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ABSTRACT

PREPARATION AND CHARACTERIZATION OF ULTRA THIN FILMS
CONTAINING SILVER-COPPER NANOALLOYS USING LAYER-BY-LAYER

DEPOSITON TECHNIQUE FOR ANTIBACTERIAL APPLICATIONS

Merve TANER CAMCI
M.S. in Chemistry
Advisor: Prof. Dr. Sefik SUZER

June, 2012

The main objective of this master thesis is to explore the preparation, characterization
and antibacterial applications of Layer-by-Layer (LbL) assembled ultra thin films containing
AgCu nanoalloys. Within this purpose, first part of the research mainly focused on the
preparation of Ag nanoparticles and AgCu nanoalloys in order to prevent the oxidation of
copper to copper oxide and the formation of polyelectrolyte-AgCu nanoalloy films by Layer-
by-Layer assembly. Accordingly, Ag nanoparticles and AgCu nanoalloys were synthesized by
the chemical reduction of silver and copper salts in aqueous solution with the help of strong
reducing agents sodium borohydride or hydrazine hydrate in the presence of complexing
agent and stabilizer, then ultra thin polyelectrolyte layers containing pre-prepared AgCu
nanoalloys were constructed by Layer-by-Layer deposition technique in different

combinations. Also the stability of these nano sized binary alloys in solution phase were



prolonged in the presence of third metal zinc as a sacrificial anode. In the second part of the
study, characterization of LbL assembled ultra thin polyelectrolyte and metal nanoparticle
thin films using Optical (UV-visible) and X-ray Photoelectron Spectroscopy (XPS) was
studied. In order to get further information on the optical response of single and bimetallic
nanoparticles, Ag nanoparticle and AgCu nanoalloy incorporated ultra thin polyelectrolyte
films were investigated by optical spectroscopy. In addition the LbL films were analyzed by
Static XPS to extract atomic level chemical information due to elemental and chemical state
analysis. In order to get further understanding at the molecular level, samples were analyzed
under external bias application by Dynamic XPS and it was shown that Ag and Cu respond in
the same way to applying external electrical stimuli when both are in the same environment as
a result of alloy formation, as reflected by the same shifts in Ag3d and Cu2p binding energy
positions. Lastly, in the third part of the study detailed antibacterial analysis of synthesized
monometallic and multimetallic nanoparticle solutions and the organized ultra thin
polyelectrolyte layers containing Ag and AgCu nanoclusters against Escherichia coli strain
was performed. These approaches enabled us to show the better antibacterial behavior of
AgCu nanoalloys as a result of successful synthesis of AgCu nanoalloy without any copper

oxide formation as the end product.

Keywords:Ultra-Thin Film Coatings, Layer-by-Layer Deposition, Ag Nanoparticles, AgCu

Metal Nanoalloys, Antibacterial Applications, XPS



OZET

ANTIBAKTERIYEL UYGULAMALAR ICIN GUMUS-BAKIR NANOALASIMLAR
ICEREN VE KATMAN-KATMAN-KAPLAMA YONTEMI iLE HAZIRLANAN

ULTRA INCE FILMLERIN HAZIRLANMASI VE KARAKTERIZASYONU

Merve TANER CAMCI
Kimya Yiiksek Lisans Tezi
Damisman: Prof. Dr. Sefik SUZER

Haziran, 2012

Bu yiiksek lisans tezinin ana amaci, AgCu nanoalagimlar igeren ve katman-katman-
kaplama (KKK) teknigi ile olusturulmus ultra ince filmlerin hazirlanmasi, karakterizasyonu
ve antibakteriyel uygulamalarini incelemektir. Bu kapsamda arastirmanin ilk bolimii esas
olarak Ag nanopargacik ve bakir oksit igermeyen AgCu nanoalasim sentezi, depolama
stiresince bakir oksit olusumunun engellenmesi ve Katman-Katman Kaplama yontemi ile
polielektrolit filmlerin hazirlanmasi {izerine yogunlagmaktadir. Bu noktadan hareketle, Ag
nanoparcaciklart ve AgCu nanoalagimlar kompleks yapici ajan varliginda, ¢ok giiclii
indirgeyici ajanlar olan sodyum borohidriir ve hidrazin hidrat yardimi ile giimiis ve bakir
tuzlarinin sulu ¢ozeltilerinin indirgenmesi ile sentezlenmistir. Ayrica, bu nano boyuttaki ikili
alasimlarin ¢6zelti fazinda kararligi, tigtincii bir metal olan ¢inkonun ‘sacrificial anode’ olarak

mevcudiyetinde uzatilabilmistir. Daha sonra da, onceden sentezlenen Ag ve AgCu nano-

Vi



parcacik/alagim igeren ultra ince polielektrolit filmler Katman-Katman kaplama teknigi
kullanilarak farkli kombinasyonlarda insa edilmistir. Calismanin ikinci kisminda katman-
katman-kaplama teknigi kullanilarak hazirlanan ultra ince polielektrolit ve metal nanopargacik
iceren filmlerinin Optik (UV-visible) ve X-ray Fotoelektron Spektroskopi (XPS) teknikleri
kullanilarak karakterizasyonu ele alinmistir. Tek ve bimetalik nanoparcaciklar hakkinda optik
yanit ve bilgi alabilmek i¢in, Ag nanopargacik ve AgCu nanoalasim dahil edilmis ultra ince
polielektrolit filmleri de optik spektroskopi ile incelenmistir. Bu noktadan sonra KKK
filmleri, elemental ve kimyasal durum analizleri yapilarak atomik diizeyde bilgi elde etmek
icin ‘Statik XPS’ metodu ile incelenmistir. Ayrica, molekiiler diizeyde daha fazla bilgi elde
etmek amaciyla numuneler ‘Dinamik XPS’ yontemi ile digsaridan uygulanan elektriksel
gerilim altinda incelenmistir. Giimiis ve bakirin nanoalagim olusturmasinin sonucu olarak ayni
yapisal ¢evrede bulunmasi halinde disaridan gelen elektriksel uyarana ayni sekilde tepki
verdigi Ag3d ve Cu2p tepeciklerinin baglanma enerjilerindeki kaymalarla kanitlanmistir. Son
olarak, ¢aligmanin tiglincii boliimde sentezlenen mono-metalik ve multi-metalik nanopargagik
¢ozeltilerinin ve Ag ya da AgCu nanopartikiiller iceren organize ultra ince polielektrolit
katmanlarinin, Escherichia coli bakterisi olusumuna kars1 detayli antibakteriyel ozellikleri
analiz edilmistir. Bu yaklagimlar AgCu nanoalasimlarin ¢ok daha iyi antibakteriyel 6zellik
gosterdigini ve bakir oksit icermeyen basarili bir sentez yolunun antibakteriyel &zellik

tizerindeki etkisini agikga ortaya koymaktadir.

Anahtar Kelimeler: Katman-Katman Kaplama, Ultra-ince Filmler, Ag Nano-Pargacik, AgCu

Metal Nano-Alagimlari, Anti-Bakteriyel Uygulamalari, XPS
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1. INTRODUCTION

1.1. METAL NANOPARTICLES

Metal nanoparticles have been heavily investigated because of their particle characteristics,
size dependent properties, easy syntheses and chemical modifications. The metallic
nanoparticles are also challenging for functionalization and surface modification. The
increased surface-to-volume ratio imparts high reactivity to nano-sized clusters than their bulk
counterparts. Accordingly smaller, smart and more efficient materials can be built up as nano-
sized particles which behave different than their bulk and atomic forms. On account of the
attractive and easily tunable properties of nanoparticles of the metals exhibiting increased
photochemical activity, chemical and biological features because of their high surface to
volume ratio, nanoparticles have been used in wide range of nano scale applications such as

electronics, biology, catalysis, optics and chemical sensing.

1.1.1. Synthesis of Metal Nanoparticles

1.1.1.1. Monometallic Nanoparticles

Nanoparticles of metals can be synthesized from noble and transition metal precursors
or even in the form of oxides of transition metals referring to smart materials in the 1nm —
100nm size range. In addition, bimetallic or multi-metallic nanoparticles being composed of
combination of two or more metal atoms, have distinct and enhanced properties from their
monometallic counterparts.

Preparation of metallic nano-clusters is executed by using a variety of methods such as
galvanic exchange reactions, wet-chemical synthesis via assorted reducing agents,

electrochemical, photo-reductive, microwave enhanced or biological techniques.® Rather



than the sophisticated physical synthesis routes, metal nanoparticle synthesis can be regularly
carried out via using solution chemistry. The nano-sized particles possess few meter square
interface as in form of colloidal solutions, thus facilitate the surface modification in solution
in terms of ease in controlling reaction parameters such as temperature, concentration, pH,
reducing agent or solvent without the need of expensive or complex equipment. * %2
Monometallic nanostructures such as silver-only or copper-only nanoparticles can be
synthesized by chemical reduction of silver and copper ions, which are produced by
dissolving the salts of silver and copper in aqueous media, with the help of a reducing agent
according to various wet-chemical reduction procedures. Reduction takes place with the

formation of metal in zero-oxidation state on account of electron uptake of metal ions, then as

a next step these reduced-metal atoms migrate and form nanoparticles.

Figure 1. Illustration of silver-only nanoparticles formation after reduction of silver

ions (Ag") to silver atoms (AgP).



Because of the increased surface-to-volume ratio of the nano-sized materials, their
high surface energy and reactivity impose limitations in their shell-life and use in different
applications. Naked-nanoparticles are not stable in the absence of any protecting agents. For
example naked nano-sized straightforwardly move towards each other causing aggregation
and increase in particle size uncontrollably or react with other species in their medium
yielding cumulative species with entirely different chemical and physical properties.
Therefore, different kinds of stabilizer and / or surfactants are used to prevent particle
aggregation, control over particle-size, impart stability to nanoparticles. In the presence of
stabilizer and / or surfactants there exists a repulsive force between the capped nanoparticles
preventing their attractive migration to each other. Henglein et al. demonstrated the capping
of silver nanoparticles by citrate in terms of being an efficient protecting surfactant,
furnishing long-term stability to the capped-nanoparticles. Furthermore the size and the
structure of silver nanoparticles were controlled in the presence of citrate as capping agent via
changing the concentration of this surfactant allowing the diameter dispersion.™ In order to
impart further stability to the highly reactive nanoparticles and prevent nano-sized metal
clusters at different oxidation states rather than zero, assortment of techniques are used in
association with different kinds of surfactants by virtue of the steric effects, and by keeping
nucleation sites of stabilizers and nanoparticles with the help of electrostatic interactions as

13-15

far as possible, chemical and biological protecting agents under different reaction

conditions. ! 6%

Highly dispersed metal nanoparticles of uniform size, shape and purity can easily be
synthesized in solution by reduction of metal ions that have higher standard reduction
potentials whereas species having relatively low reduction potential have a tendency toward

contamination with reactive species in the medium, forming non-zero oxidation states.

Varghese et al. represented the advance stabilization of Ag nanoparticles using chemisorption



of very strong protecting agent which is an amino acid containing sulphhydryl group (-SH) *°
and found their stabilization with high affinity of metal atoms toward sulfur- containing
reagents. & %

In the presence of suitable complexing, reducing and protecting agents Ag and Au
nanoparticles are stable under ambient conditions against oxidation. However for the
synthesis of copper nanoparticles, the main handling problem is their high air sensivity, low
stability and reactivity of the copper nanoparticles that cause the formation of copper oxide in
the end product due its lower standard reduction potential (+0.34V) as compared to Ag

(+0.80V) and Au (+1.50V). In the presence of appropriate reducing agents, reduction of Ag or

Au is more favorable than Cu as a result of difference between their reduction potentials.

Au*+3e > Au® E°=+1.50V

Cu?*+2e- > Cu® E°=+0.34V

Figure 2. Representation of reduction potentials of gold (Au*"), silver (Ag") and

copper (Cu®") ions.

Especially for the wet-chemical synthesis under ambient conditions oxidation of
copper nanoparticles is nearly inevitable without presence of extremely strong reducing and
protecting agents because of the highly reactive oxygen species in air or solution. To suppress
the oxidation problem of copper, purging of the reaction media with inert gases, use of non-
aqueous media or inert atmosphere, use of very strong reducing and, complexing agents,
surfactants, stabilizers are used against copper oxide formation during preparation and/or

storage periods.



Metal ion formation: Metal salt —— Me*" + ne -
Reduction:  Me™ + ne - + (stabilizer & surfactant) ——— Nano-Me?

Oxidation: Nano-Me® + O, ———

Figure 3. Representation of metal nanoparticle formation by reduction of metal ions

and oxide contamination of synthesized nanoparticles.

1.1.1.2. Bimetallic and Multimetallic Nanoparticles

Synthesis of the monometallic nano-sized clusters using different preparation routes
have been heavily investigated for many years, whereas metal nanoalloy syntheses have not
been so widespread due to handling problems and difficulties in preparation. Bimetallic or
multi-metallic nanoclusters can be synthesized by the co-reduction of two or more kinds of
metal ions forming nanoalloys sharing the same crystal structure. However, reductive
deposition of one kind of metal ion over another reduced metal nucleus results in forming
core-shell nanoparticles. *

In favor of incorporating two different metals to form nanoalloys, suitable reducing
agent which has the capability to reduce both types of the metal ions is used for the reduction
of both metal ions to zero valent metals at the same time. Furthermore, as an alternative way
to the monometallic counter parts of nano-sized structures, surfactants are utilized in
bimetallic nanoclusters synthesis not only for stabilization of nanoclusters but also to bring
the reduction potentials of two different metals closer in the direction of co-reduction of these

metal ions together. *?
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Figure 4. lllustration of silver-copper nanoalloys formation after co-reduction of silver

and copper ions (Ag* and Cu®)to silver and copper atoms (Ag® and Cu°).

Also, after the synthesis of monometallic or multimetallic nano-sized clusters with
high dispersity and stability, these nanoclusters can be further functionalized by surfactants or
capping agents in order to use in various applications. For instance, negatively capped Ag
nanoparticles, which are produced by carboxylic group surrounding around zero-valent silver
nano-sized metals, can be used to construct ultra thin multilayers as a result of electrostatic
attachment of negatively charged nanoparticles in between the positively charged

polyelectrolyte layers effectively.



