch&ptex concluded
that the activated flakes (RF, TF and CF) acqu@etmicrobial
property and so in this work we investigated ifstieapability was
due to the silver released in water.

With ICP-OES analysis we determined that the silkgdeased in
water, by the activated flakes, increased with ¢betact time. At
short contact times, silver released by CF wastgréhan RF, which
in turn released higher amounts than TF. Furtheznvee showed
that release of A% from RF in water was concentration dependent.
We hypothesised that the silver dissolved in wat&s in ionic form.
Eluates, obtained by filtration of RF immerged iater for 45 min,
were used as medium for antimicrobial tests \Eitltoli as indicator
organism. We didn't detect any antimicrobial adtiviso we
concluded that the presence of flakes was necesgarill
microorganisms.

AgNO; solutions of the two determined concentration {@p#zn and
23 ppm) were used as medium for antimicrobial tdst$oth tests,
with a contact time lower than 1 min, we detectetbzZCFU mL™.
Escherichia colin presence of silver ions (AgNpDdecreased much
faster than in presence of 0.001 g fénd 0.04 g mt: of RF (see
par. 3.3.2). Probably the silver dissolved detectgth ICP-OES
wasn’t in ionic form.
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SURFACE CHARACTERISATION OF
THIN SILVER FLAKES WITH XPS AND SEM

Abstract

In this work we investigated the surface of thilvesi flakes. The
flakes are the waste product of an Italian metgitucompany and
they were previously treated with three differenttivation
processes: thermal activation in reducing atmosphénermal
activation in air and chemical activation.

The morphology and chemical composition of the dilsurface
were characterised by scanning electron microso@iyM) and
X-ray photoelectron spectroscopy (XPS).

We observed flakes surface with SEM. We determitiett the
activation processes modified the flakes surface.

With XPS we determined the chemical compositiorsafface and
bulk after 5 minutes of mild sputtering of the &k The species of
interest (Ag, O and C) were present both on thé&asarand in the
bulk. The atomic percentages of O and C after spng decreased
with a corresponding Ag increase. The XPS datacatdd the
presence of silver in Agxidation state, while the presence of AgO
and AgO could be excluded. The not activated flakes wleeeonly
exception. They presented, after sputtering, tw@dAgomponents
(367.3 eV and 369.2 eV). The former component cd@dascribed
to AgO.

6.1 Introduction

Some reports have suggested that the antimicrabtality of silver
loaded materials is realized via the elution ofiesilions into the
system containing microorganisms, leading to cedtd through cell
penetration and binding at specific sites to DNAAR respiratory
enzymes and cellular protein [1].
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At the beginning of last century, Gibbard [2] wdse tfirst to
systematically investigate the antimicrobial pradigsr of silver. He
hypothesised that the bactericidal propertiesleésmight be due to
ionized silver, probably from silver oxide. In legperiments silver
metal was subjected to different treatments: (Jesiwas melted in
air and cooled in hydrogen, or melted and coolettyidrogen and
showed no evidence of any inhibitive action; (ilver metal was
heated and cooled in air, or heated in hydrogencaoted in air and
showed inhibition of microbial growth.

Lok et al. [3] showed that the silver released iatev by partially
oxidized nano-Ag hadn’'t antimicrobial efficacy aridrthermore
demonstrated that the antibacterial activity of/esil nanoparticles
was dependent on chemisorbed” A chapter 5 we observed that
silver released in water by the flakes didn’'t reslube E. coli
concentration. Thus we concluded that the antirdieteeffect of the
activated flakes was not associated with the etutiosilver ions.
Djokic and Burrell [4] showed that only silver fircontaining silver
oxide (AgO) showed antimicrobial activities.

Silver adsorbs oxygen onto the surface as atomygerx Because
atomic oxygen fits into the octahedral holes of figer, oxygen
atoms accumulate within the bulk of silver [5]. Somuthors
attributed the bactericidal activity of silver tatalytic oxidation
involving reactive oxygen species [6-9]. Silveratgtic activity was
due to chemisorption of atomic oxygen on the sarfaf silver
combined with freedom of movement of oxygen thramghthe
crystal lattice of the silver [10]. On the basistlis knowledge and
because we demonstrated (chapter 5) that the pes#ractivated
flakes in water was necessary to have antimicrobféct, we
conducted morphological and chemical characteasabf silver
flakes surface by scanning electron microscopy (pBERD X-ray
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photoelectron spectroscopy (XPS) to verify if thiéakes
antimicrobial activity could be associated withsb@aspects.

