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Introduction Chapter 1

1.1 Nanotechnology

Nanotechnology is technology that deals with theigie fabrication and application
of nanostructured materials, which also involvefudamental understanding of the
relationship between the observed properties to rtiserials’ dimensions, which
typically ranges from a few nanometers to severaidned nanometersPresently,
nanoscale science and technology, is finding ingiwesadvances on many different
sides. The underlying strength of this field liegenerally, on the intrinsic
physicochemical and optoelectronic properties of tmanosized particles that are
different from their bulk counterparts.Inorganic nanoparticles exhibit significant novel
and improved physical, chemical, and biologicalpamties eliciting much interest in the
past few decades. Among them, nanoparticles ofageiretals Au, Ag, and Cu exhibit
attractive optical properties due to their stroptjaal absorption in the visible regioas
a result of the collective oscillation of conductiband electrons, known as the surface
plasmon resonance (SPR) bantiThis is the origin of many interesting physical and
related applications such as SPR spectroscopy @f@ce-enhanced Raman scattering
(SERS) which have found wide applications in chemical Igsia and biomedical
detectior* Coinage metals NPs also exhibit good catalytidviagtwhen NPs are
smaller in size (1-18m in diameter) due to large surface to volumeratf Dendrimer-
encapsulated coinage metals nanoparticles have eegmboyed for several type of
reaction particularly hydrogenations and carbor@arbond-forming reactiofsRecent
studies have demonstrated that antimicrobial foatmhs comprising nanoparticles

could be effective bactericidal materi&l® *
1.2: Metal Nanoparticles

In the past two decades, a substantial body ofrelevork in the syntheses of metal
nanoparticles (NPs) has been directed towards icgeatonditions where optical,
chemical and biological properties of the NPs cdiadcexploited. In this regard, coinage
metals (Cu, Ag and Au) provide special opportundwing to their biological
applications:>**Nanoparticulate research has witnessed tremendoughydue to the

unusual chemical and physical properties which hbagen demonstrated to be an

1
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Introduction Chapter 1

intermediate state of mattéf'>The catalytic activity of the particles generallgpeénds
on their size, shape, and stabilizing agents, wiaidh controlled by the preparation
conditions'® There are diverse approaches to the preparatitiieafianoscale materials

which have been reported in the literature. Micligetaday prepared colloidal gold (Au)
dispersions by reduction of an aqueous solutionchbioroaurate (AuGl) using
phosphorus in carbon disulphide in a two-phaseesystHe described many unusual
and wonderful properties of these red color sohgjocalled activated gold. In 1908,
Gustav Mie first explained the origin of the redaroof gold NPs. Gustav Mie solved
Maxwell's equation for an electromagnetic light wainteracting with small spheres
having the same macroscopic frequency dependerdriadatiielectric constant as the
bulk metal*® Nanostructured materials became more attractive tduapplications in
optical systems and catalysis. Semiconductor ngstais (quantum dots, QDs) exhibit
strongly size-dependent optical and electrical ertgs® QDs are nanometre-sized
inorganic structures whose radii are smaller than lulk exciton Bohr radius. QDs
exhibit unique light emission by changing size omposition, and because of this, they
have been exploited for a broad-range of applioatit’ > QDs have been used as an
alternative to organic fluorescent labels for agiticnaging and spectroscopyOn the
other hand, because of their high surface-to voluaties, metal NPs (especially Pt and
Pd) are important as catalysts?> In 1951 Turkevich and co-workers prepared Au NPs
with an average diameter of about 20 nm with a venyow size distribution and good
reproducibility by reduction of an aqueous solutioh chloroaurate (AuGl) using
sodium citraté>**The use of Au NPs in catalysis appeared in the &6ttury and the
real breakthrough came with Haruta’s seminal stidi@ oxide-supported AuNP-
catalyzed CO oxidation by fOat low temperatureS.” ’Au NPs were found to be
remarkably active for low-temperature CO oxidatwhen it is highly dispersed and

deposited on transition metal oxide.

Rapid growth in nanoscience and technology alsonmdhat nanomaterials are
increasingly coming in contact with humans and émeironment on regular basfs.
Understanding interactions between the NPs withteprs, membranes, cells, DNA,

RNA, enzymes and organelles is most important ftbe perspective of safe use of

TH-1192_07612203
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nanomaterialé® Recent studies have demonstrated that antimicrofoiahulations
comprising NPs could be effective bactericidal mate. Among inorganic antibacterial
agents, Ag and Cu have been employed most exténdreeause of their effective

biocidal ability at low concentrations and relativkess toxicity to mammalian celfs™®
11, 29- 34

1.3: Silver Nanopatrticles (Ag NPs)

Coinage metals NPs (Ag, Au and Cu) show plasmoon@sce in the visible region;
among them Ag exhibit highest efficiency of thegohonic extinction and its plasmon
resonance can be tuned to any wavelength in thblesispectrunt> *® Additionally
molecules adsorbed to the surface of Ag NPs andNRs, exhibit SERS effects, due to
the coupling of the plasmon band of the irradiatee@tal with the molecular
electronic/vibrational states. Ag NPs could be ws®d highly active SERS substrates.
% 3. Nie et al. have demonstrated that when singtelamine 6G molecules are
adsorbed on Ag NPs, the intrinsic Raman enhancefaetars were on the order of ‘0
to 10”.*’Ag NPs is also used widely as a catalyst in indaigorocesses, for example in
the oxidation of ethylene to ethylene oxide andhaeol to formaldehyd® Ag NPs also
have the highest electrical and thermal condugtiamhong all other metals NPs, making
it a popular material for electrical contacts andadditive for conducting adhesiv&s*
Lee-Meisel method, which is most common methodttier synthesis of Ag NPs, is the

reduction of AgNQ aqueous solution on boiling in presence of 1%sudiitrate %
1.3.1: Mechanism and antibacterial activities of ANPs

Infections with multidrug resistant bacteria havecdime a serious problem in our
environment as their growth cannot be controlledragitional antibiotics. Rather they
are able to survive and even multiply in the preseof these traditional antibiotié%**
From earlier studies by Ahearn, D. G. pure sih@lyer oxide- and silver chloride
surface were found to inhibit bacterial growth thgh enhanced adherence to an ion-
beam-assisted-deposited silver surface followetbby of viability>° That Ag ions and

silver-based compounds have bacteriostatic asageltlactericidal properties are known

TH-1192_07612203



Introduction Chapter 1

for centuries In recent years, due to the development of badtstiain resistant to the
most potent antibiotic formulations, new bacterdtidagents based on inorganic
nanomaterials have become necessary. Previous estudave established that
antimicrobial formulations in the form of NPs cout@ used as effective bactericidal
materials’*! Recently Klabunde and co-workers demonstratedhigdily reactive metal
oxide NPs and halogen (CBr,) adducts of these metal oxide particles were Halép
These nanoscale materials are very effective aig@rem-positive and Gram-negative
bacteria as well as spore$n 2004, Sondi et al. investigated the biocidalaacbf Ag
NPs againsE. coli using scanning and transmission electron microscopy (Sid
TEM) probes’ Their reports showed that treat&d coli cells were damaged with pit
formation in the cell wall of the bacteria while APs were found to accumulate in the
bacterial membrane. A membrane with such morphotdybits a significant increase
in permeability, resulting in death of the cell. eTipossible use of Ag NPs as an
antibacterial agent has been investigated fromahoratory and several other grodps.
11.46. 4715 2007, S. Pal showed that Ag NPs underwent aestiapendent interaction
with the Gram-negative organisrg. coli with the truncated triangular Ag NPs
demonstrating the strongest biocidal action as @vatpto spherical and rod-shaped NPs
and also A§(from AgNQ;).*® Recent literature reports demonstrate that cortgmosif
Ag NPs with polymer results in the improvement ofimicrobial activities of Ag NPs at
lower concentrations. Several kinds of Ag-contagnamtibacterial agents using different
carriers, such as zeolfffetitanium dioxidé®, activated carbdf, montmorillonité®,
mesoporus silicd, chitosarr>>*polyacrylonitrile®, siloxane and epoxy resthave been
investigated. Zhang, L et al. synthesized Ag namsiets and Ag nanoclusters-coated
TiO, NPs and studied bactericidal activities agamitrococcuslylaeand found that Ag
nanoclusters-coated TiOmaterial with optimal Ag loading showed enhanced
photocatalytic and bactericidal activities comparedincoated Ti@*® Combination of
Ag NPs with these polymers increases their efficyeof antimicrobial activity by
exploiting the active components of the individsaibstance$ ™ These composites
have potential applications in various fields, meedical instruments and devices, water
treatment and food processing, as food packaginteriab etc® Ag NPs can be

incorporated into numerous materials such as ésxaihd plastics, making it especially
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Introduction Chapter 1

useful for applications requiring broad spectrurd anstained antimicrobial activity but
where traditional antimicrobials agent would be fagtical. U.S. Food and Drug
Administration (FDA) have approved over a dozen odgitaining zeolites or other
substances for use as food contact materials #]pthpose of disinfection, as well as
numerous Ag-coated medical devices.

1.4: Copper Nanoparticles (Cu NPs)

Nanoparticles of coinage metals (Cu, Ag and Au)ehattractive optical properties,
and chemical and biological propertis.>’ Coinage metals NPs provides special
opportunity owing to their biological application8mong various metal particles Cu
NPs are attractive not only because of their ctaitalgptical and electrically conducting
properties but also because of their significatibacterial and antifungal properti2s®’

Cu NPs serve as low cost heterogeneous catalystsefeeral chemical reactions.
Vukojevic et al. used aluminum-stabilized Cu calkifor methanol synthesis from
synthesis gas over industrial Cu/ZnO#®¢ catalysts® Their synthesized Cu NPs (sizes
4.5+1.5 nm) show very high intrinsic activity forethanol synthesis. Ressler used ZnO
supported Cu NPs catalysts in methanol syntiiésisother important application of Cu
NPs is their potential use as SERS active substeatd enhancement factor is dependent
on the strength of the local electric field and ti@ure of the Cu NP§***Cu NPs are
also attractive for application in printed circuitoards and flexible electronics.
Consequently synthesis of Cu NPs has become minaetate from a scientific as well
as an industrial point of view, due to its hugeegndial for replacing expensive Ag NPs
ink used in conductive printing® Cu NP based inkjet inks are used to make various
devices such as solar cells, radio frequency ifleation tags, and electroluminescence
devices’® Cu nanostructures can play an important role éndiavelopment of real world
application due to their relatively low cost as gared to Pd, Pd, Ag, and AG>° A
major problem in utilizing Cu NPs is their undenygitendency to get oxidized in the
atmosphere. Several methods have been developeepare stable Cu NPs by using
proper protective layers of an organic polymer,eatk chains, amorphous carbon,

graphenes, inorganic materials such as silicamogjanic ion$® ">
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1.4.1: Antibacterial activities of Cu NPs

Cu is an effective antibacterial agent with lowitity, known for a long timé? % &1
Cu has been used for decades as an effective fdagagent? Germicidal activity of
Cu, both as free and as complex species is welivknand documented for several
years® Since the 19th century, Cu or Cu oxide partickpdisions in organic matrixes
have been used as antifouling coatings by the pahistry, mainly for maritime
applications? In 2006, Kim et al. deposited Cu NPs on S&brface, which showed
excellent inhibitory effect to various microorgamis®* Anyaogu, K. C reported Cu NP-
polymer composites which exhibited antimicrobialtiates similar to that of
conventional Cu based biocid®sAnyaogu, K. C claimed that Cu ions leaching from
chemically bound acrylated Cu NPs is the biocigecges. Y. Wei et al. prepared low-
polydispersity CuNPs or Cu nanorods in presenadeyfiamine and then functionalized
by exchanging oleylamine with alkanethifsin addition they reported that Cu NPs
functionalized with positively charged thiols isalske in water for several months and
exhibited very good antifungal properties. Cu NRd &u NP-polymer composites are
attractive alternatives of common antibiotics asytihave significant antibacterial and

antifungal propertie&>°3

1.5: Chitosan

Chitosan is a polycationic polymer composing ofd@nly distributed (1, 4)-linked 2-
amino-2-deoxy-B-D-glucose units (Figurel). It contains more th&9® glucosamine
units and is obtained commercially from shrimp awodab shell chitin -
acetylglucosamine polymer) by alkaline deacetytatiNaOH, 40-50%3>% It is
insoluble in water but is soluble in dilute orgaaids such as acetic acid, formic acid,
succinic acid, lactic acid, and malic aéfths chitosan is insoluble in water many efforts
have been made to prepare functional derivativeshidbsan by chemical modifications
to increase their solubility in waté}. ® Muzzarelli et al. prepared N-carboxymethyl
chitosan, N-carboxybutyl chitosan, 5-methyl pywdoione chitosan which are water
soluble® # Heras et al. prepared N-methylene phosphonic ahiteend Jia et al.

prepared quaternary ammonium salts of chitosantwhie soluble in watéf: ® Since

6
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1990 studies on chitin and chitosan have increbseduse these polysaccharides show
excellent biological properties such as biodegiadatin the human body, and
biocompatibility, broad spectrum of antimicrobialctigity, and wound-healing
activity.”” ~"®% In recent studies, chitosan has been found to eod candidate as a
support material for gene delivery, cell culturedaissue engineerirfy®’ Therefore,
chitin and chitosan are receiving greater attenisnnovel functional materials. The
antibacterial, bio-friendly and bio-degradable m@s of chitosan makes it useful for
various applications such as fibers for textilesanals®® photographic papéf, novel
biodegradable film&°* and biomedical applications in tissue engineeffnglrug

delivery and wound dressirf§/®2%°

Figurel. Chemical structure of chitosa+1, 4-linked poly (d-glucosamine).

1.5.1: Antimicrobial activity of chitosan

Antimicrobial action of chitosan agent against fiingacteria, and viruses is well
studied’>®® There are two proposed modes of action for mictogiawth inhibition.
Polycationic nature of chitosan strongly interawtgh the negatively charged cell
envelop and alters cell permeabilf®/° The other mechanism involves the binding of
chitosan with DNA to inhibit mMRNA synthesi8. Hadwiger et al. proposed that when
chitosan is released from the cell wall of fungathmgens by hydrolytic enzymes of host
plant, chitosan penetrates the nuclei of the furagukinterferes with mRNA and protein
synthesi$’ The proposed overall mechanism for its antimicbhttion is binding to the
negatively charged bacterial cell wall, consequiegtabilization of the cell envelope
and altered permeability, followed by attachmentO®A and inhibition of DNA

replication’®
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1.6: Metal Nanoparticle/polymer composites

In recent years, incorporation of metal NPs intdymer found much attention,
possibly because of the composites becoming impiootaing to the small size and large
surface area of the NPs, and the composite exhibiter electrical, optical, and
mechanical properties not seen in bulk counterfatt.As a result such NP- polymer
composite materials have applications in photowwltzells, optical and biological
systems, as conductive materials and coating fatioms. Our group had synthesized
Au NPs-polyaniline composite which has higher eleat conductivity compare to
polyaniline NPs alon&! In 2005, our group had generated new method préparef
TiO, NP-polypyrrole composites which has greater pledtdgtic activity compare to
bare TiQ NPs dispersed in watér.Among the polymers, chitosan has been found more
useful. Substantial content of primary amines aypdrdxyl groups providing it with a
strong affinity towards metal ions, which may bedrporated by simple chelation or by
ion exchange process, making it an excellent sugpoisynthesis of metal NP8 In
2008, our group had also developed a simple metbodhe preparation of stable
chitosan-Ag NP composite with high catalytic adgivand antimicrobial activity”*®
Chitosan when combined with Ag NPs has higher aotobial efficacies reported by us
and other group$®® Recent work in our laboratory has revealed stromagéimicrobial
activity of a novel chitosan-Ag NP composite at @amtrations lower than that of its
individual components i.e. chitosan and Ag NPghklkcomposite, the essential function
of the positively charged chitosan matrix was tptaee negatively charged bacteria on
its surface; on the other hand, small - sized Ag MReated pores on bacterial wall,
thereby causing rapid disintegration of the baaf®relechi et al. reported good
antimicrobial activity of acrylated Cu NP composdad Cioffi et al. have reported
antifungal and antifouling properties of a Cu NRypter composit€®®?% Liu, x.
synthesized magnetic chitosan nanocomposites agd them to remove heavy metal
ions such as Bl Cdf*, HE'*, Ni**, and C&" from waste water.
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1.7: Core-shell Nanoparticles

Bimetallic NPs, consisting of two different metatdfer greater advantage over their
monometallic counterparts, since their opticalalygic and biological properties can be
tuned by changing the compositithi-*°° Two types of bimetallic NPs exist: alloy NPs
and layered (core-shell) NPs. NPs with a homogenelstribution of two metals are
called alloys NPs and NPs with heterogeneous agraegt of two metals lead to the
formation of core-shell NP§11921%The optical properties of bimetallic colloids dade
on the composition and the distribution of the tweetals'® **° Syntheses and
applications of bimetallic colloids containing ethAu or Ag in combination with other
noble metals have been studied extensif&}#®*° Bimetallic NPs are superior to the
monometallic NPs because of their synergistic dfuhttional effects:***?° Core-shell
NPs have been proposed as ideal SERS active seksttEspecially, SERS technique
has been useful in biological research becausantdetect small number or single
molecules. Thus, core-shell NPs can further enh&E€RS signal of a molecule by
electromagnetic and chemical effects in comparteqoristine NPs. Core-shell NPs have
been used for catalytic, optical and magnetic apfibns.’®®*?°|n catalytic reactions,
the association of two different metals offers sigreactivity, increased stability and
better selectivity****® In recent years Pt based core-shell NPs of notenmbtals have
attracted great interest concerning their appbeain the field of electrocatalysis-***°
Dhavale et al. prepared well dispersed carbon stggbaore-shell Cu@Pt NPs of Pt
possessing remarkable electrocatalytic activittésPt as a protective thin cell
significantly helps Cu core to attain greater elsdtemical stability in the operating
polymer electrolyte membrane fuel ceft3Also, enhanced antibacterial activity of core-
shell nanostructures has been noticed recéfitly’*’ Rana, S. et al. synthesized FHO
coated NiFgO, NPs which retain the magnetic characteristics afkeli ferrites
encouraging their application as removable antiofi@ photocatalyst NPs and can be
extracted from the sprayed surface after expostite 2010, Chudasama et al. prepared
super paramagnetic §&-Ag core-shell NPs that showed bactericidal agtiah both
Gram-negative and Gram-positive bacterial straiig magnetic properties of these NPs

were utilized to isolate NPs from the medium usexdernal magnetic fields which
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helped in preventing contamination of the environmeuring waste disposaf®
Currently, core-shell Cu@Ag NPs are used in ingpting of conductive patterns. As
Cu NPs have tendency to get oxidized at ambierditions, Grouchko et al. synthesized
a non-oxidizable form of Cu NPs by coating themhwtitin Ag shell and used these
Cu@Ag NPs in the dispersions for Inkjet printinguatious substrate’§?

1.8: Mixed Metal Nanoparticles

Mixed Metal NPs can play an appreciable role in ynaeas of chemistry and physics
and biological science. The most common use forethiXPs has been in the area of
catalysis, and researcher has found use both astalyst and as catalyst suppdffs-2>
This attracted attention toward the preparatiothese potentially new mixed metal NPs
materials with variable composition having uniqugtical, catalytic and biological
properties-** *° Researchers have explored and developed bothcahysid chemical
methods by which such materials can be preparechef@ilic NPs with core-shell,
heterostructure, or inter metallic and alloyed c&tites are rising as more important
materials than monometallic NPS>*20.139137 Bimetallic NPs (Cu, Ag) with different
heterostructure i.e. alloy, core shell, heterodimes been reported by several group, but
in situ synthesis of mixed metal NPs in a polymeatn® and their application is still an
unexplored areg?®!04121134136 | 1995 |takura et al. had synthesized phase-separated
Ag-Cu composite colloids containing different molactions of Ag and Cu and studied
their composition dependent optical spectral prioge® In 2003 Suyal et al. observed
two plasmon peaks in Ag-Cu mixed colloids irresjyecto their molar ratios™?’ Kiran
et al. prepared Ag-Cu nanoclusters co-doped in §i@trix by the sol—gel process, and
studied their nonlinear optical properties andritle of the surface-plasmon resonance
on optical limiting propertie§?It is well known that combining a transition meteth
Pt gives enhanced catalytic activities for reactisnch as oxygen reduction in fuel cells
and direct oxidation of methanol. The mixed Pt-G&sNind mixed Pt-Ru NPs supported
on a carbon electrode possess high dispersion aid diectrocatalytic activity for
methanol oxidation at room temperatdfe® Cu NPs and Ag NPs exhibit good
electrical conductivity but Cu NPs is susceptilleambient oxidation. However, mixed
Cu-Ag conductive ink is stable and suitable for .1/éé*® Recently Y.-S Li had

10
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developed synthesis of Ag-Cu colloids ink and dilieto a felt-tip pen and written on a
substrate to make conducting lines using Ag-Cu asite nanoparticleS® Recently J,
Yan et al. prepared polyvinylpyrrolidone protect€d-Ag mixed NPs by mixing the
highly concentrated Cu NPs and Ag NPs accordingifferent molar ratios for low-
temperature bonding applicatiof. These mixed Cu NPs and Ag NPs composite could
be an alternative option in electronics, -catalysantimicrobial activity, and

bioanalysis-3+4°

1.9: Objectives of the thesis work

Infections with multidrug-resistant bacteria havecdme a serious problem in our
environment. As the growth of antibiotic resistbatteria is not controlled or killed by
antibiotics, they are able to survive and even iplyltin the presence of traditional

antibiotics™ 46143

with time; these serious infection-causing bactedgeome resistant to
most common antibiotics. Chitosan, derived fromtichifound in exoskeleton of
arthropods, beaks of cephalopods and it is solubigeak acid solutions and has mild
antibacterial propert{f”~® Ag NPs and Cu NPs have broad spectrum antimicrobial
activities. >1°*33*34\icrobes are unlikely to developed resistance agafty NPs and

Cu NPs* ®“Moreover copper is inexpensive and non-toxic tonmalian cells”? lodine
solution has often been used as an antiseptic isntdfettant for the past more than 100

yearsl41, 142

At the interface between nano composite materiats [@ological systems, natural
compounds and synthetic materials are blendedaintew science related with the safe
use of nanotechnology and nano materials desigoedbiblogical application®
Because metal NPs have unique physical and chepropérties, interactions between
NPs and biological systems are expected to depend oumber of NP properties
including size, shape, morphology, charge, andaserffunctionalities. Metal NP-
polymer composite materials hold great promise ifoprovements in human health,
quality of life as well as for the environmént®® **The studies undertaken in this thesis
illustrate one such effort at the interface betweano materials and biological systems

In my thesis, | have described the synthesis abuarantibacterial NP composites and
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investigated the antibacterial efficacy of thesenposite on green fluorescent protein
(GFP) expressinge. coli bacteria and Gram-positivB. cereusbacteriaand also
attempted to understand the molecular mechanistmactericidal action. Chitosan-Ag
NP composite with iodine was found to exert reactxygen species generation in the
cytoplasm of the bacterial cell leading to cell ttleaNe have developed synthetic
protocol of stable Cu NPs under atmospheric camhtiin the presence of chitosan and
molecular iodine. Studies of antibacterial propesftipw that Cu NPs get attached to the
cell walls, resulting in the perforation of the Wakhich leads to cell death. Further,
stable core-shell CuU@AgNP composites were syntbeésising simple transmetallation
reaction between Cu NPs in chitosan matrix andiggs. Cs-Cu@Ag NPs composites
also exhibited antibacterial activity towards Grapgative GFP expressing. coli
bacteria and Gram-positi® cereusacteria. We have also prepared CS embedded mix
NP composites (Cu NPs and Ag NPs) and studieddabeictivity on GFP expressirk

coli bacteria.Use of the above nano materials as beid@riagents represents a novel
paradigm in antibacterial therapeutics owing to et that bacterial pathogens have

evolved mechanisms to evade the action of most cagially available antibiotics.
1.10: Outline of This Thesis

This dissertation contains five chapters. Apartrfi@hapter 1, which gives a general
introduction to the current status of nanotechnglogsearch, our specific goals and a
broad outline of this thesis, there are other fcheipters which describe the important
goals and achievements

Chapter 2 is devoted to our findings regarding the antibaateactivity of iodinated
chitosan-Ag NP composite using GFP expres&inagherichia coli (E. col) as a model
system for investigating the antibacterial actestiof composite.The salient features of
this work include synthesis of chitosan-Ag NP cosifey doping with molecular iodine
and investigating its superior bactericidal poteagginst GFP-expressing recombinant
E. coli (DH-5¢) in Lauria-Bertani (LB) bacterial growth mediums&of GFP expressing
E. coli simplifies the monitoring of the cell populatiohanges during the action of the

iodinated chitosan-Ag NP composite at differentetippints and provides easy detection
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of the bactericidal activity of the composite bgtjwbserving the green fluorescence in
the bacterial growth medium through fluorescencescspscopy, fluorescence
microscopy and cells viability analysis using a @HRcombination by Flow Cytometric
Assay. We have used this property to a great kemefour other studies also. The
positively charged chitosan causes the negativebrged bacterial cell wall to get
attached to the composite. The Ag NPs embedddukicamposite interact with the cell
wall of the bacteria to induce formation of porestbe cell wall. Introduction of pores
on the cell wall leads bacteria to become unviabhle chitosan-Ag NP composite and
iodine combination was found to exert reactive @tygpecies generated oxidative stress
in the cytoplasm, causes further damage to the €ell study reveals the effective
bactericidal activity of the three different antiberial components of the composite at a
very low dose and brings us closer to understantfiagnechanism of their synergistic
action. Understanding the molecular mechanism ef rtiode of action of iodinated
chitosan-Ag NP composite on the bacteria is esaleinm the scientific point of view

for its use in commercial products.

Chapter 3A describes the development a novel method for tmehegis of Cu NPs
under atmospheric conditions in the presence ofa€% stabilizer and their detailed
characterization.The CS-Cu NP composite was prdpfoen the reaction of alkaline
CuSQ and hydrazine in the presence of CS, and wasaegairom the reaction mixture
and then redispersed in water in the presenceaticaacid. The spherical Cu NPs were
stable in atmospheric conditions when molecularinedwas added to CS-Cu NP
composite. Modern Analytical Instruments UV-visiblpectroscopy, transmission
electron microscopy (TEM) coupled with energy dispee X-ray spectroscopy (EDX)
analyses, field emission scanning electron micnogdq&ESEM) and X-ray diffraction

(XRD) were used to characterize the iodinated CINEwomposite.

Chapter 3B is devoted to the antibacterial studies of iodddaCS-Cu NP composite on
Gram-negative green fluorescent expres&ngoli bacteria and Gram-positivigacillus
cereus (B. cereuspacteria. The minimum inhibitory concentration @Jl of the
iodinated composite da. coliwas found to be 1308/mL which contained 211&/mL

Cu NPs. This determined value of MIC for Cu NPswauch lower than those reported

13

TH-1192_07612203



Introduction Chapter 1

in the literature. Effective surface charge (Zetéeptial{) measurements confirmed an
attractive interaction between iodinated CS-Cu Nhmosite and bacteria. Electron
microscopic and flow cytometric studies revealeat the composite was attached to the
bacterial cell wall which caused irreversible damégthe membrane eventually leading
to cell death. Molecular mechanism of bacteric@gion of the iodinated composite is

discussed in light of our findings.

Chapter 4 describes synthesis, characterization and enhaatllacterial activity of
core-shell CuU@Ag NP composites. We have synthesiZedstabilized core-shell NPs
using two-step seed-mediated growth method andestutheir antimicrobial activity.
Various Analytical techniques i.e. UV-visible spesicopy, TEM, FESEM coupled with
Energy Dispersive X-ray (EDX) and XRD, X-ray phderon spectroscopy (XPS)
were used to characterize the CS-Cu@Ag NP compo3ite Cu@Ag NPs in the CS
composite were spherical and relatively uniformsize. Powder X-ray diffraction
patterns revealed the presence of crystallinersdwnel the absence of any copper oxide
or other by products. The core-shell structure e@sirmed by a combination of UV-
Vis, TEM, XRD and XPS probes. XPS analysis confirmstallic Ag, Cu and small
amount of CuO species present in the CS-Cu@Ag MRgaosite. Gram-negative GFP
expressingE. coli and Gram-positive bacteriB. cereuswere used to study the
bactericidal activities of the CS-Cu@Ag NPs commsiElectron microscopic
investigation, zeta potential measurements and @gemetric estimates of cell viability
revealed that the Cu@Ag NPs in the composite readiihched to the bacterial cell wall
through electrostatic interactions causing irreddesdamage to the membrane and
finally leading to cell death. XPS results on CS&@Ag NP composite treated on
bacteria sample revealed comparable shift in Ag,2thd Ag 3ds, electrons which

supported the existence of Ag-S species or toxpeated values for Ag bound to sulfur.

