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Abstract

In nature,mineralforming organisms achieve outstanding control over the assembly
and properties of mineral®Jnderstandingnteractions during ibmoleculemediated
synthesiss key to addressing the challenges that arise when designing new materials
and synthesizing superior nanostructures, especially under agueous conditens.
studies of peptidenineral interactions presented in this thesis ainmeddéntify the
peptidesurface affinity and its binding mechanism(s) as well as the effect of peptides
on mineral formation bin vitro studies. The minerals; crystalline zinc oxide (ZnO) and
amorphous silica (Sig€) and their pecific binding peptides identified by phage display

were chosen for this investigation.

Firstly, the growth of ZnO waisivestigated via aydrothermakynthesis routeProduct
formation, precipitation processes and phase transformatsnthen compareith the
presence of two peptideSAHVMHKVAPRP (EM-12, a ZnGbinding peptidgand its
mutant EAHVCHKVAPRP (EC-12). Both peptides affected the crystal formation
process however, their effect and mechanism of interaction was shown to follow
different pathwag. X-Ray Photoelectron Spectroscopy (XPS) revealed that the peptide
EC-12 interacted with th&n?* species in the solid phagi@ough the thiol grougfrom
cysteine) This interactioncaused a drastic change in the mineral morpholwijly
spherelike ZnO crystals being formedn contrast, thelelay and/or suppression of ZnO
formationin the presence of thEM-12 peptide was shown to be not due to peptide
mineral interactions (proved by XPS) and, instead, interactions Zmth species in
solutionwere prposed As ZnO properties and applications are directly related with its

morphology, these outcomean be applied for the design of advanced material.

For silica,the effect ofparticle size andurfacechemistryon peptide binding response

was studiedwith specificemphasis on the effect of level of functionalization on

binding Exhaustive characterisation of the silica surfaces, particularly by XPS, was
crucial for knowledge of the chemistry and topography of the solid surface under study;

and thusto understand their impact on peptide adsorption. Peptide interactions at the
aqueous interface were influenced by the surface chemistry and by the extent of
functionalization where a O6switchdé of pept
new insights ito silicapeptide interactions may facilitate the synthesis of novel

organic/inorganic nanocomposite materials for biomedical applications.
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Chapter |

Introduction

1.1 Bioinorganic Materials: an Overview

The ability of nature to produce minerals with both crystalline and amorphous
structures under ambient conditions and giving to such minerals specific and unique
propertiesis muchenvied byscientists(Lopezet al, 2005; Mann, 1998; Simkiss and
Wilbur, 2012) Through a preces called biomineralization, bimooleculescomposed of
lipids, proteins, and/or carbohydrata® involved in the growth mechanisms of many
biominerals(Lowenstam and Weiner, 1989; Williams, 19840 designs that confer
exceptional propertiesuch as ordered hierarchical porous structueggplicable for
catalysis, biosensing and biomedical applicatiidavis, 2002; Slowinget al, 2007)
Understanding how biological systems control the final size, shape and properties of
minegals is key to addressing the challenges that arise when designing new materials

and synthesizing superior nanostructures, especially under aqueous conditions.

Proteins in particular have been found to significantly influence biosynthesis and the
templatng of numerous natural composites including bones, seashellspah@erry

et al, 2009; Sanford and Kumar, 2003)lany different biomolecules have been
identified to play a crucial role when minerals are forrf@atnshaw, 1982; Dowt al,

2003; Krogeret al, 2002; Lowenstam and Weiner, 1989; Poulsen and Kroger, 2004;
Sumper and Kroger, 2004; Weinet al, 1983; Weiner and Addadi, 2002for
example, in biosilification(formation of biogenic $ica), the biominerabhssociated
organic molecules identified that are involved in the mineral biogenesis process
typically include highly phosphorylated proteins (silaffins, silacidifisjoger et al,