6.2 Methods and materials

6.2.1 Flakes features

An Italian company produced thin silver films sitagt from silver

laminates, with a thickness of 10 um, and usingd cbéating

processes with mechanical hammers. During the loedding process
silver films, with different thickness, were produac The films

obtained in the final cold beating stage were guting a square
shape (10 x 10 cm), and inserted in a box. Theluesi produced
during this step, in the following named untreafieles (UF), were
used in this work.

The UF showed a sub-micrometric dimension: thicknegas

300 nm. The UF thickness was measured by a corgdis

profilometer (KLA-TENCOR P10). Because silver flakeeacted
electrostatically with charge surface we used asigay vapour
deposition silver thin film as holder. In this wthe properties of the
substrate and the flakes had a good matching. €lghthand lateral
resolution were, respectively, 2 nm and 0.8 um.[11]

The flakes didn’t show homogeneous dimension. Werdened the
dimensional composition of flakes in percentageébl@al) using
sieves with different porosity.
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Table 1- Dimensional distribution (%) of untreated flakes (UF

>2mm | 850pm<d 500pm<d 250pm<d 150pm < d <150
<2mm < 850pm < 500pm < 250pm pm
56 % 23 % 10 % 7% 3 % 1%

Furthermore organic impurities present in the flakere determined
by CHN elemental analysis: 0.13 % C, 0.02 % H, G®N.

6.2.2 Flakes activation processes

The untreated flakes were treated by three difterastivation
processes:

1) Thermal activation in reducing atmosphere (TRA);
2) Thermal activation in air (TA);
3) Chemical activation in air (CA).

In TRA processUF were heated at 710 °C for 60 seconds in an
industrial furnace characterised by reducing atrhesp which was
formed by the ionic dissociation of ammonia (ldt 890 °C. Then
the flakes were cooled in the furnace for 3 minufBise flakes
obtained with this process were named reduceddI&kE).

TA process used the same thermal conditions as tiAe precess,
but it took place in air. The obtained flakes we@med thermal
flakes [TF).

In CA process, UF were rinsed, under agitation, in hyeno
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peroxide (HO,) 35 % wt. (Sigma-Aldrich).

The reaction of silver with D, is exothermic, producing warm and
water vapour. When the reaction stopped the flakese washed
with sterilised deionised water and then were diiechn oven at
105 °C. The flakes obtained were named chemicktddCF).

6.2.3 Scanning electron microscopy (SEM)

The morphologies of the flakes (UF, RF, TF and @Eje observed
on a scanning electron microscopy SEM (TESCAN VEGA
5136 XM, analyses were carried out at the departroéMaterial
Science, Milano-Bicocca University).

The samples were mounted on carbon stubs.

6.2.4 X-ray photoelectron spectroscopy (XPS)

The chemical composition of silver flakes (UF, RIF and r-CF) on
the surface and after 5 min of a mild sputtering wevestigated by
XPS. r-CF sample corresponded to the CF sample wdesed (see
par. 3.3.1.3).

Analyses were carried out by ISTM-CNR, Padova Ursiig.

XPS spectra were collected using a Perkin-EIme5600ci
spectrometer using standard Al-kadiation (1486.6 eV) operating at
350 W. The working pressure was <lG°. The calibration was
based on the binding energy (BE) of the values Audfine at
83.9 eV with respect to tha Fermi level. The staddeviation for
the BE values was 0.15 eV. The reported BE’s wereected for the
BE’s charging effects assigning the BE value of.88W to the Cls
line of carbon [12] in the outer layers where camtetion carbon is
still present. Survey scans were obtained in tHEB@ eV range
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(pass energy 187.85 eV, 1.0 eV/step, 50 ms/stepdailbd scans
(58.7 eV pass energy, 0.1 eV/step, 100-150 ms/stepy recorded
for the O 1s, C 1s, Ag 3d, Ag 3p, Ag MVV, Sn 3d awds regions.
The atomic composition, after a Shirley type baokgd subtraction
[13], was evaluated using sensitivity factors sigapl by

Perkin-Elmer [14]. Peak assignment was carried amagording to
literature data [12, 14, 15].

Depth profiles were carried out by Asputtering at 3 kV with an
Argon partial pressure of BJ® Pa. A specimen area of 2x2 fmmas

sputtered. Samples were introduced directly, byast &ntry lock
systemjnto the XPS analytical chamber

For a detailed analysis, the core-level lines olgdiby XPS were
fitted by the freeware program XPS Peak 41 by sihtrg a Shirley
background and by using Gaussian-Lorentzian cauttabs.