1.1.2. Antibacterial Applications of Metal Nanoparticles

For many years metals such as zinc, gold, silver and copper containing materials have
been used for antibacterial applications. While the exact mechanism responsible for
antibacterial action is still unknown, these antibacterial metals have the ability to penetrate
into bacteria causing cell death or else interact with microbial cell membranes and active
proteins as a result of high affinity of transition metals toward sulphur and phosphorus
containing proteins that cause enzyme denaturation and deactivation their bacterial activity as
a result of interaction between metal and bacteria.'” '* *? These antibacterial species show
strong and fatal toxic action against prokaryotes including all kinds of bacteria and
microorganisms whereas much less toxicity can be omitted for eukaryotes including all other
organisms. Thus, as compared to heavy metal ions, nano-sized metal particles show lower
toxicity toward humans with remarkably higher antibacterial impact.

Antibacterial activity of these species robustly related with their size and decreases
with increasing size, so nano-size metal particles exhibit higher antibacterial activity over
their larger colloidal, ionic and bulk counterparts. High surface-to-volume ratio and small size
of nanoparticles impart an advantage of close interaction with cell membranes or active sites
of the bacteria cells causing deactivation of microbial action. Hence this nanometer-size
advantage allows the penetration of nanoparticles through the cell membrane causing cell
death. Bacteria cell membranes consist of many sulphur containing proteins, so these sulphur
containing parts are privileged sites for transition metal nanoparticles to interact causing
disruption of bacterial activity. The infiltrated metal nanoparticles lean towards the interior
proteins containing sulphur or phosphorus such as DNA and react with these proteins causing

cell death.



Aggregation of nanoparticles is also a crucial problem for antibacterial applications
because when the nano-sized particles aggregate they deteriorate their antibacterial properties
as a result of increasing size and alteration of chemical and physical properties.
Immobilization of antibacterial metal nanoparticles on different kinds of host materials
increase the effectiveness of antibacterial application in terms of longer release time and
prevented particle aggregation via attachment on supported materials so imparting higher
durability.

Subsequently, with recent technological developments and emerging demand for
health promoting products, metal particles in nanometer size are suitable candidates for
innovative biotechnological applications in industry and hospitals in terms of the desired
antimicrobial modification of surfaces and materials to prevent bacterial activity of
microorganisms. Advances in coating technology and ability to design intelligent nano-sized
materials elicit innovation of antibacterial coatings for broad variety of applications such as in
biomedical devices, packaging, textile and cosmetic industries.

Ruparelia and his co-workers ?® studied on bacteria growth profiles in the presence of
3 nm silver and 10 nm copper nanoparticles against various strains of Staphylococcus aureus,
Escherichia coli and Bacillus subtilis bacteria and they showed the superior antibacterial
characteristics of silver nanoparticles over oxide-contaminated copper nanoparticles against E.
coli and S. aureus where copper nanoparticles are more effective against B. subtilis. In
addition, they stated that the combination of Ag and Cu nanoparticles, as physical mixtures,
give rise to more effective antibacterial effect against mixed bacteria populations as in real
life systems.

Sambhy et al.?®

presented their work on antibacterial composites consisting of
embedded AgBr nanoparticles in poly (4-vinyl-N-hexylpyridinium bromide) as cationic

polymer matrix and the surfaces coated with these AgBr/polymer nano-composites forming



biofilms on glass microscope slides show antibacterial characteristics toward both Gram
negative and Gram positive bacteria. Likewise, they demonstrated the tunable antibacterial
properties of the AgBr/polymer nano-composite coating via changing the size of embedded
AgBr nanoparticles impart higher antibacterial activity of 10 nm AgBr nanoparticles as

compared to 71 nm AgBr nanoparticles to the higher surface-to-volume ratio of smaller

nanoparticles.
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Figure 5. Hllustration of antibacterial action of (a) larger (b) smaller nanoparticles.



1.1.2. LAYER-BY-LAYER ASSEMBLED ULTRA THIN FILMS

Layer-by-Layer assembled PEs multilayer incorporated with antibacterial
nanoparticles are ideal materials for studying chemical and physical properties of desired
surfaces and interface between these smart surfaces and bacteria cells. LbL deposition
technique for this purpose is preferred over other deposition techniques because; it combines
inorganic nanoparticles with organic polyelectrolyte layers using “very small amount of
materials and constructs surfaces without any chemical modification of coated
polyelectrolytes, metal-nanoclusters or substrate as well as inducing stability during
antibacterial applications.

LbL is also applicable to various kinds of materials and can be used to coat the common
substrates like glass, with high efficiency. Besides the control of ultra thin layers in nanometer
scale is easy because of the tunable parameters such as pH of the medium, temperature,
supporting PEs’ concentration present during the adsorption process. Ability to control the
chemical and physical properties of layer components allows the design of ultra thin films as
surface properties of the multilayers can be controlled and modified. In addition, this highly
efficient and cheap technique can be carried out at room temperature without requiring
vacuum equipment or any kind of special instrumentation for chemical and biological

applications.

1.2.1. Layer-By-Layer Assembly

In 1960s, with the help of Langmuir- Blodget (LB) technique®, which uses the
principle of monolayer formation on water-air interface firstly and transfer of the monolayers
onto a solid support, Kuhn and co-workers showed that functional units can be formed

exhibiting different properties for individual layers in nanoscale.®" In 1966 a new method was
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developed in order to provide alternative technique to limitations of LB technique and Iler had
proposed a method that constructs multilayers by using inorganic colloids.®® Afterward this
application was used as basis of multilayer formation process, and in 1990s Decher proposed
a method for fabrication of multi composite films depending on electrostatic attraction
between oppositely charged polyelectrolyte species. This method is now called the Layer-by-
Layer (LbL) assembly that opens a new route potentially leading other new developments.

For the biological and material applications, thin solid films consisting up many
different polyelectrolyte layers using the LbL deposition technique provides advanced
coatings and smart surfaces with the creation of functional and controllable properties using
polyelectrolytes for modification of surfaces. This LbL process assembles the organic
polymers with the inorganic nanoparticles combining the unique responses of macro
molecules and micro molecules. Also LbL technique imparts unique properties to nano-
materials in opposition to the expensive instrumentation, long fabrication period for film
preparation, instability of prepared films resulting from weak interactions under ambient
conditions and limited number of substrates in LB technique and Self Assembled Multilayers
(SAMs).*? Owing to the fact that, particles are most useful in the form of thin films LbL
technique allows the formation of tunable and homogenous films that contain metal
nanoparticles rather than the mechanical mixing of nanoparticles and building blocks which
may result non-homogenous thin films and unsuccessful coverage of materials with unusual

properties of geometry.*

1.2.2. Building Blocks of Layer-by-Layer Assembly
The building blocks of the LbL technique are polyelectrolytes (PEs), and it was
developed for polyelectrolyte-polyelectrolyte systems because oppositely charged

polyelectrolytes have also the complexation ability in multilayer structures.® Polyelectrolytes
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have been used in analytical and colloidal chemistry which are defined as macromolecular
species dissociating into charged polymeric molecules in solution. The multilayers
constructed from PEs show indistinguishable properties than each other in terms of multilayer
structures due to their high penetration ability in molecular level. **

LbL deposition technique is used for consecutive adsorption of oppositely charged
polyelectrolytes for constructing multilayer structures and the type of polyelectrolyte which
is used for deposition process to form the first layer is an important factor on the stability of
the ultra thin multilayer, because the attaching of the whole film to the different substrates is
highly dependent of the first layer. When the adsorption of first layer on the substrate is
completed, surface charge is inverted by the adsorption of oppositely charged second layer
using enough concentration of opposite charges. With the purpose of stabilization of each PE
layer, washing process is used after adsorption of monolayer to remove either unreacted or
weakly bonded PEs.

In LbL  process generally poly (allylaminehydrochloride)  (PAH),
poly(diallyldimethylammoniumchloride) (PDDA), polyethyleneimine (PEI) are used as the
positively charged polyelectrolytes and poly (acrylic acid) (PAA), poly (styrene sulfonate)
(PSS), poly (vinyl sulfate) are used as the negatively charged polyelectrolytes, where all
polyelectrolytes are broadly available and have enough density of positive or negative charges
on their polymer chains for the preparation of multilayers easier.3*32 3%

Manipulation for improvement of LbL ultra thin layers is related not only with the
choice of oppositely charged polymer partner but also parameters such as ionic strength to
control the availability and density of ionic charges on polymer chains. In an ionizing solvent,
successful deposition of these PEs requires maintenance of electro-neutrality for the
neutralization of charge on repeating units of PEs with the help of smaller counter ions which

are oppositely charged since macromolecular species such as PEs likely to be in their most
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expanded form with higher availability of charges on polymer sides, due to intermolecular
repulsions of each charged monomeric unit when ionic strength of solution.3* **-% Therefore
the charges on the monomeric units of PEs are balanced either by oppositely charged PEs or
counter ions.

Using LbL approach, to reach the desired multilayer combination after the deposition
of charged polyelectrolyte layer, oppositely charged polyelectrolyte layer is deposited. This
sequential cyclic process is continued until the desired multilayer configuration is achieved
and single monomeric layers can also be easily obtained by adsorption of the positively
charged polycation or negatively charged polyanion on charged substrate directly.

LbL deposition technique is available not only for PEs but also any type of common
type of charged species. In order to incorporate three dimensional inorganic metallic
nanoclusters with various functionalities in the ultra thin PE layers, after the deposition of the
charged polyelectrolyte layers, the charged metallic nanoclusters are deposited imparting a net
negative charge to the nanoclusters requires oppositely charged polyelectrolyte partner for
LbL assembly constructing nano scale functional ultra thin films consisting of organic and
inorganic layers.*“* Also by the use of colloidal nanoclusters three dimensional construction
of these ultra thin films basically uses the irreversible strong electrostatic forces between
charged PE layers and the required — oppositely charged nanoclusters partners as driving force
for stable film assembly but also multiple intermolecular interactions such as hydrogen
bonding *"***, hydrophobic interaction *® and charge transfer *’ cooperatively contributes to

the formation so as the stability of the films.

13



positive

{ vre—
= —

Negatively
charged
substrate . Wash to
Adsorption of :
e emiati Adsorption of PEI

Unreacted ( ?ﬁa,tblg‘ PE w
,\ P (///

water
Wash to Adsorption Wash to T
Remove of Remove [\ SOyNa
unreacted positive _ unreacted
~pe ) X e ) %
~——— — . 2 PAH
\\bﬂ%‘ o \‘ﬁD‘(LE” 1 /E\H/
ongy ’ . ongy
water water NH;*CI-

Figure 6. Schematic representation of polyelectrolyte adsorption on negatively
charged substrate showing molecular structures for commonly used polyelectrolytes:
Polyethyleneimine (PEI), Poly(styrene sulfonate) (PSS) and Poly(allylaminehydrochloride)

(PAH).

The thickness of polymer layer is related to both the amount of polyelectrolyte and the
nature of polyelectrolyte and the films can be constructed by LbL deposition at the molecular
level. Also, the nanoscale control over thickness of adsorbed thin layers related to the dipping
time of the substrate in PEs’ aqueous solution on account of improvement in the amount of
adsorbed charged polyelectrolyte chains.*® As very important parameter for nano scale
precision thickness of single bilayer consisting of one positively charged and one negatively
charged layer is in the range of 1nm- 5nm allowing the nanometer scale control for thickness

of these layers.3* 4
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1.2.3. Design of Antibacterial Ultra Thin Polyelectrolyte Layers Using Layer-by-

Layer Assembly

Surface modification has been advocated for better controlling of the interactions
between bacteria and substrate inducing biochemical death of bacteria in consequence of
interaction with antibacterial functional groups *°** and propagation of antibacterial
compounds over time from material surface to bacteria with respect to releasing ability of
antibacterial agents from polymer multilayers.*” 3 3°

Both Gram negative bacteria, having single peptidoglycan layer between
lipopolysaccharide rich layers, and Gram positive bacteria, having multilayered peptidoglycan
cell at outermost layer, are susceptible for the antibacterial activity control of nanoparticle
loaded multilayer thin films.>*>> Additionally, ultra thin antibacterial layers can be studied in
terms of their effectiveness by different kinds of methods as well as counting the number of
bacteria after a certain incubation time, antibacterial drop test, determination of colony
forming units, following the optical density at 600nm referring to the bacteria number in
aqueous medium after definite incubation time or disk-diffusion (Kirby- Bauer) test.? 254>

Polyelectrolyte multilayers provide numerous opportunities to design intelligent
surfaces with nanostructures to explore antibacterial characteristics combined with chemical
properties for biotechnological applications. Incorporation of antimicrobial metal
nanoparticles with charged PEs via immobilization on to the various types of materials for
antibacterial applications in this intelligent ultra thin surface construction is effectively used
for antibacterial purposes.”® ** > 992 Wjith the use nanoparticles with charged polymers these
ultra thin layers achieve high reactivity as a result of large interface area between
nanoparticles and PEs. *"?? These immobilized antibacterial nanostructures reveal long term

stability and are much more environment friendly. The surface density and arrangement of the

resulting antibacterial PE thin layers are controlled by different number of antibacterial
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reagent-PEs dipping cycles and time. As a function of nanoparticle containing thin layer

thickness and nanoparticle density, the effectiveness of the layers can be controlled for

55, 60, 63

antibacterial purposes.

Figure 7. Schematic representation of metal-nanoalloy/polyelectrolyte ultra thin film
construction with adsorption of negatively capped AgCu NAs on  PEI/PSS/PAH

polyelectrolyte layers via LbL assembly.
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1.3. CHARACTERIZATION TECHNIQUES

1.3.1. UV-visible Spectroscopy

For the characterization of the nanoparticles NMR, IR, Raman, UV-Visible and X-ray
Photoelectron Spectroscopy, AFM, SEM, TEM, and XRD diffraction are the commonly used
techniques. Unfortunately, the most common techniques used by chemist like Infrared or
Nuclear Magnetic Resonance cannot be used for the characterization of ultra thin layers
containing metal nanoclusters because of their lack of sensivity.

UV-visible spectroscopy, that gives important informations for samples, is the most
commonly used optical technique because it is easy in application and cheaper than other
techniques. UV-visible spectroscopy records the absorption spectrum in ultraviolet and visible
region in electromagnetic radiation containing electronic transition in molecular orbitals from
ground state to excited state in terms of absorbed light at different wavelengths. This
technique is also used for determination of different properties such as average particle size,
shape, concentration and composition of metal nanoparticles.

In this work, UV-visible spectroscopy is used to characterize both the nanoparticles
which are prepared by chemical reduction via solution chemistry, and the nanoalloys

embedded into the ultra thin multi-layers which are prepared by LbL assembly.