1999; Richthammeet al, 2011)or the protein Lustrin A which igsesponsiblefor
calcium carbonate mineralizatiofBhenet al, 1997) In vitro studies have shown that
either these proteins or their shorter sequence (peptides) have control not only just over
the biomineral they were extractédm but other material§Sewell and Wright2006;
Sumerelet al, 2003) Accordingly, suchnatural biomineralization processes have

i nspired Gtaiegesm fomtae synth@ésis of novel materialth complex

shape, hierarchical organization and controlled size, shape and polymorph under
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ambient conditions in aqueous environmef&ckersonet al, 2008; Naiket al, 2004;
Nudelman and Sommerdijk, 2012; Xtial, 2007) Of interest in this thesis is to study
the role of peptides during mineral formation and #plere the peptide binding

mechanisms.

1.2 Mineral Binding Peptides

To mimic the naturally occurring biomineral forming proteins and create artificial
biomolecules for techological applications combinatorial biology techniques, such as
phage display (PD)ribosome display (RD) andell-surface display (CSDyan be
employed Combinatorial biology techniques are used to identify those peptides that
preferentially bind to a tget material substrate by molecular recognit{mith and
Petrenko, 1997)hereafter named minerhinding peptides (BPsAmong them/PD is

the most popular techniqgue which generates and displays adiaegsity of peptide
sequencefGolecet al, 2012; Naiket al, 2002; Rothensteiat al, 2012)

1.2.1 Phage Display Technique

Phage selection procedure (or biopanninggsaplace through a reiterative process of:
(1) incubation, (2) washing, (3) elution and (4) amplificat{ieigure 1.1(Huanget al,
2012; Smith and Petrenko, 1997)

First, the targesurfae is incubatedior several hours to a combinatorial peptide library
and it is then that the binding occurs. The 4bamders are eliminated by a washing
process followed by elution of the bound phage using either mild acid or basic
conditions(Huanget al, 2012) These steps are commonly repeated one or more times
in order to enrich the bindinglones Finally, the recovered phagpopulation is
amplified (Huang et al, 2012; Smith and Petrenko, 199®eptide libraries are
displayed on the phage coat protein (i.e. M13), a virus able to infect bacteria and
replicate withinit (Smith and Petrenko, 1997)

Phage diplayed peptide libraries have been utilized for the selection of BPs for a high
number of materials. These substrates can be classified as metal, metal oxide, metal
alloy, metal compounds, mineral, semiconductor, carbon material and polymer binders
(Smith and Petrenko, 1997)
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Analysis
-

Figure 1.1Schematic representation adbpanning of &D library to select phage binding to an
immobilized target from Huanet al.(2012).

1.2.2 Mineral Binding Peptides Identified by Phage Diplay

To date, several peptides have been identified to bind ZnO andg@Bia@ce. InTable
1.1 are listed amino acids sequences that have shown high affinity for these surfaces
(Zn0O and SiQ).

Many of the ZnGOBPs identified showedistidine in their sequences (Table }.1
Sequencesvith low amount ofhistidine residues however, generally contain residues
such as glutamic acid (E), cysteine (C) and/or aspartic acid (D) which are known to
interact with Z&* in zinc enzymes of living organis(vallee and Auld, 1990)Further,
ZnO-BPs synthesized by two different research groups, Tomceaek(2009) and
Umetsuet al(2005) showedwo highly similar sequences, ZrRDand Z1, respectively.

In both cases the libras used were of M13 plll coat protein; however, the ZnO targets
were of differentsize (Table 1L). Note that, using PD pH.5, most of the Zn@Ps
identified have a high isoelectronic point and are, therefore, positively charged at
physiologicalpH (Rothensteiret al, 2012; Tomczalet al, 2009; Umetset al, 2005)

This observation suggests that ionic interactions are important in the binding of these
peptides sequences to ZnO surface.
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For SiQ-BPs, Pepl and Si#t also showed certain similarifable 1.1). In general,

high fractions of histidine and/or serine wedentified in these S¥BPs. Seirich
peptides have been shown to be involved in the silicification precsea®ll adys and

Arg (Belton et al, 2004) For SiQ-BPs, other than electrostatic interactions (i.e.
hydrophobic or hydrogen bonding) have been reported as the peptide binding
mechanisms (Naik et al. 2002, Eteshola et al. 2005 and Patwardhan et al. 2012, Puddu
et al. 2012).