Chapter 5 describes the synthesis, characterization and eeHahactericidal action
iodinated mixed NP composites (Cu NP, Ag NR)C8-Ag NP-Cu NP composites
consisting of 3.4+0.9 nm Ag NPs and 11.4+3 nm Cs M@re prepared using CS as the
stabilizer in various Cu/Ag ratios. Molecular iodinenhances the stability and

antimicrobial activity of the composites. The novglCS-Ag NP-Cu NP composites
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were characterized by UV-visible spectroscopy, THMESEM coupled with EDX
analysis and XRD. A detailed antibacterial studiese carried out on GFP expressing
E. colibacteria. The synergistic bactericidal action,6€8-Ag NP-Cu NP composite on

GFP expressing. colibacteria is found to be more effective, compacethé individual
NPs.
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Chapter 2

Antimicrobial iodine-doped silver nanoparticle-
chitosan composite: synthesis, characterization and
applications
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The work embodied herein has been published agtialeas described below.
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2.1: Introduction

The advent of nanoscale science and technology reasntly propelled the
introduction of inorganic nanoparticles (NPs) asimitrobial agents:® interestingly,
among the extensively studied inorganic antibaakexgents; silver has been the most
prominent owing to effective biocidal abilities bbth silver ions and Ag NPs at low
concentrationd®® The advantage over conventional and narrow-taggbiotics is that
microbes are less likely to develop resistance resgasilver, as they do against
antibiotics. The general understanding of the mafdaction of Ag NPs is that the NPs
get attached to the sulfur-containing proteins ba bacterial cell wall, leading to
increased permeability of the membrane, finallysiagi cell death. In addition, Adons
have been reported to induce generation of intideel reactive oxygen species in
bacterial cellS. A few reports have suggested *Aigns as the actual biocidal species,
which are provided by active surfaces of silveragarticles and silver oxide present on
the surfaces of these nanoparticles. The silves amter the bacterial cells, where they
are reduced as the cell attempts to remove them tine cell interior, eventually leading
to cell destructior® The possible use of silver nanoparticles (Ag N&&s)antibacterial
agent has been investigated from our laboratoryaihdr several groups.** In 2006
our group have established that Ag NPs of less Iftanm diameter create pores on the
bacterial cell walls, thereby releasing the cytspla content to the medium, which
leads to cell death without affecting the intragkelf and extracellular proteins and

nucleic acids of the bacterium.

It has been demonstrated that composites of Ag MR polymer results in the
enhancement of antimicrobial activities of Ag NRsla@ver concentrations: 2% 2
Among the polymers that have been found usefulhis tegard chitosan a cationic
polysaccharide composing of randomly distributegt)linked 2-amino-2-deoxf-d-
glucose units has been reported to be used ad*ardh the form of composite with Ag
NPs with high antimicrobial efficaci€s.® ?°lt is generally accepted that polycationic
chitosan can bind with negatively charged cell membés, which will then lead to

decrease in the osmotic stability of the cell, doled by subsequent leakage of
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intracellular constituents: 2 In 2008 our group’ has shown higher bactericidal
efficiency of a novel chitosan Ag NP composite @haentrations lower than that of its
individual components i.e. chitosan and Ag NIasthe composite, the essential use of
the positively charged chitosan getting attachethénegatively charged bacterial cell
surface; while the Ag NPs in the composite cregietes on bacterial wall, thereby
causing rapid disintegration of the bacteria. Thabacterial activity of the composite
has further enhanced by doping chitosan-Ag NP caiitgowith other inorganic
compound with heightened killing capacity. In thegard, iodine is an easily available
antiseptic and disinfectant, the powerful disinfegtactivity of which has been highly
documented. It has the broadest range of actiomede side effects and bacterial
resistance against it is not known. Molecular iedfh) and hypoiodous acid (HIO) are
believed to be mainly responsible for bactericietivity.?® *° Both of these substances
can penetrate the cell wall of microorganisms rigpi@ihe toxicity mechanism of iodine
on bacterial cells has generally been attributettistability to generate reactive oxygen
species (ROS). The ROS subsequently trigger vatyqes of cell damage, such as lipid
peroxidation, DNA damage, and protein oxidatidithe toxicity of iodine is assumed to
involve four different reactions. First, iodine caxidize the sulfhydryl group (SH) of the
amino acid cysteine, thereby interfering with tberiation of disulfide (-S—-S-) bridges,
which are important in protein folding. Second, ddléderivatives block a hydrogen
bond in certain amino acids or nucleotides (eysink, histidine, arginine, adenine,
cytosine, and guanine). As a result, a lethal desodue to impaired functioning of
proteins and other biomolecules may occur. Thimdjne can react with phenolic group
of tyrosine, forming monoiododerivatives or diio@odatives. In this case, the bulky
iodine atoms in the ortho-position can cause stendrance during hydrogen bonding of
the phenolic OH group, thus preventing its normaldgical activity. Lastly, iodine can
react with carbon-carbon double bond of the unatdrfatty acids, leading to changes

in membrane functions.

After a continuous and evolving effort we have besvle to develop newer
composites of Ag NP with polymers and other antiaal agents in order to minimize
the use of relatively toxic Ag, while taking advageé of its antimicrobial and anticancer
properties. Understanding the mechanism of actsoowentral to the development of
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newer materials and compositions, especially whersynergy of action of components
need to be utilized. In the present study, we hawvestigated the synergy in the
bactericidal potency of a chitosan-Ag NP compositthe presence of molecular iodine.
Briefly, the iodine-doped chitosan-silver nanopdeticomposite was synthesized using
an established methd8UV-Vis spectroscopy was used to establish the &ion of Ag
NPs, incorporation of iodine in the composite andstudy the bacterial growth in the
presence of various agents. Scanning electron sgogy (SEM) and transmission
electron microscopy (TEM) were used to establighfdrmation of the composite with
the presence of Ag NPs. In addition, TEM indicateslinteraction of the composite with
the bacteria. Fluorescence spectroscopic and noimpas methods were used to follow
the growth of bacteria. Flow cytometric analysedidated possible enhanced cell wall
damage in the presence of the composite. Assayidative stress in bacterial cells was
pursued using nitroblue tetrazolium reduction (NBMmethod. GFP-expressing
recombinantEscherichia coli(E. col)) bacteria have been used to study the efficacy as
well as investigate the mechanism of action ofdbmbination. The results suggest that
production of iodine radical (atom) on the surfateAg NPs triggers the generation of
reactive oxygen species (ROS). Essentially, theatnegly charged bacterial cell wall
gets attached to the positively charged chitosdynper, while the Ag NPs present in the
composite make the cell wall porous and the iodatkals created on the surface of the
NP induce the production of ROS, thereby providimg synergy of action of the three
components. Thus, the combination exhibits supemmtimicrobial activity in
comparison to either of the component species.gémeration of free radical species in
the medium is a new way of achieving antimicrobaaitivity involving a three-
component agent, with concentration of Ag NP falowethan that required in its
composite with chitosan or the NP alone. The pitestudy indicates that a novel
material with three antimicrobial components hasnbesed where the component plays

their roles in tandem, in order to achieve supeadiivity.
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2.2: Outline of the research work

I.  Use of nanoscale materials as bactericidal ageptesents a novel paradigm in
antibacterial therapeutics owing to the fact thettérial pathogens have evolved

mechanisms to evade the action of most commer@abylable antibiotics.

II. Ag NPs have been variously portrayed as antimiatodgent owing to their
biocidal activity at low concentrations and compiasly less toxicity to

mammalian cells.

ll.  Combining Ag NPs with antimicrobial polymers incsea their efficiency by

exploiting the active components of the individsabstances.

IV. In the present work, the superior antimicrobialivaigt of a chitosan-Ag NP
composite in the presence of molecular iodine wagestigated using GFP

expressinge. coli bacteria.

V. A plausible mechanism of antibacterial activity Hasen proposed with the
chitosan polymer getting attached to the bactee#llwall, while the Ag NPs in
the composite turn the cell wall porous. The iodiadicals produced on Ag NP
surface induced oxidative stress by producing reacixygen species.

VI.  Overall, an increase in antibacterial activity @iitosan-Ag NP composite was
achieved by synergy with the antibacterial propertof chitosan, Ag NP and

iodine.

2.3: Experimental section

2.3.1: Materials and methods

Silver nitrate (AgNQ, 99.5%; Merck), chitosan of high molecular weidl@i6%
deacetylated; Sigma-Aldrich Chemical Co.), sodiuydrbxide (NaOH, 98%; Merck,
India), acetic acid (glacial, 99-100%; Merck, Indiaere used as received without
further purification. Milli-Q grade (resistivity 18 MQcm™) water was used in all

experiments. Luria-Bertani (LB) broth was purchasexn HiMedia, Mumbai, India.
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Agarose for gel electrophoresis was obtained fragm&-Aldrich Chemical Pvt. Ltd.,
Kolkata, India. GFP-expressing recombingEntoliwere grown in LB broth at 3C and
at 220 rpm for 12 h.

2.3.2: lodine doped silver nanoparticle-chitosan caposite preparation

Chitosan-Ag NP composite was synthesized, by ad@ingL of freshly prepared
10mM AgNG; solution and 10QuL of 0.3M NaOH solution to 50 mL of 0.2%(w/v)
chitosan solution in water, with constant stirram being kept at 85. The appearance
of a yellow color in 1min after addition of the NEGolution indicated formation of Ag
NPs. The reaction was stopped after 10 min angtéeipitate was filtered and washed
with sterile distilled water. The filtrate was dtieand then a 0.2% (w/v) solution of
composite in 0.1%(v/v) acetic acid solution waspared . To the chitosan-Ag NP
composite solution, 0.2 M iodine solution in ethiaf@ulL/mL) was added and mixed
thoroughly. Different concentrations of this sabuti obtained by systematic dilution
were then used for antibacterial activity studi€se corresponding solution pH was
adjusted to 6.3 by the addition of dilute NaOH $olu prior to antibacterial activity
study.

2.3.3: Characterization of the iodine doped silvenanoparticle-chitosan
composite

2.3.3.1: UV-Vis spectroscopic measurements

UV-visible spectra of the iodinated chitosan-Ag biinposite were obtained using a
spectrophotometer (Lambda 45; Perkin-Elmerl156 Frém©BA). GFP recombinanE.
coli (DH50) cells were grown 12 h in 5 mL of LB ampicillin uhieam aerobically at 37
°C. Samples were withdrawn periodically to measheecoptical density (O.D) at 595 nm
using a UV-Vis spectrophotometer and the GFP-aasati fluorescence using a

fluorescence spectrophotometer (Varian Cary Eclipse
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2.3.3.2: Fluorescence spectroscopy

To monitor bacterial cell population fluorescenpecroscopic studies were carried
out using Fluorescence spectrophotometer (Variamy CGeclipse). The excitation
wavelength for fluorescence studies was set atr@0Fluorescence spectra of the GFP
expressingE. coli were recorded for untreated bacteria and bacteeated with
chitosan-Ag NP composite, iodine and iodinatedodaih-Ag NP composite respectively,
at different time intervals (2, 4, 8 and 12 h). & for fluorescence spectroscopic
measurement were prepared by following a similacedure as mentioned before for
the O. D measurements. Also the fluorescence spettthe supernatant were recorded
upon centrifugation, in order to monitor the lea&ayf GFP on to the bacterial growth
medium due to the action of chitosan-Ag NP composddine and iodinated chitosan-

Ag NP composite respectively.
2.3.3.3: Fluorescence microscopy

Fluorescence microscopic technigues have beeradilio evaluate the antibacterial
efficiency of the composite. Fluorescence from@#d-expressing E. coli cells was well
utilized to monitor the population growth of thectexria by observing the chitosan-Ag
NP composite and iodinated chitosan-Ag NP composiated samples under an
epifluorescence microscope (Axioskop2MAT, Carl Zgisat different time points.
Samples for fluorescence microscopic studies wespgred by taking out 50 pL
aliquots from the GFP-expressing E. coli incubateth chitosan-Ag NP composite,
iodinated chitosan-Ag NP composite and without cosie in LB medium and then
spreading the aliquots on microscopic slides. Theit&tion wavelength used was
controlled by a band pass filter of 445-495 nm, Hredobservation filter had a long-pass
filter wavelength above 515 nm. The effects of madéd chitosan-Ag NP composite on
DNA studied using a confocal laser scanning mianpeq CLSM; Axiovert 200 M, LSM
510 META, Carl Zeiss, Jena, Germany).
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2.3.3.4: Transmission electron microscopy analysis

For TEM investigations, pL of each sample was drop coated onto a carboredoat
copper TEM grid followed by air drying. The dropated grid was then analyzed under
TEM (JEM 2100, Jeol, Peabody, MA, USA). The intéiats of the composite with
bacterial cells were also examined using a higholuéien transmission electron
microscope operating at a maximum acceleratingageltof 80 KeV. The sample for
iodinated chitosan-Ag NP composite treated bactgaa kept in the LB medium (with
the concentration of the composite being at MIC 822:9/mL) for 3 h. For this, the
composite treated on E. coli samples were dropedoanto the TEM grid followed by
air drying.

2.3.3.5: Scanning electron microscopy

The iodinated chitosan-Ag NP composite was alsaadterized usingscanning
electron microscopy (SEM; LEQ@430VP,Carl Zeiss),1QL drop of each sample was
deposited ora glass slide, dried and sputter-coated with giial dising a sputter coater
(SC7620“Mini”, Polaron Sputter Coater, Quordmachnologies, Newhaven, England).

2.3.3.6: pH measurements

All the pH measurements were performed using a gtem(Inolab pH720, WTW,
Germany) after proper calibration with WTW techhidauffer solutions at room

tem peratu re.
2.3.3.7: GFP Construct

The recombinant GFP-expressiBg coli (DH5a) was generated by cloning the GFP
gene into an ampicillin-resistant pUC-derived plaswector (GeNei™ GFP cloning

kit) in our lab.
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2.3.3.8: Determination of bactericidal activity ofthe iodinated chitosan—
Ag NP composite

To determine the minimum inhibitory concentratioMIC) and the minimum
bactericidal concentration (MBC) of the iodinatenposite, the GFP-expressiggcoli
(10% cfu/mL) were inoculated into LB medium supplemenaéth various concentrations
of the composite and grown overnight at 37°C. Thieimum concentration of the
composite at which microbial growth was measuratitybited (with the appearance of
no turbidity) was taken to be the MIC. The culturdst were not turbid were
reinoculated into fresh LB containing ampicillinzQug/mL. The MBC of the iodinated
composite was taken to be the minimum concentratibicomposite that prevented
growth of the bacterial cells following reinocutati as observed by the lack of visual
turbidity. Control experiments were performed widitetic acid only. It may be
mentioned here that the optimum concentration dine® was chosen such that the UV-
Vis peak due to iodinated chitosan was more intehae that due to Ag NP in the
composite. The bactericidal activity of the comp®svas determined by growing GFP-
expressinge. coliovernight in 150 mL LB ampicillin medium at pH 6:Bhe cells were
harvested by centrifugation and resuspended im30B. Three 10@l portions of the
cell suspension were inoculated into 50ml volumésfresh LB ampicillin media,

without the composite or with composite at diffdreoncentrations.

2.3.3.9: Flow cytometric assay for bacterial cell igbility using GFP-
Propidium iodide combination

GFP-expressing recombinant bacterial cell viabilgis assessed using propidium
iodide (PI) a dye which enters permeabilzes cbllsls DNA, and fluoresces at 620 nm
when stimulated by a laser at 488 nm; during flgtometry. In intact cells, Pl remains
in the medium and does not fluoresce; in comprodnesdls, Pl enters the cell and binds
DNA which makes it fluoresce. Briefly, several tsbeontaining 50QiL (10° cells/mL)
of the recombinank&. coli cells and 500uL of the iodinated composite at various
concentrations (treatment | containing 38g of CS-Ag NP and 48.8g of iodine;
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treatment 1l containing 51.4g of CS-Ag NP and 67.3g of iodine; treatment Il
containing 74.1ug of CS-Ag NP and 94.(g of iodine, respectively) were incubated at
25°C. After 2 h of incubation, 1;& of 0.2 mM Pl was added to each of the tubes; the
contents were mixed and diluted with 150 mM NaG@mPles were analyzed by a Flow
Cytometer (BD FACS calibur System, BD Biosciencgan Jose, CA). Samples were
illuminated with a 15 mW argon ion laser (488 nimd the fluorescence was detected
via 525+10 nm (green) and 620+10 nm (red) band fiisss. Signals were amplified
with the logarithmic mode for side scattering, fard scattering, and fluorescence. In
dot plots of fluorescence, different bacterial pagans were gated according to the

viability stage. This method also detects disruptitbmembrane integrity.

2.3.3.10: Assay of oxidative stress in bacterial lt® using the nitroblue
tetrazolium reduction (NBT) method

Bacterial suspensions ¢tu/mL) in 0.1 mL of Hanks’ balanced salt solutitBSS)
were incubated with the iodinated composite al@7or 5, 10, 15, 20, and 30 min time
intervals, respectively. Then 0.5 mL of 1 mg/mLrolitiue tetrazolium was added to each
of the solutions and incubated for 30 min al87 The reaction was stopped with 0.1 mL
of 0.1 M HCI, and the tubes were centrifuged at®gim for 10 min to separate cells
from supernatants. The bacteria pellets were weaith 0.4 mL of dimethyl sulfoxide
(DMSO) to extract the followed by addition of B of HBSS for dilution. Absorption
of Formazan blue obtained from cells was measuréd5Z nm using a

spectrophotometer.

2.4: Results and discussion

2.4.1: Synthesis and characterization of iodinated chitosaAg NP
composite

Addition of diluted NaOH to the solution containimfpitosan and AgN@®at 95°C
turned the solution color to yellow within a minuféhe yellow precipitate obtained from
the solution was dissolved in aqueous acetic aciet¢ord UV-Vis spectrum. The UV-

Vis spectrum consisted of a single sharp peak &t (Figure 2.1a), indicative of the
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formation of Ag NP. Further, addition of iodine ttee chitosan-Ag NP solution did not

lead to appearance of new peaks at 290, 355, abdiBOdiscounting the presence of
iodine, silver iodide, and chitosan-iodine compmsitdependently in the medium. A

ternary brown-colored complex was formed with thpesarance of a prominent peak at
462 nm, when iodine was added to the solution @oini; chitosan-Ag NP composite

and mixed thoroughly. In addition, the spectrum sisted of a shoulder at 420 nm
indicating that Ag NP was present in the compositen treated with iodine (Figure

2.1b).

Absorbance

Absorbance

o
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] T 1 " v v |
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Figure 2.1: (a) UV-visible spectra of CS-Ag NP composite (bjifmted CS-Ag NP composite

Insets show the TEM images of corresponding pasicl

0

The SEM image of the iodinated CS-Ag NP compogtigure 2.2 a) showed typical
petal like structure of the chitosan matrix, whtre presence of silver and iodine was
confirmed by energy dispersive X-ray (EDX) spectr@figure 2.2 d). TEM image
(Figure 2b) clearly indicated the presence of gphEAg NP in the polymer suggesting
the formation of a stable Ag NP-chitosan compositee average diameter of the NPs
was less than 10 nm. In addition, the high-resotuffEM image of a single Ag NP
showed clear lattice planes (Figure,2ehich indicated that Ag NPs were intact in the

composite and were not affected by the presenaalofe in the medium.
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1 2
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Figure 2.2: (a) SEM micrograph (b) TEM micrograph of iodinatgutosan-Ag NP composite.
(c) High resolution TEM micrograph showed the pres of lattice fringes corresponding to
(111) planes of pure silver and (d) EDX spectruniodinated chitosan-Ag NP composite. The
copper peaks are due to the carbon-coated coppérgFid used as a support for the sample.

TEM images indicate the presence of spherical sinamoparticles embedded inside
the polymer suggesting interaction of silver nambgas with chitosan. The images

showed that diameter of the nanopatrticles weretkess10 nm (Figure 2b).

2.4.2: Antibacterial effect of iodine doped silvemanoparticle-chitosan
composite

The antibacterial properties of the iodinated cosipo were tested against
recombinant GFP-expressiikg coli The relative antibacterial activities of the icatied
chitosan-Ag NP composite, chitosan-Ag NP compositetosan, iodine, and Ag NP

only, toward recombinant GFP-expressiagcoli were detected in aqueous LB broth.
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The minimum inhibitory concentration (MIC) and nmmum bactericidal concentration
(MBC) were also determined. The bacterial growtls weonitored by measuring optical
density (OD) at 595 nm at different points of tirflegure 2.3). The MIC of the
iodinated composite (872y/mL) consisted of 38.4 and 48.8/mL of chitosan-Ag NP
and iodine, whereas the corresponding MBC (1§9mL) contained 51.7 and 67.3
ug/mL, respectively. In these above concentratidhs, quantity of Ag NP was 0.82
ug/mL for MIC and 1.kg/mL for MBC respectively, which was significanttywer than
those reported previously with either Ag NP or asétn Ag NP composit& Control
samples with 0.02 M acetic acid angl5ethanol only in LB media showed no growth
inhibition (Figure 2.3). The experiments were pserfed three times to ensure
reproducibility. The doses at which Ag NPs and medican independently show
antibacterial activity are 28.8/mL and 200-2500ppm, respectively. Clearly, iotida
CS-Ag NP composite exhibited higher antibacterietivity at much lower dose in

comparison to the bactericidal dose of the indigidzomponents.

In order to probe the contribution of Adons to the bactericidal activity of the
composite, an excess of NaCl was added to removédréa the solution containing the
composite, and it was found that there was no diffee in bacterial growth (Appendix,
Figure A. 2.1). This indicates that Ag present in the composite-did not contribute
greatly to the biocidal activity of the composipgpbably because of low concentration.
The bactericidal activity of the iodinated compesih the presence of excess NacCl is
included in the Appendix, Chapter 2. However, Agns present in the composite, even
at very low concentrations, would contribute to dwerall efficacy of the antimicrobial
composite. Further, although it is known that leghtAg NPs could enter the bacterial
cell without killing then?® the Ag NPs used here have surfaces exposed wiigation.

A part of the NP is attached to the stabilizinga$an matrix thus making a large part of

the reactive NP available for interaction with tded wall of bacteria.

34

TH-1192_07612203



lodinated chitosan-Ag NP composite Chapter 2

0.6 =—+=Control
=== CS-AgNP-lodine (MIC)

L. 0.5 1 —=—=C8-AgNP-lodine (MBC)
§ cs
@ 0.4 - CS-AgNP
> —=—AgNP
2 0.3 - ——lodine
S
S 0.2 -
I
]

0.1 1

0
0 2 4 time‘:s(hr) 8 10 12

Figure 2.3: Effect of different concentrations of iodinatedtosan-Ag NP composite (at MIC
and MBC) and individual components of the compositehe growth of GFP recombinant E.
coli.

2.4.3:Fluorescence spectroscopy measurement

The results of fluorescent spectroscopic studiethefrecombinant GFP expressing
bacteria treated with iodinated chitosan-Ag NP cosite, chitosan-Ag NP composite
and iodine separately were distinctly differentr Ewample, a time-dependent significant
enhancement of fluorescence intensity in controhma (untreated) over increasing
period of time (Figure 2.4) was observed. Bactémated with chitosan-Ag NP and
iodine independently also showed increase in fem¥ace over a period of 12 h (Figure
2.4, parts b and c), where as samples treated indgfinated chitosan-Ag NP did not
exhibit any increase in fluorescence with time (ff@g2.4 d). The possible explanation
could be as follows. The fluorescence in the samyale obtained from excitation of the
bacterial GFP protein present inside the bacteglf. Thus, it correlated directly with
the bacterial cell population. The emission inteesiof all the samples were almost
identical at 2 h, since at the beginning all sampiad the same concentration of the
bacterial cells. However, with progress of time,ths bacterial cells started getting
attached to chitosan embedded with Ag NPs andacted with iodine present in the
composite, the bacterial growth got arrested, timsletectable fluorescence increase in

treated samples was observed. On the other hanttoteamples without composite
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showed increase in optical density over increadinge period due to increase in
bacterial count and thus higher detectable flu@ese. Further, since the concentrations
of chitosan-Ag NP composite or iodine were muctls ldgean MIC, the cell population

grew with time and hence the increase in fluoreseen
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Figure 2.4Time-dependent fluorescence spectra of GFP reca@nbik. coli Excitation
wavelength was set at 400 nm. Emission spectra eleeened for samples which were (a) in the
absence of composite (b) in the presence of chitdgaNP composite (c) in the presence of
iodine and (d) in the presence of the iodinatetbshin-Ag NP composite.

The cellular media, in contrast, when separated fthe cells showed a completely
different picture. The fluorescence was marginatha cell-free media obtained from
control samples whereas the media of the treateglsa showed detectable increase in
fluorescence, the highest being in case of iodihatetosan-Ag NP composite. This
indicated that the composite killed effectively tiacterial cells over progression of time
resulting in possible maximum leakage of GFP profeam the cell to the medium, in

comparison to all other treatment with all othexgents at their specific concentrations.
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2.4.4:Fluorescence microscopy measurement

The results obtained from fluorescence spectroscogtudies were further
substantiated by observing the treated cells wi@-lependent fluorescence microscopic
studies, where a clear difference in bacterial pefpulation was observed between the
control and treated samples because of progressieeath for the later cases (Figure
2.5). In Figure 2.5shows images of cell population among untreatetebadgcontrol, A-

1, 2, 3) and bacteria treated with chitosan-Ag NB21(, 2, 3) and iodinated chitosan-Ag
NP (C-1, 2, 3) respectively at different time ivas (3, 6 and 12 h).

--
Al i B3 C3

Figure 2.5: Time-dependent fluorescence micrographs of GFBmbmantE. coli (x 40X).
Series A, B, C refer to control, CS-Ag NP compmsihd iodinated chitosan-Ag NP composite
treated samples, respectively, while series 1, &&f& to the samples at 3, 6 and 12 hrs time
points, respectively

As is apparent in the images, even at 3 h themmsiderable difference in (higher)

bacterial cell population in control in comparisonthe other two. At 6 h and 12 h, the
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bacterial population shows continuous growth intadnwhereas in chitosan-Ag NP
treated sample considerable loss of population d@airred. On the other hand, the
iodinated composite treated sample had the maxirtacterial population loss among
all the groupsit may be mentioned here that the amounts of clit@d Ag NPs were
the same for both the composite and iodinated cesitggothus demonstrating the

synergy of using iodine with the composite for sigoebactericidal activities.

2.4.5: TEM analysis of E. coli bacteria treated with iodinated chitosan-
Ag NP composite

In order to study the interaction of the iodinatddtosan-Ag NP composite with the
bacterial cells was further studied by performirfgM analysis of bacterial cells treated
with the composite. TEM images clearly confirmedttAg NPs attached on tlke coli
cell surface (Figure 2.6)The positively charged chitosan (with the formatisis®
group at pH 6.3) is known to interact with the rtagdy charged bacterial cell walf
and thus, the Ag NPs and iodine present in the ositg could also interact with the
bacteria. That the bacteria adhered to the iodihetenposite and came in contact with
the Ag NPs was evident from TEM images of the b#tieeated iodinated composite.
As is evident from Figure 2.6 bacteria were presmmtthe composite and Ag NPs
present in the composite could be viewed throughbticteria adhered to the surface. It
may be mentioned here that results from the laboyraif ours and others have indicated
that while bacteria are adhered to the compodiie,Ag NPs that are present in the
composite are known to create pores on the baktaliasurface thereby increasing the
potency of killing the bacteria more than eithez thitosan or Ag NPs independently.
On the other hand, the presence of iodine in thesgmt system increased the
effectiveness of the antimicrobial activity of tikemposite, the details of effects of

which are mentioned below.
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0.2
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Figure 2.6: TEM micrograph showing interactions between Ag NiRshe iodinated chitosan-
Ag NP composite) and bacteria; large deposits ofN&$ can be seen on connected to the cell
surface. Inset shows an expanded view of Ag NP.