1.3.1.1 Optical Response of Metal Nanoparticles

Metal nanoparticles exhibit strong plasmon resonance (SPR) extinction band in the
visible spectrum as a consequence of interaction between conduction electrons of metal
nanoparticles and incident electromagnetic radiations.* SPR band is the outcome of resonance

frequency as a result of restoring force to compensate polarization that is generated by

17



electron motion in phase for the particles having much smaller size than wavelengths of
incident light. *

Particles which have smaller diameter than 3 nm do not exhibit significant surface
plasmon absorption covering visible region unless the particle size becomes higher than 5 nm
surface plasmon bands broaden where the dimensions of the nanoparticles are comparable
with the wavelength of interacting light.* ® The metal particles of silver and gold show
distinct and well-defined plasmon absorption in the visible region exhibiting drastic color
effects due to the surface plasmon absorption in the metal nanoparticles, as a result of the
collective oscillations of the free conduction electrons.®® For the bimetallic nanoclusters, in
case of nanoalloys where the particles of two metals distributed homogenously, position of
surface plasmon band lies between two distinct absorption bands of single metal
nanoparticles.®* ® Alternatively for the core-shell bimetallic nanoclusters, surface plasmon
absorption is mainly determined by absorption of the metal at the shell as a result of
alternating oscillation mode of surface conduction electrons.’” In addition, since resonance
wavelength depends on the orientation of the electrical fields and the oscillation modes of the
shape of the nanoclusters, optical properties also change as shape of the nanoclusters change.’

Silver nanoparticle existence can easily be detected with their optical spectra with a
characteristic peak around 390-400nm.%® However, characterization of copper as nanoparticle
or in nanoalloy cannot be directly observed with their UV-visible spectra, because the surface
plasmon band for copper nanoparticles is not in the UV-visible region and the oxidative
property of copper makes plasmon frequency determination in this region harder. In order to
prove the existence of copper nanoparticles by UV-visible optical spectra, indirect
characterization techniques are used such as controlling the decrease in the broad absorption
band of the cupric ions in the solutions with the addition of reducing agent to the reaction

media.*® "® What is more, absence of copper plasmon peak in UV-visible region depends on
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the small cluster size with high dispersity of nanoparticles whereas the silver nanoparticle
surface plasmon peak is much more intense as it can be detectable as compared to copper
nanoparticle counterparts. & ™ 2

For the optical characterization of co-reduced silver and copper nanoparticles from the
metal salts of silver and copper in aqueous media, silver in silver-copper alloy nanoparticles
can be detected by the broadening of the peak in absorption spectrum towards 410 nm-450 nm,
which has a different position than the characteristic Ag nanoparticle peak, as a result of the
Cu and Ag interaction and alloy formation. Thus the red shift in the Ag-Cu nanoalloy optical

spectrum to the higher wavelengths and the broadening in the absorption spectrum is a proof

of the existence of the silver and copper together in the nanoalloy.

1.3.1.2. Optical Response of LbL Films Containing Metal Nanoparticles

Layer-by-layer assembly allows the nano-scale organization of nanoparticles and the
thickness via alternating adsorption of the optically active nanoclusters and polymeric
electrolytes resulting ultra thin film formation.** ¥ Tunable properties of metal nanoparticle-
polyelectrolyte films at the molecular level give opportunity for tunable optical properties.
Red-shift is expected in the absorption spectrum of these particles since introduction of the
nanoclusters into an organic matrix with different dielectric constant affect the dipolar-dipolar
interactions resulting surface plasmon resonance shifts to different position in their
spectrum.*® ©’
Nanoclusters are not only subjected to the dipolar interaction of the nanoclusters with

their matrix and adjacent layer but also the interparticle distance between nanoclusters and

embedding matrix have effect on the optical properties of ultra-thin polyelectrolyte layers.
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In view of the fact that measured absorbance is directly related with the concentration
of the nanoparticles absorbing species due to Beert-Lambert law, which defines absorption at
specific wavelength (A) as multiplication of extinction coefficient (g), path length (b) and the
concentration of absorbing species (c), there exists a significant decrease at the intensity of
absorbance in the optical spectrum of LbL deposited metal nanoclusters films and this can be
clarified by the fact that LbL assembly uses very small amounts of materials to construct ultra
thin films. Besides as the number of nanoclusters-polyelectrolyte layers increases, absorbance
in the optical spectrum also increases with respect to the deposited bilayer on the substrate

indicating the uniform assembly and distribution of the nanoclusters in each bilayer.*’
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1.3.2. X-ray Photoelectron Spectroscopy

X-ray Photoelectron Spectroscopy (XPS) which is used for surface analysis of
materials is one of the most common techniques for characterization of nano-particles which
are obtained by layer-by-layer deposition on polyelectrolyte multilayers. This non-destructive
technique gives valuable quantitative and qualitative information about the surfaces with high
precision and sensivity. As being a powerful technique for surface analysis, XPS has ability to
give chemical information and high surface sensitivity for thin films, solids and nano

clusters.” 7

1.3.2.1. Basic Principles of XPS

XPS is based on the kinetic energy determination of emitted photoelectrons of the
sample under radiation with highly energetic X-rays. X-rays of the photon source are directed
to the analysis sample and photoelectrons are emitted from the sample. Generally
conventional XPS instruments work with photon energies of 1486.6 ¢V for Al Ka and 1253.6
eV for Mg Ka. Electron analyzer collects the emitted photoelectrons and analyze their kinetic
energies. Ultra high vacuum conditions are necessary to increase the probability of emitted
photoelectron to reach the electron energy analyzer where only the escaped photoelectrons
can arrive at the detector.” Binding energies of emitted photoelectrons are determined by the

73-77

theory of conservation of energy using following Einstein relation:

BE=hv-KE - ©

where BE is the binding energy of emitted photoelectrons, hv is the incident photon energy of
X-rays, KE is the measured Kinetic energy of the analyzed photoelectrons and @ is the work

function of spectrophotometer in terms of minimum energy required to eject one electron
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from the Fermi level of the solid matrix to the vacuum level. Each spectrometer has its own
characteristic work function and electronic behavior and this work function correction in
binding energy eliminates the errors coming from spectrometer. After Kinetic energy
determination of the emitted photoelectrons by analyzer, spectrum of the photoelectron peaks
in terms of their corresponding binding energies is obtained.

Ejection of electrons by X-rays during the measurements generates a positive charge
on the surface of the sample as photoelectron flow toward electron analyzer. In case of
conductive materials, generated positive charge is compensated by the electron flow from the
ground, whereas non-conductive, poor conductive or not grounded materials cannot
compensate this generated charge on the surface of the sample and cause shifts and drifts in
the binding energy peak positions. Therefore, flood gun which supplies flow of low energy
electrons to the sample surface is used to eliminate these generated positive charges and the
unwanted shifts in the binding energies.

From the binding energies of the photoelectron peaks, XPS spectrum gives
characteristic and element specific information about the sample. Binding energies are
robustly specific to each atom and give distinctive information about corresponding atoms
and elements except for hydrogen and helium. Chemically specific XPS not only allows the
determination of type of atoms on the surface but also give information about chemical states
and type of atomic orbitals where photoelectron is ejected such as s, p, d or f with respect to
binding energies. In addition to qualitative analysis via XPS, quantitative analysis can be
performed by calculating relative atomic ratios of the surface with the help of intensity of
peaks and the monitored area of corresponding photoelectron peaks in the XPS spectrum.’® ™

This property enables the determination of the stoichiometry between elements of the sample.

22



The chemical and physical information of the sample can be collected from about few
outermost atomic layers of the sample’s surface by XPS. X-rays have the ability to penetrate
micron-depth through the sample but information can only be collected from 10-20 nm probe
length. Emitted photoelectrons cannot travel micron-depth distances through the sample
without any loss in their Kinetic energy; accordingly due to the energy loss as a result of
inelastic collisions between emitted photoelectron and other atoms in traveled-solid ejected
photoelectron can only result from the outermost 10-20nm depth. This short probe length is
material specific and is determined by the inelastic mean-free path (A), which is defined as the
distance traveled by ejected photoelectron without loosing its energy when intensity reduced
to value 1/e factor of the its initial intensity, also enables the high surface sensitive

investigations for nano-sized structures and thin films.” ™

1.3.2.2. Static and Dynamic XPS Measurements
Flow of X-rays generated photoelectrons from sample to the vacuum generates a
current during XPS measurements. This current for conductive and grounded samples, is the
result of the withdrawn electrons from the ground. Also, in the presence of extra electrons
from flood gun current is altered. XPS studies which are performed with a grounded sample
system under no additional or external electron sources to control surface charging other than
the flood gun are called “Static XPS Measurements”. In another application, the degree and
the sign of the surface charging is controlled by an external bias applied to the sample, the
charging of the sample during photoemission process is controlled, which is an essential tool
to obtain additional information about the sample. The XPS studies regarding charging as a
»5 80-

tool under use of a time varying external bias are called as “Dynamic XPS Measurements”.

8 Figure 8 depicts the schematic representation of the Static and Dynamic XPS measurements.
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Figure 8. Schematic representation of XPS measurements using Static XPS and

Dynamic XPS techniques.

Applying external DC voltage stress to the sample is one of the ways to use surface
charging as a tool at various voltages. For conductive materials positions of the photoelectron
peaks are displaced by application of either positive or negative external bias potential as
much as the bias applied in a linear fashion. For non-conductive or poorly-conductive
materials this behavior is non-linear. For example, if +10V is applied to the conductive
sample, photoelectron peaks will shift towards higher binding energy positions by exactly 10
eV. On the other hand, application of same +10V to non-conductive material results shifts in
binding energies smaller than 10 eV because of the created positive potential on the non-
conductive material surface. If -10V is applied to the conductive material, negative surface
charge accumulates on the surface of sample so electrons are repelled from the surface and the
peak positions shift toward lower binding energies. Again for the case of non-conductive

materials the overall shift as a result of negative voltage application is smaller than 10 eV
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because of a shift toward higher binding energies due to positive charge accumulation on the
surface.

In order to extract additional information, application of external square wave (SQW)
pulses to the sample under analysis is an alternative way to utilize surface charging as a tool.
SQW pulses can be described as alternating potentials at a given frequency and potential, so
application of SQW pulses enables the use of response time via alternating potentials with
different time intervals. Amplitude of the pulses is generally +10V / -10V while the frequency
of pulses ranges in 10° to 10”° Hz for the sample under investigation. Application of positive
and negative voltages leads the splitting of the binding energy peak into two peaks at a given
frequency toward higher and lower binding energies respectively. Similar to the DC voltage
stress results, if the sample is non-charging exactly 20 eV difference is observed between two
splitted peaks’ binding energies but with the increasing charging phenomena the binding
energy difference decreases. As well as external DC voltage application facilitates the
extracting information on extent of surface charging, SQW pulse application allows getting
additional information about the degree of the response of sample to the potential changes in
the applied frequency range, giving enough time for the sample to build up surface charging.
In short either external DC stress or SQW pulse application are new tool to control surface
charging and extract additional information from charging of the samples, DC stress furnishes
information on resistance of the sample whereas SQW pulse furnishes information on both

resistance and capacitance.
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1.3.2.3. Application of XPS to Metal Nanoparticle Incorporated Ultra Thin

Polyelectrolyte Multilayers

XPS that give valuable information in elemental identification, composition and
chemical state depending on the characteristic binding energies is an essential tool for the
investigation of metal nanoparticles and metal nanoparticle embedded ultra thin
polyelectrolyte multilayers. For metal nanoparticles, besides the elemental analysis successful
synthesis of the nano-structures is followed by the specific binding energies of the elements in
their zero-oxidation state. Additionally, the successful nanoalloy synthesis can be analyzed by
XPS without the need for electron microscopy. If the reduced nano-sized metal particles of
different metals are in the same chemical structure forming nanoalloys, the binding energy
shifts in the XPS spectra of different regions such as Ag3d and Cu2p for AgCu nanoalloys
under external DC bias or SQW pulses are expected to be equivalent as a result of the
response coming from the same domains where non-equivalent binding energy shifts are
expected for the non-uniform or core-shell structured nano-sized particles.

Also the reduction level to determine the ratio of reduced / non-reduced species can be
followed by the characteristic binding energies of the elements at different oxidation states
and peak shape analysis in their XPS spectra.®®® Especially, in the case of copper
nanoparticles shake up satellites and the peak-shape analysis in the spectrum of Cu2p region,
precisely determine the oxidation state of copper whether at zero-one or two and the

formation of different kinds of copper-oxide species such as CuO or Cu,0.% %
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Figure 9. Cu2p region of XPS spectrum showing zero-valent Cu °, Cu ** peaks and

copper-oxide satellites.

Construction of ultra thin multilayers containing metal nanoparticles can be monitored
directly by XPS. Since adsorption of each polyelectrolyte layers can be screened by the
elemental analysis of XPS spectra of constructed films corresponding specific elements of the
construction materials. Conger et al. represented their XPS analysis on polyelectrolyte
multilayers on SiO, / Si substrate and proved the adsorption of positively charged
polyelectrolyte PAH (Poly (ally amine hydrochloride)) with the presence of N1s peak and the
adsorption of negatively charged PSS (Poly (styrene sulfonate)) with the presence of S2p peak
in XPS spectrum of layer-by-layer assembled bilayer system.®* Furthermore, incorporation of
the metal nanoparticles in ultra thin polyelectrolyte layers can be attested by the characteristic
spin orbit splittings of metals such as Au4f or Ag3d corresponding to the presence of gold and

silver nanoparticles on LbL multilayers respectively. The thickness of each adsorbed
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polyelectrolyte layers can also be determined by using the proper relationships of the electron
attenuation of XPS signals or analysis of collected spectra at grazing angles.®* *- %

More to the point of XPS studies on nanoparticles, Chen et al. presented the size-
controlled synthesis of copper nanoparticles and comparison of Cu nanoparticles, Cu fibers
and polycrystalline Cu in terms of size effect using core-level XPS spectra of Cu2p region.”
Formation of nanoparticles is confirmed by XPS and by comparing binding energies in the
core-level spectra of nanoparticles, fibers and polycrystalline they demonstrate the size effect
with the light of information of that as the particle size reduces to nano scale, the core-level
binding energy shifts to larger values as compared with that of bulk one.