Table 1.1 Summary of ZnGBPs and Si@BPs identified using combinatorial phage
display. Peptides used for this investigation are highlighted. Amino acids structures and

properties are given in Appendix 1.1.

Peptide Sequence of Peptide ZnO Substrate Reference

ZnO-BPs name

EAHMHKAPRP Zn0-1 1 em part (Umetsuetal, 2005)
EAHMHKAPRP-GGGSC TZnO-1 1 em part (Umetsuetal, 2005)
GLHVMHLVAPPR Z1 Nanopowder (Tomczaket al, 2009)
GLHVMHLVAPPR-GGGC TZ1 Nanopowder (Tomczaket al, 2009)
HSSHHQPKGTNP Pep31 ZnO (0001)/(00C1) (Rothensteiret al, 2012)
HHGHSPTSPQVR Pep44 ZnO (0001)/(00C1) (Rothensteiret al, 2012)
TMGANLGLKWPV PG7 Powdered ZnO (Golecet al, 2012)
Peptide Sequence of Peptide Silica Particle Reference

SiO--BPs name Size (nm)

MSPHPHPRHHHT Si4-1 400-600 (Naik et al, 2002)
RGRRRRLSCRLL Si4-10 400-600 (Naik et al, 2002)
HPPMNASHPHMH Etl 100* (Etesholaet al, 2005)
HTKHSHTSPPPL Et2 100* (Etesholaet al, 2005)
CHKKPSKSC SiC1 50 (Chenet al, 2006)
RLNPPSQMDPPF DS202 Quartzbinder (Tamerler and Sarikaye
QTWPPPLWEFSTS DS189 Quartzbinder (Tamerler and Sarikaye
YITPYAHLRGGN Pep2 15.0+0.4 (Patwardharet al, 2012)
KSLSRHDHIHHH Pepl 82.1+3.6 (Patwardharet al, 2012)
LDHSLHS 7 mer 82.1+3.6 (Patwardharet al, 2012)
MHRSDLMSAAVR Pep4 45022 (Patwardharet al, 2012)
KLPGWSG S1 82+4 (Puddu and Perry, 2012)
AFILPTG S2 82+4 (Puddu and Perry, 2012)

*Thickness ofSilica films.
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1.3 Overview of Zinc Oxide (ZnO)

1.3.1 Properties and Applications of ZnO

ZnO has been used already in the Bronze Age as a byproduct of copper ore smelting
and was used for healing of woun(&Imer et al, 2008) Its major application for
many centuries was for the production of brass-Z8uwalloy) (Ellmer et al, 2008)
Nevertheless, it has been in the last century when this material has been highly
investigated. The interest in ZnO reached its peak in the 1960s, with the discovery of its
good piezoelectric propertigslutson, 196Q)Zn0 is a wide bandgap semiconductor
(Eg= 3.437 eV) with an excitation binding energy of 60 meV. Due to an optically
forbidden transition of the fundamental gap, ZnO is transparent in the visible part of the
electromagnetic spectru(iie et al, 2002) In Table 1.2 properties ofineral wurtzite

ZnO are summarize(Madelunget al, 1998; Peartort al, 2005) The piezoelectric
property is caused by the polarity of ZnO, i.e. the absence of inversion symmetry in the
crystal lattice. Hence, ZnO haswide range of applicability in the manufacturing of
solar cells, blue lighemitting diodes (LEDs) and nanolasers amongst others
(Klingshirn, 2007) ZnO possesses a large family of highly crystalline nanostructures
that can adopt a great variety of morphologies which are predicted to play an important
role formany applications, such as Zn@nowires for gas sensdi&anet al, 2004)or

ZnO nanoplates for dysensitive solar cell@iu et al, 201Q. ZnO nanostructures are
being increasingly used as photocatalysts for degrading harmful contaminants such as
pesticides from ground wat€Baruah and Dutta, 2009)n its polycrystalline form,