Elemental analyses were carried out by using thenehmade
program XPS HITS Version 4.7 (2008), by using tberesponding
photoionisation cross-sections [14].

6.3 Results and discussion

6.3.1 Scanning electron microscopy

The SEM images obtained for the different flake&,(BF, TF and
CF) showed some changes in the morphology of tideedl surface
after the activation processes (figure 1).

The image of figure 1(a) was taken from the Ungddtlakes (UF).
The scratches caused by the manufacturing process wlearly
visible on the sample surface. The images of fidi(t® and figure
1(c) showed the surface of RF and TF, respectivigbparently the
two thermal activation processes, although conducie two
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different atmospheric conditions (reducing atmosphand air)
modified the flakes surface in the same way. Both &d TF
surfaces presented grains. The RF grains seemekkesitiian TF
grains. The image of figure 1(d) was taken from @t sample. In
this case we noted that the surface was homogersmlisimilar to
the UF sample, although the manufacturing scratdssppeared.

Figure 1 -SEM images of (a) untreated flakes (UF) surfacet activated
flakes surfaces: RF (b), TF (c) and CF (d).
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We concluded that only RF and TF surfaces showedteable
morphology change. We detected the formation oingrgprobably
due tothe recrystallization process which was causedheyhigh
temperature of the thermal treatment [29].

6.3.2 X-ray photoelectron spectroscopy

XPS was used to examine the chemical state chavigeb occurred
on the surface of the silver flakes after activafiwocesses.

For both untreated (UF) and activated flakes (RF,a@d r-CF) the
elements identified were Ag, O and C. In CF andrrsamples we
found also traces (about 1%) of Sn and N; afted suttering these
elements disappeared (figure 2).

®)

l A Ag3d,, Ag3p,,

O1s Ag3p
Ag3d, =y
23052 Ag3s

Intensity (arb. units)

0 200 400 600 800 1000 1200
BE (eV)

Figure 2-Survey spectra of sample CF before (a) and aftesghttering
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The atomic percentages obtained for the flakes ®IF, CF and
r-CF) before and after mild sputtering were repibitetable 2.

Table 2- Atomic percentages delivered by XPS amalys

Sample Atomic concentration (%) | O/Ag
Ag ©) C
UF 30.4 10.0 59.6 0.3
UF-sputtered 67.3 4.9 27.7
RF 47.8 18.5 33.7 0.4
RF-sputtered 75.0 3.5 21.5
CF 16.8 30.4 53.4 1.8
CF-sputtered 64.6 7.5 27.9
r-CF 20.8 30.9 47.5 1.5
r-CF-sputtered 65.5 6.1 28.0

We observed that oxygen and carbon percentages afilel
sputtering decreased for all samples, while silvespectively
increased. The bulk chemical composition could lbascered
similar for all the flakes except for RF sample whé\g% was
greater and O% and C% were lower. So we conclutiatl the
activation processes didn’'t change the bulk contjposi

Regarding the surface, we observed that oxygen prvasent in
different amounts. In the different samples the @@&omic ratio was
CF>r-CF>RF>UF. CF had a much higher amount of orytpan RF
and UF. This trend could be associated with theatabn processes,
in fact CF was treated with hydrogen peroxide. @xygn r-CF
surface slightly diminished. In RF and UF samples dxygen was
lower.

The O/Ag trend for the flakes was similar to thentt observed for
antimicrobial activity (see chapter 3). We therefbypothesised that
oxygen had a role in the antimicrobial activity.
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The binding energies (BE) obtained by XPS for thfeknt species
before and after sputtering were reported in t8ble

Table 3 -BE values of the O 1s, Agsacand Ag MVV lines together with
the experimentally determined Auger parameters
(values corrected for charging affects).

Sample BE O 1s | BE Ag 3d5, | KE Ag M 4vV Auger
(eV) (eV) (eV) parameter
energy (eV)
UF 530.6 368.3 358.0 726.3
UF-sputtered 530.9 367.3 358.0 725.3
RF 531.1 368.2 357.9 726.1
RF-sputtered nd 368.0 358.1 726.1
CF 531.5 367.8 358.4 726.2
CF-sputtered 531.7 368.1 358.5 726.6
r-CF 531.2 368.0 358.2 726.2
r-CF-sputtered 531.2 368.1 358.2 726.3

The flakes were characterized by Ags@dspectra with binding
energies between 367.8-368.3 eV. These BE valuese vie
agreement with literature data for Ag(0) (367.9-36&V) [14,
16-22]. However, BE value of CF (367.8 eV) in sowaks [23, 24]
was associated to the presence of Ag(l) which wiaated to the
formation of AgO. Moreover for UF-sputtered we identified a lower
BE value (367.3 eV) which was closer to the®Agssociated with
the possible presence of AgO [24, 25] (figure e Thigher peak
(369.2 eV) was more difficult to be assigned.