Above and beyond of qualitative analysis, quantitative analysis can be performed by
XPS investigations by means of combining monitored peak areas of corresponding XPS peaks
with cross-sections of the interested orbitals and determined Kkinetic energies. In the light of
recorded peak intensities so as the peak areas, stoichiometry between functional groups,
surface atomic concentration of polyelectrolyte multilayers and the atomic ratios of elements
or species are determined and constructed thin films can be developed for further

applications.” %%
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1.4. AIM OF THE STUDY

This thesis focuses on three main objectives: (i) synthesis of silver nanoparticles and
silver-copper nanoalloys, and preparation of ultra thin polyelectrolyte layers via incorporation
of synthesized nanoclusters into the layer-by-layer assembled polyelectrolyte multilayers, (ii)
characterization of metal nanoclusters and the metal nanoclusters/polyelectrolyte ultra thin
films using different spectroscopic techniques, and (iii) antibacterial investigation of
synthesized nanoclusters solutions and nanoclusters containing ultra thin polyelectrolyte
multilayers.

In the first part of the study, preparation of ultra thin polyelectrolyte multilayers
containing silver and silver-copper nanoclusters will be discussed. This part includes the wet-
chemical synthesis of silver-only nanoparticles and silver-copper nanoalloys using different
chemical procedures with different reagents for stable nanoclusters formation in details.

Second part focuses on primarily the characterization of synthesized nanoparticle and
nanoalloys solution using UV-visible absorption spectroscopy and X-ray photoelectron
spectroscopy and then the characterization of metal nanoclusters incorporated ultra thin
polyelectrolyte layers by both optical and X-ray photoelectron spectroscopy. Also,
investigation of response of ultra thin multilayers under external stimulus during XPS
measurements will be discussed.

The last part of the study discusses the antibacterial properties of Ag-only and AgCu
nanoalloys solutions following colony forming abilities and optical density changes against
Gram negative bacteria Escherichia coli. Additionally, antibacterial effects of layer-by-layer

assembled ultra thin films containing these metal nanoclusters will be discussed.
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2. EXPERIMENTAL

2.1. MATERIALS

The water used in all experiments was prepared in a three-stage Millipore Milli-Q
Synergy 185 purification system. Glasses that are used for LbL deposition were obtained from
ISOLAB Microscope Slides. Sodium chloride (NaCl), sodium hydroxide (NaOH), zinc
nitrate hexahydrate (Zn(NOs3),.6H,0), hydrazine hydrate (HH) and formaldehyde (CH,O)
were purchased from Merck. Sodium borohydride was obtained from BDH chemicals and
silver nitrate (AgNO3) and L-cystein (C3H;NO,S) were purchased from Fluka. Poly
(allylaminehydrochloride) (PAH), polyethyleneimine (PEI), poly (styrene sulfonate) (PSS),
polyvinylpyrrolidone (PVP), sodium citrate dihydrate (C¢HsO; -:2H,0 -3Na) and copper (II)

acetate monohydrate (C4HsCuO4.H,0) were purchased from Sigma-Aldrich.

2.2. INSTRUMENTATIONS

For contact angle measurements Tantec Contact Angle Meter was used. Double Beam
Thermo Scientific Evolution 160 UV-visible Spectrophotometer was used for the optical
characterization of nanoparticles, nanoalloys and LbL films. Measurements were obtained
acquiring absorbance spectrum of nanoparticles, nanoalloys and LbL films between 300 nm
and 700 nm with scanning rate 100 nm/min. The optical measurements were performed
against reference samples: deionized water which was the solvent for all synthesis processes
of solutions’ characterization and identical clean glass substate except NPs and NAs for LbL
samples. For the purpose of spectrum aquisiton, the sample cuvettes and glass microscope
slides were directly placed in the path of light between light source and detector.

XPS measurements were performed by AlKa Thermo Scientific K-Alpha X-ray

Photoelectron Spectrometer with monochromotized photon energy 1486.68eV. Samples were
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analyzed under X-rays with 45° angle and analyzer with 90° with respect to the surface of
sample plane. The sample holder can be connected to either ground or power supply. Static
XPS was used when sample was connected to the ground while recording the spectra.
Dynamic XPS measurements were performed under external bias through a power supply
with DC bias or SQW pulses connected to isolated sample holder while monitoring the
changes during charging process. DS340 Synthesized Function Generator obtained from
Stanford Research Systems was used for DC bias and SQW pulses generation.

The sample holder that was used for the dynamic XPS measurement is modified for
external bias applications. Samples were placed on a rotatable sample holder and for the bias
connection gold foil, as a very good conductor, was assembled on the top of the samples. In
order to get the bias connection, sample holder was turned in the anti-clockwise direction until
a gold wire touched to isolated edge of the sample holder which was also connected to the

function generator.

Figure 10. Representative image of rotatable sample holder used in Dynamic XPS

measurements.
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2.3. PROCEDURES

2.3.1. Synthesis of Ag Nanoparticles

98ml of 0.3 mM of sodium citrate dihydrate solution is cooled for 30 min and mixed
with 1 ml of 1 mM of sodium borohydride solution. 1 ml of ice-cold 0.01 M AgNO3 solution
is drop wise and very slowly added to the reaction solution under vigorous stirring. Color
change into bright yellow indicates the formation of nearly 10 nm Ag nanoparticles and the
absorbance at 400 nm in UV-vis. Spectrum of the synthesized solution confirms successful

Ag nanoparticle synthesis.

2.3.2. Synthesis of AgCu Nanoalloys

0.5 ml of each 0.01 M silver nitrate and 0.01 M copper acetate solutions are mixed and
ultrasonicated for 2 min. 1ml mixture of Ag and Cu metal salt solutions are drop wise added
to a mixture of 2 ml 0.01M cystein and 2 ml 0.01 M NaOH solution very slowly. After the
formation of reaction mixture containing metal salts, this prepared solution is drop wise added
to another solution mixture of 45ml of 1.1 mM solution of sodium citrate and 5ml of 0.4 mM
solution of hydrazine hydrate. The reaction is allowed for 30 min under vigorous stirring as
slow color change to dark wine-brown indicates the formation of AgCu nanoalloys in the

solution. UV-vis optical spectrum gives broad peak between 420 nm and 450 nm.

2.3.3. Synthesis of AgCu-Zn Nanoalloys

0.5 ml of each 0.01 M silver nitrate, 0.01 M copper acetate and 4x10™ M zinc nitrate
solutions are mixed and ultrasonicated for 2 min. 1.5 ml of metal salt solution drop wise
added to first reaction mixture of 2 ml 0.01M cystein and 2 ml 0.01 M NaOH solution and

this solution drop wise added to second reaction mixture of 45ml of 1.1 mM solution of
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sodium citrate and 5ml of 0.4 mM solution of hydrazine hydrate. After allowing reaction for
30min color change into dark wine-brown indicates the formation of AgCu-Zn ternary

nanoalloys.

2.3.4. Preparation of Ultra Thin Polyelectrolyte Layers

To construct polyelectrolyte multilayers poly (allylamine hydrochloride) (PAH),
polyethyleneimine (PEI) were used as positively charged polyelectrolytes and poly (styrene
sulfonate) (PSS) was used as negatively charged polyelectrolyte. Glass microscope slides and
silicon wafers were used as support materials for ultra thin construction. Negatively charged
glass substrates were obtained by nearly 1 hour immersion in fresh piranha solution. In case
of HF — cleaned Si (100) substrates, firstly silicon wafers were cleaned by 2 min immersion
into HF solution to dispose native oxide layer onto substrates and other chemically bonded
organic/inorganic contaminants and then thin oxide layer on Si (100) surface was grown by
thermal treatment at 700°C for 3hours followed by dipping into the 0.1M NaOH solution.

The first layer of ultra thin films was constructed by dipping the negatively charged
substrates into 1 g/l PEI solution, which renders preparation of multilayers easier as a result of
high density of positive charges per unit length of the polyelectrolyte, for 40 min. Further
adsorption procedure was performed from sequential dipping into 0.15 M NaCl solution with
an amount of separate 1 g/l PSS and 1 g/l PAH solutions respectively. Each polyelectrolyte
adsorption period has lasted 40min and followed by washing process. Desired number of
multilayers can be obtained by sequential adsorption of PSS and PAH layers via dipping into
polyelectrolyte solutions in an alternate fashion. Besides, different dipping periods (10 min —
40 min) and different polyelectrolyte concentrations (0.5 g/l — 2.0 g/l) were tried to obtain
optimum dipping time and concentration. All films were dried under flow of nitrogen gas

after adsorption processes were completed.
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2.3.5. Preparation of Metal Nanoparticle Inserted Ultra Thin Polyelectrolyte

Layers

Synthesis of Ag nanoparticles and AgCu nanoalloys yield negatively charged metal
nano-particles/alloys as a result of citrate capping. Polyelectrolyte-metal films are prepared in
the same way with polyelectrolyte multilayers. After the deposition of desired number of PEI-
(PSS-PAH), layers on negatively charged microscope slides or silicon substrates, adsorption
was followed with dipping into pre-prepared nano-particle/alloy solutions. Also alternating
deposition enables the adsorption of positively charge polyelectrolyte layer on top of the
nano-particle/alloy layer; subsequently as many layers of nano-particle/alloys as needed can

be constructed with the help of sequential adsorption of metal and polyelectrolyte layers.

2.3.6. Antibacterial Activity Tests

Antibacterial analysis of Ag nanoparticles and AgCu nanoalloys were performed
against Gram-positive Escherichia coli DH5-alpha strain for different experiments. Luria-
Bertani (LB) broth, which is a liquid media for propagation of Escherichia coli strains, was
used for all of the experiments.

For different sets of experiments at the beginning of each set, E.coli colonies were
grown in 10 ml liquid LB medium at 37°C with constant agitation at 225 rpm to minimize any
possible settlement and aggregation during incubation. The change in optical density at 600
nm wavelength was determined by a Beckman DU 640 Spectrophotometer to follow the
bacteria cell growth. All controllable parameters such as concentration, incubation time,
incubation and application conditions, and bacteria suspensions were exactly the same for Ag-

only NPs, AgCu NAs and their different concentrations.
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2.3.6.1. Antibacterial Investigation of Ag Nanoparticles — AgCu Nanoalloys

Inserted Agar Plates

E.coli DH5a strain has been grown to known optical densities of 0.05 OD, 0.1 OD and
0.2 OD in addition to control of optical density change at 600nm constant wavelength that the
beginning of the experiment. Agar plates were prepared by using liquid LB Broth and Sterile
Petri Dishes as materials. Sterile liquid agar was pour into each sterile plastic Petri dish and
the lid of Petri dish was covered immediately. Agar medium became like stiff gelatin at room
temperature in plates.

After the preparation of agar plates 100 ul E.coli DHS5a of selected optical densities
were cultured on LB agar plates supplemented with different concentrations (3 - 30 pg/ml ) of
synthesized silver-only nanoparticles and silver-copper nanoalloys. Control groups were
prepared exactly in the same way described above except for addition of nanoparticles or
nanoalloys. LB plates were incubated for 24 h at 37 °C. Agar plates were incubated upside
down in order to prevent any condensation from dripping down onto agar surface containing
bacteria and nanoparticles and nanoalloys. The growth of colonies was observed directly on
plates and plates were straightforwardly comparable with each other in terms of visual colony

formation.

2.3.6.2. Batch Growth Profiles of Ag Nanoparticles — AgCu Nanoalloys for

Antibacterial Efficiency

The bacterial growth was followed in the liquid LB medium supplemented with E.coli
cells having initial optical density of 0.05, 0.1, 0.2 ODggo. Dynamics of the bacterial growth
was followed by the change in the optical density at constant wavelength 600 nm in order to
acquire batch growth profiles of E.coli cells in the presence of nanoparticles or nanoalloys.

100 ul E.coli DH5a of selected optical densities was injected into liquid LB medium in the
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presence of Ag NPs or AgCu NAs at different concentrations where LB medium was used as
carrier to dilute nanoparticle and nanoalloy solutions to different concentrations. Negative
controls were prepared without supplement of NPs or NAs but with same conditions of
bacteria and LB medium.

Dynamics of bacterial growth was followed by the change in the optical density at
constant wavelength 600 nm after certain incubation periods (1-24 hours) at 37 °C with
constant agitation at 225 rpm. For each set of measurements clear sterile medium in
spectrophotometer cuvette was used and intensity of the light that reaches to detector was
taken as reference intensity to correct any light absorption caused by medium because we
want to measure only the optical density caused by E.coli cells not medium as well as
readjustment for reference sample was repeated for each of the OD measurements with sterile
medium to prevent any drift. The batch growth profiles of E.coli DHS5a in liquid LB broth
were constructed by plotting determined optical density values with respect to incubation time

for negative control, nanoparticles and nanoalloys.

2.3.6.3. Quantification of the Antimicrobial Properties of Ag Nanoparticles and

AgCu Nanoalloys

Colony forming abilities of E.coli DH5a cells in the presence of nanoparticles and
nanoalloys was determined by incubation of E.coli DH5a of 0.2 OD (7x10° CFU/ml) with
different dilutions in the range of 10° - 10”. 100 pl E.coli DH5a of each dilutions was spread
on LB agar plates containing different concentrations of nanoparticles and nanoalloys with
10-10° dilutions from 30 pg/ml amount of Ag NPs and AgCu NAs solutions. The agar plates
were incubated for 18 h at 37 °C, then the growth of colonies were observed and counted

directly.
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The minimum growth inhibitory concentration (MIC) which is the lowest
concentration of antibacterial agent that inhibits the visible growth of bacteria used to quantify
antimicrobial efficiency of nanoparticle and nanoalloy solutions. In this test, pure culture of
E.coli DH5a was grown in LB broth and standardized to have optical density of 0.5 OD
(1.7x10% CFU/mI). Ag NPs and AgCu NAs as antibacterial agents were diluted 2-128 times
through sterile diluent, LB broth in our case. After dilution of antibacterial agents same
volume of inoculums equal to the volume of NPs or NAs was added to the dilution test tube
and same amount of bacteria were incubated overnight in serial dilutions of NPs and NAs,
(from 30 pg/ml to 58 ng/ml) at 37 °C. Bacteria growth in all dilution test tubes were followed
by optical density measurement and minimum concentration of nanoparticles and nanoalloys
at which no bacterial growth was observed was selected to be the “MIC”.