2.4.6: Flow cytometric analysis of bacterial celliability

Bacterial viability analysis of the iodinated corsge treated cells revealed four
different cell populations, specifically, livingpmpromised, dead, and lysed cells. It is
usually assumed that bacterial permeability to eiachcid dye such as propidium iodide
(P1) is associated with the presence of substamtiaparable breaches in the membrane,
in the presence of which the organisms cannot miainiheir membrane potential and are
therefore nonviable. The intact cell only show grékiorescence (from GFP of the
recombinant bacteria) as Pl remains in the mediurd does not fluoresce; in
compromised cells, Pl enters the cell and bind®MA showing red fluorescence in
addition to green fluorescence; in dead cells th® Geaks out of the cell and thus only
red fluorescence is visible and lysed cells doghmw any kind of fluorescence. It was
observed that the intensity of green fluorescence eed fluorescence (Pl) of the
analyzed cells changed as a function of increasidigated composite concentration and
incubation time. For example, the intensity of grékiorescence decreased at high
iodinated composite concentrations, indicating dalpiss of membrane integrity. The
changes in fluorescence intensity are associatéddifferent viability stages dE. coli
cells at various composite concentrations (treatrheorresponding to 38.dg of CS-Ag
NP and 48.8g of iodine,
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Figure 2.7: Dot plots showing populations & coli cells (Pl stained containing GFP) at
different viability stages, measured by flow cytdrgeat different time points and with
varying concentration of the iodinated compositri€s A refers to control and series B,
C, and D refer to increasing concentration of iatia chitosan-Ag NP in the treated
samples and 1, 2, and 3 refers to samples atahd23 h respectively. Different viability
stages are denoted as R1 (live), R2 (compromis&ijdead) and R4 (lysed).
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Table2.1. Percentage ofE. coli cells at various concentration of the iodinated

composite and at different time points as measurelly flow cytometry.

Control Treated-  Treated- Treated-
(%) 1(%) 11(%) (%)
Amount of CS-Ag NP(ng) 0.0 38.4 51.7 74.1
Component/Time lodine (1Q) 0.0 48.8 67.3 94.0
lhour Live 97.70 1.82 0.16 2.74
Compromised 2.02 96.0 38.63 7.33
Dead 0.08 1.81 59.40 38.09
lysed 0.20 0.27 1..81 51.84
2hour Live 96.53 0.14 0.14 2.29
Compromised 3.09 93.56 31.79 0.11
Dead 0.12 6.05 66.23 0.55
Lysed 0.26 0.25 1.84 97.05
3hour Live 96.88 0.36 1.28 2.32
Compromised 3.06 70.58 7.61 0.00
Dead 0.04 28.30 56.32 0.00
lysed 0.03 0.76 34.39 97.68

treatment Il corresponding to 51ug of CS-Ag NP and 67.3g of iodine, and treatment
lIl corresponding to 74lg of CS-Ag NP and 941@ of iodine respectively) observed as
distinct cell population (Figure 2.7 and Table 2The results further confirm that the
iodinated composite affects the membrane integuity also facilitates lysis of cells. It
may be mentioned here that cell lysis was more gheen over longer periods of

incubation and at very high concentrations.
2.4.7: lodinated chitosan-Ag NP composite in oxidate stress

To understand the complete mechanism of enhanasdrlzadal activity of iodinated
chitosan-Ag NP composite, the possible involvenwnhe ROS pathway was studied.
ROS occur naturally in aerobic cells arising froarigus intracellular and extracellular

sources and cells maintain a strong defence agaiiditive stress. Under certain
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circumstances, the concentration of active oxygeesrto a level that overwhelms the
basal level of the scavenging capacity of the galing rise to oxidative stress. Previous
reports have emphasized on the role played by NRsducing oxidative stress
Oxidative stress can have specific effects to thkés dncluding oxidative damage to
proteins and DNA. To establish the role of oxidatstress in the present systems, NBT
assay was performed. Untreated cells showed nklgligncrease in reactive oxygen
species production. In contrast, significant inseealmore than 2-fold) in ROS
production was found in iodinated composite treatetls (Figure 2.8). On the other
hand, bacterial cells, when treated with chitosag,NPs, iodine or chitosan-Ag NP
independently, at concentrations that constitueeitidinated composite, did not show
any significant increase in ROS concentration.ds$ been demonstrated that Ag NPs
present in the composite when attached to the talctell creates pore on the cell wall.
Our previous report has established that Ag NPddcoatalytically convert iodine to
iodine atom on their surfacd$In case of iodinated composite treatment, poras\tiere
made by the Ag NPs, possibly allowed iodine atopreduced on the surfaces of Ag
NPs) to penetrate the compromised cell. This im taould result into the ROS
production cascade. This may well be the case apdeexcessive ROS productions

might lead to cell death.
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Figure 2.8: Effect of iodinated chitosan-Ag NP and individeaimponents of the composite on
the intracellular ROS concentration of the bacteria
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Furthermore, in order to understand the interacthetween DNA and iodinated
composite isolated plasmid DNAof the bacterium, upon staining with EtBr, was
treated with iodinated composite in the mediumefréd Appendix, for further details).
Confocal laser scanning microscopy (CLSM) of thapmrated medium on a glass slide
indicated presence of DNA on the composite (FidgliBa). In addition, gel retardation
assay of the mixture clearly indicated the attaatineé¢ iodinated composite with DNA
(Figure 2.9b). Thus, it is possibly correct to dade that DNA of the compromised
bacterial cell might well have been attached todmposite after perforation of the cell
wall by Ag NPs present in the composite.

374 Ts5y

Figure 2.9: CLSM micrograph showing attachment of DNA (taggethviEtBr) with iodinated
chitosan-Ag NP composite (b) Gel retardation astewing complex of iodinated chitosan Ag
NP with DNA at different time points of incubatidkey: lanes 1 and 5, control DNA,; lanes 2, 3,
and 4 complex of DNA with the composite at varitiose points of 30 min, 1 h, and 2 h.

Finally, the essence of the antimicrobial activofythe iodinated composite is presented
schematically in Figure 2.10. The positively chargehitosan polymer causes the
negatively charged bacterial cell wall to get ditxt to the composite. The Ag NPs
embedded in the composite interact with the cell efathe bacteria to induce formation

of pores on the cell wall. Introduction of porestbe cell wall leads bacteria to become
unviable. It is also important to note that Ag N&se known to induce increased ROS
productions in bacteria. On the other hand, theN&s in the composite also produce
iodine atom from iodine molecule deposited on isface. The iodine atoms thus
induced enhanced production of ROS which causénduriamage to the cell. The

damage in the cells could lead to the damage in CAwd proteins, and thus cells
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become further unviable. Overall, chitosan, Ag MRd iodine (which in turn forms an
iodine atom) work in tandem for superior antibaeleactivity in comparison to either of
the components and at lower concentrations of ehtte species in the composite than

their potency individually, which works at muclgher concentrations.

L @@
iodine g &'gg
molecule

.= protein
= %ﬁhﬁdamagr\.
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Figure 2.10: Schematic representation of the proposed mechasfismtibacterial activity of the
iodinated chitosan-Ag NP composite.

2.5: Conclusion

It is known that chitosan, Ag NPs and iodine allvdaantimicrobial properties
individually. It has also been established thath#osan-Ag NP composite has higher
antibacterial properties at a concentration lovantthat of its components i.e. chitosan
and Ag NPs. In the present set of experiments,ave kemonstrated that in the presence
of iodine the concentrations of both but especiaflpAg NPs could further be lowered so
that the use of Ag NPs with known toxicity to mantiara cells could be minimized.
GFP expressinde. coli bacteria have been used to establish the supesictericidal
activity of the iodinated composite vis-a-vis itsngponents. UV-Vis and fluorescence
spectroscopy and fluorescence microscopy have heed to establish the enhanced
efficacy of the iodinated composite in comparisoncbmposite, Ag NP or iodine
independently. TEM has been used to establish tifaehement of the bacteria to the
composite especially to Ag NPs. Fluorescence mooqmg and gel retardation assay also

supported the idea of attachment of DNA to the oositp. Flow cytometry revealed

44

TH-1192_07612203



lodinated chitosan-Ag NP composite Chapter 2

different levels of cell perforation in the preseraf iodinated composite in addition to
that in the presence of composite only. On therotlaed, the enhanced production of
ROS in the iodinated composite was established ¥yWi$ spectroscopy. In brief, the
catalytic production of iodine atoms by the compmsas reported recently from the
laboratory® led to enhanced antimicrobial activity of the carsipe via increased ROS
productions, in comparison to the composite onher€, the formation of iodine atoms
on the surfaces of catalytic Ag NPs was evidengethb selective coupling of phenols
and its derivatives in the presence of iodinateitbshn-Ag NP. The details of reaction
studied had revealed that the iodine atoms formrethe surface of Ag NP led to the
selective coupling reaction vip-iodophenol intermediate formation. This could be
possible only when iodine atoms are generated erstinface of Ag NP. On the other
hand, although, Agions are known to exhibit high cytotoxicity at tbencentration of
10™* M but very little, if any, biocidal effect was adrsed at much lower concentrations,
which could be the case heréfrin other words, most of the original Agpns had been
reduced to form Ag NPs and little was left for amitirobial activity. The residual Ag
ions, though, could contribute to the overall efig of the composite. The experiments
established the importance of synergy of a threepoment antimicrobial material when
working in tandem in comparison to individual compats, taking advantage of the

mechanism of action of each.
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Chapter 3A

Stable three component iodinated chitosan-Cu
nanoparticle composite: Synthesis and characterizein

(S CuNP lodine

CS-Cu NP lodinated CS-Cu NP

The work embodied herein has been published agialeas described below

“lodine-Stabilized Cu Nanoparticle Chitosan Compmgor Antibacterial applications.
Sadhucharan Mallick, Shilpa Sharma, Madhuchanda Banerjee, SiddhartimkaBa
Ghosh, Arun Chattopadhyay, and Anumita PROE5 Appl. Mater. Interface2012,4(3),
1313-1323."
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3A.1: Introduction

In the past two decades a substantial body of reflseeork in the syntheses of metal
nanoparticles (NPs) has been directed towards icgeatonditions where optical,
chemical and biological properties of the NPs cdagdexploited. In this regard, coinage
metals (Cu, Ag and Au) provide special opportundwing to their biological
applications. For example, it has been establigh&doptical and optothermal properties
of Au NPs or nanorods could be utilized in healtbadiagnostics and therapeutics such
as in hyperthermia treatment of cancer cefl©n the other hand, colloidal silver has
been used and in recent times Ag NPs have beerogedpfor antimicrobial and
anticancer therapy in the form of either NPs or Ms present in the composite.
However, the use of Ag NPs has been a cause otooatbeit they are being addressed
systematically-especially because of their pemsigpeesence in living systems and lack
of any suitable sequestering agent. For examplajgations of Ag NPs being present in
the environment need to be understood before thiElespread use in antibacterial
treatments such as in water filter systems and Rglifed clothing’ In this regard, Cu
NPs are attractive alternatives because in additmntheir catalytic, optical and
electrically conducting properties they are knownhave significant antibacterial and
antifungal propertie$.*® Ag is known to accumulate in the humans body divee can
lead to toxicity such as argyrtalmportantly, there are known sequestering agents fo
Cu'® ¥in order for their release out of the human bodip¥aing their use. However, use
of Cu NPs still poses a fundamental challenge owontdpeir ease of oxidation especially
in an aqueous environment of living systems andpen atmosphere. This is where an
opportunity lies in terms of developing a reactmndition where Cu NPs would not
only be synthesized but also remain stable for@efitly long time in order for them to

be useful.

As a natural response to the demand, several netheee recently been developed
for the syntheses of Cu NPs which include thermeduction’® sono-chemical
reduction’* metal vapor synthesf$,chemical reductiof, vacuum vapor depositidh,

radiation method&® microemulsion techniqués®® and laser ablatiof. Interestingly,
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most of these methods utilize oxygen-free enviromnfer the synthesis as the incipient
Cu NPs get readily oxidized in the atmospHet&-224?8 For example, Lisiecki et &f.
reported the synthesis of Cu NPs in aqueous salutsing sodium dodecyl sulfate as the
capping agent where they used the inert environmokatglove box with nitrogen flow
to prevent the oxidation of the generated Cu NRsthEr, Joshi et &P reported the
synthesis of Cu NPs by gamma radiolysis, in an agsiesystem under nitrogen
atmosphere. Thus there is still a need for theelkdgwnent of a method for the
atmospheric synthesis of Cu NPs where the NPs waarthin stable for sufficiently
long time for their use especially in antimicrobaald antifungal applications.

Herein we report the development of a new methodHe preparation of Cu NPs
under atmospheric conditions in the presence dbsan (CS) as the stabilizing agent
and in the form of a composite with CS. Chitosag)is a naturally occurring, cationic
polysaccharide composed of (1,4)-linked 2-amine@xy{-d-glucose and 2-
acetamido-2-deoxp-d-glucose units. The polymer has significant eahtof primary
amines and hydroxyl groups thus providing it witeteong affinity towards metal ions,
which can be incorporated by simple chelation oritwy exchange, making it an
excellent support for synthesis of metal NP¥. The synthesis was carried out by
reducing C@" using hydrazine as the reducing agent and in theepce of CS as the
stabilizer. The methods produced Cu NPs with awersige 8+4 nm. It was further
observed that the as-prepared NPs were oxidizeterratapidly (within hours of
preparation) in the medium while they were reasbnabable in the presence of
hydrazine in the medium or in vacuum dried samp@n the other hand, addition of
molecular iodine to the prepared NPs in the medwaovided stability to the NPs in the
medium which could then be used for antimicrobiatlges.

3A.2: Outline of the research work

I.  Molecular iodine has been used in conjunction &ithiopolymer CS to stabilize

Cu NPs in a composite in aqueous medium.
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II.  UV-Visible spectroscopy, transmission electron wscopy (TEM), field
emission scanning electron microscopy (FESEM) angyXdiffraction (XRD)

were used to characterize the nanocomposites.

lll.  lodine prevent copper oxide formation, possiblesaltsation of molecular iodine
on the surface of Cu NPs into iodine atoms whitienaisorbs to form Cul films

on the surface of Cu NPs, inhibits agglomeradéind stable towards oxidation.

IV. Enhancement in antibacterial activity as well asbfity of CS-Cu NPs

composite in the presence of molecular iodine.

3A.3: Experimental section

3A.3.1: Materials and methods

Copper (Il) sulphate pentahydrate (CuSbi,O; Merck, India), Chitosan of high
molecular weight (75% deacetylated; Sigma-Aldridmefical Co.), sodium hydroxide
(NaOH, 98%; Merck, India), Hydrazine hydrates soluit(80%; Merck, India), acetic
acid (glacial, 99-100%; Merck, India) and ethanerevused as received without further

purification. Milli-Q grade (resistivity 18.2 Klcm') water was used in all experiments.

3A.3.2: Synthesis and characterization of iodinated CS-Cu R
Composite

Chitosan stabilized Cu NPs were synthesized unolenal atmospheric conditions, as
shown in Scheme 1. For this, 50 mg of chitosan 4ddng of copper (ll) sulphate
pentahydrate were added to 50 mL Milli-Q grade watea 100 mL round bottom flask
placed in an oil bath with vigorous stirring anflueed for 20 min at ~ 10% resulting
in a light blue colored solution. To this 0.6 mtL®6 M NaOH was added upon which
the color of the solution turned brown. After ab@6 min 0.4 mL of hydrazine hydrate
solution was added to the above solution with @mtsstirring. Within 10 min a yellow
solution was formed. The reaction was alloweddotinue for an additional 30 min till
a reddish colored solid appeared at the bottorhefaund bottom flask. The flask was

then taken out from the oil bath and cooled to raemperature.
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1) Centrifuge
NaOH N ,H,. H,0 2) Redisperse ppt
20 min 10 min 30 min 3) I /Ethanol >
4) Acetic acid

CuSO, soln CS-Cu NP lodinated CS-Cu NP
with CS composite composite

Schem@A. 1. Schematic representation of the procedure usedhi®rsynthesis of
iodinated CS- Cu NP composite.

The solution along with the precipitate was ceagdd at 5300 rpm and the
precipitate was washed with milli-Q grade water #ralprecipitate is made into a pellet.
The pellet was then redispersed in 20 mL of 0.25%eaus acetic acid solution. To that
CS- Cu NP redisperse solution 3d0of 0.2 M iodine solution in ethanol was added and
mixed thoroughly. The resulting reddish coloreduioh was characterized and used for
antibacterial studies. The pH of the solution adgusted to 6.3 prior to bactericidal
activity studies. The supernatant solution wastéckavith excess N¥NH,.H,O to check
for any excess of Glipresent in the medium, which was negative. Ieoitords, all of
CU?* ions present in the medium had reacted. For cterization of the product, the
reddish solution was centrifuged, vacuum dried aboked under vacuum before
analysis. Further, control experiment in absencbyofazine hydrate yielded CuO NPs
from CuSQ, showing that CS did not reduce CuStd Cu NPs (refer to Appendix
Figures A. 3A.1 a, b and c)

3A.3.3: UV-Vis spectroscopic measurements

UV-visible spectra of the the reddish dispersiors weeasured using a Hitachi U 2900
spectrophotometer. The bacterial growth was magitdrsy measuring optical density
(OD) at 595 nm using a UV-visible spectrophotomefemmbda 45; Perkin-Elmer,
Fremont, CA, USA) of the sample at different times

3A.3.4: Transmission electron microscopy (TEM) anafsis
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For TEM investigations, pL of each sample was drop coated onto a carboredoat
copper TEM grid (300 mesh) followed by air dryirhe drop coated grid was then
analyzed under TEMt a maximum acceleration voltage of 200 kV. Theractions of
the composite with bacterial cells were also exawohirusing a high resolution
transmission electron microscope operating at aimnax accelerating voltage of 80
KeV.

3A.3.5: X-ray diffraction measurements

We performed X-ray diffraction measurements to abtrize the CS-Cu NP
composite and iodinated CS-Cu NP composite. We atsolied and fate of the
composite during antibacterial studies using XRDasueement. Firstly, vacuum dried
composites were spread on glass microslides and WBPrecorded using Bruker AXS
D8 Advance X-ray diffractometer with Cuo radiation = 1.54060 A), operating at 40
kV and 40 mA.

3A.3.6: Atomic absorption spectrometry (AAS)

Quantitative analysis of the concentration of coppe release from the iodinated
CS-Cu NP composite was performed by using atomsomibion spectrophotometer
(Model: AA240 Varian Inc). For this the supernatastlution obtained after

centrifugation of the composites was investigatgdAS.
3A.3.7: Zeta potential({) measurements

Zeta potential{) measurements were performed to determine the elwdngdinated
CS-Cu NP composite, chitosan, iodine in aqueoustisol at pH 6.3. Zeta potenti&])
values were measured using Delgdano Submicron Particle Size and Zeta Potential
Particle Analyzer (PN A54412AA, Beckman Coulter).
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3A.3.8:Fourier Transform Infrared (FTIR) spectroscopy

FT-IR spectra were recorded on a Perkin-Elmer-3pecOne spectrometer with KBr
disks in the range 4000-450 ¢rfor structural analysis of CS, CS-Cu NPs compceiie
iodinated CS-Cu NP composite. CS, CS-Cu NPs coitegpasd iodinated CS-Cu NPs
composite powders were mixed with KBr in order take pellets for FTIR studies.

3A.4: Results and discussion

3A.4.1: Synthesis and characterization of the CS4CNP composite:

The role of chitosan and iodine

As mentioned earlier the synthesis of Cu NPs inpilesence of CS was carried out
under normal atmospheric conditions. The reddaid produced from the reaction of
alkaline CuSQ@ and hydrazine (in the presence of CS) was sepghfaie the reaction
mixture and then redispersed in water in the pmsesf acetic acid. UV visible
spectrum of this reddish solution showed a prontimpeEak at 591 nmF{gure 3A.13,
which broadened rapidly in about 2 days (refer pp@ndixFigureA. 3A.2a). The peak
is attributed to the surface Plasmon resonance \8P8u NPs. The peak disappeared in
about 3 days. The peak at 591 is characteristiorofiation of Cu NPs in the medium
and the dissolution of the solid in acetic acidusoh indicated that the NPs were
associated with CS (which itself dissolves in acidondition) and thus a polymer-NP
composite might have formédlt is also important to mention here that the CRsN
present in the composite were rather unstable epd¢hk due to NPs was observed to
have disappeared within a matter of days. The poesef CS in the composite was
confirmed by FTIR studies wherein the peaks cooedmg to CS were present
(Appendix, Figure A. 3A.4). Interestingly, powderRKR pattern of the composite
recorded after 1 day of synthesis indicated thegiree of Cu. The XRD pattern, shown
in Figure 3A.1b, indicated the occurrence of diffran at & values of 43.34°, 50.46°,
74.14 which were indexed as due to diffraction from (11(R00), and (220) planes

respectively of face-centered-cubic (fcc) crygpgdnes of Cu(0).
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Figure 3A.1: (a) UV-Visible spectrum of freshly prepared CSH8RB composite. (b) Powder

XRD pattern of freshly prepared CS-Cu NP composie TEM image of freshly prepared CS-
Cu NP composite. Inset is TEM image of a singleNEu Arrow indicates amorphous layer. (d)
High-resolution TEM (HRTEM) image of a particle.rAw indicates amorphous layer. Inverse
Fourier transform of the region indicated in dwhy the lattice fringes due to reflection from
(111) planes of Cu(0), a better view of which i®wh in the inset. The lattice fringe spacing
corresponding to (111) plane is 0.196 nm.

The XRD pattern of the composite was matched withstandard powder diffraction
data file for copper (face-centered cubic, JCPO8 Ko. 04-0836). Further, the
presence of cupric oxide (CuO) or cuprous oxide@Juwas not detected in the
diffraction. It may be mentioned here that 10 daysamples also showed similar XRD
patterns (Appendix, Figure A. 3A.3bhis possibly indicates that the surface of Cu NPs
present in the composite was possibly oxidizedh@ atmosphere gradually, which
changed the optical extinction spectrum but wasrafiécted in the XRD pattern. In
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other words, a thin film (shell) of copper oxideogn from the Cu NP might have

affected the optical properties of the Cu NPs iaskilit the metal was still present there.
It has been established that modification of thdase of metal NPs by deposition of
another metal or even polymer may lead to disappear of the characteristic SPR of
the original metal.

That the Cu NPs were synthesized and present icofimgosite was further confirmed
by TEM measurements. As shown Higure 3A.T, particulates were formed in the
medium with average patrticle size of 17+4 nm. HRTHMge of a particle, shown in
Figure 3A.d clearly indicated crystalline nature of the samdditionally, the lattice
space of 0.196 nmmeasured from the imagEidure 3A.4, inset) indicated the presence
of crystalline Cu. This matched well with the regealr literature value for the lattice
fringe of (111) planes of copp&?® On careful examination of the edges of Cu NP,
(Figure 3A.1d) show that the lattice fringes do not extencheperiphery, but rather give
way to a thin region of amorphous growth, probatilye to oxide formation. TEM
image in Figure 3A.H also shows such an amorphous layer coveringutiace of Cu
NP. Further, TEM image of 10 day old samples (AplpenFigure A. 3A.3b) show
extensive agglomeration of the Cu NPs into largatigles of ~ 56-200 nm in sizes.
The broadening of the SPR band in aged samplesoismbly due to a combination of
oxidation and agglomeration of the Cu NPs in th@posite. This fact is consistent with
the XRD results of the aged sample, which stillvghitbe presence of peaks due to
copper. Thus the present method provided a cortgposiCu NP and CS, where the Cu
NP surface might have been oxidized slightly in@phere, which was sufficiently thin

not to alter the NP but might have contributedn® Ibss of extinction spectrum.

It is understandable that the utility of the NPgha composite gets reduced when the
NPs themselves are prone to oxidation and aggldinerander atmospheric condition.
This is especially true when application such asntimicrobial activity, which is an
important aim of the present study, is involvedisTproblem was alleviated by using
molecular iodine in order to stabilize the NPs oadionger period of time. When the
composite was redispersed into dilute acetic aoldtisn followed by treatment with

molecular iodine, the color of the composite saéthined its original reddish nature.
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Figure 3A.2: (a) Time-dependent UV-Visible spectra of iodinate8 - Cu NP composite as

recorded under atmospheric conditions. (b) PowdeD>pattern of freshly prepared iodinated
CS-Cu NP composite. (c) TEM image of freshly prepaiodinated CS-Cu NP composite. (d)
HRTEM image of a particle showing the lattice fisgcorresponding to the (111) planes of
copper.

The UV-visible spectrum consisted of a sharp pda&83 nm (Figure3A. 2a). The
shift in the peak may be due to the presence anédn the surface of the NPs thereby
changing the dielectric constant of the mediumhim tnmediate vicinity of the NPs i.e.
surrounding the NPs. Interestingly in the preseavicthe iodine the peak corresponding
to Cu NPs was rather stabléAs is clear from Figure 3A.2#or the first 6 h the change
in the peak intensity was minimal, although theraswa systematic decrease in the
background scattering thereby reducing the overhsity. Further, the peak due to Cu
NPs was clearly present for the first 3 days algffiothe background scattering was
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continuously decreasing (refer to Appendix, Figue3A.2b). In addition, the
broadening of the peak with time was also sloweth& presence of iodine than in its
absence. Essentially, UV-Visible spectroscopic issiéhdicated that the Cu NPs in the
composite were relatively more stable in preserfceodine than in its absence. The
stability could be provided by the formation ofdeaamounts of | atoms on the Cu NP
surface. Molecular iodine is known to dissociateidadine atoms on clean copper
surface®® ** On the other hand, under normal atmospheric tiondiand in absence of
iodine, the NPs become unstable possibly due tlasuioxidation and agglomeration.
Powder XRD patterns of the iodinated CS-Cu NP caitpavhen the sample was
prepared within 1 h of addition of iodine-indicatixt they were rather stablequre3A.
2b). This was evidenced by the presence of aletheaks corresponding to (111), (200)
and (220) occurring at2values 43.34°, 50.46° and 74°Iéspectively. Further, TEM
images of the sample corroborated the stabilitthefNPs in the presence of iodine as
there was hardly, if any, agglomeration and oxata{fFigure 3A2c). Also the Cu NPs
were spherical, much smaller in size in presencedihe Figure3A2c) with measured
average size of 8t4 nm. HRTEM image in Figure 3d lattice spacing which matched
with that of Cu metal and the fringes were founextend all the way to the edge of the
NP, indicating the absence of amorphous oxide faoman the surface of the NP. Thus
the composite in the presence of iodine would kypaed candidate for antimicrobial
studies due to its enhanced stability. It is atspartant to mention here that the stability
of Cu NPs in the presence of iodide has been repoecently’?
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Figure 3A. 3: (a) Powder XRD pattern of 10 day old iodinated Q8NP composite.2 26.84

is the diffraction angle of Cul (111) plane. (NI image of iodinated CS-Cu NP composite of
10 days old sample. (c) HRTEM of the 10 day oldnated CS-Cu NP composite showing the
presence of lattice fringes corresponding to thElYIplanes of copper and Cul. (d) Inverse
Fourier transform of selected region in ¢ showing lattice fringes corresponding to the (111)
planes of copper and copper iodide. The latticegéispacing corresponding to (111) plane of
copper and copper iodide are 0.196 nm and 0.368=apectively.

That the stability of Cu NPs in the composite wahanced in the presence of
molecular iodine is clear from the results of tkperiments mentioned above. However,
we were further interested in finding the mechanadmatability and thus probed the NPs
in the composite treated with iodine. This was pedsby recording the powder XRD
and TEM of the composite treated with moleculainedor 10 daysFigure 3A3a shows
the powder XRD patterns of the sample. As is diean the figure, the pattern consisted
of peaks due to Cu (111), (200) and (220) occurdhg® values 43.34°, 50.46and
74.14 respectively. On the other hand, there was artiaddl peak occurring at 26.73
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which is ascribed to the presence of Cul and tffeadtion is due to (111) plane of the
salt. This means that the composite even after dys detained Cu NPs, although
formation of Cul took place in the presence of medi Further, TEM measurements
indicated thatKigure3A.3b) that although there was some degree of agghimerwith
time, the particle largely retained their size dhds were stable. On the other hand,
HRTEM image of a particle indicated the presenc€wfand Cul as the lattice spacing
of 0.196 nm and 0.369 nm were both observed irsdéimee image. That the lattice of Cul
was present indicated conversion of nanocrystaSuwointo Cul nanocrystals, possibly in
the form of a core-shell structures.