Since the BE values of Ag 3¢h for different silver species were
quite similar (Ag(0): 367.9-368.3 eV; AQ: 367.5-367.9 eV,
AgO: 367.1-367.9 eV; AL Os: 367.3-367.8 eV) the evaluation of
Auger parameter was important (Ag(0): 726-726.4 eV;
AQ.0: 724.3-724.5 eV; AQO: 724.0-725.1 eV; Ap;: 723.1 eV)
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[12, 15, 18]. Observing the experimental BE valuasd the
corresponding Auger parameters (table 3), we caeduhat Ag(0)
was present in all samples and we ruled out theepiee of silver
oxide, with the exception of UF-sputtered.

Figure 3-Deconvoluted spectrum of Ag 3d region in UF saraftier
5 minutes of sputtering.

The C 1s spectrum, for all samples, contained &wweak at about
287.5-288.0 eV which was in reasonable accord litghature data
for carbon in carbonate on Ag surface (287.7-288/Y[26].

The O 1s spectra, for all samples, showed a bregchraetric peak
at 531 eV (figure 4) containing contributions fraamveral different
oxygen-containing species. A major contributoriie peak envelope
was a surface carbonate species, which exhibite® drs binding
energy around 530.8 eV. Others possible contriutorthe high
binding energy tail of the O 1s peak were chemisdrénd dissolved
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oxygen species (530.5-531.5 eV), hydroxyl specsH (7 eV) and
chemisorbed LD (533.0 eV).

A A VA AT

5120

Figure 4 -O 1s XPS data taken from RF sample

For the activated flakes (RF, CF and r-CF) the bihding energy
values were in agreement with O 1s data reportedutk dissolved
oxygen (530.5-531.5 eV) [27, 28]. For untreate#tda(UF) the O 1s
binding energy was more similar to the values fartbonate on Ag
surface (530.5-531.0 eV) [27]. However, no comporastribed to
neither silver(l) oxide (528.8-529.0 eV) [14, 16}2fr to silver(ll)

oxide (528.3-528.5 eV) [14, 16, 18-20] could bedeviced.

On activated flakes surface (RF, CF and r-CF), icenimg the basis
of Ag 3d, BE and Auger parameter values, we found Ag(0)wed
didn’t find Ag,O or Ag’. On untreated flakes we didn’t rule out the
presence of AgO.
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Concerning the presence of oxygen species, these wwre

abundant in the activated samples. The main canioibs deriving

from surface carbonate species and dissolved oxsfecies.

We concluded that the antimicrobial property acegiiby activated
flakes wasn’t dependent on Ay and AJ chemical species [3, 4]
but probably it was due to the presence of dissblweygen which

was in higher amount on CF and r-CF samples.

6.4 Conclusions

In this work we characterised the flakes surface Swanning
Electron Microscopy (SEM) and by X-ray Photoelestro
Spectroscopy (XPS).

We investigated the flakes surface morphology chamghen treated
with activation processes. We observed that afterttvo thermal
activation processes (in reducing atmosphere aad)ion the flakes
surface some grains with various dimensions apgdeare

On the basis of XPS analysis we concluded thatatitenicrobial
property acquired by activated flakes wasn’'t depahdvith AgO
and Ad chemical species but probably it was due to tlesgnce of
dissolved oxygen which was in higher amount on @@ &CF
samples.
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Abstract

In this work we investigated the use of thin mataBilver flakes as
antimicrobial agent in aqueous phase. Flakes argtewproducts of a
company producing silver films and so they are eapler way of using
silver in applications when it is necessary to kinthe proliferation of
microorganisms. Flakes acquired antimicrobial priypeby activation

processes: thermal activation in reducing atmosphand chemical
activation.

We conducted two types of applicative experimeniée tested the
antimicrobial capability of activated flakes (1)ing tap water as medium
and (2) on the effluent of a wastewater treatméanitp

We demonstrated that in both experiments the egisitly was reduced.