ZnO present lev toxicity and biodegradabilitgBrayneret al, 2006) which makes this
material also interesting for biomedical applicatig@hang et al, 2013) In the
pharmaeutical (orcosmetic) industryZnO nanoparticles are used as an additive for
sunscreen or facial powders as they reflect and scatter UV light without damaging
human skin(Nohyneket al, 2007) ZnO nanoparticles have albeen investigated for

their use inthe food industry since it shovesgnificant antimicrobial activity against 3
pathogens(Listeria monocytogenesSalmonella Enteritidis and Escherichia coli
0O157:H7)in growth media and thus inclusionfood systems likeoating surfaces and
packaging processasay be effective in inhibiting certain pathogdds et al, 2009)

Other biomedical applications that have been taking much attention are the use of ZnO

nanopaticles for drug delivery, gene delivery, biosensing and biomedical imaging
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(Zhanget al, 2013) For this, studies oBnO-biomolecule interfaces have been of great
importancein the recent years, such gsotein bindig on specific ZnO crystal planes

for the design Zn&hased materials and biosensPfe et al, 2015) or the synthesis of
ZnO Nanoparticles NP9 in the presence of glucose, sucrose and polysaccharides to
improve the inmobilization of the antibodies on the surface of the cellulose fiber sheets
(Khatri et al, 2014) and also the use of DNA linked to ZnO@CdS to improve energy
transfer between ZnO@CdS and graphene oid®) for detection of DNA sequences
(Sunet al, 2014) Therefore, fundamental understanding of biomolecule adsorption on

ZnO surfaces is key for addresssygcific applications of suahaterial.

Table 1.2Basicproperties ofnineralwurtzite ZnO.

Parameter ZnO Units
Naturally occurring mineral Zincite

AbundancEar t hés cr ustd40 ppm
Energy gap (B 3.437 (d) eV
Lattice Hexagonal

Structuré Wurtzite

Space group P&Gmc

a,c 0.329), 0.5207 nm
Density 5.606 g-cm®
Melting point, Tn 1975 xC
Boiling point, Ty 2360 xC
Enthalpy of formationgdHs 3.6 eV
Excitation binding energy 60 meV
Static dielectric constant 8.656

Refractive index 2.008, 2.029

Electron effective mass 0.24

aStable phase 800K
1.3.2 ZnO Crystal Growth and Synthesis Methods

ZnO s an inorganic compound which occurs naturally as the mineral zincite. The first
fine specimens were found at the Franklin/Sterling Hill deposit in New Jersey (USA) in
1810. This mineral typically crystaes in the hexagonal wurtzite structure (Figure
1.2a) and belongs to the space group P63mc in the HesWianguin notation
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(Wyckoff, 1963) Another less thermodynamically stable structure for ZnO under
ambient conditions izinc blende Wurtzite and zinc blendgtructures have tetrahedral
coordination where an%ion is surrounded by four Zhions Figure 1.2ashows the
primitive cell (heavy lines) of the Wurtzigructurelattice placed within a hexagonal
prism wherea and c are the lattice constan{&limer et al, 2008) The primitive
translation vectoraandb include an angle of 120° and are situated in the base
plane,with c orthogonal to themThere are four atoms per unit cell and every atom of
one type is tetrahedrally coordinated with four atomarother type, andice versa
The tetrahedral coordination in ZnO results in a-nentrosymmetric structur@vang,
2004) The orientation relation between planes and ZnO crysidiibit several typical
surface orientation@~igure 1.2b) The basic low index surface terminations are (0001),
(00C1), (1C10) and (120) (Figure 1.2b). The (0001) and the (Tpeepresent the ziAc
and the oxygetterminated surfaces, respectively, of the polar {0001} direction, which
are perpendicular to threaxis (Ellmer et al, 2008) The other two facets are npolar
surfaces parallel to theaxis and have lower energy than the {0001} direcffang,
2004)

(a) (b) Cc-axis

1 (0001) polar

(1120) non-polar

<—+— (1010) non-polar

}— (000T) polar

Figure 1.2 (a) Primitive cell of the Wurtzitestructure latticewhere thelight grey

spheresorrespond to oxygeandthe darkspheredo zinc(Ellmeret al, 2008); and (B

ZnO crystal typical surface orientations.