To sum up, we find that both CS and iodine haviegiht roles in stabilization of Cu
NPs. CS is a naturally occurring, cationic poly$ecice composed of (1,4)-linked 2-
amino-2-deoxyB-d-glucose and 2- acetamido-2-dedg-glucose units, and is able to
physisorb on Cu surface due to its significant enhof primary amines and hydroxyl
groups. In CS-Cu NP composite we observed thast@ilized the Cu NPs and slowed
down their aerial oxidation. However CS was unablprevent the agglomeration of the
Cu NPs and after 4 hours the sample started shoaggipmeration of Cu NPs (i.e.
Appendix, figure A. 3A.2a). The interaction of raoular iodide on copper surfaces has
been studied extensively and reported in the titeeg” >’ On copper surfaces molecular
iodine dissociatively chemisorbs to form Cul film33® In our I-CS-Cu NP composite,
where we used molecular iodine, we also observedotimation of Cul on the surface of
Cu NPs, which inhibited its agglomeratiorigure 3A3b). This is consistent with the
fact that in the iodine-CS-Cu NP composite theorafi Cu:b used during synthesis was
26.7:1, i.e. there was excess of Cu in comparisgh v Thus in our I-CS-Cu NP
sample, in which both CS and molecular iodine weesent, Cu NPs are stable towards

oxidation and agglomeration for about 4 days in i@mtbconditions.

3A.5: Conclusion

We have prepared a new CS-Cu NP composite usingoimipatible and
biodegradable environmentally friendly polyelecytel CS. The CS-Cu NP composite as
such in the atmosphere was not stable and was poowogidation. However, in the
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presence of molecular iodine the composite wasratable. The added stability of the
iodinated CS-Cu NP composite permitted its efficasya potent antimicrobial agent.
lodine prevent copper oxide formation, possiblesaiisation of molecular iodine on the
surface of Cu NPs into iodine atoms which chenisdo form Cul films on the surface
of Cu NPs, inhibits agglomeration and stable towaottidation.Studies on Gram-

negative GFP expressirtg coli and Gram-positivd3. cereushacteria and revealed the
effectiveness of the composi#ntibacterial activity studies of iodinated CS-CWPN

composite are discussed in next chapter of thaesthes
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studies
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3B.1: Introduction

Colloidal silver has been known to possess exdelietibacterial properties; their use
was very limited in the pasf However, very recently Ag NPs have found wide
applications such as in water purification systeans in air purification systenis:
Further, Ag NPs have also been proposed in antitatherapy:”® Hence in the last
decade, while on one hand Ag NPs are being used miokely it has also been a cause
of concern to the environment especially due t& lafcany suitable sequestering agent
and their persistent presence in the environrhémtthis respect Cu NPs find use not
only as catalysts and as optical and electricaldaoting materials but also as
antibacterial and antifungal agéfit?® Further, there are known sequestering agents for
Cu for their release out of the human body follayvtheir use?®*’ Thus Cu NPs are an
attractive alternative to Ag NPs in bactericidagblgations.

Esteban-Cubillo and coworkers have demonstrateteticidal properties of Cu NPs
prepared in the matrix of sepiol#&On the other hand, Kelechi C. et al. reported tihat
antimicrobial activity of acrylated Cu NPs is siarito that of conventional copper based
biocides!” Additionally, Cioffi, et al*® have reported antifungal and antifouling
properties of a Cu NP-polymer composite. In 2006].YKim deposited Cu NPs on the
surface of Si@ NPs which showed excellent inhibitory effects tarious
microorganisms® M. Taner et al. recently reported Ag-Cu nanoallsysthesis and
their bactericidal behaviour agairst coli** Recently Valodkar et al. prepared starch-
stabilized Cu, Ag and Cu-Ag alloy NPs and foundeiiasting antibacterial activity
against both Gram-positive and Gram-negative biactein this regard, it is also
important to address the issue of the species wvedoin antimicrobial or antifungal
activities and the mechanism of action. For examplesther the NPs remain as such or
get oxidized to Cti species is still largely an open question. In &oldj the details of
the mechanism of action of the NPs still remainb&o fully understood. Further, the
presence of iodine in the composite is likely thiamce the antimicrobial activity of Cu
NPs. The antimicrobial studies were carried ouhgiSEFP expressing recombindfit
coli bacterid® and Gram-positivacillus cereus (B. cereudpcteria. Considering that
CS itself is antimicrobial, the three-component (s, CS and iodine) system provided
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a new way of antimicrobial action where the minimurhibitory concentration (MIC)
and minimum bactericidal concentration (MBC) of ilmted CS-Cu NP composite
againste coli were found to be 1308y/mL and 239.4.g/mL respectively. Quite a few
studies attribute the antimicrobial property of gepand their oxides to the released Cu
ions in aqueous mediurtf: 1’On the other hand, our findings from electron nscapic,
optical and biochemical studies indicated that natkd CS-Cu NP composite was
attached to the bacterial cell surface, causirgparable membrane damage followed by
membrane disintegration and finally leading to delath. Importantly, while the Cu NPs
contributed to the overall bactericidal activityfomic absorption spectroscopic
measurements indicated that the copper ions, belegsed - if any, played a minor role

in the bactericidal activity of the composite.
3B.2: Outline of the research work

I.  Enhancement in antibacterial activity as well aab#ity of CS-Cu NPs

composite in the presence of molecular iodine.

Il.  Positively charged CS helped in the attachmenthef bacterium (negatively
charged cell wall) to the composite, Cu NP presanthe composite led to

creation of pores on the cell wall, leading to delath.

lll.  Zeta potential(() measurements supported an attractive interadviemveen
iodinated CS-Cu NP composite and bactdgkectron microscopic and flow
cytometric studies revealed that the iodinated GSN® composite was attached
to the bacterial cell wall, which caused irrevelesidamage to the membrane
eventually leading to cell death.

IV. CS, Cu NPs, and iodine work in tandem for superdmmicrobial activity.
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3B. 3: Experimental section

3B.3.1: Growth media and Bacterial strains

Luria-Bertani (LB) broth and nutrient broth (NB) meepurchased from HiMedia,
Mumbai, India. lodine and other high-purity molesnubiology grade chemicals and
reagents used for agarose gel electrophoresis wbktained from Sigma-Aldrich
Chemical Pvt. Ltd., Kolkata, India. GFP-expressiagombinant. coli were grown in
LB broth at 37C and at 220 rpm for 12 h; whereBscereusvere grown in NB at 3T
and at 220 rpm for 12 h.

3B.3.2: Zeta potential ()

Zeta potentialJ) measurements were performed to determine thegelariodinated
CS-Cu NP composite, chitosan, iodine in aqueoudtisol at pH 6.3. Zeta potential)(
values were measured using Delsa™ Nano SubmicrdiclBeSize and Zeta Potential
Particle Analyzer (PN A54412AA, Beckman Coulter).

3B.3.3: Atomic absorption spectrometry (AAS)

In order to directly probe the contribution of Gans to the bactericidal activity of the
iodinated CS-Cu NP composite, we have measuredeleased Ci ions from the
surface, over time, due to diffusioBuantitative analysis of Glions was measured by

using atomic absorption spectrophotometer (Mod&l240 Varian Inc).
3B.3.4: Transmission electron microscopy (TEM) angkis

The interactions of the lodinated CS-Cu NP composith bacterial cells were also
examined using a high resolution transmission edactmicroscope operating at a
maximum accelerating voltage of 80 KeV. The samfae iodinated CS-Cu NP
composite (at MIC i.e. 130.84y/mL) treatecE. coliwas kept in the LB medium for 3 h.

For this, the iodinated CS-Cu NP composite treateB. coli samples were drop coated
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onto the TEM grid followed by air drying and thesuéting grid was then analyzed under
TEM.

3B.3.5: Field emission scanning electron microscogi#fESEM)

Interaction of the iodinated CS-Cu NP compositehvbicterial cells was further
studied by using Field emission scanning electracraacopy (Carl Zeiss, SIGMA VP)
instrument. Typically, 10 uL drop of each sampleswiaposited on a glass slide, dried

and sputter-coated with gold film using a sputteater and imaged under the FESEM.
3B.3.6: X-ray diffraction studies

In order to confirm the role of Cu NP of the ioded CS-Cu NP composite in
inhibiting the growth oft. coli, we have centrifuged a bacterial growth cultueatied
with MIC of iodinated CS-Cu NP after 4 hours anccwam dried and stored under
vacuum before analysis. The dried cell pellet sprea a glass slide and XRD was
recordedusing Bruker AXS D8 Advance X-ray diffractometer.

3B.3.7: Antibacterial activity assessment

For bactericidal activityB. cereusvas chosen as the Gram positive bacteria and GFP-
expressinge. coli as the Gram negative bacteria. GFP-expredsirapli was cultured in
LB ampicillin mediaand B. cereusin NB media. Different concentrations of iodinated
CS-Cu NP composite were used to determine the mimirmhibitory concentration
(MIC) and minimum bactericidal concentration (MB&) pH 6.3. Bacteria (£6fu/ml)
were grown in media in the presence of differemtcemtrations of iodinated CS-Cu NP
compositefor 12 h at 3%C. The lowest concentration of composite at whigre was no
visual turbidity was taken as the MIC value of tenposite Further, the cultures which
lacked visual turbidity were reinoculated in freskdia. The lowest concentration of the
composite that killed at least 99.9% of originabadolums was taken as MBC. The
experiments were performed at least in triplicaterisure reproducibility. The bacterial

growth was monitored by measuring optical densitp) at 595 nm using a UV-Visible

66

TH-1192_07612203



Antibacterial studies of the iodinated CS-Cu NP composite Chapter 3B

spectrophotometer (Lambda-45; Perkin-Elmer, Fremm@#&, USA) of the sample at

different times.

3B.3.8: Flow cytometric assay for viability analyss of bacterial cells
using GFP-Propidium iodide combination

Viability of GFP-expressing recombinant bacteriaells and disruption of membrane
integrity was assessed using propidium iodide (Pl), whiclkerenbnly permeable cells,
binds DNA, and fluoresces at 620 nm when stimuldted laser at 488 nm. In viable
cells, Pl remains in the medium and does not flemaein compromised cells, Pl enters
the cell through damaged membrane and binds DNAbiixty fluorescence signalé’
Briefly, several tubes containing 5@Q (10° cells/mL) of the recombinark. coli cells
and 350uL of the iodinated composite (at MIC of 130.8¢/mL iodinated CS-Cu NP
consisting of 127.621g/mL of CS -Cu NP and 3.22g/mL iodine) were incubated at
25°C for various time periods (1 h, 2 h, 4 h arfd).6After incubation, 1.5L of 0.2 mM
Pl was mixed into each tube and diluted with 150 M&CI. Samples were analyzed by
a Flow Cytometer (BD FACS calibur System, BD Biesaes, San Jose, CA). Samples
were illuminated with a 15 mW argon ion laser (488), and the fluorescence was
detected via 525+10 nm (green) and 620+10 nm (paed pass filters. Signals were
amplified with the logarithmic mode for side scattg, forward scattering, and
fluorescence. In dot plots of fluorescence, ddfgrbacterial populations were gated
according to the viability stages.

3B.3.9: Agarose gel electrophoresis of GFP recomlaint plasmid DNA

Effect of iodinated CS-Cu NP composite on plasmiblADwas performed by
incubating the iodinated CS-Cu NP composite witasplid DNA at 37C. DNA-
composite complex formation was checked by 0.8%amgagel electrophoresis followed
by visualization of EtBr stained DNA under UV- talfluminator (refer to Appendix,
Figure A. 3B.6).
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3B.4: Results and discussion
3B.4:1 Antibacterial studies of the iodinated CS-CWNP composite

The bactericidal activity of the iodinated CS-Cu W&nposite was determined on
Gram-negative GFP-expressiigcoli and Gram-positiveB. cereusbacteria.Turbidity
tests indicated that freshly prepared iodinatedGTSNP composite exhibited superior
bactericidal activity as opposed to aged sampldence for antibacterial studies only
freshly prepared samples (within 6 h of preparatafnodinated CS-Cu NPs were used.
From the results reported above, it is clear thahssamples used underwent minimum
changes thus ensuring reproducibility of the raswlith maximum effectiveness of the
composite. In order to determine the MIC and MBG cfu/mL of GFP-expressing.
coli were inoculated into Luria-Bertani (LB) medium silgpented with various
concentration®f the composite (i.e. in the presence of iodinmg) grown overnight at
37°C. The minimum concentration of the iodinated-@Q% NP composite at which
microbial growth was measurably inhibited was tateebe the MIC. Thus MIC was the
concentration of the iodinated composite where soal turbidity of the culture was
observed. The cultures that were not turbid weneoculated into fresh LB containing
ampicillin at 10@uig/mL. The MBC of the iodinated Cs-Cu NP compositswonsidered
to be the minimum concentration of the composite grevented growth of the bacterial
cells following reinoculation, as observed visually the lack of turbidity. Control
experiments were performed with acetic acid andreth only. For comparison, the
antibacterial activities of the CS-Cu NP composdkitosan, and iodine towards the

recombinant GFP-expressikg coliwere also measured.

The results of the antimicrobial activity of thedioated composite are shown in
Figure3B.1. The MIC of the iodinated composite i@md to be 130.84g/mL, which
consisted of 127.62g/mL of CS-Cu NP composite and 3.28/mL of iodine. The
corresponding MBC (239.4ig/mL) contained 233.5@g/mL of CS-Cu NP and 5.9
ug/mL of iodine. In the above concentrations of ibdinated CS-Cu NPs composites,
the quantity of Cu NP was 21.56g/mL for MIC and 39.43ug/mL for MBC
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respectively. These determined values of MIC for NIies are much lower than those
reported for Cu NPs in the literaté?eé*" > Control samples with 0.02 M acetic acid and
6 uL ethanol only in LB media showed no growth inhimit (Figure 3B.1). The doses at
which Cu NPs can independently show antibacteaavity (MIC) has been reported to
be 60-150ug/mL.2%?*%In our case, separate experiments showed thatlyrpsepared
Cu NPs (without CS and iodine) above 468.2 ug/nilibied growth of the bacteria in
LB medium. Clearly, iodinated CS-Cu NP composikhileited higher antibacterial
activity at much lower dose of Cu NPs in comparisorthe bactericidal dose of the
individual components, i.e. MIC of chitosan is knmowo be 468.g/mL towardsE. coli
3031 and MIC of iodine toward€. coliis 155.6ug/mL®?* and, of course, of Cu as
mentioned before. This is also corroborated byresults shown in Figure 3B.1, where
we observe that individual components at their viadial concentrations (in the
composite) either did not exhibit antibacterialgedies (i.e. 21.55g/mL of Cu NP and
3.22 ug/mL of iodine) or exhibited limited bactericidatgperties (i.e.106.04g/mL of
CS) when present as CS-Cu NP composite. Howevbkenwpresent as iodinated
composite as in I-CS-Cu NPs (MIC) they inhibite@ tirowth ofE. coli Furthermore,
growth of GFP expressing. coli was monitored up to 24h under various treated
conditions with no apparent changes in profilegredb Appendix, Figure A.3B.1). The
MIC value of our turbidity experiments was also Salntiated by plate counts of GFP
expressing recombinai. coli treated with I-CS-Cu NPs composites (23RgimL at

MBC dose) in a dilution experiment (refer to Appendable A.3B.1).
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Figure 3B.1: Growth curve of GFP recombinalt coliin the presence of the following (as also
indicated in the legendstontrol: 0.02 M acetic acid and @ ethanol only in LB media-CS -
Cu NPs (MIC) : iodinated CS-Cu NP composite at 1308fmL; I-CS - Cu NPs (MBC}
iodinated CS-Cu NP composite at 239gfmL; CS - Cu NPs: CS - Cu NPs composite at
127.62ug/mL; CS: Chitosan at 106.0dg/mL, lodine: lodine at 3.22:g/mL. andCu NPs Cu
NPs at 21.55 pg/mL.

In addition, the MIC of I-CS-Cu NP composite on @rpositiveB. cereusvasfound
to be 165.131g/mL, which contains of 27.18g/mL of Cu NPs, and the corresponding
MBC was 275.86.g/mL, which contains of 45.4g2g/mL of Cu NPs. The values were
slightly higher than Gram negati¥e coli bacteria.

Fluorescence microscopic investigation (refer tpégdix , Figure A. 3B. 3) with the
GFP-expressing. coli bacteria indicated that at the MIC of the iodidatemposite the
bacterial population did not grow appreciably af&eh. On the other hand, at MBC
bacterial population was obliterated and hardly bagterium could be observed to be
present 3 h after treatment. However, in the cosmple the bacteria grew within the

time period of measurement.

The effect of the composite on the bacteria espgdlee development of porosity on
their cell was further investigated using cytometip general, flow cytometric
assessment of bacterial cell viability in respottsa bactericidal agent typically reveals
the existence of four different cell populationgresponding to living, compromised,
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dead and lysed. Also, it is known that bacteriahpability to nucleic acid staining dye
such as propidium iodide (PI) is associated withdhcurrence of substantial damage to
the membrane, indicating alternation of cell membraotential, which finally causes
cell death. Thus when the cell is not affectedhmyagent then green fluorescence (from
GFP of the recombinant bacteria) is observed ao®$ not fluoresce as it remains in the
medium. On the other hand, when the cells are comiged and membrane porosity is
developed, PI could enter the cell and binds to Dshhwing red fluorescence in
addition to green fluorescence. However, when #tis are dead cells, the GFP leaks out
and thus only red fluorescence is observed. Findyged cells are devoid of
fluorescence. Thus measurements of fluorescencdd caveal the population of
different cells (as above) leading one to bettedenstanding of the working of the

antimicrobial agent.

In the present study, bacterial cells, when treatgld MIC of iodinated CS -Cu NP
composite and incubated for different time perioslsyl h, 2 h, 4 h and 6 h - showed
gradual shift of population from viable to compreed cells(Figure 3B.2). Results
showed negligible amount of dead or lysed cellhé@above time periods. Interestingly,
after 1 h of treatment almost all the cells wenenid to be living and healthy. However,
with the progression of time the population of coampised cells gradually increased
and reached its maximum at 6 h where almost 50%enfotal cell population appeared
to have been compromised. Incidentally, paratights, the untreated group of bacteria
(control) exhibited less number of compromisedscellhe results are further detailed in
Table 3B.1. The results suggested that the iodin&&-Cu NP composite caused
irreparable damage to the bacterial cell membnahesh began as early as 2 h following

treatment.
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Figure 3B.2: Dot plots showing populations & coli cells (GFP expressing stained with PI) at
different viability stages, measured by flow cytdrgeat different time points treated with
iodinated CS-Cu NP composite. Series A refers tiveated cells and series B refers to cells
treated with MIC (130.84 pg/mL) of the compositeff€ent viability stages are denoted as R1
(live), R2 (compromised), R3 (dead) and R4 (lysedls.
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Table 3B.1 Percentage of totaE. coli cells untreated and treated with iodinated CS-Cu R
composite (130.84pg/mL) at different viability stages during different time points
measured by flow cytometry. Percentages of Dead @iysed cells were negligible.

Untreated (% of total cells) Treated (% of total cells)
Time (hours) 1 2 4 6 1 2 4 6
Live 91.95 90.26 86.24 85.50 92.31 87.88 66.89 51.09
Compromise 8.05 9.73 13.74 14.39 7.12 12.11 33.11 4891

Interaction of the composite with bacterial cellasmurther studied by TEM and
FESEM. FESEM images of both the untreated and dbmposite treated GFP
recombinantE. coliare shown in Figure 3B.(3a, 3b). The sample for posite treated
bacteria was kept in the medium (with the concéioimeof the composite being at MIC
i.e. 130.84ug/mL) for 3 h prior to evaporation for sample pnein. It is interesting to
observe from Figures 3B.3a and 3B.3b that whileaateéd bacterium was healthy and of
usual surface morphology the one being treated thghcomposite clearly was different
and the cell was covered with particles. The di@amef the particles (~ 5-15 nm)
indicated that the particles were made of Cu NPshag were the same as in the
composite (the particle sizes as measured from TEMure3A. 2c. TEM investigations
of the composite treated bacteria further suppdtiecattachment of the composite to the
cells. For example, as shown in Figure 3B.3c, daskets of particle were observed to
have been superimposed on the image of a bacteriums. is also evidenced from TEM
image (Figure A. 3B.4a, Appendix,) and SAED (Appendrigure A. 3B.4b) which
further confirmed that the NPs attached to the well were Cu. Thus the composite
was indeed interacting with the bacterium. Alsoe iimage of a bacterium being
damaged owing possibility to development of pokosih its cell wall (Figure 3B.3d)
further support the interaction leading to celltheda cell wall damage. It is important
to mention here that the NPs (in the composita)dpresent on the cell surface retained
their individual character as the particle sizeemwlattached to the bacterium and as-
prepared were comparable. In other words, no agglation of NP was observable
when the composite was attached to the bactetiaswdace. Further, it is important to
note here that XRD pattern of the composite-tredtadteria, where the sample was
prepared 4 h after treatment, indicated that Ca Were still present in the medium as
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the diffraction pattern due to (111), (200) andQRplanes could still be observed,
although peaks due to Cul were also present (AppeRtjure A. 3B.5). It may also be
noted that aged samples of the composite, when atowm of Cul was observed
extensively, did not show antibacterial activity atconcentration of 130.84 pg/mL
(MIC) as was probed using turbidity test.

Polycationic chitosan is well known to interact hwitegatively charged cell envelop
which permeabilzes the cell membrane leading tokaga of intracellular
component§*3>3%37 7eta potential() measurements were performed to determine the
charge of iodinated CS-Cu NP composite, chitosemine in aqueous solution at pH
6.3. Zeta potential) values were measured using Deld&no Submicron Particle Size
and Zeta Potential Particle Analyzer. Zeta poténadues at pH 6.3 were as follows:
iodine: -75.37 mV; chitosan: +59.57 mV; and iodethiCS-Cu NP composite: +36.49
mV. Further, zeta potential measurements on varsbains ok. coli in pH ranges 2 to
9 have shown that the surface charge of bacteels ds negativé®*® Hence,
presumably,E coli cells negative surface charge adhei@sthe positively-charged
iodinated CS-Cu NP composite through electrosiatieractions. Once the composite
gets attached to the bacterial cell wall, Cu NPssfiiby get attached to sulfur-containing
proteins*® of bacterial cell membrane leading to greater peatnility of the membrane,

causing leakage of proteins and other intracelledaustituents and death of bacteria.

Gel retardation assay indicated the possibilitatthchment of iodinated CS-Cu NP
composite with plasmid DNA (Appendix, Figure A.3B. Thus, it is probable that DNA
of the compromised bacterial cell might well hae=ib attached to the composite after
perforation of the cell wall by Cu NPs presenthia tomposite, ultimately killing it. This

observation is similar to our previous stuty.

It is important to understand the antimicrobialiatt of the composite vis-a-vis the
presence of Cu NPs. In this regard, several stiattebute the antibacterial property of
copper to the Cil ions released in aqueous medidft’. We have investigated whether
in our composite too, the antibacterial properié€u NP is due to released Cions,

using atomic absorption spectroscopic (AAS) studdesS data in Appendix, Figure A.
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3B.2ashows that the freshly prepared iodinated CS-Cucbifposite at MIC (130.84
ng/mL of composite containing 21.5§/mL of Cu NPs) slowly released €tons into
the aqueous medium such that at ~ 1% h the comtiemtrof C" in solution was 17.8
ppm which increased up to 32.2 ppm in ~ 4 h. Nbs this time was greater that the
time taken to inhibit the growth at MIC, which isiBas is clear from Figure 3B.1.
Moreover, 5 day old aged samples where the coraterrof Cd*ions was 46 ppm, did

not show antibacterial property at MIC of the comsifm

In order to directly probe the contribution of Guns to the bactericidal activity of the
composite, growth analysis studies were carriedroptesence of different strengths of

CuSQ solutions and that of a control experiment withGutions (Appendix, A. 3B.2b).

300 nm EHT = 200KV Mag = 8415 KX 1 EHT = 1000 KV Mag = 179,85 K X
WD = 25 mm ‘Signal A = InLens WD= 23mm Signal A= Inlens

2

7 D2 i)
¥ F‘n}) *;

Figure 3B.3:(a) Field emission scanning electron micrograp®BP expressing recombindait
coli cells and (bE. coli cells treated with 130.84g/mL (MIC) iodinated CS-Cu NP composite
in liquid LB medium for 3 h. (c) TEM image of a GFXpressing recombinaii. coli cell
treated with 130.84ig/mL (MIC) iodinated CS-Cu NP composite in liqui® Imedium for 3h.
(d) TEM of a cell treated with MIC of iodinated €31 NP composite showing damage.
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In these solutions, the concentrations of Cu ios giailar to those which leached
from the iodinated CS-Cu NP composite between ~i & 5 days. It was found that
there was nwoetardation of bacterial growth due to Cu ions.sTindicated that Cu ions
that release from the iodinated CS-Cu NP havee ltl no effect on the bactericidal
potency of the composite

We thus conclude that released”Cions did not play an important role in killing the
bacteria in our studies. Rather it's the attachmenhe cell wall of the Cu NPs from the
iodinated CS- Cu NP composite which perforated cell wall causing leakage of

proteins and other intracellular constituents dltichately caused cell death.

lodinated Chitosan- Cu NP Attachment of e ;
; ; Perforation leading
composite composite to t Il death
E. coli cell acell fed

———Jpp» Chitosan a— lodine
‘j —r Cu NP
lodinated Cu NP

Scheme 3B.1: A schematic representation of the proposed mésmaof antibacterial action of
the iodinated CS-Cu NP composite.

Essentially, various studies indicated that thetdséad cells were attached to the
composite, possibly due to their opposite chargasce attached, while the polymer
helped keep the bacterium attached, the Cu NPsmtraa there possibly led to
perforation of the cell wall causing irreparablend@e to the membrane. The iodine
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present on the surface of the NP not only staliltrem but also may have contributed
to the overall activity as it is a known antimicrabagent. The three components
working in coordination led the bacteria to becoumviable and finally causing cell

death. A schematic representation of the procestsos/n in Scheme 3B.1.

Finally, a question may arise about the feasibdityhe use of the present composite
in real antimicrobial applications. First of alktiCS-Cu-NP composite could be isolated
as solid powder following synthesis and weighed @ambhocould then be stored in
evacuated ampoules. This would add not only to lemg stability but also to ease in
transportability. Similarly, molecular iodine coulde made available in another
container. A dispersion of the composite and iodmacetic acid could then be prepared
on site for appropriate use. This concoction cdh&h be used for external and internal
applications. Further, one could conceive of malangaste out of the components and
then apply especially externally. In addition, aloservations of enhanced stability of
the dried powder form of iodinated CS-Cu-NP comigosidicated its possible use in the

form of powder also.

3B.5: Conclusion

We have synthesized of a new CS-Cu NP compasider ambient conditions, which
was less stable and was prone to surface oxidatiaa.problem was alleviated by using
molecular iodine to stabilize the CS-Cu NP compositer a longer period of time. The
composite was rather stable when redispersed uedéicetic acid solution followed by
molecular iodine treatment. The added stabilitythef iodinated CS-Cu NP composite
permitted its efficacy as a potent antimicrobiaémrig Studies on Gram-negative GFP-
expressinge. coliand Gram-positiv8. cereushacteria revealed the effectiveness of the
composite. Polycationic chitosan interacted with mlegatively charged cell envelope. In
addition, Cu NPs possibly got attached to sulfurtaming proteins of bacterial cell
membrane. This caused permeability of the memblead#ing to leakage of proteins
and other intracellular constituents and death axdtdria. Interestingly, the MIC and
MBC of Cu NPs (when present in the iodinated corippagainsE. coli bacteria were

found to be 21.5ug/mL and 39.4ug/mL respectively, which are much lower than the
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values reported for Cu NPs only. AAS studies amamgn analysis in presence of Cu
ions also indicated the role of Cu NPs rather tleached out CU ions for the killing
activity against bacteria. That there are knowrusstgring agents for Cu from human
body adds value to a new composite which might hechmless of health and
environmental hazards compared to Ag NP based malater That the iodinated
composite has been found to have antagonisticigctgainst both Gram-positive and

Gram-negative bacteria augur well for possibleassa general antimicrobial agent.
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Chapter 4

Synthesis, characterization and enhanced
bactericidal action of chitosan core shell copper-
silver nanoparticle composite
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4.1: Introduction

The bactericidal properties of silver and copper \&ell known since ancient times.
Further Ag nanoparticles (Ag NPs) and copper nargpes (Cu NPs) have potential
bactericidal properties either individually or iroroposite with polymet. ® In our
previous studies we have prepared chitosan-Ag MPchitosan-Cu NP composites and
investigated theibactericidal activity on GFP-expressing recombirtantoliand Gram-
positive B. cereusbacteria:® The antimicrobial activity studies of chitosan-AgPN
composite in the presencemblecular iodine is described in Chapter 2 andsimghesis
and enhanced bactericidal action of iodinated shiteCu NP composite work described
in Chapter 3 of this thesi&Vhile chitosan (CS) is a naturally occurring biopoér
having bactericidal properties, Ag and Cu are elgmavith well known bactericidal
properties. However, Ag and Cu are toxic to hunetrdoses greater than 0.1 mg/L and
1.3 mg/L in the drinking water proposed by the UE&vironmental Protection Agency
(EPA). Silver, in particular, accumulates in the humanybadd thus can potentially
reach toxic levels from sustained environmentalosypes. On the other hand Cu NPs,
which are a better alternative to Ag NPs due toelotoxicity to humans, have lower
stability in ambient atmospheric conditions. Thegance of copper oxide on the surface
of Cu NPs reduces the bactericidal activity comgdcepure Cu NPs. In general oxide

formation on Cu NPs can be prevented by minimiziregexposure to oxygen.