7.1 Introduction

Pollution crisis is a major problem all around therld. It had
adversely affected the lives of millions of peopled caused many
deaths and health disorder. Water pollution is @inthe main causes
for this crisis and the majority of water-borneegises are spreading
because of the poor quality of water, particulahye to the presence
of bacteria and viruses in the water. Hence itmpartant to purify
the water before its use [1]. There are severahaust of water
purification like chlorination [2], iodination [34], ozonation [5],
UV-purification [2], reverse osmosis [6]. Howevdrete are some
disadvantages associated with these methods. Fampe the
byproducts formed during chlorination are knowncascinogenic
[7]. Recently many environmentally friendly inorgarbactericidal
materials have been studied for disinfection inaenat

On the basis of the results obtained in the prevahapters we tested
the use of the activated silver flakes in applomagi when it is
necessary to hinder the proliferation of microoigars in aqueous
phase. These flakes can easily be applied evenoutitany
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supporting medium, for example to the materialdéotreated, or
inserted in filters, devices or formulations.

At first we investigated the influence of the aquemnedium on the
antibacterial activity of the flakes using tap wate resuspend
E. coliculture. Thereafter, the activated flakes were useddeat the
effluent of a wastewater treatment plant.

7.2 Methods and materials

7.2.1 Flakes features

An Italian company produced thin silver films sitagt from silver

laminates, with a thickness of 10 um, and usingd cbéating

processes with mechanical hammers. During the loedding process
silver films, with different thickness, were prodwac The films

obtained in the final cold beating stage were guting a square
shape (10 x 10 cm), and inserted in a box. Thelwesi produced
during this step, in the following named untreafieles (UF), were
used in this work.

The UF showed a sub-micrometric dimension: thicknegas

300 nm. The UF thickness was measured by a corgbtis

profilometer (KLA-TENCOR P10). Because silver flakeeacted
electrostatically with charge surface we used asigay vapour
deposition silver thin film as holder. In this wthe properties of the
substrate and the flakes had a good matching. €lghthand lateral
resolution were, respectively, 2 nm and 0.8 um [8].

The flakes didn’t show homogeneous dimension. Werdened the
dimensional composition of flakes in percentageébl@al) using
sieves with different porosity.
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Table 1- Dimensional distribution (%) of untreated flakesH)U

>2mm | 850pm<d 500pm<d 250pm<d 150pm < d <150
<2mm < 850pm < 500pm < 250pm pm
56 % 23 % 10 % 7% 3% 1%

Furthermore organic impurities present in the flakere determined
by CHN elemental analysis: 0.13 % C, 0.02 % H, @0\

7.2.2 Flakes activation processes

The untreated flakes were treated by two differativation
processes:

1) Thermal activation in reducing atmosphere (TRA);
2) Chemical activation in air (CA).

In TRA processUF were heated at 710 °C for 60 seconds in an
industrial furnace characterised by reducing atrhesgy which was
formed by the ionic dissociation of ammonia (it 890 °C. Then
the flakes were cooled in the furnace for 3 minufBise flakes
obtained with this process were named reduceddI&kE).

In CA process, UF were rinsed, under agitation, in hyeno
peroxide (HO,) 35 % wt. (Sigma-Aldrich).

The reaction of silver with D, is exothermic, producing warm and
water vapour. When the reaction stopped the flakese washed
with sterilised deionised water and then were diredn oven at
105 °C. The flakes obtained were named chemickeddCF).
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7.2.3 Experiments with tap water as culture medium
7.2.3.1 Microorganism and culture conditions

The bacterial strain used in this work was Gram-negative
Escherichia coli (E. coli JM109). This strain came from our
laboratory collectionE. coli is normally used as indicator organism
in tests of environmental bacterial contaminatiath.materials used
in the experiments were autoclaved at 121 °C fom® to ensure
sterility. E. coli liquid cultures were prepared in 100 mL of LB
medium (yeast extract 5 g/L, tryptone 10 g/L, N&Clg/L) and
incubated overnight at 37 °C by constant agitattoknown volume
of the liquid culture, chosen on the basis of nitial optical density
measured at 600 nm, was centrifuged at 4000 rpnmi3omin. The
bacterial pellets were twice washed and resuspemndé¢ap water.
The initial cell density was Ta.0° CFU/mL.

7.2.3.2 Antimicrobial activity tests

4 g of reduced flakes (RF) were added in 50 mE.ofoli culture in
tap water medium. The antibacterial activity wasestigated in
batch at room temperature (22-23 °C), monitorirgydell density by
viable cell counts.