After MIC determination of Ag nanoparticles and AgCu nanoalloys minimum
bactericidal concentration (MBC) was determined by spreading 100 ul aliquots from all
dilution test tubes in which no visible bacteria growth was observable on sterile agar plates.
The plates were incubated for overnight at 37°C and MBC values were selected as the lowest
concentration of Ag NPs and AgCu NAs that kills >99.9% of the initial bacterial population

where no visible growth of the bacteria was observed on the agar plates.

2.3.6.4. Investigation of Antibacterial Effects of Ag Nanoparticles and AgCu

Nanoalloys Incorporated Ultra Thin Metal Polyelectrolyte Films

E.coli DH5a strain has been grown to known optical densities of 0.05 OD under the
control of optical density change at 600nm constant wavelength at the beginning of the
experiment. Agar plates were prepared by using liquid LB Broth and Sterile Petri Dishes as
materials as described previously by pouring enough sterile liquid agar into each sterile plastic

Petri dish and allowing agar medium to become like stiff gelatin at room temperature in plates.
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Afterwards 2 cm x 2 cm LbL assembled PEI-PSS-PAH-AgCu NAs ultra thin films, which
were prepared by dipping cycles of 40 min in 1g/l polyelectrolyte solutions and overnight
dipping into NAs solution, were placed on the pre-prepared agar plates and 100 ul E.coli
DH5a of optical density at 0.6 were inoculated on LbL films with 100 ul of liquid LB Broth
to protect bacteria cells against desiccation and to elicit nutrients for bacterial growth. Growth

of bacteria was monitored after incubation of plates for 24 h at 37 °C.
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3. RESULTS AND DISCUSSION

3.1. PREPARATION OF Ag NANOPARTICLES

Silver nanoparticles were synthesized by the reduction of silver ions, which are
produced via dissolving AgNO;salt in aqueous medium, with the help of strong reducing agent
sodium borohydride under ambient conditions without any oxidation or precipitation
problems. Color change into bright yellow indicates the formation of silver nanoparticles with
size 10 nm. %" Hence, successful synthesis of Ag NPs was detected by the change of color into
bright yellow after reduction of the colorless silver ion solution.

Main handling problem in Ag NPs synthesis was the agglomeration of nanoparticles
after reduction process. Particle aggregation was detected by color change from yellow to
gray-green indicating the accumulation of nanoparticles. The side reaction between
borohydride and water produce side products of borate anions and there borate anions provide

important electrostatic barrier to aggregation.®®

As a convenient solution for particle
aggregation, capping nanoparticles with negatively charged citrate imparts electrostatic

protection against accumulation of nanoparticles then yields nanoparticles in smaller size.

3.2. PREPARATION OF AgCu NANOALLOYS

Although Ag nanoparticles do not have spontaneous oxidation problem under ambient
conditions; during the preparation of AgCu nanoalloys in the presence of relatively weaker
reducing agents spontaneous oxidation, reaction kinetics and stability were problematic. The
synthesis had handling problems and the unstable behavior of AgCu NAs is governed by the
instability of copper nano-sized particles in alloy as a result of rapid air oxidation of metallic

copper to copper ions and copper oxide species. Hence, synthesis of copper nanoparticles or
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copper containing nanoalloys has not been easy due to the low reduction potential of Cu®/
CU2+. 11

Substantially, unstable behavior of the copper nanoparticles in the presence of air was
easily followed by the color change of the solution into bright yellow indicating copper being
oxidized from zero to the +2 oxidation state.*® Different synthesis routes were performed to
obtain AgCu NAs without any copper oxide contamination in terms of controlling stability of
copper nanoparticles through changing reaction medium and using different reducing,

protecting and complexing agents.

3.2.1. Complexing Agent Effect on AgCu Nanoalloy Synthesis

The large difference in the standard reduction potentials between Ag°/ Ag "and Cu°/
Cu ?*, makes preparation of AgCu nanoalloys from simple ionic solutions of their salts very
difficult. Because complexing agents have the ability to bring reduction potentials of two

species closer to each other, *

so as to bring the Ag and Cu reduction potentials closer
suitable complexing agent sodium citrate was added to the reaction solutions during synthesis
of nanoalloys.

This anionic type complexing agent also enables electrostatic protection against

particle agglomeration*" %

via repulsive forces between negatively charged surfactant groups
around AgCu NAs (Figure 11). Additionally, surrounding of particles with negatively charged
citrate ions allows the synthesis of AgCu NAs with smaller diameter size and high dispersity
due to excessive stabilization ability of the anions by the attractive forces between charged
groups. The successful synthesis of AgCu NAs was directly followed by the wine-brown
color of the solution and in the absence of complexing agent color of nanoalloy solution

immediately turned into light yellow as a result of oxide contamination of copper

nanoparticles.
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Figure 11. Schematic representation of (a) AgCu NAs particle agglomeration in
absence of complexing agents (b) Electrostatic protection of AgCu NAs via citrate ions
against agglomeration with the help of attractive forces between negatively charged COO

groups.

In the presence of the complexing agent, not only the synthesis of AgCu NAs was
succeed without any copper oxide formation at the end product, but also the deposition of the
Ag-Cu nanoalloy on the polyelectrolyte layers was effectively carried out by surface
modification of nanoalloys by capping them using negatively charged citrate anions, which
increased the interaction between positively charged polyelectrolyte layer and the negatively
charged nanoalloys, to affect the stability of the ultra thin layers. Likewise, the sequential
attachment of nanoalloys on polyelectrolyte layers and adsorption of the next layer on
nanoalloys was performed by electrostatic attraction between oppositely charged

nanoparticles and polyelectrolyte layers.
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3.2.2. Reducing Agent Effect on AgCu Nanoalloy Synthesis

Weaker reducing agents fail in reduction process of metal salts because of their poor
electron donating ability in aqueous media where the strength of reducing agent is associated
with their electron donating ability thus ease of losing electron .* ' Relatively very weak
reducing agent formaldehyde was firstly tried in attempt to observe the reduction ability for
copper in AgCu NAs but reduction of copper and silver salts had not been succeed for several
hours where reaction was allowed to continue overnight under stirring in the presence of
formaldehyde and regrettably just after the injection of the copper salt solution to the reaction
mixture color of the reaction solution turned into light yellow due to oxidation of copper
because of weakness of reducing agent to synthesize nanoalloys. As a further approach,
stronger reducing agent sodium borohydride (NaBH,) was used for the reduction of metal
ions. Although NaBH, is successful in silver ions’ reduction process, its strength is not
enough for synthesis of stable AgCu NAs in long term. Carefully controlled synthesis of
AgCu NAs under specific conditions such as purging of reaction medium, only very little
amount of reduced copper was detected after allowing reaction for lhour; information
regarding chemical state and amount of copper was obtained from XPS spectrum of AgCu
NAs (Figure 12). During the reduction process hydride ions enable the electron donation for

silver and copper ions but this reduction process was not rapid as the oxidation of copper ions.
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Figure 12. Cu 2p region of the XPS spectrum of AgCu nanoalloys which were

synthesized in the presence of NaBHj, as the reducing agent.

Sufficient amount of Cu without any oxide contamination existed in the AgCu NAs,
exactly when it was prepared by very strong reducing agent hydrazine hydrate, corresponding
to sharp Cu 2p spin orbit peaks in Cu2p region as shown in Figure 13, protecting it against
oxidation under ambient conditions. Attributable to higher hydrogen content and very high
affinity toward oxidation reaction of hydrazine hydrate (NH,NH,.H,0), this reducing agent
used effectively to prevent oxidative contamination of AgCu nanoalloys as a result of
immediate reduction of copper ions to zero-valent copper in nanoalloy. Furthermore,
oxidation product of hydrazine hydrate after the reduction of both metal ions of silver and
copper is non-toxic nitrogen gas which creates automatically inert gas atmosphere. This
decomposition product was preferred over the formation of boric oxides resulting from the
NaBH, reduction and averted the immediate oxidation of copper ions to its copper oxide

counterparts.'®
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Figure 13. Cu 2p region of the XPS spectrum of AgCu nanoalloys which were

synthesized in the presence of NH,NH,.H,O as reducing agent.

Hence, hydrazine hydrate leading immediate reduction of copper ions before being
oxidized was used for both the synthesis, against the difficulties in handling, and against high

air sensitivity problems during AgCu nanoalloy formation.

3.2.3. Reaction Media Purging Effect on Ag-Cu Nanoalloy Synthesis

In order to protect Cu nanoparticles against oxidation and to minimize the copper
oxide formation deionized water, which was used for the preparation of all solutions, was
purged by nitrogen gas and synthesis were done by bubbling nitrogen gas into the reaction
media to purge it because of the reason that highly reactive nature of the copper requires

atmosphere of inert gases for the formation of copper oxide free nanoalloys in the presence of
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relatively weaker reducing agents (formaldehyde or sodium borohydride). Because under
ambient conditions and without strong protection of synthesized nano sized particles aqueous
media contain enough reactive oxygen species which readily form a complex with copper ions
resulting copper oxide at the end product. Nevertheless, after purging period of reaction
medium, AgCu nanoalloys’ copper oxide contamination could not be avoided because copper
requires high purity of nitrogen atmosphere.*® % Thus, the color of the solutions that contains
AgCu NAs turning into light-bright yellow was unstable without inert gas indication oxide
contamination once more.

The duration of nitrogen purge was lengthened up to one-hour for solutions and
nitrogen purge was continued after the expected wine-brown color of solution was observed
to see whether the longer purging time was effective in the stability of copper. With
increasing time interval for nitrogen purging process, oxide contamination of copper was
observed in longer waiting periods like 2 or 3 days. As a result of investigation on purging
reaction media with inert nitrogen gas, it was seen that anhydrous media or inert atmosphere
of nitrogen gas was required for continuous stability of copper in AgCu alloys when relatively

weaker reducing agents, stabilizer or complexing agent were used.

3.2.4. Stabilizer Effect on AgCu Nanoalloy Synthesis

In an attempt to ensure the stability of the nano-sized copper during synthesis and
storage period protecting agents - stabilizers were also introduced because the limited shell
life of nanoalloys leads limitations for various applications of these particles.

Initially, polyvinylpyrrolidone (PVP) was used in preparation of colloidal metal
particles as a protecting polymer to control the formation of zero-valent copper in nanoalloys
and to stabilize them. The experiments showed that; after reduction of silver and copper salts

in the presence of PVP and strong reducing agent hydrazine hydrate the nanoalloys in
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solutions were oxidized in longer time interval than the stabilizer-free experiments.
Nonetheless, this stabilizer was not strong enough to stop conversion of nano-copper at zero
oxidation state into copper oxide species. During storage period under ambient conditions the
color of the nanoalloy solution turned into light yellow within few days owing to the
formation of copper oxide species. Therefore, higher stabilizing polymer concentrations were
required to impart stability to copper particles in water but as a result of strong interaction
between water molecules and protective polymer, the interaction between side-chain of the
polymer and metal nanoparticles weakens.”* ® % However, unstable behavior against
oxidation in the case of polymer-protected synthesis was attributed to the poor protective
property of polymers in water where PVP was not successful to obtain air-stabilized AgCu
nanoalloys.

Surface modifications to impart further stability should be performed, in order that
compensation of the high surface energy of nano-sized particles with suitable reagents. Rather
than the other weaker complexing agents or stabilizers, such as polymers or electrostatically
protecting agents or ligands containing deprotonated negatively charged carboxylic
acid groups, thiol group (-SH) containing stabilizers provide enhanced stability. Because
carbon bonded sulfhydryl groups have high tendency toward metal nanoparticles.®? In this
respect, cysteine which has carbon bonded —SH group at its terminal position is an anchor
group to impart enriched stability to AgCu nanoalloys preventing particle oxidation.

Hence, as an alternative to the polymer protection for the synthesis of stable AgCu
nanoalloys, although cysteine was not very successful for stabilizing the copper nanoparticles
against oxidation when relatively weaker reducing agents were used, where the time interval
for the oxidation of the copper nanoparticles were lengthened compared to the polymer
stabilized experiments; in the presence of both strong reducing agent hydrazine hydrate and

stabilizer cysteine oxidation of copper in the alloy was successfully prevented. Instead of
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electrostatic interactions for attachment of stabilizing agents to nanoparticles, —SH group has
capping ability via chemisorption through sulfhydryl bond that is very effective for preparing
stable nanoparticles against particle agglomeration and oxidation. In terms of air-stability of
copper, cysteine protected AgCu NAs retained feasibility of air-stabilization up to 50 days as
a result of strong chemical interaction between functional group of cysteine and metal
nanoalloys. Also being an amino acid, cysteine as protecting agent for effective capping is
much more suitable for our aim of using synthesized nanoalloys for antibacterial applications,

instead of other kind of stabilizers, since itself is antibacterial in nature.

cystein

H,N

Figure 14. Schematic representation of affinity of thiol group at terminal position of

cysteine toward AgCu nanoalloys.
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3.2.5. Effect of Zn-salt addition on AgCu Nanoalloy Synthesis

Co-reduction of Ag and Cu metal ions in association with protective agent, surfactant
and very strong reducing agent in solution as wet-chemical synthesis yields nanoalloys
containing Ag and Cu metals in zero oxidation states but as it described previously in details
in consequence of high reactivity, relatively low reduction potential and low stability of
copper under ambient conditions, AgCu NAs are contaminated by copper oxide species
during storage period.

Sacrificial anodes are often used to suppress the oxidation problem of metals involving
metal-medium electrochemical potential bringing the reactive metal to the immunity zone for
oxide contamination.'? % Intended for metallic nanoparticles, rather than the oxidation by air
or aqueous solutions, re-reduction of oxidized metal ions into zero-valent metal in

nanostructure takes place straightforwardly, in the presence of sacrificial anodes. *# 1% 103

Metal ion formation: Metal salt —— Me*" + ne -
Reduction:  Me*™ + ne - + (stabilizer & surfactant) —— Nano-Me?
Oxidation: Nano-Me® + O, ———»

Re-reduction: + (Sacrificial Anode*" + ne ) —— Nano-Me°

Figure 15. Representation of sacrificial anode effect on metal nanoparticle formation

by re-reduction of metal ions after oxide contamination.

Inspiration with the idea of “sacrificial anode”, third metal “zinc” was added to the

reduction medium of silver and copper metal salts with the ratioof Ag: Cu:Zn=25:25:1
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to prolong the stability of copper within AgCu nanoalloys. Zinc was chosen as the sacrificial
anode during the synthesis due to its very low reduction potential where this very low
reduction potential of zinc at -0.76V compared to the reduction potential of copper at +0.34V
renders the inhibition of copper oxidation via preferential and much more rapid oxidation of
zinc over copper.