Bimetallic NPs, consisting of two different metatéfer greater advantages over their
monometallic counterparts, since their opticalalyic and biological properties can be
tuned by changing the compositidri® Two type of bimetallic colloids exist: alloy and
core-shell. Syntheses and applications of bimetabiloids containing either Au or Ag
in combination with other noble metals have beedistl extensively>** These studies
show that bimetallic NPs are superior to the mortathe NPs because of their
synergistic and bi functional effects. Interestingbimetallic core-shell NPs has been
proposed as ideal surface-enhanced Raman scat{8iR)S) active substrates in SERS
studies. Notably, SERS has been a useful technigiiological research because it

can detect small number of single molecules. Thagg-shell NPs can further enhance
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SERS signal of a molecule by electromagnetic aremetal effects in comparison to
pristine NP Commonly used methods of synthesis of Cu@Ag natiofes
include: vacuum vapour depositit??> sono-chemical reductidt, two-step polyol

reductiont***sequential ion implantatiof?,sequential ion-exchange in soda-lime glass

matrix*® #’ electroless platin§ and galvanic replacement reacfioLanglois et al. used
ultra-high vacuum technique to obtain Cu@Ag nanigarbimetallic nanoparticles on a
substrate by sequential depositférilsuiji et al. had synthesized Cu@Ag nanoparticle
using a two-step polyol reduction method under tingtof N, gas*" **Anderson et al.
prepared Cu coated silver nanocrystal by diregtisetial implantation of Agand Ci
ions into silicg®> Manikandan et. al. had prepared core-shell Cu@augpdluster in
soda-lime glass by sequential ion exchange andestutieir optical properties when
subjected to Heion irradiation and vacuum annealiffgSastry and co-workers had
synthesized Ni@Ag nanoparticles which were stablagueous suspensions as well as
in powdered fornf® Their synthesized Ni NPs were coated with a sisfell in view of
the extra stability and the enhanced manipulatibdity afforded by the silver

nanocoating.

We have recently reported CS supported Cu NPs asistiusing hydrazine hydrate as
a reducing agendlescribed in chapter 3A.In our work here, Cu NPs on OSere
prepared in a similar fashion and used as seedclpartover which A§ ions were
reduced by transmetalation reaction to generateCtheore-Ag shell NPs, denoted as
Cu@Ag NPsThe CS Cu@Ag NP composite so obtained was stablsefeeral weeks
since the silver shell prevented air oxidationhs tore copper metal Similar studies of
bimetallic Cu@Ag NPs report improved resistanceagdper to oxidation as compared to
pristine Cu NP$? 32 Core-shell nanoparticles have been used for catalyptical and
magnetic applications. In catalytic reactions, #ssociation of two different metals
offers superior activity, increased stability aretter selectivity’> >®> Bimetallic Cu-Ag
NPs have been reported to exhibit superior catalgttivity over pure noble metal
copper and silver NPs of comparable sifesn magnetic properties, core-shell
nanostructures have been developed to obtain N®simdividual improved magnetic
property by reducing the direct interaction betwdle@ nanoparticles. For example,
bimagnetic core-shell nanoparticles of FePt/MRéM=Fe,Co) and RgPu./Fe0O,4 are
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nano-structured magnetic materials with tunable maaig properties, achieved by
varying the chemical composition and thicknesshef ¢oating materiaf¥:*® Magnetic
properties of the core-shell NPs are dependenthefi thickness due to the exchange

coupling between core and sh#ll.

Enhanced antibacterial activity of core-shell nanasures has also been reporigd.
43 Bactericidal core-shell NPs consisting of silvérels supported on organic and
inorganic cores have been studied. However theebeical efficacy of core-shell NPs
consisting of Ag shell and Cu as core has not Istedied, despite the fact that Cu has
well known antibacterial as well as antifungal peres® Moreover, Cu is toxic to
microorganisms but non-toxic to human, becauseesggring of Cu ensures their proper
excretion from the bod¥.** Silver NPs on the other hand has effective bauitki
properties because both Ag ions and Ag NPs havellert biocidal ability:* >4¢4’
Recently, several groups have reported that Cullby aanoparticles display superior
bactericidal activity againg. colias compared to pure Ag NFs® One of the ways of
reducing the effects of toxicity of Ag NPs to hureas by replacing the core of the Ag
NPs by a non-toxic, yet disinfectant metal, sucle@mper. We report here a simple two-
step, seed-mediated route to prepare core shellCG&®&Ag NPs with enhanced
bactericidal properties compared to pristine Cu NMP#g NPs. The resulting CS
Cu@Ag NPs composite was found to be stable for raéweeeks and was able to
significantly retard bacterial growth at very loiler concentrations.

4.2: Outline of the research work

.  We have developed a simple two-step seed-mediatgd to synthesize chitosan

(CS) supported core-shell nanoparticles (NPs) ureaqgs solution.

[I.  This is the first time a composite of core-shell@Ag nanoparticles in chitosan
(CS Cu@Ag NPs) has been synthesized. A simple rraralation reaction
between Cu NPs in chitosan matrix and” Agns was used to prepare the CS

Cu@Ag NPs composite.
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lll.  UV-visible spectroscopy, TEM, FESEM, XRD, XPS instrent were used to
characterize the CS Cu@Ag core-shell nanocomposites

IV.  Our synthesized CS Cu@Ag NPs composites were sialdelution for more
than two weeks under ambient atmospheric conditidhss enhanced stability
allowed us to study its antibacterial property gueous solution.

V. Gram-negative bacteria green fluorescent protepression recombinari. coli
and Gram-positive bacteri cereusvere used were used to study the details of
bactericidal activities of the CS Cu@Ag NPs comi@si

VI.  Electron microscopic, zeta potential measuremeffas; cytometric and XPS
studies revealed that the Cu@Ag NPs in the compaosadily attached to the
bacterial cell wall through electrostatic and pblesichemical interactions
causing irreversible damage to the membrane andtualéy leading to cell
death.

4.3: Experimental section

4.3.1: Materials and methods

Copper (Il) sulphate pentahydrate (CuSbLO; Merck, India), silver nitrate
(AgNOs3, 99.5%; Merck), chitosan of high molecular weight (75% deacetgagigma-
Aldrich Chemical Co.), sodium hydroxide (NaOH, 98%erck, India), hydrazine
hydrate (80% solutionylerck, India), acetic acid (glacial, 99-100%; Merbikdia) were
used as received without further purification. M@ grade (resistivity 18.2 Kicm™)
water was used in all experiments. Luria-Bertar8)(lbroth and nutrient broth (NB)
were purchased from HiMedia, Mumbai, India. Agardse gel electrophoresis was
obtained from Sigma-Aldrich Chemical Pvt. Ltd., Kala, India. GFP-expressing
recombinan€. coliwere grown in LB broth at 3C and at 220 rpm for 12 h; wheres

cereuswere grown in NB at 3T and at 220 rpm for 12 h.
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4.3.2: Core-shell CS Cu@Ag nanoparticle composifeparation

Seed-mediated growth method was employed to prep&r€u@Ag NPs. The Cu
NP seeds were synthesized by a recently establisietdod wherein the Cu NP were
synthesized by reduction of Cups@ith hydrazine hydrate in the presence of CS as
stabilizer’ To this freshly prepared 30 ml Cu NP seed dispersd.6 mL of 0.02 M
AgNOs-solution was injected at room temperature andestifor 12 h. The obtained
orange—reddish solutiomas centrifugedt 20,000 rpnmand the pellet was washed with
milli-Q grade water and re-dispersed in 30 wiL0.25% aqueous acetic acid solution.

The pH of the solution was adjusted to 6.3 pridbadotericidal activity studies.

4.3.3: Characterization of core-shell CS Cu@Ag NPsomposite

4.3.3.1: UV-Vis spectroscopic measurements

UV-Visible spectra of the CS Cu@Ag NPs dispersiond £€u NPs seed particles,
mixture of CS-Cu NPs and CS-Ag NPs were measuredgusa Hitachi U 2900
spectrophotometer. The bacterial growth was magitdrsy measuring optical density
(OD) at 595 nm using a UV-visible spectrophotomeiemmbda 25; Perkin-Elmer,

Fremont, CA, USA) of the sample at different times
4.3.3.2: Transmission electron microscopy (TEM) arwgsis

For TEM investigations, nL of each sample was drop coated onto a carboredoat
copper TEM grid (300 mesh) followed by air dryinhe drop coated grid was then
analyzed under TEM at a maximum acceleration veltafy200 kV. High resolution
transmission electron microscopic analysis wasoperéd using the same equipment.
The interactions of the CS Cu@Ag NPs composite viaditterial cells were also
examined using a high resolution transmission edactmicroscope operating at a
maximum accelerating voltage of 80 KeV. For thi§ Cu@Ag NPs composite treated
on E. coli samples were drop coated onto the TEM grid folldwg air drying and the
resulting grid was then analyzed under TEM and gndispersive X-ray (EDX)
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analysis also carried ooh composite treated samples at operating acceleratihgge
200 kV.

4.3.3.3:Scanning electron microscopic analysis

Scanning electron microscopy coupled with EDX andld- emission scanning
electron microscopy coupled with EDX instrumentgevased for the study of surface
morphology and elemental analysis for CS Cu@Wgs composite and composite
treated onE. coli samples.Typically, 20 uL drop of each sample was deposited on a
glass slide, dried and sputter-coated with goleh filsing a sputter coater and analyzed
under the SEM and FESEM. The FESEM-EDX analysi€8fCu@Ag NPs composite
treated ork. coli samples was carried out on small area of the safoplthe elemental

analysis of the composite.
4.3.3.4: Powder XRD studies

We performed X-ray diffraction measurements to abtrize the CS Cu@Ag NPs
composite. We also studied and fate of the CS Cu@¥Rs composite during
antibacterial studies using XRD measurement. irsthcuum dried composites were
spread on glass microslides and XRD was recorded t#hilips Diffrctometer (Model
1715) with Cu Kl radiation = 1.54060 A), operating at 55 kV and 250 mA. Inesrd
to confirm the presence of core-shell Cu@Ag NPsthan bacterial cell walls, again
bacteria treated with CS Cu@Ag NPs composite foh i2as centrifuged at 6000 rpm
and vacuum dried and stored under vacuum beforlgsasmaTlhe dried cell pellet spread

on a glass slide and XRD was recorded.
4.3.3.5: X-ray photoelectron spectra (XPSanalysis

We have performed XPS measurements to characteezeore-shell structure of the
CS Cu@Ag NPs composites. The powdered CS Cu@AgaNipasite was pressed and
made into pellets and placed in an ultra high vecwhamber at 1xI& Torr for
chemical analysis. XPS spectra were recorded oAdl&b800 Versa Probe Il (ULVAC-
PHI, INC, Japan) equipment employing Al Ka X-rays (= 1486.6 eV). Charge
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neutralization was used for each measurement usiogmbination of low energy Ar
ions and electrons. The binding energy (eV) wasected with the Cls (284.6 eV) as
standard. Elemental compositions were determinedh fthe spectra acquired at pass
energy of 187.85 eV. High-resolution spectra wdrimed with analyzer pass energy of
58.70 eV with a step of 0.125 eV and 50 ms timespsp.

4.3.3.6: Atomic absorption spectrometry (AAS)

Quantitative analysis of the concentration of Cd &g present in CS Cu@Ag NPs
composite was measured by using atomic absorpgiectphotometer (Model: AA240
Varian Inc) after dissolving the composite in dduHCl solution. The supernatant
solution obtained after centrifugation of the cosipes was also measured to determine
concentration of Cu and Ag ions present in deteirmgitnow much was being discarded

during our synthesis.
4.3.3.7:Zeta potential ()

Zeta potential(() measurements were performed to determine the e€hafgCS
Cu@Ag NPs composite in aqueous solution at pH ZeBa potential() was measured

using Delsa Nano Submicron Particle Size and Zeta PotentialdkaAnalyzer.
4.3.3.8: Fourier Transform Infrared (FTIR) Spectroscopy

FT-IR spectra were recorded on a Perkin-Elmer-3pecOne spectrometer with KBr
disks in the range 4000-450 @rfor structural analysis of solid CS and solid Q8@Ag
NPs composite. Both the CS and CS Cu@Ag NPs powsers mixed with KBr in
order to make pellets for FTIR studies.

4.3.3.9: Bactericidal studies

For bactericidal activityB. cereuswas chosen as the Gram-positive bacteria and
GFP-expressindg=. coli as the Gram-negative bacteria. GFP-expres&ingoli was
cultured in LB ampicillin mediandB. cereusn NB media. Different concentrations of
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CS Cu@Ag NPs composite were used to determine the minimummbibory
concentration (MIC) and minimum bactericidal cortcation (MBC) at pH 6.3. Bacteria
(10® cfu/ml) were grown in media in the presence ofedént concentrations of CS
Cu@AgNPs composite for 12 h at %7. The lowest concentration of composite at
which there was no visual turbidity was taken as MIC value of the composite
Further, the cultures which lacked visual turbiditgre reinoculated in fresh media. The
lowest concentration of the composite that killedeast 99.9% of original inoculums
was taken as MBCThe experiments were performed at least in triphic® ensure
reproducibility. The bacterial growth was monitofeg measuring optical density (OD)

at 595 nm using a UV-Visible spectrophotometethefsample at different times.

4.3.3.10: Flow cytometric analysis for bacterial deviability using GFP-

propidium iodide combination

GFP-expressing recombinant bacterial cells vigbiéind disruption of membrane
integrity was measured using propidium iodide (Rf)jich enters only permeable cells,
binds DNA, and fluoresces at 620 nm when stimuldtgd laser at 488 nm. In intact
cells, Pl remains in the medium and does not flsmeein compromised cells, Pl enters
the cell through disrupted membrane and binds toADéxhibiting fluorescence 2
Briefly, several tubes containing 5@Q (10° cells/mL) of the recombinari. coli cells
and 250uL of the CS Cu@Ag NPs composite (at MIC, i.e. 63g4mL consisting 3.03
ng/mL of Cu and 1.47ug/mL of Ag) in addition to 50QuL (10® cells/mL) of the
recombinantE. coli cells and 375uL of the composite (at MBC, i.e. 92.98/mL
consisting 4.44.g/mL of Cu and 2.13g/mL of Ag) were incubated at 25°C for various
time periods (2 h, 4 h, 6 h). After incubation, l50f 0.2 mM PI was mixed into each
tube and diluted with 150 mM NaCl. Samples werelyaea by a flow cytometer.
Samples were illuminated with a 15 mW argon iorigg488 nm), and the fluorescence
detected through standard filter configuration @510 nm (green) and 620+10 nm
(red) band pass filters. Signals were amplifiethim logarithmic mode for side scattered
light (SSC), forward scatted light (FSC) and fluorescence. In dot plots of feexence
different cell populations i.e. live, compromiseéad and lysed were gated, based on the
different viability stages of the cells.
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4.3.3.11: DNA isolation and agarose gel electrophesis analysis

Recombinant GFP plasmid (pGFBdlated from control and CS Cu@Ag NPs treated
E. coli cells by an alkaline lysis method and analyzedabgrose gel electrophoresis

followed by visualization of EtBr stained DNA undg¥- transilluminator.

4.4: Results and discussion

4.4.1: Synthesis and characterization of CS Cu@Ag anmoparticle
composite

Synthesis of CS-Cu NPs seed particles were caaugdunder normal atmospheric
condition in the presence of hydrazine hydrate cedu agent by our established
method® The reddish solid CS-Cu NPs prepared by the tauof alkaline CuS@in
presence of CS was separated from the reactioruraigind re-dispersed in water in the
presence of acetic acid. The resulting soluticowsd a prominent UV-Vis peak at 583
nm, indicating the formation of Cu NPwhich was further confirmed by TEM
(Appendix, Figure A. 4.13.When AgNQ-solution was added to the reddish CS-Cu NPs
dispersion, the colour changed to orange-red plyssibe to the formation of CS
Cu@AgNPs composite. The orange-red dispersion of CS AmEPs composite was
centrifuged and the pellet re dispersed in 30 mindli-Q water. The resulting orange-
red solution was found to strongly absorb at 417(Rigure 4.1) which is attributed to
the SPR band of Ag NPs. This solution was subjetiefurther characterizations and
also employed for bactericidal studies. In thistieam silver ions were reduced to Ag (0)
by the Cu (0) atoms on the surface of Cu NPs. ttherowords, a galvanic replacement
reaction of Cu atoms by Ag atoms on the surfacth@®fCu NPs, led to the formation of

silver shell on the copper cofe.

The CS Cu@A@Ps composite showed a single broad peak at 415wb6When CS
stabilized Cu NPs and CS stabilized Ag NPs werparexd independently and then UV-
Vis spectrum recorded of a mixed solution, twoiditplasmon resonance bands were
observed; one at 599 nm for Cu NPs and anothe®%ingn for Ag NPs, as shown in
Figure 4.1. On the other hand, it is reported thatSPR band for the alloy NPs appear
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between the SPR band for pure Cu NPs (560-600 nch)lree SPR band for pure Ag NPs
(390-420 nm), with the peak position of the SPRdbahifting to longer wavelengths
with increasing copper percentd§é®*°Thus the present composite, which showed a
peak at 417 nm, neither consisted of Cu-Ag alloys MBr consisted of a mixture of Ag
NPs and Cu NPs. The band at ~ 417 nm correspon8BPRoof Ag NPs. Further there
was no plasmon resonance band observed due to Gu B&sed on the above set of

observations, it is likely that our composite comtéa Cu@Ag NPs with Ag as the shell.

That the SPR band for a core metal is dampenedesepce of a shell metal is well
documented®>?®?’In case of Cu@Ag NP also, several studies repdghediampening
of the plasmon resonance of inner Cu core by thercAg shell with thickness greater
than 5-7 nnf®?’ The optical results in Figure 4.1 suggested thatNRFs formed in the
orange-red composite are of bimetallic core-shelicture i.e. Cu@Ag NPs, and not a

mixture of Cu NPs and Ag NPs nor those of Cu-AgyaNPs.

“7am __ cs.cuNps
—— CS-Cu NPs & CS-Ag NPs (mixture)
CS-Cu@Ag NPs (core shell)

2.0 1

1.6 4

404 nm

Absorbance

400 600 800 1000
wavelength (nm)

Figure 4.1:UV-Visible spectra of core shell CS Cu@Ag NPs disfm and comparison spectra
of CS-Cu NPs seed particles, mixture of CS-Cu NRSGS-Ag NPs.

Formation of CS Cu@AlPs was further confirmed by TEM studies. As shamwn
Figure 4.2a particulates with an average size 00314 nm were observed. Closer
inspection of the TEM image shows that most ofghdicles have a darker central part
(core) and lighter outer part (shell).The averagalghickness is ~ 5.8 nm while the core
diameter is ~ 9.5 nm.HRTEM image of a single particle (Figure 4.2b) asllvas
selected area electron diffraction (SAED) pattdfigre 4.2c) of the particle clearly

90

TH-1192_07612203



Chapter 4

Core-shell CS Cu@Ag nanoparticle composite
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Figure 4.2(a, b) TEM, HRTEM micrograph of CS Cu@Ag nanopdescand (c) corresponding
SAED.(d, e) Inverse Fourier transform of selectedion in b showing the lattice fringes
corresponding to the (111) planes of copper and)(planes of silver. (f) Powder XRD pattern

of CS Cu@Ag NPs composite.
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indicated crystalline nature of the Cu@Ags. In particular, the HRTEM image in
Figure 4.2b showed the presence of lattice fringlkieh were enhanced by inverse fast
Fourier Transform analysis (IFFT) and are showrrigures 4.2d and 4.2e. A lattice
fringe spacing of 0.196 nm for the core metal ar&88® nm for the outer shell metal was
clearly visible in the IFFT image of Figure 4.2ddafh.2e.The lattice spacing of 0.196
nm corresponds to Cu (111) plédnevhile that of 0.238 nm corresponds to Ag (111)
plane®®., These observations indicated that the dark depém is due to metallic Cu
and lighter outer part is due to metallic Ag. Samiconclusions can be drawn from
detailed analysis of the SAED pattern shown in Fegli2c, where the diffraction rings
were indexed. The indices are shown in Table @dr observations in Figure 4.2
supported the presence of Cu@MBs in the CS polymer. The presence of CS in the
composite was confirmed by FTIR studies (refer ppéndix, Figure A. 4.2).

Table: 4.1. Lattice plane spacings (d-spacings) calculated frortihe SAED shown in
Figure 4. 2c compared with theoretical values.

Lattice Planes Experimental Theoretical
Ag(100) 3.90A 4.08A
Ag(110) 2.96A 2.88A
Ag(111) 2.21A 2.35A
Ag(200) 1.99A 2.04A
Ag(220) 1.47A 1.44A
Cu(100) 3.67A 3.61A
Cu(110) 2.48A 2.55A
Cu(111) 2.06A 2.08A
Cu(200) 1.77A 1.80A
Cu(220) 1.36A 1.27A
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Core-shell structure of the bimetallic Cu@Ag NPsthe chitosan composite was
further investigated by powder XRDXRD pattern of a typical sample of CS-Cu@Ag
NP composite recorded after 24 h of synthesis esvehin Figure 4.2f. The diffraction
peaks at @ = 38.16, 44.3, 64.6, 77.4T, and 81.4 are due to reflections from (111),
(200), (220), (331), (222) planes of metallic AGRDS-04-0783), which adopts a face-
centred-cubic lattice structure. It is noteworthgt the XRD pattern in Figure 4.2fck
peaks due to the pure Cu, indicating that Cu id sleklded by the Ag shell in the CS-
Cu@Ag NP composite. In most metallic core-shelsMiystems, the XRD peaks from
the core metal are not observed due to the coralreing in kinematic diffraction
state” 2% 3! For example, Fe@Ag and Co@Ag NPs show XRD diffoa only due to
the shell Ag**? In the present case too, similar phenomenon neapdeurring. In
short, when Ag is deposited onto the Cu NP surfackw coverage growth is epitaxial.
But as thickness of Ag shell increases, the lattitematch parameter between Cu and
Ag generates large strain. The system releasestrthie by breaking up the perfect Cu
lattice into imperfect Cu lattice resulting in arcoherent interface between Cu core and
Ag shell. This incoherent interface leaves theshgll in a dynamical diffraction state
and the Cu core in a kinematic diffraction stdt@he latter effect broadens the XRD
peaks of the core Cu NPs which are not visibleanti@st to the sharp XRD peaks that
originate from the Ag shell. This is observed igufe 4.2f (Appendix, Figure A. 4.3a)
i.e. XRD peaks due to Ag are distinct while those do Cu are absent. Before silver
coating the diffractogram of the CS-Cu NPs samptav&d distinct peaks ab Zalues of
43.42°, 50.46° and 74.1which were indexed due to diffraction from (11@©00), and
(220) respectively from the planes of Cu (0) (Fegér. 4.3b).These CS-Cu NPs were
used as seed particles for synthesis of core-<b8lIICu@Ag NPs composite. UV-
Visible, XRD and TEM recorded on aged CS Cu@Ag MRswed that the samples
were stable in solution for more thamo weeks under ambient conditions (Figure A. 4.4
(a-e)). This is to be contrasted with the lowabsity of CS-Cu NPs samples (typically

12 hours) reported in our earlier studies.

Further, EDX analysis carried out during FESEM (ffeg 4.3a, 4.3b) indicate the
presence of both the elements Cu and Ag, consistiémtthe core shell structure of the
CS Cu@Ag NPs composite.
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Figure 4.3: (a) EDX spectra of CS Cu@Ag nanoparticles comppgiteall areas used for
analysis. (b) Spot EDX spectra, focus on a singl@®8g nanoparticle during FESEM analysis,
shows presence of elemental copper & silver, isews corresponding FESEM image. (c) Spot
EDX result, (spot size 35 nm) given in tabular form

Chemical composition near the surface of the CS Bg®P composite was examined
by XPS, where the wide energy scan revealed theepoe of elemental Ag, Cu, O, N,
and C in the sample (Appendix Figure A. 4.5). Theesponding high-resolution XPS
spectrum for Cu and Ag element is shown in Figutgsa and 4.4c respectivelyhe
binding energy for Cu 2p and Cu 2p, showed two peaks &32.4 eV and 952.2 eV
associated with Cu(0) electronsln addition, well known shake-up satellite peaks
appeared at 939 eV and 942 eV in Cu 2p spectrécaimag the presence of CuOx
species (Figure 4. 34> This slight CuO formation on the surface regionsGS-
Cu@Ag NPs sample indicated that at least some Guax# not sufficiently covered by

the Ag shell, making them prone to aerial oxidation
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Figure 4.4: High resolution XPS spectra of Cu 2p region of @ Cu@Ag NP composite (a)
before sputtering and (b) after sputtering ~ 10depth. High resolution XPS spectra of Ag 3d
region of the CS Cu@Ag NP composite (c) beforetspug and (d) after sputtering ~ 10 nm
depth).

In order to better understand the CS Cu@Ag NP ceitpatructure, XPS depth
profile studies were performed by bombarding a barala of the specimen surface with
3 KeV Ar' ions and analyzing the freshly exposed surfae af minute bombardment
(i.e.~10 nm depth). The high-resolution XPS spediefore and after sputtering, for Ag
3d, is shown in Figure 4.4(c,.djhe binding energy for Ag 3dandAg 3ds2electrons in
Figure 4.4(c, d) fitted by Gaussian-Lorentzian srosrves, shows two peaks at 368.3 eV
and 374.3 eV, which are associated with AGtd}:>*>°Similarly, Cu 2p signals of the
sputtered sample shows two peaks at 932.4 eV alBd ¥V corresponding to the
binding energy for Cu 2p and Cu 2p- (Figure 4. 4l which is similar to the reference
Cu(0)>** Enhancement of Cu 2p signals for a sputtered sei(fsppendix, Figure A.
4.6) indicates the presence of metallic Cu in the of the sampleAlso the fact that no

separate satellite peaks corresponding to CuO wlegserved at ~10 nm depth profiled
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samples of CS Cu@Ag NP, confirmed that the oxigerléormed only on the surface of
the core shell CuU@Ag NPs in the chitosan matifurther, as TEM results showed an
average Ag shell thickness of ~ 5.8 nm, this comdbiwith the XPS results of before and
after sputtered samples (~10 nm) support the duoet structure of the CS Cu@Ag NP
composite, with the core being richer in Cu(0) #mel shell being richer in Ag(0). The
aerial stability of the core shell NPs in the cosi®is probably due to the protection of

the Cu core by the Ag shell.
4.4.2: Antibacterial studies of CS Cu@Ag nanopartie composite

The bactericidal activity of the CS Cu@Ag NPs wasednined on Gram-negative
green fluorescent expressiig coli bacteria and Gram-positii®. cereusbacteria by
turbidity tests. In order to determine the MIC aM@C, 1G cfu/mL each of GFP-
expressingE. coli and B. cereuswas separately inoculated into Luria-Bertani (LB)
medium and NB medium respectively, supplementetl watrious concentrationsf CS
Cu@Ag NPs and left to grow overnight at 37°C. Colnéxperiments were performed
with acetic acid only .The antibacterial activitf the CS Cu@Ag NPs composite (at
MIC and MBC) was monitored by measuring the optidahsity (O.D) at 595 nm at
various times (Figure 4.5). For comparison, thébaeterial activities of chitosan and Ag

NPs towards the recombinant GFP-expresEingoliwere also measured.