The crystal growthmorphology is controlled by a combination of energetic and kinetic
factors. Under thermodynamic equilibrium conditions, the morphologies formed tend to

maximize the areas of low surface energy planes, 1@10j plane. Therefore, low
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energy faces (thermodynamically more stable) are preferentially expressed. On the
other hand, the slowest growing faces become the largest, and the rapidly growing faces
either become small or disappear altogeti@znerally,the low energy faces tend to

also bethose that grow slowl{¥oreo and Vekilov, 2003)As a result ZnO crystals are

inherently elongated along tleeaxis as shown in Figure 1.2b.

The most common methods to synthesize ZnO nanostracimeeceither vapour route
(usually at high temperatures, from 500500xC) or solution route synthesis (typically
at temperatures below 20&). Typicaly used vapour routes techniques are vapour
phase transport, which includes vapour solid (VS) andwalpgpuid solid (VLS)(Umar

et al, 2005; Wanget al, 2013; Wu and Yang, 2001physical vapour deposition which
includes radiofrequency (RF) sputterifgim et al, 2006) and chemical vapour
deposition(Minegishiet al, 1997) which includes microwave plasraagsistedChenet

al., 1998) and metabrganic chemical vapour deposition (MOCV(QEe et al, 2004)
Solution route syntheses are frequently via hydrothermal metBadtsah and Dutta,
2009) chemical bath depit®n (CBD) (Govenderet al, 2004) spray pyrolysis
(Krunks and Mellikov, 1995) electrophoresis(Wong and Searson, 199%nd
microwave assisted thermal decompositidagashettyet al, 2007) Hydrothermal
method are commonly chosen ftine synthesis of ZnO due to theimplicity, low cost
and green chemistry approach (low energgstonption, closed system, etc.) and also
due to the nucleation control during the crystallization prodessZnO,layered basic
zinc salts (LBZs) have been identified as intermediate products during solution route
synthesis via the hydrothermal methddnget al, 2010; Tokumoteet al, 2003; Wang

et al, 2006; Wanget al, 2011) A more detailed review of hydrothermal methods is
given in Chapter 3 section 3.This synthesisoutehas been shown to generate a wide
range of 1D nanometer through micrometer ZnO structures by simply tuning reaction
parameters such as pH, temperaturecmrsors and solvents. Morphology modification
has also been achieved by usstgucture directing agents (SDAS) like citrate ions,
amines and polymerJian et al, 2003) as well as, biomolecules such as peggi{@ali

et al, 2009; Baieret al, 2012; Gerstett al, 2006; Lianget al, 2011; Limo and Perry,
2015; Rothensteint al, 2012; SolaRabadeet al, 2015; Togashet al, 2011; Tomczak

et al, 2009)
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1.3.3 The Role of Biomolecules during ZnO $nthesis

It has not been until the ladh yearswhere investigations using biomolecules for
controlling ZnO crystal morphology have been developed. For example, the formation
of ZnO hexagonal disks was achieved by addition of arabic gum into the gy#tanmu

and Goia, 2007)In another case, the presence of histidine generated different ZnO
structures (prismlike, flowerlike and hollow microspheres) depending on the reactants
molar ratios employeqWu et al, 2008) The growth of ZnO nanoshells at room
temperature was demonstrated by using the enzyme uiaska Rica and Matsuli,
2008) ZnO-BPs have alsbeen studied to undersththeir interaction mechanismike
effects thereof and possible applicatigBsi et al, 2009; Baieret al, 2012; Lianget

al.,, 2011; Limo and Perry, 2015; Rothensteinal, 2012; SolsRabadaet al, 2015;
Togashiet al, 2011; Tomczalet al, 2009) ZnO morphology modification has been
shown to be peptide directed but also influenced by the ZnO synthesis growth
conditions and precursors employgdmo et al, 2015; Togashet al, 2011) Besides

this, the use of biomolea templates for the growth @hO hierarchical structures has
been shown not only to impact ZnO morphology but also to supf@esstelet al,