AgCu-Zn ternary nanoalloys synthesis was confirmed by the wine-red color of the
solution indicating successful nanoalloy synthesis without any copper oxide contamination.
The oxide contamination was monitored by the color change of synthesized binary (AgCu)
and ternary (AgCu-Zn) nanoalloys’ solutions in the first place. Both AgCu and AgCu-Zn NAs
solutions’ color was dark wine-brown when they are freshly prepared, however the color of

the solutions turned very light yellow as they are contaminated by copper oxide formation.

Figure 16. Images of (a) fresh AgCu (b) 14weeks-old AgCu (c) fresh AgCu-Zn (d)

14weeks-old AgCu-Zn nanoalloys’ solutions.
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Firstly, oxide contamination was followed by comparing the fresh and 14 weeks-old
nanoalloy solution as depicted in Figure 16 and the basic sign for prolonged stability in
presence of Zn was monitored by the darker color of 14 weeks-old AgCu-Zn NAs’ solution
while the color of AgCu NAs’ solution turned very light yellow because of the higher degree
of oxide contamination as compared to AgCu-Zn NAs.

Cu2p region of XPS spectrum indicates whether the chemical state of copper is zero or
in its oxidized state (Cu* or Cu®") with characteristic shake-up satellite structure. In order to
elucidate the effect of Zn addition on stability of copper, further analyses on copper oxide
contamination of AgCu and AgCu-Zn NAs were performed by XPS to precisely monitor the
chemical state of copper. Hence XPS spectra of Cu2p region corresponding to AgCu and
AgCu-Zn NAs were recorded after different storage intervals as shown in Figure 17.
Accordingly fresh nanoalloys’ Cu2p regions contain only copper in zero oxidation state for
both AgCu and AgCu-Zn NAs without either oxide satellite or broadening of the peaks, After
storage period of 7 weeks, copper oxide formation in AgCu NAs was distinguished easily by
small oxide satellite formation and broadening of Cu2p peaks, though AgCu-Zn NAs did not
contain oxide satellite or broadened peaks for the same storage period. Nonetheless, after 14
weeks of storage period Cu2p regions of both AgCu and AgCu-Zn NAs contain shake up
satellites on account of copper oxide formation but it is obvious that AgCu-Zn NAs to a much
lesser extent. The lower copper oxide contamination as a result of zinc addition is consistent
with the “sacrificial anode” idea and the strong evidence for prolonged stability of copper

against oxidation when Zn is added to the nanostructure.
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Figure 17. Cu2p region of the XPS spectra of (a) AgCu binary and (b) AgCuZn

ternary nanoalloys recorded in fresh, after 7 and 14 weeks.
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3.3. CHARACTERIZATION OF NANOPARTICLE AND NANOALLOY

SOLUTIONS

For the characterization of synthesized Ag NPs with the characteristic yellow color of
the silver nanoparticles, UV-vis spectrum of the solution was taken. Figure 18 shows the UV-
vis spectrum recorded from synthesized Ag NPs and the existence for the silver-only
nanoparticles in the solution was verified by the UV-vis optical absorbance spectrum with the
absorbance at 390 nm corresponding to the silver surface plasmon frequency. The absorption
spectrum of the AgCu nanoalloy solution is also shown in the same figure with, absorbance at
420nm that is different for the absorption of Ag-only nanoparticles dispersed in water,

indicating the presence of silver — copper nanoparticles in the nanostructure.

Absorbance
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Figure 18. UV-visible absorption spectrum of aqueous solutions of Ag-only

and AgCu alloy nanoparticles.
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The figure shows that the silver absorbance at 390 nm corresponding to Ag-only
nanoparticles was broadened and red-shifted toward 420 nm absorbance because of the
presence of copper in the nanoalloy together with silver attributable to the interaction between
copper and silver nanoparticles due to the fact that surface plasmon wavelength depends on
the particle-particle interaction between silver and copper. UV-visible spectra of AgCu binary
and AgCu-Zn ternary nanoalloys are represented in Figure 19. In the broadened peak of the
AgCu NA no change was observed in the peak position after insertion of Zn into the binary
nanoalloy. The peak at 420 nm in the absorption spectra indicates the presence of AgCu-Zn

ternary nanoalloys in the solution.

(a)AgCu

300 400 500 600
Wavelenght (nm)

Figure 19. UV-visible absorption spectrum of aqueous solutions of AgCu binary and

AgCu-Zn ternary alloy nanoparticles.

53


javascript:popupOBO('CHEBI:50803','c1jm11718a')

3.4. CHARACTERIZATION OF LAYER -BY-LAYER DEPOSITED ULTRA

THIN POLYELECTROLYTE-METAL NANOPARTICLE FILMS

Layer-by-layer assembly was used both to construct ultra thin films consisting of
polyelectrolyte multilayers and to deposit the pre-prepared nanoparticles/alloys on these thin
films for the modification of the surfaces designed for anti-bacterial applications.
Polyelectrolyte multilayers were coated on the glass and silicon surface where these surfaces
were negatively charged and the construction of ultra thin films started with adsorption of PEI
on substrates as first polyelectrolyte layer and continued with the sequential adsorption of PSS
and PAH until desired multilayer configuration is reached.

Because of the fact that primary, secondary or tertiary amine and ammonia functional
groups have the ability to form strong and irreversible interactions with transition metal
particles,®* % both use of positively charged polyelectrolytes PEI and PAH is convenient for
LbL assembly. Hence, the use of PEI and PAH, containing amine and ammonia as functional
group in their structure respectively, for the attachment of metal particles imparts additional

stability against precipitation of particles on thin films over storage periods.

ammonia 1° amine 2° amine 3° amine
N N N N
"'l|||I_I """ |||I_I T " "
H/ R/ . /\"H . /\ R
H H
R R

Figure 20. Structures of ammonia, primary amine, secondary amine and tertiary amine

groups.
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As a common thin film construction feature, properly charged pre-prepared Ag NPs or
AgCu NAs were attached on thin films via alternating adsorption of oppositely charged
nanoparticles/alloys and polyelectrolytes. Because, when Ag-only and AgCu nanoclusters are
synthesized separately in the presence of sodium citrate as capping agent, in addition to the
stabilization effect of citrate ions against particle agglomeration via repulsive forces between
negatively charges, nanoclusters are capped with negative citrate ions what makes these
particles applicable in Layer-by-Layer assembly to attach positively charged polyelectrolytes.
As a result of electrostatic attachment of citrate capped Ag NPs or AgCu NAs on
polyelectrolyte layers, desired multilayer configuration can be obtained for investigation of
the films for antibacterial applications.

PEI which is branched and high molecular weight polyelectrolyte was used in our
experiments as a base layer because PEI forms irreversibly bounded thin film on glass and
silicon substrates through its amine group forming stable single-thin layer for further
constructions. But in order to take full advantage of electrostatic interaction between glass or
silicon surfaces and thin layer of PEI, metal nanoparticles can be released or not transferred
directly on PEI layer to minimize their interaction. Therefore effective attachment of Ag NPS
or AgCu NAs cannot be performed directly on PEI layer, so at least single PSS-PAH bilayer
is constructed on top of the first layer for successful attachment of metal particles on

polyelectrolyte multilayers.
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3.4.1. Water-Contact-Angle Measurements of Ultra Thin Films

Water Contact Angle (WCA) measurements are used to determine wetting properties
of different surfaces. For LbL deposited polyelectrolyte layers WCA is determined at where
water droplet meets the negatively or positively charged polyelectrolyte layer thin surface and
these oppositely charged thin surfaces display different wetting characteristics. Adsorption of
positively charged PAH layer on the supporting surface results WCA at 70° and further
adsorption of negatively charged polyelectrolyte layer on PAH layer reduce contact angle
value to around 40°. These characteristic contact angle values do not change with the number
of adsorbed layers, so deposition of second layer on previous bilayer can be followed via
conserved contact angle values. Hence, the successful adsorption of PAH and PSS
polyelectrolyte layers was confirmed after each adsorption cycle by following the sharp
change in surface wetting properties using WCA measurements as an practical and simple

method before further spectroscopic analysis.

PAH

b) 40> . PSS
#4PAH

Figure 21. Schematic representation of Water Contact Angle measurements for

(a) single PAH layer and (b) PSS/PAH bilayers on glass substrate.
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Likewise for the preparation of ultra thin multilayers at optimum dipping time using
optimum concentration for polyelectrolyte solutions, WCA measurements were used as the
testing method. After each dipping cycle at constant polyelectrolyte solution concentration but
changing the dipping time, successful adsorption was confirmed if the contact angle values
reach 70° for PAH and 40° for PSS, such that optimum dipping time at a given concentration
was determined. Also for constant dipping time in polyelectrolyte solutions, optimum
concentration to form LbL layer was determined while changing the concentration of the
dipping solutions under control of WCA values.

Table 1 represents the results for WCA measurements for different polyelectrolyte
concentrations and dipping periods. Minus sign (-) indicates the unsuccessful deposition of
PAH or PSS layers and plus sign (+) indicates the successful deposition of these
polyelectrolytes at given concentration and time if WCA value reaches 70° for PAH and 40°
for PSS. The optimum dipping time and concentration were chosen as 40 min at 1 g/l because
shorter dipping periods were not successful for complete adsorption of polyelectrolytes and
even at higher concentrations solubility problems were met for PSS other than non-uniform

deposition of both polyelectrolytes.

Table 1. Water Contact Angle Measurements for given concentrations and time

0.54/l 19/ 159/ 2.0/l
Time PAH PSS PAH PSS PAH PSS PAH PSS
10min - - ) ) ) ) ) )
15min - - - - - - - -
20min - - - - - - - +
25min - - - - - + + +
30min - - - - - + + +
35min - - - + + + + +
40min - - + + + + + +
50min + + + + + + + +
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3.4.2. Characterization of Ag Nanoparticle Incorporated Ultra Thin Films

3.4.2.1. Optical Response of Ag Nanoparticle Ultra Thin Films

LbL assembled Ag-only nanoparticles can easily be recognized by their bright yellow
color on colorless glass / polyelectrolyte layers. For optical characterization, UV-visible
absorbance spectrum of ultra thin LbL multilayers containing Ag-only NPs can be used.
Optical spectrum that revealed after the deposition of Ag-only NPs on top of the PEI-PSS-
PAH thin layers has characteristics absorbance at 390 nm corresponding to the existence of
NPs (Figure 22). When silver nanoparticles were deposited on multilayers of polyelectrolytes,
optical properties were sustained as in the solution phase without any shift in the SPR band of

Ag-only NPs, but with slight broadening.

—= solution

— LbL film

I ! | ' I
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Figure 22. UV-visible absorption spectrum of silver-only nanoparticle solution and

layer-by-layer assembled PEI-PSS-PAH / Ag-only NPs ultra thin film.
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3.4.2.2. XPS Characterization of Ag Nanoparticle Ultra Thin Films
Since XPS is one of the most powerful techniques for sensitive surface analysis,
characterization of LbL assembled ultra thin layers containing metal nanoparticles was
performed as extracting information on elemental identification, chemical state or

composition.
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Figure 23. XPS spectrum of PEI-PSS-PAH / Ag-only NPs ultra thin layers showing

S2p, Cls and N1s regions.

The ultra thin layers for XPS analysis were prepared as described in experimental part,
starting with adsorption of PEI base layer on substrate and constructed further sequential
adsorption of PSS and PAH layers. Incorporation of citrate capped Ag-only NPs was succeed
by the adsorption of negatively charged silver nanoparticles on positively charged PAH and

these Ag NPs inserted ultra thin layers were investigated by XPS. In the XPS spectra of PEI-
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PSS-PAH/Ag-only NPs, corresponding to N1s, S2p and C1s peaks successful deposition of
polyelectrolyte layers was confirmed (Figure 23).

Cls peak belongs distinctly to the carbon atoms of the polymer chains of each
negatively and positively charged polyelectrolytes. N1s peak originates from the positively
charged —~NH3 ™ and -NH" groups corresponding to the polyelectrolyte layers of PAH and PEI
respectively and the S2p peak originates from negatively charged —SO3;  group of PSS
indicating the presence of these layers on the substrate. Existence of citrate capped Ag-only
NPs on PEI-PSS-PAH layers was attested by the characteristic binding energy (368 eV) of
silver at zero-oxidation state and 3d spin orbit splitting , as depicted in Figure 24, of silver
nanoparticles. Therefore, LbL assembled multilayers consisting of polyelectrolytes and Ag-
only metal nanoparticles was an evident in terms of explicit elemental and chemical state

identification, while proving the successful creation of both nanoparticles and ultra thin layers.

Figure 24. Ag 3d region of the XPS spectrum of LbL assembled PEI-PSS-PAH / Ag-

only NPs ultra thin film.
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3.4.3. Characterization of AgCu Nanoalloy Incorporated Ultra Thin Films

3.4.3.1. Optical Response of AgCu Nanoalloy Ultra Thin Films

LbL assembled AgCu nanoalloys were easily recognized by the wine-brown color of
the deposited nanoalloys on colorless glass / polyelectrolyte layers. UV-vis absorption
spectrum of AgCu NAs inserted ultra thin multilayers (Figure 25) over again indicates the
presence of citrate capped AgCu NAs on PEI-PSS-PAH polyelectrolyte layers directly

belonging to the characteristic absorbance of nanoalloys around 420 nm.

4‘20nm
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Figure 25. UV-visible absorption spectrum of layer-by-layer assembled PEI-PSS-

PAH / AgCu NAs ultra thin film.

61



3.4.3.2. XPS Characterization of AgCu Nanoalloys Ultra Thin Films via “Static

XPS”

The AgCu NAs ultra thin layers for XPS analysis was prepared in the same way with
Ag-only NPs ultra thin layers preparation as described in experimental part, starting with
adsorption of PEI base layer on substrate and constructed further sequential adsorption of PSS
and PAH layers then the incorporation of citrate capped AgCu NAs on top of these

polyelectrolyte layers as outermost layer.

Cu2p

f i T i T i T T T T T T T T
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Binding Energy(eV)

Figure 26. XPS survey of layer-by-layer assembled PEI-PSS-PAH / AgCu NAs ultra

thin film.