The MIC of the CS Cu@Ag NPs composite against réxoamt GFP-expressing.
coli was found to be 63.49/mL, consisting of 3.08g/mL of Cu and 1.47g/mL of Ag.
The corresponding MBC (92.98y/mL) contained 4.44g/mL of Cu and 2.13g/mL of
Ag.

It may be noted that quantitative analysis of theant of Cu and Ag metal present
was determined by using AAS. The difference ingh®unt of Cé&" and Ad ions in the
initial feed solution to their amounts being disksd in supernatant solution allowed
indirect estimation of the Ctiions and Ag ions taken up by the CS Cu@Ag NPs
composite. Further, the composite pellet was diesblin HCI solution and then
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subjected to AAS analysis directly. The amoun€afand Ag content in the composite

so measured by the two methods are same withiexgjperimental error.
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Figure 4.5: Effect of different concentration of CS Cu@Ag NRenposite and Ag NPs (~20
nm) on the growth of GFP-expressing recombirfantoli. (as also indicated in the legends).
Control: 0.02 M acetic acid only in LB mediMIC: CS Cu@Ag NPs composite at 63.4
ug/mL; MBC: CS Cu@Ag NP composite at 92.8§/mL; CS: Chitosan at 58.9g/mL, andAg
NPs Ag NPs at 1.47g/mL.

The MIC of the CS Cu@Ag NPs composite agaBistereusvas found to be 75.46
ug/mL, consisting of 3.6Qg/mL of Cuand 1.75ug/mL of Ag. The corresponding MBC
(98.74ug/mL) contained 4.71g/mL of Cu and 2.28g/mL of Ag. Control samples with
0.02 M acetic acid only in LB media showed no gtowhibition (Figure 4.5). Also, the
antibacterial activity of citrate stabilized-Ag NBsAg concentrations corresponding to
MIC concentration of CS Cu@AgPs is similar to that of control (Figure 4.5). uBh at
this low concentration (1.4iflg/mL), Ag was ineffective in inhibiting bacteriatayvth. It
must be noted that similar control studies witlstime Cu NPs are not reported as they
readily oxidized in aerial conditions. And this lowoncentration CS-Cu NPs
corresponding to MIC concentration of CS Cu@Ag N®sot effective in bacterial

growth inhibition? Clearly the CS Cu@Ag NPs composite exhibited soperi
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antibacterial activity at this low Ag concentratio®Such enhanced activity of composite
materials as against the parent components aredeelimented in the literature and

attributed due to a combination of strain and lijaffects>®®*

Bacterial cell viability assay of the CS Cu@Ag Némposite on GFP-expressiig
coli was investigated using flow cytometry. In geneilaly cytometric investigations of
bacterial cell viability in response to an antileaietl agent typically brings out the
existence of four different cell populations, ispecifically living, compromised, dead
and lysed. In this method, it is generally accegteat bacterial permeability to nucleic
acid staining dye, such as propidium iodide (Fd)associated with the occurrence of
significant damage to the membrane, indicating alien of the cell membrane potential,
which finally leads to cell death. Thus when thé =intact, and not affected by the
staining agent, only green fluorescence from thd® GIF the recombinant bacteria is
observed, as Pl which remains in the medium, do¢dlmoresce. On the other hand,
when the cells are compromised and membrane pyiegiteveloped, Pl is able to enter
the cell and bind to DNA showing red fluorescenceaddition to green fluorescence.
However, when the cells are dead, the GFP leaksobde cell and thus only red
fluorescence is visible. Finally, lysed cells da sbhow any kind of fluorescence. Thus
changes of fluorescence intensity and colour caelcal the population of different

cells leading to a better understanding of the wgrlof the antibacterial agent.

In the present stud¥. coli treated with MIC (63.419/mL) and MBC (92.99.g/mL)
of CS Cu@Ag NPs composite were incubated for défietime periods, i.e. 2 h, 4 h and
6 h. It was found that the intensity of green feswence (GFP) and red fluorescence (PI)
of the tested cells changed as a function of irstngacompositeconcentration and
incubation time. A gradual shift in the populatifvom viable to compromised cell was
observed shown in Figure 4.6 and Table 4.2. Intewgly, after 2 h of treatment at MIC
dose 69.74% of the total cell was living and healtthile in MBC dose after 2 h of
treatment only 0.63% cell was healthy.
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Figure 4.6. Dot plots showing populations &. coli cells (GFP expressing stained with PI) at
different viability stages, measured by flow cytarpeat different time points and with varying
concentration of the CS Cu@Ag NPs composite. Sdriesfers to untreated cells and series B
and C refer to cells treated with MIC(63:4/mL) and MBC(92.99ug/mL) of the CS Cu@Ag
NPs composite in the treated samples and 1, 2,3amefers to samples at 2, 4, and 6h
respectively. Different viability stages are dewbts R1 (live), R2 (compromised), R3 (dead),
and R4 (lysed).

However, with the progression of time the populaixd compromised cells gradually
increased and reached ~33% of the total cell pdpualavithin 6 h at MIC dose, while
for MBC this population decreased to 77.48%. Raréd this, the untreated group of
bacteria (control) exhibited less number of compsath and dead cells. These results
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are tabulated in Table 4.2. The results in Figuéeasd Table 4.2 suggested that the CS
Cu@Ag NPs composite caused irreparable damageetbatterial cell membrane, and
within 2 h following treatment with either 63 g/mL or 92.99ug/mL of CS Cu@Ag

NPs composite.

Table: 4.2.Percentage ofE. coli cells at various concentration of the CS Cu@Ag NP

composite and at different time points as measurey flow cytometry

Treated- Treated-
o)
Control (%) 1(%) 11(%)
Amount of CS Cu@Ag NP/

Component/Time Viability stage 0.00 63.4ug/ml. 92.99ug/mlL
Live (LR) 98.10 69.74 0. 63
ohour Compromised(UR) 0.18 25.46 97.59
Dead(UL) 0.02 3.61 1.13
Lysed(LL) 1.70 1.19 0.65
Live(LR) 98.57 65. 63 0.42
Al Compromised(UR) 0. 38 29.45 93.09
Dead(UL) 0.01 3.71 2.85
Lysed(LL) 1.04 1.21 3.64
Live(LR) 98.12 59.31 0.23
6hour Compromised(UR) 0.43 33.09 77.48
Dead(UL) 0.02 4.63 16.94
lysed(LL) 1.43 2.97 5.35

Interaction of the CS Cu@Ag NPs composite with &aat cells was further studied
by TEM and FESEM. FESEM images of both the uné@and the composite treated
GFP recombinan. coliis shown in Figure 4.7a and 4.7b. For sample petjoar, the
CS Cu@Ag NP composite treated bacteria were kepthen medium with the
concentration of the composite at MIC (i.e. 6@gdmL) for 3 h prior to evaporation. It
is interesting to observe from Figures 4.7a and 4hat while the untreated bacterium
was healthy, an@f usual surface morphology, the one being treated,opaque cell

wall densely covered with particles which could the CS Cu@Ag NPs composite
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(Figure 4.7b ). TEM investigations of the CS Cu@®WB composite treated bacteria
further confirmed the attachment of the compositéhe surface of the cell wall. For
example, TEM images in Figure 4.8 (a, b and c) shdark spots of Cu@AgPs along
with chitosan overlying on the surface of a baateri Further, EDX analysis carried out
during TEM, (Figure 4.8d) SEM (Figure 4.8e) and EBB(Figure 4.7a, 4.7b) indicate
the presence of both the elements Cu and Ag, densiwith the core shell structure of
the CS Cu@Ag NPs coating the bacterial samples. THvl, sample preparation
consisted of keeping the CS Cu@Ag NPs composigetiebacteria in the medium with
composite concentration at MIC for 3 h prior to pwaation. The combined results of
FESEM and TEM confirm that the CS Cu@Ag NPs composideed interacted with

the bacterial membrane.

EHT = 1.00 kV Signal A = InLens

300 nm EHT = 2.00 kv Mag = 5523 KX WD = 3.6 mm Mag = 186.31 K X

WD = 2.5 mm Signal A = InLens

Figure 4.7: (a) Field-Emission Scanning Electron micrograph of GERpressing
recombinantE. coli cells and (b)E coli cells treated with 63.44g/mL CS Cu@Ag NPs
composite in liquid LB medium for 3.h

Also, the image of a bacterium damaged due to éveldpment of pores on its cell
wall (Figure 4.7b, 4.8a) supports our claim of ad#lath via cell wall damage. It is
important to mention that the Cu@Ag NPs (in the posite) attached to the cell wall
retained their individual character as the partgiie distribution of as prepared sample
and when attached to the bacterium were compa(edikr to Appendix, Figure A. 4.6).
In other words, no agglomeration or dissolutrCu@Ag NPs was observed when the
composite got attached to the bacterial cell setfatthough from the TEM and FESEM
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images there appears to be several layers of thpasite attached to a single bacterium.
We found in our earlier studies Cu and Ag ions haveor role on the bactericidal
activity and NPs play major role to kill the bad4er® Thus here core-shell Cu@Ag NPs

are likely mainly responsible for bactericidal aityi of CS Cu@Ag NP composites

rather than the ions.
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Figure 4.8 (a, b, c)TEM image of a GFP expressing recombiardoli cell treated with 63.4
pg/mL (MIC) CS Cu@Ag NPs composite in liquid LB mexfi for 3 h. (d) EDX spectra from
TEM and corresponding SAED. (&DX spectra of CS Cu@Ag NPs composite from SEM
(inset) shows presence of copper & silver pregeat single nanoparticle. Gold peaks are due to
the gold coating on CS Cu@Ag NPs composite.

Chitosan (g8-1,4 linked glucosamine) israaturalbiopolymer possessing bactericidal
activity against Gram-negative and Gram-positivetéy@a. It interacts with bacterium
cell wall through electrostatic attractions as @$gin is polycationic in nature and the
bacterial cell envelop is negatively charged. Attaent of the CS Cu@Ag NPs
permeabilzes the cell membrane, leading to leakag@racellular components and cell
death. This mechanism is similar to that reportedie¥ for iodinated CS-Ag NP
composite and iodinated CS-Cu NP compdsitZeta potential¢) measurements were
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performed, under the present experimental condititmascertain the charge of chitosan
and CS Cu@Ag NPs in agueous solution. The zetnpat values at pH 6.3 were as
follows: chitosan: +59.57 mV and CS Cu@Ag NPs cosie: +23.93 mV. Zeta
potential measurements on various straing&.ofoli in pH ranges 2 to 9 indicate that
bacterial cell surface is negatively charged is fitil range®*®® Hence, presumably, the
positive-charge of CS Cu@Ag NPs composite adherés coli cell's negative surface
charge through electrostatic interactions. Once ¢bmposite gets attached to the
bacterial cell wall, Cu@Ag NPs interact with sultontaining proteinsf bacterial cell
membrane enhancing their permeability, causing dgek of proteins and other

intracellular constituents, leading to the deatkhefbacteria.
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Figure 4.9: Powder XRD pattern of the centrifuged sampleEofcoli bacteria treated
with MIC of CS Cu@Ag NPs composite for 12 hours.

For a better understanding of the mechanism ofebatdal action, XRD and XPS
analysis were carried out on centrifuged and vacdtied sample oE. colitreated with
CS Cu@Ag NPs composite for 12 hours and 24 howgertively. XRD (Figure 4.9)

shows the presence of reflection peaks from th&)(fitane of Ag.

Further, from high resolution XPS analysis, thedbg energy for Ag 3¢b and Ag
3ds/2 electrons on this sample were found to be 367\A2&wed 373.76 eV respectively
(Figure 4.10). The shift of both Ag 3¢, and Ag 3d); (corresponding standard binding
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energies for pure silver: 368.3 and 374.3 eV retppady), towards the lower binding
energies is due to the interaction and electronstem between the metallic Ag and
sulphur®*®® Thus the XPS results support the existence of Age®ies on the surface of
E. colitreated CS Cu@Ag NP sample.
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550 | Ag 3d3,'z

525 4

500
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475

T T T T T T T T T T T T T T T
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Figure 4.10: High resolution XPS spectra of Ag 3d region, of tdemtrifuged sample d&. coli
treated with CS Cu@Ag NPs composite for 24 hours

Furthermore, in order to understand the interachetween DNA and CS Cu@Ag
NPs, Recombinant GFP plasmid (pGFP) isolated fimencontrol and CS Cu@Ag NPs
treated samples by an alkaline lysis method atdifft time points were analyzed by
agarose gel electrophoresis (Figure 4. £1%) The results in Figure 4.11a showed
similar migration patterns of pGFP for both contesild composite treated samples,
which implied that the composite had apparentlyeffect on DNA degradation. Gel
retardation assay of isolated pGFP, incubated fom&th varying concentrations of CS
and with varying concentration of CS Cu@Ag NBmposite are reported in Figure
4.11b. The bands observed in the wells of laned2lane 3, in Figure 4.11 b, confirmed
the complexation of pGFP with CS, as this stoppedmovement of the pGFP from the
wells when compared with control sample contairfireg pGFP (lane 1). Likewise, the

limited movement in lane 4 and 5 confirmed the tetstatic interaction and
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complexation of pGFP with the CS Cu@Ag NPs composRartial retardation of pGFP
movement in lane 4 and almost complete retardatidane 5 is observed on increasing
the concentration of CS Cu@Ag NPs composités worth mentioning that the charge
density and fraction of free deacetylated unit mpartant in determining the
complexation ability of CS with polyanions, such BSIA.°>™ In order to ascertain
whether such interactions were responsible foragarose gel electrophoresis results in
Figure 4.11, we have measured the zeta potenfi@@S@nd CS Cu@Ag NRomposite
at pH 6.3. They were: CS: +59.57 mV and CS Cu@/ARs domposite: +23.93 mV.
Further, FTIR spectra of native CS and CS Cu@Ag [{éfer to Appendix, Figure A.
4.2) show that the N-acetyl glucosamine unit pestks418 critt, 1383 cm'* assigned to
the CH, symmetrical deformation modd at 1314 cthdue to C-N stretching vibration
vanished in the composite, probably due to thearaction with the surface of the NPs.
The interaction of N-acetyl glucosamine units te slurface of NPs will result in reduced

charge density in the CS Cu@Ag NPs composite, tieisase here.

Figure 4.11 (a) Agarose gel electrophoresis of pGFP isolatenh . coli cells treated with 3.4
ug/mL of CS Cu@Ag NPsomposite. Lane 1: control; Lane 2: 2hr treatméswne 2: 4hr
treatment. (b) Gel retardation assay of isolated=GQ0.5ug in 20 pL reaction volume)
incubated for 2 h with varying concentration (13& pug) of CS (lanes 2, 3) and with varying
concentration (1.98, 3.96)) of CS Cu@Ag NPsomposite (lanes 4, 5). Lanes 1 corresponds to
pGFP only (control).
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In our agarose gel electrophoresis experimentsuf€igi.11b)the migration of
plasmid DNA in CS treated samples was stopped eghirge density of CS is large.
On the other hand, the reduced charge density oCG®Ag NPs results in partial
movement of the pGFP in lanes 4 and 5, the extemthach depends on the relative

amount of the composite present.

Finally, we have recorded the XRD pattern of CS @@@Ps composite-treatesl.
coli bacteria, where the XRD sample was prepared 1&htaéatment (Figure 4.9). The
observation in Figure 4.11 indicated that NPs war present in the sample as the

diffraction peaks due to (111), (200), (220) antil(3 planes of silver were still present.

4.5: Conclusion

In summary, we have synthesized a CS compositenoéthllic core—shell Cu@Ag
NPs at ambient conditions by reducing silver nitram pre-synthesized CS-Cu NPs. The
presence of Ag shell around the core Cu NPs maykedluced the tendency of Cu to
oxidize at ambient conditions, increasing theibsiiy from 12 h in CS-Cu NPs to more
than two weeks in CS Cu@Ag NPs. UV-Visib[eEM, HRTEM, XRD andXPS
analysis strongly support the formation of the cshell structure Cu@Ag of the NPs.
The NPs in the CS Cu@Ag NPs composite were spheavittaa size distribution of 14.0
+3.4 nm. CS Cu@Ag NP composite was found to be Ifigltive against a Gram-
negativeE. coliand Gram-positiv8. cereusbacteria The MIC of the CS Cu@Ag NPs
composite against recombinant GFP-expres&ingoli was found to be 63i4)/mL,
consisting of 3.03ug/mL of Cu and 1.47ug/mL of Ag. Bactericidal activity of the
composite was found to be superior to those ofititividual components, due to
synergistic effect. TEM, FESEM, XP3eta potential measurements and flow cytometry
were used to understand the details of the angbattproperty of the CS Cu@Ag NP
composite. Polycationic CS matrix interacted witle negatively charged cell surface
while Cu@Ag NPs got attached to sulfur-containingt@ns of bacterial cell membrane,
causing cell permeability eventually leading to teaf bacteria. The experiments
established the importance of synthesis and synefggntimicrobial activity of CS

Cu@Ag NP composite.
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Chapter 5

Facile preparation of mixed metal nanoparticles
compositeas a potential antibacterial agent
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“Facile preparation of mixed Cu and Ag nanopartiddemposites in chitosan:
implications as a potent antibacterial ag&dadhucharan Mallick, Siddhartha Sankar
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5.1: Introduction

Mixed metal Nanoparticles (NPs), also called heteetal NPs, play important role in
several areas of chemistry and physics. The mastrmn use for mixed NPs has been in
the area of catalysis, where researchers have ftheid use both as catalyst and as
catalytic supports-* It is well known that combining a transition me&ément with
platinum enhances catalytic activity for reacti@ugh as oxygen reduction in fuel cells
and direct oxidation of methanblFurther, these studies attracted attention towards
preparation of new materials having mixed metal N#&h variable composition
displaying unique properties. Various research ggobhave explored and developed
physical and chemical methods by which such madsecan be prepared. Zhang et al.
prepared mixed Pt-Co NPs and Pt-Ru NPs catalysitgy wgater-in-oil reverse micro
emulsion system composed of water-Triton X-100-prog-ol-cyclohexan&.?These Pt-
Ru NPs supported on a carbon electrode possesgkddispersion and high catalytic
activity for methanol oxidation at room temperatu@n the other hand, Liu et al.
synthesized nano sized Pt-Ru alloy particles obararsupport which showed greater

electro catalytic activities for methanol oxidatibn

Bimetallic NPs with core-shell, hetero structure, iater metallic and alloyed
structures are being realized as more useful nadgethan monometallic NP%.
Bimetallic NPs (Cu, Ag) with different hetero sttuee i.e. alloy, core shell and
heterodimer have been synthesized and their apiphsastudied by several groups, but
in situ synthesis of mixed metal NPs in a polymestn® with emphasis on their
biological applications is not reported until novdynthesis and application of dumbbell
like Cu-Ag nanostructurésCu-Ag alloy NPS™** and core-shell Cu@Ag NPs'’ has
been reported by several groups. Using RAPET (i@acinder autogenic pressure at
elevated temperatures) technique Gedanken et\a&. developed a method for synthesis
of carbon coated Cu@Ag and Ag@Cu core-shell NPsiang et al. had synthesized
dumbbell like Cu-Ag nanostructures which exhibithanced catalytic activity in the
hydrogenation of 4-nitrophendPhase-separated Ag-Cu composite colloids containing
different mole fractions of Ag and Cu in ethanolusion were synthesized by photo
reduction in the presence of benzoin and poly(NAvpyrrolidone by Itakura® Suyal
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et al. had synthesized bimetallic alloy and phagasated mixed colloids particles of Cu
and Ag in thin films using sol-gel route and stublibeir optical properties.Woo et al.
had prepared mixed metal-based (Cu-Ag) conductikefrom which highly conductive
tracks were formed on a transparent polyethersulplsnbstrates after annealing at low
temperature. They prepared Cu-Ag based mixed metaductive ink using mixture of
Cu NP and Ag NP at varying volume ratios (Cu/Agnfr2:1 to 4:1in a mixed solvent
system of methanol, 2-methoxy ethanol and ethytgipeol.®® Y.-S Li have developed
Ag-Cu colloid ink which they filled into a felt-tipen and written on a substrate to make
conducting lines using Ag-Cu composite NPsiran et al. prepared Ag-Cu
nanoclusters (NCs ) co-doped in Siatrix by the sol-gel process and studied their
nonlinear optical properties and the role of thfame-plasmon resonance on optical
limiting properties®® Grouchko, et al. synthesized well-dispersed Cis N reduction

of copper nitrate in aqueous solution using hyam@znonohydrate as a reducer in the
presence of preformed Ag NPs as catalysts and qmlylic acid as a stabilizét.K.
Hamad-Schifferli and co-workers synthesized Au-CBsNand found the oxidation
stability depends on composition and temperatuneyTound that the Cu oxidation rate
depends on NP composition where increasing Au% ongs stability as also exhibited
improved catalytic activity for CO oxidatidf.

The antibacterial properties of bulk Cu and Ag adlvas Cu NPs and Ag NPs are
well known.?>®*"Bactericidal activity studies with Cu NPs, Ag NRslavith their alloy
had been reported by us and by others groups. SimallCu NPs or Ag NPs both have
high bactericidal activity because these NPs (lleas 20 nm diameters) get attached to
sulfur-containing proteins of bacterial cell memies, altering the permeability of the
membrane, which causes leakage of protein and atiecellular material such as
amino acids, glucose, and lactate dehydrogenasetraltes, and finally leads to the
death of bacteri&?*33*A few reports have suggested that Amd CG*ions are main
bactericidal species, which are provided by acsuefaces of NPs and their oxide
present on the surfaces of these RIF&3"2® 3Cu NPs and Ag NPs has been variously
portrayed as antimicrobial agent owing to theircidal activity at low concentrations

and comparatively less toxic to mammalian céfi§®
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Recently, we prepared core-shell CS-Cu@Ag NPs aitiellent antibacterial activity
discussed in Chapter 4 of my the€iglowever; there is no report about the antibadteria
properties of Cu NPs and Ag NPs working in tandersame composite. Recently, a few
groups have reported that Cu-Ag alloy NPs displgyesior bactericidal activity against
E. coli as compared to pristine Ag NPs or Cu NPS:but there is no report on the
synthesis and bactericidal activity study of phasparated mixed Cu NP and Ag NP
composite. We have prepared phase separated mietd manoparticle (CMP and Ag
NP) composite in presence of chitosan biopolymed #@dine and studied their
antibacterial activity againé. coli. Zhang, L et al. synthesized Ag NCs (~2 nm) and Ag
NCs-coated with TiQNPs and studied bactericidal activities agaMgirococcus lylae
and found Ag NCs-coated TjOmaterial with optimal Ag loading shows enhanced
photocatalytic and bactericidal activities compateduncoated Ti@* Recently, we
have reported bactericidal properties of iodina®&%iAg NP composite and iodinated
CS-Cu NPs composite and CS Cu@Ag NPs with excebeibacterial activity as
discussed in Chapter 2, 3B and 4 of this thesis.

5.2: Outline of the research work

I. A novel method of synthesizing mixed metal nanoplas composite (Cu NPs

and Ag NPs) in presence of chitosan and iodinebkeaa developed.

Il.  UV-Visible spectroscopy, transmission electron wscopy, field emission
scanning electron microscopy and X-ray diffractiegre used to characterize the

mixed metal NP composite

lll.  In the chapter, synergistic bactericidal actionamfinated mixed NP composite
was investigated using green fluorescent proteifrR)Gexpressinge. coli

bacteria.

IV.  Combination of Cu NPs and Ag NPs with biodegradadmel biocompatible
chitosan increased antimicrobial activity througimj effects.

V. Here smaller Ag NPs and Cu NPs worked in tanderatheg with antibacterial

components CS and iodine for better antibactegavity. This allowed the use
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of reduced amounts of Cu and Ag NPs as well asrébdaced amount of the

composite required for inhibitory and killing aatio

5.3: Experimental section

5.3.1: Materials and methods

Copper (Il) sulphate pentahydrate (CuSbBLO; Merck, India), silver nitrate
(AgNOs3, 99.5%; Merck), chitosan of high molecular weight (75% deacetgagigma-
Aldrich Chemical Co.), sodium hydroxide (NaOH, 98%erck, India), hydrazine
monohydrate (80% solution, Merck, India), acetimdglacial, 99-100%; Merck, India)
were used as received without further purificatibhlli-Q grade (resistivity 18.2 ND
cm?®) water was used in all the experiments. loding \{as obtained from Sigma-
Aldrich Chemical Pvt. Ltd., Kolkata, India. LuriaeBani (LB) broth was purchased
from HiMedia, Mumbai, India. GFP-expressing reconanit E. coli were grown in LB
broth at 37°C and at 220 rpm for 12 h.

5.3.2: lodinated chitosan mixed NP composites £CS-Ag NP-Cu NP)
preparation

We have prepared mixed Cu NPs and Ag NPs compospieesence of chitosan and
molecular iodine abbreviated agdS-Ag NP-Cu NP composite. Several different
compositions of the composite were studied usimgesamount of chitosan (50 mg) ,
300 pL 0.02 M iodine solution and different amauot Cu and Ag, i.e. Cu/Ag as 40:1,
20:1, 15:1, 13.33:1 and 10:1 (Table 5.2)CB-Ag NP-Cu NP composite was prepared
by two step reduction process, first AghN®olution to Ag NPs then CuQGH,O
solution to Cu NPs. First Ag NPs were synthesizgdddding the requisite amount of
freshly prepared 20 mM AgNgolution to 50 mg of chitosan in 50 mL Milli-Q grad
water in a 100 mL round bottom flask, which wascpthin an oil bath, with vigorous
stirring and refluxing for 15 min at ~ 16G. Then 20Q.L of 0.6 M NaOH solution was
added to the reaction mixture and within 1 min slodution turned yellow, indicating
formation of Ag NPs in the medium. The reactiorsvadlowed to continue for another
15 min to ensure complete reduction of AgiN®ellow colored solid appeared at the
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bottom of the flask thereafter, to this CS-Ag NBpgirsion, 40 mg of copper (lI) sulphate
pentahydrate was added and after 5 min g0®f 0.6 M NaOH solution was added
upon which the yellow coloured solution turned bmowAfter about 10 min 0.4 mL of
hydrazine monohydrate solution was added to thevealsmlution with constant and
vigorous stirring. The reaction was allowed to awm for an additional 30 min till a
reddish coloured solid appeared at the bottom @frttund bottom flask. The flask was
then taken out from the oil bath and cooled to raemperature. The solution along with
the precipitate was centrifuged at 5300 rpm andotieeipitate was washed several time
with milli-Q grade water and made into a pelletheTpellet was then re dispersed in 30
mL of 0.25% aqueous acetic acid solution and te 3@0OuL of 0.02 M iodine solution

in ethanol was added and mixed thoroughly. UV-Vlesipectra were recorded for aH |
CS-Ag NP-Cu NP dispersed solution. For further abtarization of the#CS-Ag NP-
Cu NP composites, the reddish solution was cegeifiy vacuum dried and stored under
vacuum before analysis. Here [Cu]/ [Ag] molar ratmf 20:1, 40:1, 15:1, 13.33:1, 10:1
respectively were used to synthesiz€8-Ag NP-Cu NP composite.

Table 5.1: Elemental composition used for synthesisf [,-CS-Ag NP-Cu NP

composite.
Composites  CuSO, 5H,0 AgNO3solution Cu:Ag molar

(2om feed ratio

a 40 mg 600 L 13.33:1

b 40 mg 400pL 20:1

¢ 30 mg 400ul 151

d 20 mg 400pL 10:1

€ 40 mg 200uL 40:1

To facilitate easy discussion, all samples are ebated as Cu/Ag (X:Y) for,CS-

Ag NP-Cu NP composite that are prepared with an ¢ajper to silver molar feed ratio.
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In these all +CS-Ag NP-Cu NP composites, pH was adjusted tdb§.ghe addition of
dilute NaOH solution prior to antibacterial activistudy. The synthesis of controlled
mixed metal NPs is a complex problem because iitiaddo the variable composition
other factors such as size distribution of the comemt NPs and their phase separation
are also decisive in the property displayed by ¢benposites. However, given the
possible rich variation in their properties, syrsiseof hetero metal NPs in polymer
matrix may become a new strategy for preparatioomofed metal NPs composite,

worthwhile pursuing.

5.3.3: Characterization of the p-CS-Ag NP-Cu NP composites

5.3.3.1: UV-Vis spectroscopic measurements

UV-Visible spectra of the,#CS-Ag NP-Cu NP composite dispersion was measured
using a Hitachi U 2900 spectrophotometer. The U¥-&fiectra varied greatly depending
on the Cu/Ag molar feed ratio. The bacterial growds monitored by measuring optical
density (OD) at 595 nm using a UV-visible spectmpimeter (Lambda 25; Perkin-
Elmer, Fremont, CA, USA) of the sample at differemtes.