At fixed times, the samples were collected andafigrdiluted in the
range of 10 to 10 100 pL of each dilution were plated on an LB
agar plate. The colonies were counted after incoibat 37 °C for
24 h. The reproducibility of the plate counting hwt was within
0.4 log CFU/mL.

During every tests we also monitored the coli concentration in
absence of flakes (control sample). In all thestethhe order of
magnitude of the microbe count determined for thietrol remained
unchanged over time.
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7.2.4 Disinfection of the effluent of a wastewatdreatment plant

1 g of RF or CF were added to 50 mL of the effluefihe
antibacterial activity was investigated in batchr@am temperature
(22-23 °C), monitoring the cell density by viabllcounts.

At fixed times, the samples were collected andafigrdiluted in the
range of 10 to 10 100 pL of each dilution were plated on an LB
agar plate. The colonies were counted after incoibat 37 °C for
48 h. In these experiments we monitored the to&krotrophic
bacteria. The initial cell density was*OFU/mL.

7.2.5 Statistical procedure

To verify whether the results of the experimentsenggnificantly
different, a statistical procedure for comparingpsgls of regression
lines was applied at 95 % confidence level [9, Pp0-302]. The
values were considered not different if the stads$ttest indicated
that the null hypothesis Hthe values were not different at 95 %
confidence level) was accepted; on the contrarifpifvas rejected,
the values were different.

When the slopes were not significantly different eadculated the
common slope @ [9, pp. 292-295].
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7.3 Results and discussion

7.3.1 Experiments with tap water as culture medium

To investigate the influence of the aqueous mediam the
antibacterial activity of the activated flakes, menitored theE. coli
concentration over time in a culture suspendedam Wwater. In
figure 1 the data points obtained in the experiserdre reported.
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Figure 1(a-d) -Antimicrobial activity of RF in tap water.
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Figure 1(a-d) -Antimicrobial activity of RF in tap water

The RF showed antimicrobial activity agaifstcherichia coliusing
tap water as medium. We calculated the regressiws land R
values for each experiment (table 2). The regressimes were
calculated considering as final time the first dadant with zero cell
concentration.
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Table 2 -Regression line equations and correlation coeffitse
for each experiment.

Equation R?
RF (22) | Y = (-0.18+0.02)x + (7.5+0.7) 0.9657
RF (2b) | Y = (-0.18+0.02)x + (7.3+0.7) 0.9623
RF (2¢) | Y = (-0.14+0.04)x + (7.5+0.8) 0.8644
RF (2d) | Y = (-0.243+0.005)x + (8.57+0.08) | 0.9996

The correlation coefficients @R are higher than 0.9 except for
RF (20). On the basis of the regression lines and thedfues we
concluded that the experimental data showed arlitremd. The
same was observed for experiments performed usingided water
as culture medium (chapter 3).

The slopes of each regression line representeddtiease of viable
cells, expressed as CFU/mL, in a minute and wasderkill rate
[log CFU mL*! min™]. The slopes of the regression lines determined
in the experiments were compared applying the ssiizdi test at
95 % confidence level [9, pp. 300-302] and we vedifthat the
slopes were not significantly different. Then welcatated the
common slope (am = 0.18+0.02 log CFU mt min™) for the
experiments [9, pp. 300-302].

We considered the common slope calculated in theeranents
conducted with tap water (0.18+0.02 log CFU hiin™) and the
common slope calculated in the experiments conduatgth
deionised water (0.30+0.03 log CFU thiin™) (see par. 3.3.2).

Using the common slopes, we estimated the timessacg to have
zero CFU mL* using a different medium of suspension (tap water
and deionised water) and the same amount of Ry éddysupposing

to have an initial cell concentration of®10FU mL™*. The estimated
times were 44 min for real system (tap water) andrin for ideal
system (deionised water).
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We concluded that the kill rate in ideal conditioagreater than the
kill rate in real conditions. Furthermore the RRi@ncrobial activity
is affected by the experimental medium. This resulh agreement
with literature [10].

7.3.2 Disinfection of the effluent of a wastewatdreatment plant

The feasibility of using silver flakes as an altdive disinfection

agent for wastewater treatment plant effluent wagstigated. We
monitored the total heterotrophic bacteria con@iain over time in

presence and in absence (control) of activatedersiiakes. In

figure 2 and in figure 3 the data points for th@erxments conducted
using, respectively, RF and CF, were reported.

Both RF and CF showed antimicrobial activity on #f@uent. As
different microorganism species were present, wpased that the
activated flakes were active not only againstBEheoli proliferation,
but also against other bacteriological species.