2006) or catalys€Umetsuet al, 2005) ZnO formationIn Chapter 4 section 4.an in

depth review of Zn@BPs controlling ZnO formation is givelurther, as explained in
section 1.3.1 generation of nanocomposites by capping ZnO particles with
biomolecules can give additional functality for a variety of application€hoet al,

2011; Huanget al, 2008; Khatriet al, 2014; Suret al, 2014; Zouet al, 2008) For
example, the green photoluminescence of ZnO particles was enhanced by its synthesis
in the presence of spider silk peptides which can be directly used as biosensors or in
optoelectronic device@Huanget al, 2008) Cho and cavorkers generated E@4-ZnO
nanoparticles by using a ZrBP (RPHRKGGDA) (Cho et al, 2011) This
nanocomposite was shown to be an efficient carrier to deliver targ&ens to
dendriic cell (DC) for cancer immunotherapyCho et al, 2011) Although
investigations have shown the effect of the presence of biomolecules during ZnO
synthesis only in a few cases, the role of certain amino acid#i6taline) hasbeen
proposedLimo et al, 2015; Wuet al, 2008)and/or specific biomolecule binding sites
(Okochi et al, 2010) The mechanisms by wth biomolecules attach to the ZnO
surface and/or modulate nucleation and crystal growth processes to direct ZnO

formation is yet to be fully understood and, is therefore, a challenge for scientists.
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1.4 Overview of Silica (SiQ)

1.4.1 Properties and Applicationsof SiO2

SiO; is one of the most common materials in nature and is the second most common
biogenic mineral after carbonatdsowenstam and Weiner, 198%ilica can be found

in nature either in amorphous or crystalline forms (i.e. quartz, cristoblite, trydimite).
Crystalline silica, commonly}quartz, is a basic compound of soil, sands and rocks
whereas amorphous siliga commonly deposited in living orgams, including land
plants(i.e. rice, cucumbey)ingle cellular organisms such as diatoms and animals such
as spongegller, 1979) Silica produced by living organisms (also known as biogenic
silica) can be fouth in a wide range of highly ordered structures with a variety of pores
diameters conferring this material exceptional mechanical properties. The
biosilicification process involves complex inorganic polymerization reactions in the
presence of organic spesisuch as proteins and proteoglycans which are considered as
possible control molecules during the biomineralisation profleesy and Keeling
Tucker, 2003) The role of the organic matrix during silica formatiamd an
understanding of the overall biosilicification process have been widely studied to
address the design of new materials inspired by ndt@oeadin and Livage, 2007;
Patwardharet al, 2012; Perry and Keelingucker, 2003; Poulsen and Kréger, 2005;
Sanchezt al, 2005) Synthetic amorphous silica nanoparticles (SINPs) have received
much attention in ment years for a variety of technological and biomedical
applications due to their relatively large surface area and permeability through many
biological pathways resulting in high interaction with biological systébesJong and
Borm, 2008) Their biocompatibility and bioresorbale character and easy
functionalisation also makes SiNPs ideal candidates for biomedical applications. The
cytotoxicity character of SiNPs on cells is known to be dependent on the amount of
material used, time of exposure on the cells, and size of the nanoparticles; where
smaller particles (< 20 nm) showed higher toxigi§umar et al, 2015) Parameters

such as size, shape, chemical compositisurface properties and crystallinity
determine the viability of using SINPs as drug delivery supports. On the other hand,
micron scaled silica particles have been extensively use as inorganic supports (i.e.
chromatography columns) for a variety of appimas$, including isolation of