5.3.3.2 Transmission electron microscopy (TEM) analysis

For TEM investigations, pL of each }-CS-Ag NP-Cu NP composite sample was
drop coated onto a carbon coated copper TEM giidwed by air drying. The drop
coated grid was then analyzed under TEM. The iotemas of the composite with
bacterial cells were also examined using a higholuéien transmission electron
microscope operating at a maximum acceleratingageltof 200 KeV. For this, mixed
NPs composite treated & coli samples were drop coated onto the TEM grid foldwe
by air drying and the resulting grid was then amatiunder TEM. EDX analysis was
carried on small area of the sample using TEM dpeyat accelerating voltages up to
200 kV.
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5.3.3.3: Field emission scanning electron microscpFESEM)

Interaction of the }CS-Ag NP-Cu NP composite with bacterial cells viagher
studied by using field emission scanning electroroscopy (FESEM, Carl Zeiss,
SIGMA VP) coupled with energy dispersive X-ray (Epahalysis facility. Typically, 20
uL drop of each sample was deposited on a glass, dlided and sputter-coated with
gold film using a sputter coater and analyzed urtder FESEM. The FESEM-EDX
analysis of mixed NPs composite treatedEoncoli samples was carried out on small

area of the sample for the elemental analysisettdmposite.
5.3.3.4: Powder XRD studies

We performed X-ray diffraction measurements to abtarize the ;CS-Ag NP-Cu
NP composites. Vacuum drieg-€CS-Ag NP-Cu NP composites were spread on glass
microslides and XRD recorded using Philips Diffroeter (Model 1715) with Cu &l
radiation §= 1.54060 A) operating at 55 kV and 250 mA. We asidied the fate of
the b-CS-Ag NP-Cu NP composite during antibacterial ®sid using XRD
measurement. Here bacteria treated wit€@$-Ag NP-Cu NP for 12 h was centrifuged
and vacuum dried and stored under vacuum beforlysamaThe dried cell pellet was

spread on a glass slide and XRD was recorded.
5.3.3.5: Atomic absorption spectrometry (AAS)

Quantitative analysis of the concentration of copged silver present in-CS-Ag
NP-Cu NP composite was performed with the help dbmé absorption
spectrophotometer (Model: AA240 Varian Inc) aftessdlving the composite in dilute
HCI solution. The supernatant solution obtaine@rafentrifugation of the composites
was also measured to determine concentration ofafai Ag ions present in the

supernatant solution.
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5.3.3.6: Bactericidal studies

Bactericidal activity studies were carried out ora@ negative GFP-expressiikg
coli bacteria. GFP-expressirtg, coli was cultured in LB ampicillin media. Different
concentrations of2ACS-Ag NP-Cu NP composite were used to determiaentmimum
inhibitory concentration (MIC) and minimum bactédial concentration (MBC)We
determined the MIC and MBC for all of the compasite b, c, d, e (Table 5.1). GFP-
expressingE. coli (1Pcfu/ml) were grown in LB media in the presence dfedent
concentrations of,{CS-Ag NP-Cu NPfor 12 h at 37C. The lowest concentration of
composite at which there was no visual turbidityswaken as the MIC value of the
composite. Further, the cultures which lacked Visubidity were reinoculated in fresh
media. The lowest concentration of the composi&t kiilled at least 99.9% of original
inoculums was taken as MBC. The experiments werlpeed in at least triplicate to
ensure reproducibility. The bacterial growth wasitared by measuring optical density
(OD) at 595 nm using a UV-Visible spectrophotometeambda-25; Perkin-Elmer,
Fremont, CA, USA) of the sample at different times.

5.4: Results and discussion

5.4.1: Synthesis and characterization oL, 1CS-Ag NP-Cu NP composites

[,-CS-Ag NP-Cu NP composites were prepared under alcatmospheric condition
in the presence of chitosan, iodine and hydraziygrdte as a reducing agent. First
AgNO; solution was reduced to Ag NPs using chitosan asdacing and stabilizing
agent, following which CuS£5H,0 solution was reduced to Cu NPs using hydrazine
hydrate as the reducing agent. When the yellowuweld CS-Ag NPs dispersion turned
reddish it indicated completion of the reactionhatite formation of CS-Ag NP-Cu NP
composite. TheiCS-Ag NP-Cu NP composites were more stable whanj/[{2\g]
molar feed ratios 13.33:1, 20:1. SPR bands cooredipg to both Cu NPs and Ag NPs
broadened slowly in ~ 6-7 days (Appendix, Figure5Ala, b). +CS-Ag NP-Cu NP
composite was less stable when either less of amou€u or Ag was used in the

preparation of the composite (Refer to AppendiguFe A. 5.1 c, d).
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Figure 5.1: UV-Visible spectrum of freshly prepared-CS-Ag NP-Cu NP composite with
different molar feed ratio of Cu to Ag (a)13.33(l) 20:1, (c) 15:1, (d) 10:1, (e) 40:1.

The UV-Vis spectrum consisted of a two sharp peakt1l5 nm and 585 nm,
indicative of the formation of Ag NP and Cu NPs.eTéxact peak positions varied
depending on the Cu/ Ag molar feed ratio. The tlwarg peaks, one due to Ag NPs
showed a peak maximum which varied from 400 nml, 4nd the other due to Cu NPs
showed a peak maximum which varied from 575 to BAQ on changing the molar
fractions of Ag and Cu. These UV-Vis results araststent with the presence of phase

separated colloids of Ag and Cu NPs in the composit
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Figure 5.2: (a) TEM micrograph of #CS-Ag NP-Cu NP composite for Cu/ Ag molar feedorat
13.33:1.(b) SAED pattern with the diffraction rings indexeds#lected regiofc) EDX profile
of 1,-CS-Ag NP-Cu NP composite showing the presenceopper and silverd) Powder XRD
pattern of freshly preparegtCS-Ag NP-Cu NP composite.

As the particles are phase separated, their regpgtasmon bands are unaffected by the
presence of the other metal, thus their opticabgdi®n spectrum is a simple addition of
the spectrum of Ag NP and Cu N¥The SPR bands corresponding to both Ag NP and
Cu NP are clearly seen in the mixed metal NPs caitggandicating that these Cu, Ag
did not form alloys and that they retained thenliwdual identities. In the case of an
alloy formation — which is not the case hereinsirggle SPR band is observed between
the position of the surface-plasmon band of Ag @ud\Ps, as reported for the Au—Cu

and Au—Ag systemg 3
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Further analysed by TEM and XRD were carried outfomposites with compositions
listed in Table 5.1. TEM analysis confirmed thegance of metal NPs in all the cases;
Figure 5.2a and Figure 5.3a being the represeptdattM images for Cu/ Ag molar feed
ratio of 13.33:1 and 20: 1 respectively. Selecaeela electron diffraction (SAED)
patterns of #CS-Ag NP-Cu NP composite with Cu/ Ag molar feetdoraf 13.33:1 is
shown in Figure 5.2B. The resulting diffractiongs were indexed and corresponding
lattice planes tabulated in Table 5.2, which conéid the presence of Cu NPs and Ag
NPs in the face-centered cubic lattice structurthexcomposite. SAED results are also
consistent with EDX results shown in figures 5.2the EDX analysis was also carried
out on small area of the sample, indicating thesgmee of the elements Cu and Ag and |
(Appendix Figure A. 5.2).

Interestingly, X-ray diffraction (XRD) pattern tfe L-CS-Ag NP-Cu NP composite-
a was recorded a day after the synthesis, whicicatet the presence of two sets of
diffraction peaks which were assigned to the foestal structure of Cu and Ag (Figure
5.2d). The diffraction peaks atd 2values of 43.34°, 50.46°, 74’ 14vere due to
diffraction from (111), (200), and (220) planes fate-centered-cubic (fcc) crystal
planes of Cu(0). This diffraction pattern matcheithwhe standard powder diffraction
data file for copper (fcc, JCPDS file No. 04—-083&he diffraction peaks abZalues of
38.16, 44.3, 64.6, 77.4F and 81.4 are due to reflections from (111), (200), (220),
(331), (222) planes of metallic Ag (0) (fcc, JCPD&O783). No other crystalline
phases were observed in the XRD patterns. Appearahdhe diffraction pattern is
equivalent to simple addition of the corresponddRD patterns of Cu (0) and Ag (0),
which alsosupported the presence of mixed Cu NPs and Ag NP&RD patterns of the
NPs composite negate possibility of alloy or csinell formationXRD studies of theyt
CS-Ag NP-Cu NP composite-e (Cu/Ag molar ratos) also give similar diffraction
pattern (Appendix, Figure A. 5.3). The presenc€8fin the composite was confirmed
by FTIR studies (refer to Appendix, Figure A. 5.4).
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Figure 5.3(a)TEM image of freshly prepared-CS-Ag NP-Cu NP composite, Cu/ Ag molar
feed ratios 20:1b) Size histograms of Cu NPs and Ag NPs#C8-Ag NP-Cu NP composite
average Ag NPs size 3.4 £ 0.9 nm and Cu NPs sizZe 10 nm(c) HRTEM image of a particle
showing the lattice fringes corresponding to thEljlplanes of copper, inset shows the inverse
Fourier transform of selected region showing thick fringes corresponding to the (111) planes
of copper. (d) HRTEM micrographs of Ag NP iinG@S-Ag NP-Cu NP composite. Inset shows
inverse Fourier transform of selected region intitca lattice fringes spacing of 0.23nm
corresponding to Ag (111) planes.

Depending on the feed ratio of Cu/Ag (Table 5.F)dize distribution of the resulting Ag
NPs and Cu NPs in the composite varied; for exanapleomparison can be made
between Figure 5.2a and 5.3a. However, in all sagevas found that the Ag NPs
generated were considerably smaller than the qooneng Cu NPs. Figure 5.3b shows
the size distribution histogram plot, obtained frita TEM image in Figure 5.3a, which
is a bimodal distribution in the sizes of the NPPgy NPs represented by the red
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histogram distribution is found to have an aversige of 3.4+0.9 nm in diameter, while
Cu NPs represented by the black histogram distabus found to have an average size
of 11.4+£3.0 nm in diameter. Both these NPs wetmdoto co-exist in the composite as
shown in Figure 5.3a. High resolution TEM (HRTEMpages on individual NPs
confirmed the presence of individual Cu NPs (Figbu® c) and Ag NPs (Figure 5.3 d).
Both Cu NP and Ag NP were present as fcc crystatttre, with lattice spacing of 0.21
nm and 0.23 nm due to (111) planes of Cu(0) andAmspectively, which arelearly
visible in the IFFT images shown as insets in Fegus.3b and 5.3c respectively.

Table 5.2: Lattice plane spacings (d-spacings) obted from the SAED pattern

shown in Figure 5.2d compared with the theoreticalalues.

Lattice Planes Experimental Theoretical
Ag(100) 4.04A 4.08A
Ag(110) 2.92A 2.88A
Ag(111) 2.35A 2.35A
Ag(200) 2.09A 2.04A
Ag(220) 1.44A 1.44A
Cu(100) 3.79A 3.61A
Cu(111) 2.14A 2.08A
Cu(200) 1.81A 1.80A
Cu(220) 1.24A 1.27A

5.4.2: Antibacterial activity assessment

Gram negative GFP-expressiggcoli bacteria were chose as a model system to study
the bactericidal activity of the,-ICS-Ag NP-Cu NP composite. Minimum inhibitory
concentration (MIC) and minimum bactericidal cortcation (MBC) were determined

for each of the composites a, b, ¢, d, e (Tablg B.tompilation of their MIC and MBC
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values along with the amount of Cu, Ag, CS andsIgiven in Table 5.3. In addition,
time dependent bactericidal activity and mechanisere studied with composite b
(Cu/Ag molar ratio = 20:1) as it has sufficientslidy and displays bactericidal activity
at low concentration of Cu and Ag. Time dependenrtibacterial activity of CS-Ag
NP-Cu NP composite b (at MIC and MBC) was monitoagainst GFP expressirif
coli by measuring optical density (OD) at 595 nm atotes time points (Figure 5.4).

Table 5.3: Antibacterial efficacy of the of the }-CS-Ag NP-Cu NP composites
against GFP-expressinge. coli bacteria.

Composite Cu Ag CS P
Composite details
(mg/mL)  (ug/mL)  (ug/mL)  (ug/mL)  (ng/mL)
Composite a MIC 51.28 8.00 0.95 42.20 0.13
(Cu: Ag 13.33:1)| MBC 75.47 11.27 1.40 62.10 0.19
Composite b MIC 63.50 9.98 0.74 52.64 0.16
(Cu:Ag 20:1) | MBC | 93.02 14.61 1.08 73.43 0.22
Composite ¢ MIC 81.12 9.73 0.98 70.20 0.21
(Cu:Ag 15:1) | MBC | 10758 12.90 1.31 93.08 0.28
Composite e MIC 98.76 15.6 0.44 82.27 0.25
(Cu -Ag 40:1) MBC 132.13 20.86 0.60 110.07 0.33

The MIC of the 4-CS-Ag NP-Cu NP composite was found to be 63180nL, which
consisted of 9.98g/mL of Cu NPs and 0.74g/mL of Ag NPs. The corresponding MBC
(93.02 ug/mL) contained 14.61ig/mL Cu NP and 1.0@g/mL of Ag NPs.Control
samples with 0.02 M acetic acid andub ethanol in LB media showed no growth
inhibition. From the results of growth curve ingkie 5.4 it is evident that individual
components at their respective individual concéiatna (in the composite) either did not
exhibit antibacterial properties (0Odg'mL of iodine) or exhibited limited bactericidal
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properties [52.641ig/mL of CS; 53.4Qug/mL of CS-Ag NP composite (CS: Ag =1:0.17);
63.20ug/mL of iodinated CS-Cu NP composite (CS:Cu:1=10002003)]. Interestingly, a
physical mixture of I-CS-Cu NPs and CS-Ag NBs1 volume ratio)which consistedS
52.0 ug/mL, Ag 0.73pug/mL , Cu 5.0ug/mL , |, 0.08 ug/mL exhibited limited bactericidal

properties.
—=— Control
—&— lodine
—A—CS
0.20 4——CS-Ag NPs

—<4—1-CS-Cu NPs

E —&— Physical mixture of I-CS-Cu NPs and CS-Ag NPs
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Figure 5.4 Growth curve of GFP recombinaBt coli in the presence of the following
Control: 0.02 M acetic acid and i ethanol in LB medialodine: lodine at 0.16.g/mL.
CS: Chitosan at 52.64g/mL, CS—Ag NPs :CS-Ag NP composite at 53.4@/mL [-CS-Cu
NPs: iodinated CS-Cu NP composite at 63 2/mL; Physical mixture of I-CS-Cu NPs
and CS-Ag NPs(1:1 volume ratio): Amounts of components mixed solution CS 52.0
pg/mL, Ag 0.73pug/mL ,Cu 5.0ng/mL , |, 0.08 ug/mL 1,-CS-Ag NP-Cu NP composite-b
(MIC) : mixed Cu and Ag NPs composites at 63/8ImL; andl,-CS-Ag NP-Cu NP
composite-b (MBC): mixed Cu and Ag NPs composites at 93.02 pug/mL.

From the results of figure 5.4 we conclude thatedibNP composite exhibited higher
antibacterial activity compared to individual compats at their individual
concentrations (in the composite). Presumablyhéndomposite smaller Ag NPs and Cu
NPs worked in tandem with CS and iodine for morieative antibacterial activity.

Details of the MIC and MBC results for other compioss are tabulated in Table 5.3.
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Figure 5.5 (a) Field emission scanning electron micrograpBBP expressing recombinat
coli cells and (b)E. coli cells treated with,#CS-Ag NP-Cu NP composite (63.5@/mL) in
liquid LB medium for 4 h, in inset shows FESEM-EpXcofiles, clearly indicates presence of
elemental Cu and Ag corresponding sample.

Interaction of the iodinated mixed NP compositehviit coli was investigated by TEM
and FESEM. FESEM images of both the untreated &edcbmposite treated GFP
recombinantE. coli are shown in Figure 5.5 (a, . coli cells were incubated with
63.50ug/mL of iodinated mixed NPs composite (MIC dose}hie LB medium for 4 h
prior to the evaporation step required for sampéparation. While the control bacteria
showed the usual surface morphology (Figures 5ib&) treated bacteria (with
composite) were found to be distinctly differentlwthe bacterial cells covered with a
layer of the composite (Figures 5.5b). In this rdg# is noteworthy that the positively
charged chitosan readily attached to the negatiebbrged bacterial cell wall in the
chitosan stabilized composites described in cha@eBB and 4. Further, FESEM -EDX
result (Figure 5.5b, inset) proved presence of lbthelements Cu and Ag in same
sample, and corresponding TEM images in Figuremfd b and showed that dark spots
of particle were superimposed on the image otamoli bacterium. Small metal NPs
with diameter of 13.5+ 3.5 nm for Cu NPs and diamef 4.2 +1.0 nm for Ag NPs were
clearly discernible (Appendix, Figure A. 5.5). Thiae two size distributions were very

similar to the size distribution of the two metdP#in the original composite (see section
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5.4.1) augers well with our conclusion that the &gd Cu NPs got attached to the
bacterial cell wall, causing irreparable damagesiibg by developing pores on the
surface of the cell walls (Figure 5.6: a, b and éqqtix, Figure A. 5.5a). Similar results
were observed for chitosan stabilized Cu NPs (~&f m chapter 3B and chitosan
stabilized Ag NPs (=10 nm) in chapter 2 where tle¢alnNPs were found to interact with
the bacterial cell wall, inducing pore formatioradéng to death of the bacteri@o

confirm the composition of the NPs in bacteria tedasample, EDX spectra were also
taken during TEM analysis. A representative EDXfiprs, taken from the sample is
shown in Figure 5.6¢This spectrum confirms the presence of Cu and Adgyiadine in

the composite.

Figure 5.6 (a) Transmission electron micrograph of GFP essirgy recombinari. coli cells
treated with 63.5Qg/mL (MIC) I,-CS-Ag NP-Cu NP composite in liquid LB medium foh4
TEM micrograph clearly showing both Cu NPs (12+ 8Mf@) and Ag NPs (3.5 = 1nm) are
interacting withE. coli cells. In TEM-EDX profiles also shows presenceleimental Cu and Ag
and iodine of composite treated samples.

We have also recorded the XRD pattern #€8-Ag NP-Cu NP composite-treatéd
coli bacteria, where the sample was prepared 12 h afi@iment. The observation in
Figure 5.7indicated that the Cu NPs and Ag NPs both presernhe sample as the
diffraction peaks due to (111), (200), (220) an@ll(3planes of Ag(0) and (111), (200),
and (220) planes of Cu(0) were noted. Furthes itriportant to note that even after 12
hours of treatment by MIC of composite, when baaterell inhibition had effectively
taken place, Cu NPs and Ag NPs were still presetihe LB medium. This indirectly
shows that the bactericidal role is being played loyi the Ag and Cu NPs in the
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composite, rather than the corresponding metal i@atiseme we have found consistently
true in all composites studied and which have libscussed in all the earlier chapters of

this thesis.
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Figure 5.7 XRD of the centrifuged sample &. coli bacteria treated witlh-CS-Ag NP-Cu
NP compositeat Cu/Ag molar ratio 20:for 12 hours.

Finally in essence, the four component systemch&osan, Cu NPs, Ag NPs and
iodine work together for superior antibacterialiatt in comparison to the individual
components in thedCS-Ag NP-Cu NP composite. Further, it is plaustbiat positively
charged CS gets attached to the negatively chdrgetkrial cell wall; Ag and Cu NPs
present in the composite create pores on the @lsywwhereas molecular iodine upon
dissociation on the surfaces of Ag and Cu, in coctjon with Ag NPs induces ROS
generation, thereby creating the synergy of the-baunponent system.

5.5: Conclusion

In summary, we have developed a novel synthetichoaetfor the preparation of
bimetallic phase separated mixed NP (Cu, Ag) compas CS matrix. The composite
material was characterized by various spectrosapicmicroscopic techniques and also
showed good efficacy as a bactericidal agent. Ag MRere found to be suitably
combined with Cu NPs (although as separate entéigshe composite was found to be

stable for 6-7 days under ambient conditions, ahithvalso exhibited good bactericidal
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activity. TEM and FESEM experiments were carried tw elucidate the possible

mechanism for the killing action of the materiatdat was found that the bactericidal
action is mainly via contact killing. Combining AgPs and Cu NPs and with natural
biopolymers CS and molecular iodine enhanced hautal efficiency as CS got

attached to the bacterial cell wall while the CusN#dd Ag NPs in the composite turned
the cell wall porous and molecular iodine upon aliggtion on the metallic surfaces lead
to enhancement antimicrobial activity, leading &atth of bacteria at very low doses of

each component.

References:

(1) zZhang, X.; Chan, K.-YJ. Mater. Chem2002,12,1203-1206.

(2) Zhang, X.; Chan, K.-Y. Chem. Mate2003,15,451-459.

(3) Liu, Z.; Lee, J. Y.; Han, M.; Chen, W.; Gan, L. M. Mater. Chem2002 12,
2453-2458.

(4) Zeng, J. H.; Lee, J. Waterials Chemistry and Physi2907,104,336-341.

(5) Lim, B.; Kobayashi, H.; Yu, T.; Wang, J. G.; Kim,.M.; Li, Z. Y.; Rycenga, M.;
Xia, Y. J. Am. Chem. So2010, 132,2506-2507.

(6) Harpeness, R.; Gedanken,l&angmuir2004,20, 3431-3434.

(7) Butovsky, E.; Perelshtein, I.; Gedanken, A.Mater. Chem2012 22, 15025-
15030.

(8) Huang, X. Q.; Li, Y. J.; Zhou, H. L.; Zhong, X.; Bn, X. F.; Huang, YChem.
Eur. J.2012 ,18,9505-9510.

(9) Li, G.P.; Luo, Y. Jlnorg. Chem2008,47, 360-364.

(10) Rapallo, A.; Rossi, G.; Ferrando, R.; Fortunelli; Burley, B. C.; Lloyd, L. D.;
Tarbuck, G. M.; Johnston, R. LJ. Chem. Phy=2005,122,194308.

(11) Chowdhury, S.; Bhethanabotla, V. R.; SenARBpl. Phys. Lett2009,95,131115.

(12) Tabrizi, N. S.; Xu, Q.; van der Pers, N. M.; Schix@dt, A. J. Nanopart. Res.
2010,12,247-259.

(13) Smetana, A. B.; Klabunde, K. J.; Sorensen, C. Mnde, A. A.; Mwale, B.J.
Phys. Chem. B006,110,2155-2158.

129

TH-1192_07612203



lodinated chitosan mixed NP composites Chapter 5

(14) Valodkar, M.; Modi, S.; Pal, A.; Thakore Mater. Res. Bull2011,46,384—3809.

(15) Taner, M.; Sayar, N.; Yulug, I. G.; Suzer 3. Mater. Chem2011, 21, 13150-
13154.

(16) Cazayous, M.; Langlois, C.; Oikawa, T.; Ricalle C.; and Sacuto, Ahys.
Rev. B2006,73,113402.

(17) Grouchko, M.; Kamyshny, A.; Magdassi, B.Mater. Chem2009 19, 3057-3062.

(18) Itakura, T.; Torigoe, K.; Esumi, KLangmuir1995,11,4129-4134.

(19) Suyal, G.Thin Solid Film2003,426,53-61.

(20) Woo K.; Kim, D.; Kim, J. S.; Lim, S.; Moon, langmuir2009,25, 429-433.

(21) Li, Y.-S.; Lu, Y.-C.; Chou, K.-S.; Liu, F.-Mater. Res. Bull2010,45, 1837-1843.

(22) Kiran, P. P.; Bhaktha, B. N. S.; Rao, D. N.; De, JGAppl. Phys2004,96, 6717-

6723

(23) Grouchko, M.; Kamyshny, A.; Ben-Ami, K.; MagdasSi,J. Nanopart. Res2009,
11,713-716.

(24) Xu, Z.; Lai, E.; Shao-Horn, Y.; Hamad-Schifferli,. kKhem. CommurR012 48,
5626-5628

(25) McLean, R. J. C.; Hussain, A. A.; Sayer, M.; Vinge?. J.; Hughes, D. J.; Smith,
T. J. N.Can. J. Microbiol.1993,39, 895-899.

(26) Sondi, I.; Salopek-Sondi, B. Colloid Interface Sc004,275, (1), 177-182.

(27) Jose Ruben, M.; Jose Luis, E.; Alejandra, C.; Katlkee H.; Juan, B. K.; Jose
Tapia, R. r.; Miguel Jose, YWanotechnolog®005,16, 2346.

(28) Pal, S.; Tak, Y. K.; Song, J. Mppl. Environ. Microbiol2007,73, 1712-1720.

(29) Gogoi, S. K.; Gopinath, P.; Paul, A.; Ramesh, Ap€h, S. S.; Chattopadhyay, A.
Langmuir2006,22,9322-9328.

(30) Sanpui, P.; Murugadoss, A.; Prasad, P. V. D.; Gh8sl$.; Chattopadhyay, Mt.
J Food Microbiol.2008,124,142-146.

(31) Ruparelia, J. P.; Chatterjee, A. K.; Duttagupta, FB; Mukherji, S Acta
Biomaterialia2008,4, 707-716.

(32) Yoon, K. -Y.; Byeon, J. H.; Park, J. -H.; Hwang,Sti. Total Environ2007,373,
572-575.

130

TH-1192_07612203



lodinated chitosan mixed NP composites Chapter 5

(33) Wei, Y.; Chen, S.; Kowalczyk, B.; Huda, S.; Gray,F.; Grzybowski , B. A.J.
Phys. Chem. @010,114,15612-15616.

(34) Banerjee, M.; Mallick, S.; Paul, A.; Chattopadhya&y; Ghosh, S. SLangmuir
201Q 26,5901-5908.

(35) Mallick, S.; Sharma, S.; Banerjee, M.; Ghosh, S.(attopadhyay, A.; Paul, A.,
ACS Appl. Mater. InterfaceX)12,4,1313-1323

(36) Mallick, S.; Ghosh, S. S.; Chattopadhyay, A.; PAUIACS Appl. Mater. Interfaces
Manuscript ID: am-2012-02402n (Synthesis, charazgon and enhanced
bactericidal action of core shell copper- silvenoarticle composites)

(37) Feng, Q. L.; Wu, J.; Chen, G. Q.; Kim, T. N.; Kith,0.J. Biomed. Mater. Res.
2000, 52, 662—668.

(38) Borkow, G.; Gabbay]. Curr. Med. Chen005,12,2163- 275.

(39) Cioffi, N.; Ditaranto, N.; Torsi, L.; Picca, R. ADe Giglio, E.; Sabbatini, L.;
Novello, L.; Tantillo, G.; Bleve-Zacheo, T.; ZambonP. G.Anal Bioanal Chem.
2005,382,1912-1918.

(40) Zhang, L.; Yu, J. C.; Yip, H. Y.; Li, Q.; Kwong, KV.; Xu, A.-W.; Wong, P. K.,
Langmuir2003,19,10372-10380.

131

TH-1192_07612203



Summary and concluding remark

Overview of the thesis and future prospects

In the thesis, we describe a few significant resuft the area of synthesis and
characterization of metal NP composites for themipeapplications, and specifically
their anti-bacterial properties. The present figdiprovided evidence for chitosan based
NP composite materials acting as bactericidal agefithese studies represent a novel
paradigm in antibacterial therapeutics, owing te thct that they can be used against
certain bacterial pathogens which have evolved ar@sims to evade the action of most
commercially available antibiotics. We have syntbed iodinated CS-Ag NP
composite, CS-Cu NP composite, iodinated CS-Cu Nposite, CS Cu@Ag NPs
composite, +CS-Ag NP-Cu NP composite and investigated theatds&cidal potency
against Gram positiv®. cereusand Gram negative GFP-expressiagcoli bacteria.
Attempts were also made to elucidate and underdtandholecular mechanism of their
bactericidal action. Our findings indicated thegmial use of these hanocomposites in

various biomedical and therapeutic applications.