The successful synthesis of citrate capped AgCu NAs and incorporation of pre-
synthesized NAs into ultra thin LbL films was decisively monitored by the characteristic
binding energies and atomic spin orbit splittings of Ag3d (6 eV) and Cu2p (19.6 eV) in XPS

spectrum that was recorded for grounded sample via Static XPS method. XPS survey of PEI-
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PSS-PAH/AgCu NAs thin film (Figure 26) also contains N1s, S2p and C1s peaks that
resemble the successful deposition of PEI, PSS and PAH polyelectrolytes layers by virtue of
nitrogen, sulphur and carbon atoms in the structure of positively and negatively charged
polyelectrolytes.

Additionally, Static XPS method confirmed the synthesis of ternary AgCu-Zn
nanoalloys corresponding to the Ag3d, Cu2p and Zn2p peaks in XPS survey of AgCu-Zn

NAs which was recorded for grounded sample as depicted in Figure 27.

Zn2p
Cu2p
T Ag3d
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Figure 27. XPS survey of AgCu-Zn ternary nanoalloys thin film.
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B. E. (eV)

Figure 28. Cu 2p region of the XPS spectrum of LbL assembled PEI-PSS-PAH /

AgCu NAs ultra thin film.

Besides the elemental identification, Cu2p region of the XPS spectrum includes
chemical state information to distinguish the copper oxide species from zero-valent copper.
Figure 28 depicts the Cu2p region of PEI-PSS-PAH / AgCu NAs ultra thin film’s XPS
spectrum where neither oxide satellites, which has different shape than the Cu2p peaks, nor
peak broadening was detected. Binding energy of copper at zero-oxidation state (932.7 eV)
verified the successful synthesis of nanoalloys without any copper oxide contamination under
ambient conditions in the presence of strong reducing agent hydrazine hydrate, stabilizer and
complexing agent . Unlike the distinction between CuO signal and zero valent copper signal,
there was almost no difference between Cu,O and zero valent copper in XPS spectra and XPS
spectrum provided sufficient information about Cu(OH),. No signal was observed for

hydroxide formation of copper as a result of complexing agent sodium citrate usage during
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experiments, indicating that complexing agent addition prevent the hydroxide formation by
providing better stability for citrate capped AgCu NAs.

Inspecting the S2p region of XPS spectrum of AgCu NAs (Figure 29) thin film in
details, two different spin orbit doublets were detected corresponding to two different sulphur
species: one of the S2p peaks at higher binding energy originates from negatively charged —
SO;3 group corresponding to the LbL assembled negatively charged PSS layer and the other
originates from the sulphur in the structure of cysteine that stabilize the AgCu NAs via
surrounding nanostructures through sulfhydryl bond corresponding to the existence of silver-
copper nanoalloys on ultra thin layers. Because of the fact that cysteine stabilized AgCu NAs
were incorporated in ultra thin films as outermost layer on the top of PEI-PSS-PAH layers,
the intensity of S2p peak that belongs to the sulfhydryl bond of cysteine is relatively higher
than the intensity of S2p peak of underneath PSS layer which is another proof of successful

thin film preparation with the desired nanoparticles within.

Figure 29. S2p region of the XPS spectrum of LbL assembled PEI-PSS-PAH /

AgCuNAs ultra thin film showing chemical structures of PSS and cysteine.
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3.4.3.3. XPS Characterization of AgCu Nanoalloys Ultra Thin Films via

“Dynamic XPS”

It is known from the literature that Ag and Cu undergo phase separation under certain
circumstances.'® In order to verify that the AgCu nanoparticles form alloy structure Dynamic
XPS is used. Hence with the intention of extracting detailed information from XPS analysis,
LbL assembled PEI-PSS-PAH/AgCu NAs films on silicon substrates were analyzed under
external stimuli. Films were prepared by alternative adsorption of positively charged and
negatively charged polyelectrolytes on negatively charged silicon wafers containing silicon
thermally grown silicon oxide layer as described in experimental part in details. As outermost
layer, citrate capped AgCu NAs’ thin layer was constructed on the top of polyelectrolyte
layers.

XPS spectra of Ag3d, Cu2p, N1s, C1s and S2p regions (Figure 30 and Figure 31) were
recorded while applying square wave pulses with frequency of 10 kHz and 0.001 Hz and +7
and -7 V amplitude so as to confirm the existence of the nano-sized copper together with
nano-sized silver in the same nanostructure forming nanoalloys. The position of
photoelectron peaks were shifted to higher and lower binding energy positions compared to
the grounded binding energy position during the positive and negative DC voltage application
because the sample attracts or repels electrons and negative or positive charges on the surface
have been developed; so shifts in peak positions toward higher or lower binding energies had
been followed as well as the charging phenomena depends on not only the application of
external voltage stress but also the charging capacity of the domains, for both high and low
frequencies. During square wave pulse application half of the time had been spent under -7 V
where the other half had been spent under +7 V; subsequently the recorded XPS spectra

contain photoelectron peaks that are split into two.
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Figure 30. The XPS spectra of Cu2p and Ag3d regions of LbL assembled PEI-PSS-
PAH / AgCu NAs ultra thin film subjected to +7 V(red) and —7 V (blue) external DC stress

under square wave excitation at 10% and 10°Hz.

When the binding energy differences between higher binding energy and lower
binding energy were compared, binding energy difference of 14.03eV and 13.84eV under
SQW pulses at 10° Hz and at 10 Hz frequency respectively were detected for both Ag3d and
Cu2p spin orbit splitting as depicted in Figure 30. Under high and the low frequencies (10° Hz
and 107 Hz) the shifts in peak positions of Ag3d spin orbit splitting were exactly as same as
of Cu2p signifying that silver and copper are responding to external stimuli in same way
revealing the fact that Ag and Cu atoms are in the same nanoalloy structure and their

photoelectrons are similarly affected by the developed positive and negative potentials.

67



. 13.59 eV
C1s < .
A 13.97 eV %
N,

13.99 eV

N1s . s“
e 1433 eV M
! ! ! | ' I
410 : 400 . 390
S2p

Figure 31. The XPS spectra of C1s, N1s and S2p regions of LbL assembled PEI-PSS-
PAH / AgCu NAs ultra thin film subjected to +7 V(red) and —7V (blue) external DC stress

under square wave excitation at 10% and 10°Hz.

On the other hand binding energy difference under SQW pulses at 10° Hz and at 107
Hz frequency for C1s (13.97eV and 13.59eV), N1s (14.33eV and 13.99eV) and S2p (13.95eV
and 13.50eV) photoelectron peaks originating from the polyelectrolyte layers were different
than Cu2p and Ag3d counterparts which is consistent with the fact that these peaks belongs to
different layers not to nanostructure. As observed by Static XPS investigations previously,
two different peaks were observed in the S2p region of XPS spectrum; one of them
corresponding to the polyelectrolyte layers and the other one correspond to the stabilizer

cysteine. Binding energy shifts of S2p belonging to sulphur of the cysteine, with binding
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energy shifts of 14.03eV and 13.84eV, around AgCu NAs were also in agreement with the
shifts in Ag3d and Cu2p binding energies for higher and lower frequencies where these shifts

were obviously different for S2p belonging to the —SO3" group of PSS layer.

Figure 32. The XPS spectra of Zn2p, Cu2p and Ag3d regions of LbL assembled PEI-
PSS-PAH / AgCu-Zn NAs ultra thin film subjected to +10 V (red) and —10V (blue) external

DC stress.
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Also the formation of ternary AgCu-Zn NAs was studied under +10 V and -10 V
external DC stress to establish that silver, copper and zinc are responding to external stimuli
in similar way with nearly same binding energy shifts 7.85 eV, 7.91 eV and 7.91 eV
corresponding to Zn2p, Cu2p and Ag3d peaks as shown in Figure 32, due the fact that all of
the Ag, Cu and Zn atoms are in the same nanoalloy structure and so their photoelectrons are
similarly affected by the developed positive and negative potentials.

Therefore, both Static and Dynamic XPS attested the successful synthesis of AgCu
NAs in the presence of very strong reducing agent hydrazine hydrate, stabilizing agent
cysteine and complexing agent sodium citrate and construction of LbL assembled ultra thin

polyelectrolyte layers of PEI, PSS, PAH and pre-synthesized citrate capped AgCu NAs.
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3.5. ANTIBACTERIAL APPLICATIONS OF METAL NANOPARTICLES

3.5.1. Antibacterial Investigation of Ag Nanoparticles and AgCu Nanoalloys

Dispersed in Solution

3.5.1.1. Antibacterial Test on Solid Agar Plates

Sterile LB agar plates were prepared from gelation of nutrient media containing all
elements which are required for bacteria growth and these LB agar plates are appropriate for
the visual observation of colony growth. Before spreading E.coli cells on agar plates, bacteria
cells were grown to optical densities of 0.2 OD, 0.10D and 0.05 OD, and then inoculated with
same concentration (0.01M) of Ag-only nanoparticle or AgCu nanoalloy solutions under same
conditions. All agar plates were left upside down in incubator to prevent any possible weeping.
After overnight incubation of the LB agar plates inoculated with known concentration of
bacteria and Ag NPS or AgCu NAs, antibacterial effectiveness of nanoparticles and
nanoalloys were compared by the visual colony growth on plates. Figure 33, shows the
representative images of LB agar plates after 18 hours incubation time including both Ag-only
NPs and AgCu NAs containing plates at different E. coli DH5a concentrations. These bacteria
concentrations were chosen as much higher than the realistic bacteria concentrations of real-
life systems in order to highlight the superior antibacterial effectiveness of AgCu NAs over

Ag-only NPs even at lower concentrations.
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Figure 33. Representative images of agar plates containing an equal amount of Ag-
only nanoparticles bacteria colony formation and AgCu nanoalloys without colonies with

initial E. coli DH5a concentration at (a) 0.2 ODggo (b) 0.1 ODggo and (c) 0.05 ODgo.
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In Figure 33 (A) and (B), corresponding to the 0.2 ODgg and 0.1 ODgqo initial bacteria
concentration respectively, E. coli DHS5a colonies spread over whole agar plates containing
Ag-only NPs and these colonies could not be distinguished from each other because of their
high number. For lower E. coli DH5a concentration at 0.05 ODggg in Figure 33 (C) colonies
on Ag-only NPs inserted plates can be observable as cloudy dots with uncountable number.
On the other hand, for all AgCu NAs containing plates no bacterial colony growth was

observable indicating total bacteria-killing effect of AgCu NAs superior to Ag-only NPs.

3.5.1.2. Batch Growth Profiles of Ag Nanoparticles and AgCu Nanoalloys

Bacterial population growth in the presence of synthesized Ag-only NPs and/or AgCu
NAs was analyzed by the growth curve, which is obtained by the determination of cell
number in the culture at the beginning and then after certain time intervals, of E. coli DH5a
inoculated in liquid LB medium. Because of the fact that all bacteria cells in a liquid culture
volume cannot be counted, cell density that is determined optically in spectrophotometer is
related with the number of bacteria at a specified sample volume. In the spectrophotometer,
the light beam passing through analysis cuvette containing sample culture is scattered by
bacteria cells, so this scattering light intensity which is optical density, is directly proportional
with the bacterial cell number. Optical density measurements were performed at a constant

wavelength of 600 nm to compare the intensity of light scattering.
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Figure 34. Representative batch growth profiles in the presence of Ag-
only nanoparticles and AgCu nanoalloys for initial concentrations of E.Coli DH5a: (a) 0.2
ODggg and (b) 0.1 ODggg and (C) 0.05 ODggg.

74


javascript:popupOBO('GO:0040007','c1jm11718a')
javascript:popupOBO('CHEBI:50803','c1jm11718a')

For our antibacterial analysis, E. coli DH5a bacterial density at 0.2 ODggo, 0.1 ODggo
and 0.05 ODgy Were used as initial concentration of bacteria cell and inoculated under
constant agitation in the presence of Ag-only NPs and AgCu NAs at different concentrations
under same controllable parameters such as incubation time, concentration, incubation and
application conditions. Optical density of suspensions containing E. coli cells, liquid LB broth
and Ag-only or AgCu nanoclusters was monitored by the change in the optical density at a
constant wavelength of 600 nm after each 3 hours during 24 hours incubation period.
Dynamics of the bacterial growth was depicted in Figure 34 for different concentrations of
bacteria and metal solutions. As it is clear in the figure, Ag-only nanoparticles show a
decrease in the growth of E. coli DH5a. for all the three optical densities when compared to
the negative control. In the case of AgCu nanoalloys, optical density not only decreased for all
0.2 OD, 0.1 OD and 0.05 OD initial bacterial concentrations and but also did not increase
within the total incubation period as a result of irreversible inhibition of bacterial growth due
to bacteria killing activity of nanoalloys. This decisive dual antibacterial action of AgCu NAs
was sustainable even after 24 hours, whereas Ag-only nanoparticle supplemented culture
cellsreached to the degree of the stationary phase. AgCu NAs have definitely better
antibacterial property than Ag-only NPs even at lower concentrations. Additionally, for the
analysis of antibacterial investigations it is remarkable to state that AgCu NAs, hydrazine
hydrate was not carried to the final nanoalloy product due its total decomposition during
reduction process so did not have additional bacteria-killing effect on synthesized nanoalloys

When growth curves in Figure 34 (a), (b) and (c) for 75 days old AgCu NAs were
analyzed. A sharp decrease existed in the antibacterial effectiveness of old NAs solution and
their growth curves resemble to growth curves of Ag-only NPs for different bacteria
concentrations. It is obvious that, AgCu NAs lost their novel dual antibacterial activity.

Accordingly irreversible inhibition of bacterial growth could not be proceed and they can only
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cause a decrease in the growth profile of bacteria cells as Ag-only NPs. The decline in
antibacterial effectiveness after 75 days was attributed to the copper oxide contamination of
AgCu NAs during storage period under ambient conditions as the formation of oxide species
was monitored from the Cu 2p region of AgCu NAs’ XPS spectrum after storage period.

For further investigation on antibacterial characteristics of AgCu NAs after formation
of ternary AgCu-Zn alloys the zinc salt was added to suppress the copper oxide contamination
problem and bacterial growth profiles of AgCu-Zn ternary alloys were also monitored to
control whether the antibacterial efficiency of nanoalloys prolonged or not in the presence of
zinc. Figure 35 (a) and (b) depict the dynamics of bacterial growth of AgCu and AgCu-Zn

NAs for fresh and 14 weeks old solutions.
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Figure 35. Representative batch grow profiles in the presence of AgCu and AgCuZn

nanoalloys (a) fresh and (b) after 14 weeks
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Inhibition of bacterial growth was similar for both of the freshly prepared AgCu and
AgCu-Zn ternary nanoalloy solutions. But then again the antibacterial effectiveness of AgCu
NAs sharply decreased after 14 weeks storage period due to copper oxide formation.
Although there was decline in the effectiveness of AgCu-Zn ternary NAs after 14 weeks, they
were far more effective than their AgCu counterparts as consistent with the prolonged
stability of AgCu-Zn NAs against copper oxide contamination as a result of sacrificial anode

(zinc) addition.