The experimental data were elaborated as thosenebtan the
experiments in whichE. coli concentration was monitored.
Regression lines and®Ralues for each experiment were reported in
table 3.

Table 3 -Regression line equations and correlation coeffitse
for each experiment.

Equation R?
RF (3a) | Y = (-0.009+0.001)x + (3.020.2) | 0.8606
RF (3b) | Y = (-0.012+0.002)x + (2.820.3) | 0.8327
CF (4a) | Y = (-0.041+0.004)x + (3.20+0.06) | 0.9621
CF (4b) | Y = (-0.031£0.002)x + (3.27+0.04) | 0.9717
CF (4c) | Y = (-0.04+0.01)x + (3.1+0.2) 0.7573
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The correlation coefficients @R are higher than 0.8 except for
CF @o.

The slopes of each regression line representeddatiease of viable
cells, expressed as CFU/mL, in a minute and waseerkill rate
[log CFU mL* min™]. The slopes of the regression lines determined
in the experiments were compared applying the ssizdl test at
95 % confidence level [9, pp. 300-302]. We veriftbet the slopes
were not significantly different. Then we calcuthtthe common
slope for RF experiments (0.01 log CFU Thinin™) [9, pp. 292-295]
and for CF experiments (0.037+0.005 log CFU “mimin®)
[9, pp. 300-302].

It's evident that CF were more effective than RRisTresult is in
agreement with the results obtained agaigstcoli in deionised
water.

We considered the common slopes calculated foretperiments
conducted using RF on the effluent (0.01 log CFU*miin™) and in
deionised water (0.080+0.006 log CFU thinin™) (see par. 3.3.2)
and the common slopes calculated for the expersneahducted
using CF on the effluent (0.037+0.005 log CFU tin™) and in
deionised water (0.9+0.1 log CFU mimin™) (see par. 3.3.3). Both
RF and CF were more effective in ideal than in cealditions but it
was evident that CF antimicrobial activity was mafiected than RF
by the experimental medium.

Using the common slopes, we estimated the timessacg to have
zero CFU m[* (limit set by Italian standards for water reusejtie
effluent. The estimated times were 300 min usingaRE 81 min
using CF.
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Figure 2 (a,b) -AAntimicrobial activity of RF on the effluent of

a wastewater plant.
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7.4 Conclusions

The recovery of a waste product from a thin metadiiver films

manufacturing company was proposed, by using erdsnicrobial

agent. The silver flakes were treated with therraetlivation in

reducing atmosphere and chemical activation. Tdlesl obtained by
the thermal activation process in reducing atmosphere named
reduced flakes (RF) and the flakes obtained by t¢hemical

activation process were named chemical flakes (CF).

We tested the antimicrobial activity of RF and @Rwo systems in
order to simulate possible applications: (1) agakthscoli using tap

water as culture medium and (2) against total batgphic bacteria
of an effluent of a wastewater treatment plant.

The activated flakes reduced the cell density ovee in both cases
and their antimicrobial activity was affected bye texperimental
medium. The kill rate was lower in tap water andhe effluent than
in deionised water.

The activated flakes proved their efficacy in thsirdection of real

samples, also in the wastewater treatment planteeff, where

different bacteriological species were present. @y, the time
needed to reach zero microorganisms concentratasl@nger than
the contact times required in the plants.

On the basis of the results with tap water, it barhypothesised to
use the activated silver flakes in household devife drinking

water purification and sterilisation, preventinge tproliferation of

bacteria in the filtering cartridge.
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CONCLUSIONS

Pollution crisis is a major problem all around therld. It had
adversely affected the lives of millions of peopled caused many
deaths and health disorder. Water pollution is @néae main causes
for this crisis and majority of the water-borneedises are spreading
because of the poor quality of water, particulahlye to the presence
of bacteria and viruses in the water. Hence impartant to purify
the water before its use [1]. There are severahaust of water
purification like chlorination [2], iodination [34], ozonation [5],
UV-purification [2], reverse osmosis [6]. Howevdrete are some
disadvantages associated with these methods. Fampe the
byproducts formed during chlorination are known cascinogenic
[7]. Recently many environmentally friendly inorgarbactericidal
materials, including silver, have been studied diinfection of
water.