Other than antimicrobial activity, iodinated CS-AljP composite and iodinated CS-
Cu NP composite can also be active in mammaliais.c8ur group has reported
chitosan nanocarrier-based delivery of Ag NPs tanmalian cells for induction of
apoptosis at low concentrations of Ag NPEhe cytotoxic efficacy of the iodinated CS-
Ag NP composite and iodinated CS-Cu NP composgéeays can also be examined for
use of these composite materials in cancer thefapyher, CS Cu@Ag NPs composites
were stable in solution for more than two weeksenraimbient atmospheric conditions
and exhibited bactericidal activity using lower centration of Cu and Ag. These CS
Cu@Ag core-shell NPs can be further tested in mdmmecells for therapeutic

applications.

Because of growing environmental concerns with neéga Ag NPs, Cu NPs has
received more attention in organic synthesis owintheir more environmentally benign
character, easy availability and low cost. Cu NRs atractive catalysts for chemical
reactions including the reduction of €@ methane or methanol, carbon-carbon bond
formation reactions and carbon-heteroatom bond d&ion reactions. The CS-Cu NP
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Summary and concluding remark

composite and iodinated CS-Cu NP composite caresasvactive catalysts in organic
synthesis. In catalytic reactions, the associatibtwo different metals offers superior
activity compare to monometallic NPs. Bimetallio-8g NPs exhibit superior catalytic
activity over pure noble metal Cu NPs and Ag NPscomparable sizes.Newly
prepared bimetallic CS Cu@Ag NPs composite can ladésased as catalyst in various
organic reactions. Core-shell Cu@Ag NPs are radista corrosion and oxidation.
Hence CS Cu@Ag NP dispersions can possibly be aséaject ink for conductive and

decorative patterns on metallic surfaces

I,-CS-Ag NP-Cu NP composites were synthesized usB@£a stabilizer. Mixed NP
composites achieved oxidation stability throughspree of Ag and iodine. Mixed NP
composite had higher antibacterial activity comgate individually used Cu NPs and
Ag NPs or their core- shell structure. Apparenttyaier quantities of Ag NPs and Cu
NPs worked together along with antibacterial congmis CS and iodine yielding overall
antibacterial activity of the composite. lodinatatked NP (in chitosan) dispersions can
also be used as colloid ink for writing on subg&satuch as conducting lines. Mixed NPs
could be used as highly active SERS substratem@arlextinction coefficient of Ag NPs
will help to significantly enhance the SERS signalben an appropriate SERS active

molecule is immobilized on the NPs surface.

The CS-metal NP composite materials and iodinat&tnm@tal NP composite
materials can be used to prepare antibacterial fjao#taging materials and food storage
equipment. They can also be used as ingredienpriparation of antibacterial paints
and coating for household materials. lodine dop&AQ NP composite, CS-Cu NP
composite, iodinated CS-Cu NP composite, CS Cu@Rg Bbmposite, CS supported
iodinated mixed NP composites may replace at Ieaste traditional antibiotics or
medicine to destroy pathogenic bacteria in thergaseéstinal tracts. Scaffolds can also
be made from these iodinated CS-metal NPs composaterials for wound dressing
application. Finally, we do hope that through tHifres of last five years of mine, a
small contribution has been made for the developnunlatest of science and

technology, which would be applicable for the battent of humanity.

133

TH-1192_07612203



Summary and concluding remark

References:

(1) Sanpui, P.; Chattopadhyay, A.; Ghosh, SAGS Appl. Mater. Interfacez011,3,
218-228
(2) Shen, S.; Zhuang, J.; Yang, Y.; WangN&anoscale2011,3, 272—-279.

134

TH-1192_07612203



Appendix

Appendix

TH-1192_07612203



Appendix

Chapter 2

Bactericidal activity of the iodinated composite inthe presence of NaCl

The bactericidal activity of the iodinated chitosam NP composite in the absence of
Ag" was determined by taking five centrifuge tubes aming water, AgN@ (10*M),
NaCl, NaCl added to AgN$X(10*M), iodinated composite (MIC) and NaCl added to
MIC of composite respectively. These samples wdrged in a vortex shaker,
centrifuged and then the supernatant was addedvéoffesh LB ampicillin media
containing bacterial cell suspension.

Role of Ag'ions in the bactericidal activity of the iodinatedcomposite

The results showed no bacterial growth after treatnvith iodinated composite alone
(MIC) or iodinated composite added with NaCl. If Agiould have been the major
contributor to the bactericidal activity of the cpaosite, little or no activity would be
found when NaCl was present. This was not the sas2 On the other hand when NaCl
was added to AgN$) almost no inhibition to bacterial growth was abee (Figure
A1.1).This shows that Ag ions, if at all, presemthe iodinated composite have little or

no effect on the bactericidal potency of the conitpos
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Figure A. 2.1: Effect of bactericidal potency of iodinated composnd AgNQ, in Presence
and absence of NaCl
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Effect of iodinated chitosan-Ag NP composite on DNA

The reactive oxygen species produced inside theetalccells along with the chitosan,
Ag NP and iodine can have direct effect on both D&l protein. Supercoiled circular
DNA allows the detection of structural alteratiarck as strand break or damaged bases
easily by separating the supercoiled form (formnifked relaxed form (form II) and
linear form (form Ill) by agarose gel electrophasedt was interesting to observe that
there was no change in band pattern of plasmid Brid# GFP-expressing recombinant
E. coli (Dh&n) treated with Ag NP or iodine separately. Surpgsy, when exposed to
the iodinated composite, plasmid DNA showed no katrall times of observations since
the mixing of DNA with the iodinated composite. Tleason may be due to attachment
of DNA to the compaosite by electrostatic interagtipbecause of which migration of the
DNA was not possible. Binding of chitosan with DN&nd inhibition of mMRNA
synthesis have been reported to be occurring thraingtosan penetration toward the
nuclei of the microorganisms and interference whghsynthesis of mMRNA and proteihs.
However, chitosan would not, normally be able tchea cytoplasmic target, unless it is

able to circumvent the plasma membrane.
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Chapter 3A

Synthesis of the CS-Cu NP composite in absence gfdnazine hydrate

50 mg of chitosan and 40 mg of copper (I) sulphmetahydrate were added to 50 mL
Milli-Q grade water in a 100 mL round bottom flgslaced in an oil bath with vigorous
stirring and refluxed for 20 min at ~ 1WD resulting in a light blue colored solution. To
this 0.6 mL of 0.6 M NaOH was added upon which tisor of the solution turned
brown. The reaction was allowed to continue foraaditional 1 h which remained
brown. The solution along with the precipitate wantrifuged at 5300 rpm and the
precipitate was washed with milli-Q grade water amable into a pellet. The pellet was
redispersed in 20 mL of 0.25% aqueous acetic adigtisn. UV-visible spectra of the
brown dispersion were measured using a Hitachi 0028pectrophotometer. The
solution absorbs at 738 nm (Figure A. 3A.1a) whileNPs absorb at around 591nm.

[

J\ _a

Absorbance
4

o
=

400 600 800 1000 . ; . . 3
Wavelength(nm) 30 40 50 - 60 70

Figure A. 3A.1: (a) UV-Vis spectra of composite prepared (a) in absesfchydrazine hydrate
(b) in presence of hydrazine hydrate) XRD pattern andc) TEM image of the solution
corresponding to curve ‘a’ in the UV-visible spectA).

Further characterization was done by powder XRDHEM (Figure A. 3A.1 b, c). The
peaks at & values of 32.4°, 35.4°, 38.6°, 48.5°, 53.2° andb6in Figure A. 3A.1b
correspond to the crystal planes of (1 10), (0,2 11),(111),(200),(-202),(02
0), (-1 1 3), respectively for crystalline cuprixide. Both planes (0 0 2)/(-1 1 1), and
(2 1 1)/(2 0 0) are too close to be identifiabl&he XRD pattern of the composite
matched with the standard powder diffraction dala for cupric oxide (monoclinic,
JCPDS file No. 05-0661). The presence of cuproigeoCypO) and Cu NPs was not
detected in the diffraction. TEM images in Fig&we3A.1C show that particles between
5-20 nm are formed. We conclude that in absendeydfazine hydrate, instead of Cu
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NPs, cupric oxide (CuO) monoclinic phase NPs areméal in the composite. Hence

chitosan is unable to reduce CuSlution to Cu NPs.
Time evolution of CS-Cu NP and iodinated CS-Cu NPamposites

Freshly prepared CS-Cu NP composite and iodinateeC@C NP composites showed
prominent Plasmon resonance peaks in the UV-Visipkrtrum, as shown in Figure A.
3A.2aand Figure A. 3A.2b respectively, confirming thenf@tion of Cu NPs in these
composites. However, while the non-iodinated cositposample (Figure A. 3A.2a)
spectra rapidly broadened within one or two dap® iodinated composite sample
broadened slowly (Figure A. 3A.2b) in ~ 5-6 daysowing that the presence of iodine
increased the stability of the formed Cu NP in thtosan matrix. As discussed in
Chapter 3A presence of iodine also affects the sk shape of Cu NP formed in the
fresh composite sample, i.e. the shapes were gphand sizes were smaller in presence

of iodine as opposed to polygonal (and largers3izeabsence of iodine.
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Figure A. 3A.22 UV-Vis spectra ofa) CS-Cu NPs solutior(p) iodinated CS - Cu NPs solution
aged to different times as indicated. The insetsvsphotographs of 12 hour old samples of the
corresponding composites.

The reason for broadening in both the compositepgzsrappears to be due to oxidation
and agglomeration of the Cu NPs and is discuss&hapter 3A. In absence of iodine,
all of the Cu NPs agglomerated to give highly fupeti/gonal Cu NPs of hundreds of
nm sizes as evidenced from TEM images of 10 daysatdple of CS-Cu NP in Figure

A2.3b. That the agglomerated structures aredigl to Cu is confirmed by XRD studies
in Figure A. 3A.3a. In the presence of iodine, heereoxidation was prevented and
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aggregation of Cu NP was limited to few Cu NP arasthof them remain well separated
in the chitosan matrix as discussed in ChapterBB4ufe A. 3A.3 b). However, iodine
slowly reacts with the Cu NPs to form Cul as evieshfrom TEM and XRD studies and
is discussed in Chapter3A. Chitosan remains chdiyigaaltered in presence of Cu NPs
as well as in presence of molecular iodine as ewee from FTIR measurements
(Figure A. 3A.4). This is consistent with the faleat the interaction of Cu NP with the
chitosan is electrostatic in nature as is truetherometal nanoparticles loaded onto the
polymer matrix. The solution of CS-Cu NP composi&s kept for 10 days, after that
solution was centrifuged at 5300 rpm and the pelbet washed with milli-Q grade water

and kept under vacuum before XRD analysis.
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Figure A. 3A.3: (a) XRD pattern of 10 day old CS-Cu NP compositg. TEM image of CS-Cu
NP composite of 10 day old sample.
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Figure A. 3A.4: FTIR spectra of CS, CS-Cu NP composite and iodth@S-Cu NP composite
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Chapter 3B

Growth curve of GFP recombinantE. coli for various samples

To understand better the role of components irbtwtericidal properties of the I-CS-Cu
NPs (MIC) sample, we have carried out growth custiedies of various samples at
various concentrations and this is shown in Figur8B.1 The results indicated that the
composite (iodine-CS-Cu NP) at concentrations greétan or equal to that of MIC was
effective in inhibiting the growth or killing bagia. On the other hand, individual
components or the composite in the absence ofeéodgre either ineffective or were of

limited efficacy in annihilating the bacterial pdation.
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Figure A. 3B.1 Growthcurve of GFP recombinait. coliin the presence of the following (as
also indicated in the legend§)ontrol: 0.02 M acetic acid and @ ethanol only in LB medial-
CS - Cu NPs (<MIC): iodinated CS-Cu NP composite at 952AmL; I-CS - Cu NPs(MIC) :
iodinated CS-Cu NP composite at 130184mL; I-CS - Cu NPs (MBC) iodinated CS-Cu NP
composite at 239.4g/mL; CS - Cu NPs (a) CS - Cu NPs at composite 92.8§mL ; CS -
Cu NPs (b) CS - Cu NPs composite at 12768'mL; andCS - Cu NPs (¢) CS - Cu NPs
composite at 235.5 pg/miCS: Chitosan at 106.04g/mL, lodine: lodine at 3.221g/mL. Cu
NPs Cu NPs at 21.5pg/mL.

Dilution experiments:
We have also performed dilution experiments (TabldB.1) on GFP expressing

recombinan€. coli bacteria using MBC dose (232gfmL) of I-CS-Cu NPs composites
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which contained 39.48/mL of Cu NPs. An LB broth containing ®Bu/mL of the
bacteria was diluted serially in sterile LB brothach dilutedE. coli sample was
supplemented with same amount of [-CS-Cu NPs coitgd239.4 ug/mL) and
incubated at 37°C. After 12 h from each tube, D®f the mixture was spread on LB
agar plate and incubated for 24 h at 37°C. Thenntimber of colonies was counted.
The counts on three plates corresponding to acpéati sample were averaged and
reported in Tablel. Only few colonies were founcewlzoncentration d .coliwas 168
cfu/mL and 10 cfu/mL. At all other dilutions there was no cologgowth in LB agar

plate. This result corroborated with earlier resdiich we obtained by the turbidity test.

Table A.3B.1. Dilution experiments ork. coli using MBC dose of I-CS-Cu NPs
composite

E .coli (cfu/mL) 16° | 10" | 10° | 10° | 10* | 10° | 107 | 10| 10*

Number of colonies 56 | 11 | O 0 0 0 0 0 O

Role of Cu ions in the bactericidal activity of theodinated CS-Cu NP composite:
AAS studies indicate that the concentration of‘dans released from the iodinated
CS-Cu NP composite varies from 17.8 ppm in 75 nasub 46 ppm in ~ 5 days (Figure
A.3B.2a). Growth curve analysis pmesence of different concentration of Cu ions Wwhic
leached from iodinated CS-Cu NP composite, CS-CwediRposite, Cu NPs after 2 h of
treatment onE. coli as measured from AAS study and that of a contrgearment
without copper ions and it was found that there wagetardation of bacterial growth
due to Cu ions (Figure A.3B.2b). This indicateattiCu ions that release from the
composite did not contribute largely to the bacidal activity of the composite. These
shows that Cu ions released from iodinated CS-CwediRposite have little or no effect

on the bactericidal potency of the composite.
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Figure A.3B.2(a) AAS of freshly prepared iodinated CS-Cu NP showiing time dependent
release of Cii ions in aqueous solution at MIC dose 13Q@#L (M )and MBC dose 239.4
ug/mL of the composit®( Jb) Growth ofE. coliin presence of different concentration of Cu
ions and that of a control experiment without Cusio

Time-dependent fluorescence microscopic monitoringof growth of GFP
recombinant E. coli

Figure A.3B. 3 shows images of cell population aghantreated bacteria (control, A-
1, 2, 3, 4) and bacteria treated with iodinated@ENP in MIC ( B-1, 2, 3, 4) dose and
MBC (C-1, 2, 3, 4) respectively at different tim#arvals (3, 6, 9 and 12 h). As are
apparent in the images, even at 3 h there was demasile difference in bacterial cell
population in control (higher) in comparison to MICAt 6 h and 12 h, the bacterial
population showed continuous growth in control vélaarin iodinated CS-Cu NP treated

sample considerable loss of population had occurred
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Figure A.3B. 3Time-dependent fluorescence micrographs of GFPmbotwant E. coli

SeriesA, B andC refer to the control, treated with MIC (130.84 mg) and MBC (239.4
pg/mL) of the iodinatedCS -Cu NP composite, respectively while sefie®, 3, and4 refer
to the samples at 3, 6, 9 and 12 h time pointpeci/ely. Scale bars are 10 um.
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Interaction of composite with cell wall

TEM images (Figure A. 3B.4a) clearly showed darktspattached on the cell wall
when bacteria were treated with iodinated CS-CuclNifposite. Further selected area
electron diffraction (SAED) confirmed that the dagots were due to Cu NPs (Figure A.
3B.4b)

UL .
e

Figure A. 3B.4 (a) TEM image of iodinated CS-Cu NP composite attaahrel. coli bacteria,
and(b) corresponding SAED.

Fate of the composite during antibacterial studies:

In order to delineate the role of Cu NP as wellGag" ions of the composite in
inhibiting the growth oft. coli, we have centrifuged a bacterial growth cultueatied
with MIC of iodinated CS-Cu NP after 4 hours andaswged its XRD as shown in
Figure A. 3B.5 XRD showed that even after 4 hours when most@t#il inhibition has
effectively taken place, Cu NPs are still presarthe medium. There is no trace of CuO
or CuyO is visible in the sample. In addition, there @aee amounts of Cul.
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Figure A. 3B. 5 XRD of the centrifuged sample &t colibacteria treated with MIC of
iodinated CS-Cu NP composite for 4 hours.

Effect of iodinated CS-Cu NP composite on the Baatal DNA

Chitosan, Cu NP and iodine can have direct effect both DNA and protein.
Supercoiled circular DNA allows the easy detecbbstructural alteration such as strand
break or damaged bases by separating the superémita (form 1), nicked relaxed form
(form 1I) and linear form (form IIl) by agarose gelectrophoresis. Results (Figure A.
3B.6) showed that plasmid DNA, when exposed tonatid CS-Cu NP composite,
showed no band at all time points. The reason cbealdue to attachment of DNA to the
chitosan present in the composite by electrostataractions and subsequent complex
formation, because of which migration of the DNAridg gel electrophoresis was not
possible. Binding of chitosan with DNA and inhibit of mMRNA synthesis have been
reported to be occurring through chitosan penemmatioward the nuclei of the
microorganisms and interference with the synthesSisRNA and proteinswhich could

well have been the case here, as also revealethbyexperiments.
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Figure A. 3B.6 Agarose gel electrophoresis of plasmid DNA treat#ti iodinated CS-Cu NP
composite. Key: lanes 1 and 6 were due to contfdADlanes 2 and 3 were due to DNA
incubated with the composite at130.84ug/mL forghd 4 h respectively; lanes 4 and 5 were due
to DNA incubated with the composite at 186.91ugfoi2 h and 4 h respectively.
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Chapter 4

Transmission electron microscopy (TEM) analysis o€S-Cu NPs seed particles

We had synthesized of Cu NPs seed particles imptesence of CS under normal
atmospheric conditions. The reddish solid produoaa the reaction of alkaline CuSO4
and hydrazine (in the presence of CS) was sepafiatedthe reaction mixture and then
redispersed in water in the presence of acetic atiéM image of these CS-Cu NPs used

are shown in Figure A. 4.1.
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Figure A. 4.1: TEM image of freshly prepared Cu NP seed partidti®TEM image of Cu NP
seed particles.

Fourier transforms infrared spectroscopy (FTIR)

FTIR spectra of CS and CS Cu@Ag NP are shown iurBigA. 4.2. In FTIR
spectrum of CS, the broad peak at 3434" cim characteristic of N-H stretching and OH
stretching vibrations, while the peak at 1644cis attributed to carbonyl (-C=0)
stretching band of the CONHjroup. In native CS the characteristic peak#ta8kcm”,
1383 cm® are assigned to the Gldymmetrical deformation mode and 1314 %is C-N
stretching vibration in N-acetyl glucosamine uritshift from 3434 crit to 3428 crit
and 1644 cnl to 1639 crit and band broadening indicates that amino &N&hd
hydroxyl (-OH) groups are involved to stabilizedu@Ag nanoparticles. The peak of
1080 cnt in native CS was shifted to 1067 ¢iim CS stabilized Cu@Ag NPs. This peak
is related with the symmetric stretching vibrat@nC-O-C. The interaction between CS
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matrix and metal nanoparticle (Cu@Ag) should leadthte shift of the peak in CS
stabilized Cu@Ag NPs.

7541 —cs
—— CS-Cu@Ag NPs

3428

304 619

% Transmittance

~ '\
A7 1383 1080

~
1418 1644 \

154 1314

3434

3600 3000 2400 1800 1200 600
wavenumber (cm™)

Figure A. 4.2: FTIR spectra of CS, and CS Cu@Ag NPs composite.

X-ray diffraction studies:

The X-ray diffraction (XRD) pattern of freshly pra@d CS Cu@Ag NPs composite
(Figure A. 4.3a) showed distinct diffraction peassigned face-centered-cubic (FCC)
crystal planes of Ag (0); this confirms the fornoatiof metallic shell (Ag) in the CS-
Cu@Ag NPs composite. The diffraction pattern of ¢benposite was in agreement with
the metallic Ag (JCPDS-04-0783), except that tllevalues were shifted to slightly
higher values indicating a slight decrease in thacsg of the corresponding lattice
planes of Ag core—shell Cu@Ag metal NPs. The Xeifiyaction (XRD) pattern of CS-
Cu NPs seed (Figure A. 4.3b) showed distinct diffoan peaks assigned face-centered-
cubic (FCC) crystal planes of Cu (0). These CS-(Rs Nised as a seed patrticle for
synthesis of core-shell CS-Cu@Ag NPs composite.
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Figure A. 4.3: (a) XRD pattern of freshly prepared CS Cu@Ag NPs caitpoand its
comparison with standard planes of pure Ag (JCPB®483).The slight shift in the observed
peaks is due the dynamical diffraction state of Ageshell.(b) XRD pattern of CS Cu NPs
which used as seed particles.

Fate of CS Cu@Ag NPs composite in longer period @fme:

Freshly synthesized CS Cu@Ag NPs composite showssim®n resonance peaks at
417 nm, as shown in Figure A. 4.4a affirming therfation of Ag shell in CS Cu@Ag
NPs composites. The CS Cu@Ag NPs sample absorlkeaceases slowly (Figure A.
4.4a) in 15 days. This shows that CS-Cu@Ag NP ws&ble for at least 15 days in
aqueous solution under ambient conditions. Xeliffyaction (XRD) pattern of 15 days
old sample also showed distinct diffraction pealksciv are fcc crystal planes of Ag (0)
(Figure A. 4.4b). It may be noted that for XRD, thelution of CS Cu@Ag NP
composite was kept for 15 days, after which it wastrifuged at 20,000 rpm and the

pellet washed with milli-Q grade water, vacuum drend kept under vacuum before
analysis.
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Figure A. 4.4: (a) UV-Vis spectra of CS Cu@Ag NPs solution aged tffedgnt times as
indicated. (b) XRD pattern of 15 days old CS-Cu@Ag NPs composied,) TEM, HRTEM
micrograph of 20 days old CS Cu@Aanopatrticlege) Selected area diffraction (SAED) pattern
of core-shell Cu@Ag NPgf) TEM-EDX result of CS Cu@Ag NPs composite shows gmes
of elemental copper and silver.

XPS analysis of CS-Cu@Ag NPs composite:

The chemical states of elements in CAR@Ag NPs compositesere checked by XPS.

Figure A. 4.5 shows the representative survey ofsgfctra of of CS Cu@Ag NPs composite
samples before sputtered and after sputtered.
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Figure A. 4.5: Wide-scan XPS survey spectra of CS Cu@Ag NPs ceitgpsamples before
sputtered and after sputtered.
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Appendix

Interaction of CS Cu@Ag NPs composite with cell wal

TEM images showed the presence of dark spots irfirésély prepared CS Cu@Ag
NPs composite samples and in CS Cu@Ag NPs compsmitples attached . coli
cell wall. The size distribution of the Cu@Ag Nisthe above two cases are shown
below (Figure A. 4.5). It can be seen that thes sistribution of the NPs does not
change upon attachment of the composite to thebalkctell membrane (Figure A. 4.5a,
4.54b).

Distribution of particles (%)
Distribution of particles (%)

8 10 12 14 16 18 20 22 24 8 10
Particle size (nm)

12 14 16 18 20 22 24
Particle size (nm)

Figure A. 4.6: (a)CS Cu@Ag NPs size distribution from TEM images befoacteria treatment
and average size is 14.0+3.4 (o) CS Cu@Ag NPs size distribution from TEM images whe
particles attached dg. colibacteria and average size is 13.2 + 3.6 nm.
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Chapter 5

Time evolution of iodinated mixed NPs composite atarious molar ratio of Cu to
Ag

Freshly preparedACS-Ag NP-Cu NP composighowed two sharp peaks around 415
nm and 585 nm confirming the formation of Ag NP &l NPs. These peak positions
varied between 410-420 namd 575-595 depending on molar feed ratio of CAdas
shown in Figure 5.1 and Figures A. 5.1(a-d). SpeietiFigure A. 5.1(a-d) also show the
time evolution of the UV visible spectrum indicaiwf the stability of the NPs is the

respective composite.
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Figure A. 5.1 UV-Vis spectra of 4CS-Ag NP-Cu NP compositéa) Cu/Ag molar feed ratios
13.3:1p) Cu/ Ag molar feed ratios 201{t) Cu/Ag molar feed ratios 10{tl) Cu/ Ag molar feed
ratios 40:1aged to different times as indicated.
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It was found that the,2ACS-Ag NP-Cu NP composites are more stable whenAQu/
molar feed ratios were 13.33:1 and 2@&Here theSPR bands corresponding to both Cu
NPs and Ag NPs broadened slowly in ~ 6-7 days (Eigu 5.1a and b).

However time evolution of UV-visible spectrum fer@S-Ag NP-Cu NP composite
with Cu/ Ag molar feed ratios 10:1 (20 mg of copfiérsulphate pentahydrate and 400
uL of 20 mM AgNG; in 50 mg CS and 3@0 0.02 M iodine) showed that the Cu NPs
SPR peaks rapidly (within 48 hrs) broadened whetleasAg NPs SPR peaks remained
almost same in the same time scale. The reasdordadening of Cu NPs SPR peaks
appears due to oxidation and agglomeration of théN€s. In the composites when Cu/
Ag molar feed ratio is 40:1, the UV-visible speatrshowed that the Cu NPs SPR peaks
broadened slowly but that the Ag NPs SPR peaksderesd and decreased in intensity
fast so that by 24 hours the spectral charactesidtad changed significantly. These
results in Figure A. 5.1 demonstrate that the Btgluf iodinated mixed NPs composites

depend on the Cu/ Ag molar feed ratios.

Spectrum 1

b

T T L s T
0s 1 15 2
- Full Scale 618 cts Cursor: 0.000

Figure A. 5.2: TEM image of freshly prepareg-CS-Ag NP-Cu NP composite, Cu/Ag molar
feed ratios 13.33:1, EDX spectrum of the compositewing presence of copper, silver, and
iodine.

X-ray diffraction (XRD) pattern of the-{CS-Ag NP-Cu NP composite (Cu/ Ag molar
feed ratios 40:1) was recorded after one day ofhegns indicated the diffraction peaks
at M values of 43.34°, 50.46°, 74 1which were indexed as due to diffraction from

(111), (200), and (220) planes of Cu(0). The ddfion peaks attl= 38.16, 44.3 are
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due to reflections from (111), (200), planes of afiet Ag (0) no other crystalline phases
observed in the diffraction patterns. XRD patteofisodinated mixed NPs composite

indicates the presence of individual Cu NPs and\®&g, nullify possibility of alloy or
core shell formation.

Cu(111) & Ag(200)
10000
Mixed NPs composite (Cu:Ag 40:1)
8000
=
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]
=
4000 J Cu(200)
Ag(111)
w Cu(220)
2000 -
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20

Figure A. 5.3: XRD pattern of freshly preparegCS-Ag NP-Cu NP composite (Cu/ Ag molar
feed ratios 40:1).

Fourier transforms infrared spectroscopy (FTIR)

Chitosan remains chemically unaltered in presefd®&s of Cu and Ag, as well as in
presence of molecular iodires evidenced from FTIR measurements (Figure A.. 5.4)
This is consistent with the fact that the interactof Cu NPs and Ag NPs with the
chitosan is electrostatic in nature as was trderntether metal nanoparticles loaded onto

the polymer matrix as discussed in appendix (pagef this thesis.
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Figure A. 5.4: FTIR spectra of CS ang-CS-Ag NP-Cu NP composite

TEM images showed the presence of dark spot€Eoroli cell wall; indicate the
presence of Cu NPs and Ag NPs in th&€8-Ag NP-Cu NP composite samples, and
particles size distribution histogram obtained M image analysis (Figure A. 5.5).
lodinated mixed NP composite (Cu NP, Ag NP) whittach on bacterial cell surface,
consist of 4.2 £1.0 nm sizes Ag NPs addb+ 3.5:5m Cu NPs.
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Figure A. 5.5: (a) TEM image of #CS-Ag NP-Cu NP composite attached Bncoli bacteria.
(b) Cu NPs and Ag NPs Size distribution in tk&€8-Ag NP-Cu NP composite when particles
attached oife. colibacteria and average Ag NPs size 4.2 £1.0 nm andR3 size 13.5+ 3.5 nm.
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