3.5.1.3. Quantification of Antibacterial Efficiency

Colony forming ability of bacteria cells is used to describe the antibacterial property of
the nanoclusters in quantitative way. Biochemically induced irreversible inhibition of
bacterial growth as a result of death of bacteria and inhibition of bacterial growth are
determined quantitatively by determination of Minimum Bactericidal Concentration (MBC)
and Minimum Inhibitory Concentration (MIC) for synthesized nanoclusters. MIC values
express the inhibition ability against growth of bacterial cells as lowest concentration of nano-
particles/alloys and MBC values express the lowest concentration nano-particles/alloys
inhibiting the bacteria colony growth in terms of killing 99.9% of bacteria.

MIC values, in the case of 2-512 times dilution of NAs or NAs solutions after 24
hours incubation at 37°C under constant shaking at 225 rpm, was determined via following
visual turbidity of the tubes both before and after the incubation period for Ag NPs and AgCu
NAs to reveal the antibacterial effectiveness of particles. MBC was also determined after 18
hour incubation at 37°C by plating 100ul LB broth and bacteria having no bacterial cell
growth that was chosen from MIC analysis with no visual colony growth as observable

turbidity, on agar plates as described in details in experimental part.
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Table 2. MIC (ug ml™") and MBC (ug ml™') of silver nanoparticles and silver —
copper nanoalloys for E. coli DH5a

MIC/pg ml™! MBC/pg ml™!
Ag NP AgCu NA Ag NP AgCu NA
>150 pg ml™ 0.5 ugml™’ N/A 0.5 ugml™’

Table 2 shows the MIC and MBC values for both nanoparticles and nanoalloys for
better clarification of superior antibacterial activity of AgCu NAs over Ag-only NPs. Ag Cu
NAs are much more effective and have lower MIC value of 0.5ug/ml than their Ag- only
counterparts in terms of antibacterial activity. Moreover dual antibacterial action of AgCu
NAs was exposed with MBC at 0.5ug/ml as same as its MIC, where the bactericidal
effectiveness of the Ag-only NPS cannot be defined in terms of MBC. This revealed that the
concentrations at which the bacteria growth is irreversibly inhibited were also adequate to Kill
the bacteria in the growth medium totally.

AgCu nanoalloys lost their antibacterial efficiency because of the oxide contamination
of the copper particles in the alloy and this was discussed previously with batch growth
profiles of fresh and old nanoalloys. Additionally, it was shown that zinc addition forming
AgCu-Zn ternary nanoalloys prolongs the antibacterial activity excessively as represented in
their batch growth profiles. Henceforward, MIC and MBC values of AgCu NAs and AgCu-Zn
ternary NAs were used to quantify the bacterio-static and bactericidal properties.
Corresponding MIC and MBC values for fresh, 7weeks and 14weeks old nanoalloys are given

in Table 3.
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Table 3. Comparison of the Antibacterial Activity ( MIC and MBC values) of fresh,
7 weeks-old and 14 weeks-old AgCu NAs and AgCu-Zn ternary NAs on E. coli

DH5a
MIC/pg ml™! MBC/pg ml™’

Samples

Fresh AgCu 0.5 0.5

7 weeks-old AgCu 1.0 1.0

14 weeks-old AgCu 2.0 2.0
Fresh AgCu-Zn 1.0 1.0

7 weeks-old AgCu-Zn 0.5 0.5

14 weeks-old AgCu-Zn 1.0 4.0

AgCu-Zn NAs show less antibacterial activity at the beginning of storage period with
MIC value of 1.0 ug/ml as compared to their AgCu counterparts with MIC value of 0.5 pg/ml.
But at the end of 7 weeks, they are more active and have lower MIC value of 0.5 pug/ml than
AgCu NAs in terms of bacterio-static activity and though AgCu-Zn ternary NAs had a decline
in their antibacterial effectiveness at the end of 14 weeks, these particles were still more
effective than AgCu NAs as well. This retained antibacterial property is attributed to the
prolonged stability of ternary nanoalloys with the addition of Zn and the formation of strong
and tough antibacterial zinc-oxide species.?> 1%

Assessment of irreversible inhibition of bacterial growth was performed by comparing
of the bactericidal effectiveness so as the MBC values of AgCu and AgCu-Zn ternary NAs.
Except for 14 weeks old AgCu-Zn NAs, MBC values revealed that the concentrations at
which the bacteria growth is inhibited, were also adequate to kill the bacteria in the growth
medium totally for all samples. 14 weeks old AgCu-Zn ternary nanoalloys inhibited

observable bacterial growth effectively at lower concentrations compared to AgCu showing a

decline in bactericidal effectiveness.
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The bacterial assays should be performed with a known number of cells for accuracy,
stated as CFU/ml although this colony forming units can be derived from the optical density
readings roughly where optical density readings are directly related to the bacterial cell
number. Also the inhibition can only be quantified by known concentration of bacteria as
wells as by colony forming units of bacteria used in the experiments. Colony forming abilities
of nanoparticles and nanoalloys were deduced by plating dilution series of bacteria with
different dilutions in the range of 10° - 10" from initial culture at 0.20D on agar plates
containing dilutions of Ag NPs and AgCu NAs with 10'-10° dilutions through sterile diluent
LB broth and water. Then agar plates were incubated for 18 h at 37 °C before counting
observable colonies. Initial bacterial concentrations of optical densities at 0.05, 0.1 and 0.2
were determined as 1.7x10® CFU/mlI, 3.5x10® CFU/mlI, and 7.0x10® CFU/mI respectively by
calculating the ratio between number of colonies on the plate for given dilution factor and

volume of inoculated culture on the agar plate.

Table 4: Effect of different concentrations of NP and NAs on dilution series of E. coli

DH50.
Number of colonies for given dilution factors (DF)
NPs/NAs DF 1 10 10> 10° 10* 10° 10%° 107
AgCu(30 pg/ml) 0 0 0 0 0 0 0 0
AgCu(3 pg/ml) 0 0 0 0 0 0 0 0
AgCu(0.3 pg/ml) UNC UNC UNC 316 542 42 42 0
AgCu (30 ng/ml) UNC UNC UNC 3040 388 372 192 14
Ag (150 pg/ml) UNC UNC UNC 3376 960 482 304 32
Ag (15 pg/ml) UNC UNC UNC 3208 1496 860 236 32
No NP/NA UNC UNC UNC UNC 1313 703 445 18
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Table 4 represents the effect of different concentrations of Ag-only NPs and AgCu
NAs on dilution series and the abbreviation UNC represents the uncountable number of
observable bacterial colonies on agar plates. Number of colonies quantifies the antibacterial
efficiency and states expressly the superior antibacterial activity of AgCu NAs over Ag-only
NPs. But also, due to colony forming abilities of nano-sized metals it is remarkable that as
concentration of NPs or NAs decreases their antibacterial efficiency decreases.

With the intention of quantification of difference between the antibacterial
effectiveness of fresh and old AgCu NAs to analyze the oxide contamination consequences,
and also to effect of Zn addition colony forming abilities were studied for fresh and 14 weeks
of AgCu binary and AgCu-Zn ternary NAs in the presence of different concentrations of NP
and NAs on dilution series of E. coli DH5a. The results, which were obtained by before
counting observable colonies after incubation of agar plates containing dilutions of Ag NPs
and AgCu NAs for 18 h at 37 °C with different dilutions in the range of 10° — 10° from initial
E. coli DH5a culture at 0.20D, were represented in Table 5. Due to colony forming abilities
so as the number of growth bacteria, both fresh samples of AgCu binary and AgCu-Zn ternary
NAs are highly efficient in terms of antibacterial activity, whereas antibacterial efficiency has
decreased as a result of copper-oxide contamination after 14 weeks storage period under
ambient conditions. Nonetheless there exists a sharp decline in the antibacterial effectiveness
of AgCu NAs therewith Zn addition prolongs the stability of AgCu NAs so as the

antibacterial activity as represented with colony forming abilities of samples.
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Table 5: Effect of different concentrations of NAs on dilution series of E. coli
DH5a for fresh and 14 weeks old samples

Number of colonies for given dilution factors

(DF)

NAs DF 1 10* 10° 10°
Fresh 0 0 0 0
AgCu (30 pg/ml)
AgCu(3 pg/ml) 0 0 1 0
AgCu (0.3pg/ml) 972 201 32 10
AgCu-Zn (30 pg/ml) 0 0 0 0
AgCu-Zn (3 pg/ml) 147 24 0 4
AgCu-Zn (0.3 pg/ml) 1332 84 38 4
14 Weeks Old

0 1 0 0
AgCu (30 pg/ml)
AgCu(3 pg/ml) 417 17 3 2
AgCu (0.3 pg/ml) 1984 194 64 23
AgCu-Zn(30 pg/ml) 1 0 0 0
AgCu-Zn(3 pg/ml) 347 5 3 2
AgCu-Zn (0.3 pg/ml) 1224 225 36 15
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3.5.2. Antibacterial Investigation of Ag Nanoparticles and AgCu Nanoalloys

Incorporated Ultra Thin Films

Before exploration of antibacterial characteristics of ultra thin films, they were
prepared by LbL assembly as described in experimental part in details with the integration of
excellent antibacterial reagent AgCu NAs on the top of PEI-PSS-PAH multilayers which were
prepared by immersion into 19/l polyelectrolyte solutions for 40 min and overnight immersion
into nanoalloy solution. As the next step LbL samples were placed into solid agar plates and
1001 of E.coli strain at ODggo = 0.6 (2.1x10" CFU/ml) was inoculated directly on the ultra
thin film samples. Also 100ul of liquid LB medium was injected on the samples to elicit
nutrients for bacterial growth and to prevent desiccation of bacterial cells.

AgCu NAs containing LbL films were investigated to verify the innovative approach
of surface functionalization for antibacterial purposes after inoculation E.coli strain on the
ultra thin films and overnight incubation at 37°C. Antibacterial property of AgCu NAs LbL
films were assessed by focusing on visual bacteria colonization on ultra thin films using 100x
optical microscope and E.coli colonies are recognized as white smudge on the films. Images
of two different sides (right and left) of the sample films have been taken by this optical
microscope to monitor the difference between the regions where bacteria colonies developed
on the ultra thin layers containing AgCu NAs and PEI-PSS-PAH layers (Figure 36). Because
very high bacterial concentration of 2.1x10" CFU/ml was used for inoculation of E.coli cells
and very low amount of AgCu NAs can be inserted by LbL deposition technique on the PEI-
PSS-PAH ultrathin layers growth of E.coli colonies can be observed slightly on the films as
depicted in Figure 36 (a) and (c). On the other hand when reference sample consisting of only
polyelectrolyte multilayers without AgCu NAs and the AgCu NAs containing polyelectrolyte
layers on glass substrate have been compared, growth of bacterial colonies on PEI-PSS-PAH

film, as represented for different regions of the film in Figure (b) and (d), is strikingly high
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and these results unroll the antibacterial property of AgCu NAs even at very small amounts
and against very high bacterial concentration. In retrospect, our innovative approach of
combining two antibacterial metal particles enters upon a new phase for antibacterial reagent
and using layer-by-layer deposition technique construction of antibacterial thin layers is

established.

Figure 36. Microscope images of (a) AgCu/PEI-PSS-PAH film right side (b) PEI-

PSS-PAH film right side (c) AgCu/PEI-PSS-PAH film left side and (d) PEI-PSS-PAH film

left side.
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4. CONCLUSIONS

In this thesis, preparation, characterization and antibacterial investigation of ultra thin
films containing silver-copper nanoalloys using layer-by-layer assembly were presented.
Combination of two antibacterial nano sized metal particles increased the antibacterial
efficiency and layer-by-layer assembly provided an opportunity to construct ultra thin films
containing these antibacterial nanoparticles. These thin films were also characterized by
spectroscopic techniques.

As first contribution to this thesis work, preparation of Ag-only nanoparticles and
AgCu nanoalloys were comprehensively investigated with the intention of preventing
oxidation of highly reactive copper to copper oxide to synthesize stable nanoalloys. Stable
AgCu NAs synthesis was managed in the presence of very strong reducing agent hydrazine
hydrate, stabilizer cysteine and complexing agent sodium citrate. LbL films were constructed
through the sequential adsorption of positively charged polyelectrolytes PEI and PAH,
negatively charged PSS and citrate capped nanoparticles and nanoalloys.

In the second part of the thesis characterization of the ultra thin films was represented
firstly via optical spectroscopy and then by Static and Dynamic XPS analysis. Chemical and
elemental information were acquired via Static XPS method to confirm the successful
preparation of Ag-only and AgCu nanoparticles containing thin films without any copper
oxide contamination attributable to characteristic binding energies, spin orbit splittings, shape
of the peaks and oxide satellites. For further analysis in the direction of extracting additional
information from AgCu NASs-PEI-PSS-PAH ultra thin films, samples were analyzed under
external DC voltage as well as square wave pulse stresses at 10°-10% Hz frequency to follow
the response of Ag, Cu and polyelectrolyte layer components against external electrical
stimuli by comparing the measured binding energy differences between the split peaks

arising from application of the square wave pulses. The results showed that Ag and Cu are
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together in the alloy structure since they respond to external stimuli in the same way which is
different that the response of C1s, N1s and S2p regions arising from polyelectrolyte layers.
Lastly, the antibacterial properties of Ag nanoparticles and AgCu nanoalloys were
investigated to assess the bactericidal effectiveness of these particles against E. coli DH5a
stain. Novel dual antibacterial action of AgCu NAs was confirmed by batch growth profiles,
agar plate tests and determination of colony forming abilities of particles in addition to their
much more lower MIC and MBC values than Ag-only nanoparticles. Also the durability of
AgCu NAs to prolong both antibacterial activity and air-stability was investigated in the
presence of sacrificial anode Zn and the results indicated that Zn preserve these properties of
AgCu NAs. Finally the ultra thin films containing AgCu NAs showed antibacterial property
against very high bacterial concentration as confirmed by the visual colony formation on LbL

films.
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