The antimicrobial effects of silver (Ag) have be&nown for
thousand of years. In ancient times, it was usedadter containers
and to prevent putrefaction of liquids and foodstt# beginning of
last century, Gibbard [8] was the first to systaoadly investigate
the antimicrobial properties of silver. Many worgsidy its use to
inhibit the proliferation of microorganisms for meal [9], food
packaging [10] and water treatment [11, 12] applces. However
the exact mechanism of action of silver on the ales is still not
known but possible mechanisms of action have beejyested
according to the morphological and structural clgnfpund in the
bacterial cells. Various techniques were usedudysthe mechanism
of action and so the effect of silver on bactecslls [7, 13, 14]. The
antimicrobial activity of silver is usually depemdeon the silver
cations Ad, which bind strongly to electron donor groups in
biological molecules containing sulphur, oxygenndrogen. Hence
the silver-based antimicrobial materials have tease the Agto a
pathogenic environment in order to be effectivee Biidation of the
metallic silver to the active species Agas proposed to take place
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through an interaction of the silver with the wdtEs]. Furthermore
silver adsorbs oxygen onto the surface as atomygex Because
atomic oxygen fits into the octahedral holes of ilger, oxygen
atoms accumulate within the bulk of silver [16].n8® Authors
attributed the bactericidal activity of silver tatalytic oxidation
involving reactive oxygen species [17-20]. Silvextatytic activity

was due to chemisorption of atomic oxygen on théasa of silver
combined with freedom of movement of oxygen thramghthe

crystal lattice of the silver [21].

The aim of the research was the development of preducts and
processes from a manufacturing waste from a megalutalian

company which produces thin silver metallic filmglainly we

studied the possibility to use silver flakes in evatdisinfection

processes. After a thorough survey of literaturafter 2), regarding
this we investigated following aspects:

. Antimicrobial activity of silver flakes before andfter
treatment with three activation processes (chater

. The silver flakes effect on the bacterial cellsafoter 4);

. The possible mechanism which gives the flakes aotahial
property (chapter 5 and chapter 6);

. Some applications in real systems (chapter 7).

We concluded that only the activated flakes posskasitimicrobial
capability. Furthermore the kill rate was dependamtthe type of
activation process, in fact the chemically actidatiakes were the
more efficient. The antimicrobial capability waspéadent on flakes
amount: increasing the flakes amount increasedreéhsoval rate.
Furthermore the flakes maintained their propedies when re-used.
Regarding the effect of the silver flakes on baaterells in aqueous
medium, we showed tha&. coli cells were damaged when treated
with activated flakes: 10-20 % of the cells appdademaged and
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80-90 % dead at fluorescence microscopy observat®BEM
photographs showed cells disruption and consequdetth. So we
classified the flakes as bactericidal agent.

The silver flakes released silver in water and toscentration
increased with the contact time. Furthermore therélgased by CF
was greater than that released by RF and TF atczathct time. We
hypothesised that the silver dissolved in water imasnic form, so
conducted antimicrobial tests in solutions of AgN#3 Ad source.
Escherichia coliin presence of silver ions decreased much faster
than in presence of RF. Furthermore we used thaeglobtained by
filtration of RF immerged in water for 45 min, asedwum for
antimicrobial tests. We didn’t detect any antimied activity. On
the basis of these results we concluded that teeepce of flakes
was necessary to kill microorganisms and the siblissolved in
water wasn't in ionic form. So the antimicrobialigity of the silver
flakes didn't depend on the silver dissolved. Femhore we
characterized the flakes surface morphology and mada
composition. We observed by SEM technique thatr afte two
thermal activation processes (in reducing atmosphed in air) on
the surface flakes grains with various dimensiomgeared and the
presence of dissolved oxygen was detected by XBf$igue. We
hypothesised that the antimicrobial activity was tim oxygen.
Finally we tested the antimicrobial activity of Rihd CF in two
systems in order to simulate possible applicatighsagainst. coli
using tap water as culture medium and (2) agaatat heterotrophic
bacteria of an effluent of a wastewater treatméanitp

The activated flakes reduced the cell density owee in both cases
and their antimicrobial activity was affected bye tlexperimental
medium. The kill rate was lower in tap water andhe effluent than
in deionised water.

The activated flakes proved their efficacy in thsirdection of real
samples, also in the wastewater treatment plantiesff, where

118



CONCLUSIONS

different bacteriological species were present. el@v, the time
needed to reach zero microorganisms concentrataal@enger than
the contact times required in the plants.

On the basis of the results with tap water, it wagosed to use the
activated silver flakes in household devices fomking water
purification and sterilisation, preventing the pieration of bacteria
in the filtering cartridge.
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