polypeptides, proteins, nucleic acids or DNA fragmé€HKiskland et al, 2000) In the
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last decades, the use of chromatography columns made with eithgomus or
porous silica has alsbeen investigated. Pore diameters can vary from microporous (< 2
nm) to mesoporous (< 50 nm) to finally macropores (> 50 nm). Micropores (er non
porous) stationary phases have shown outstanding speed for separation of
macromolecules due to excellent masssfer characteristigkKirkland et al, 2000)
Moreover, porous silichased materials have attracted great attention for enzyme
immobilization since they cabe hosted within the pores ofesoporous supports
allowing expensive biological catalysts to be used repeatedhs long as they remain
active (Girelli and Mattei, 2005; Zucca and Sanjust, 201%he chemistry of
synthesizedilica partites ismainly composed by siloxanes (6kSi), silanols (SIOH)

and ionic siloxide(Si-O) and/or the presence of water molecules adsorbed on the
surface. Depending on the extent of these species on the silica surface, a more
hydrophilic (silanol) or hydmphobic (siloxane) character of the particles can be
achieved. Silanojroupscan be found in different formssolated, geminal, vicinal and
internal(Figure 1.3a)In general, an increase of the surface ionization with particle size

is believed to be byhe presence of a higher population of isolated silanol groups (Si
OH), leading to a higher surface acidifyatwardharet al, 2012) Aggregation (or
agglomeration) of silica particles can occur due to dgen bonding through surface
silanol groups on adjacent particles. Depending on the reaction conditions, the silica
units can interconnect forming chains (known as a gel) or stay separated (known as a

sol or powder) (Figure 1.3b).
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H—o g SOH O~y
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siloxane el e er .

Figure 1.3(a) The silanol chemistrgf silica particles is composeibolated, germinal, vicinal
and internal.lllustration adapted fromzZhuravlev et al. 2000, and (b) Twvadmensional
representation of silica units distribution in a gel (top) and a precipitate (bottom). lllustration

adaptedrom ller 1979.
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The abundant number of hydroxyl groupa SiNPs allows their functionalization
leadirg to specific or higher reactive groups including carb@ayl et al, 2007) amine
(Asenath Smith and Chen, 200&ethyl (Luechingeret al, 2005) phenyl(Wu et al,
2006) or thiol (Yanget al, 2005) Therefore, these groups can be used to change the
particles affinity for specific surfaces orighmolecules by, for example, hydrogen
bonding (Asenath Smith and Chen, 2008\ great interest on amirfanctionalized

silica surfaces has developed as their nucleophilic nature make them good candidates to
serve as solid base catalysts or good linkers between silica and organic species (i.e.
DNA, enzymes, polypeptides) and/or metals. Thus, affunotionalized silica surfaces

have been used in a wide range of applications such as waste water treatment by
immobilization of catalytically active transition metgldguadoet al, 2009)or gene
delivery (Bharali et al, 2005) amongst others. Moreover, through particle
functionalisatim, their hydrophobic character can be increased by linking alkyl groups
on the particles surfadgéuechingeret al, 2005) Methylfunctionalized silica surfaces

are attractive for industrial applications dueatwasion resistand®aset al, 2014)and
antisticking or  selcleaning properties (Sanjay et al, 2012) The
hydrophobic/hydrophilic ratio of silica materials isf high importance for its
application inwastewatertreatment(Aguado et al, 2009) The functionalization of
tissue culture polystyrene (TCP) with silides also been studiefdr biomedcal
applicationgHickmanet al, 2015). For example, generatingsdica surface upon TCP

ard applying it as a platform fosubsequent functionalizationsing a fuorinated
alkoxysilane has been shown to prodaamaterial with a dierentialadsorption profile

of serum factors derived from the cell culture media; producing better control of cancer
cell aggregatiordisaggregation evenig-vitro (Nicklin et al, 2014) Further studies
showal that an appropriate surface chemidirg. hydrophilic or supehydrophobic

silica films) could facilitate the adhesion anmtdiferation of cells(Hickman et al,

2012) Henceforth, the wide range of silicarins including precipitated, fused quartz,
crystal, fumed silica, colloidal silica, silica gel and aerogel]ats-toxicity and easy
surface modificationconfers to this material a vast array of applications such that it has
become a vital compound in daily life. Figure 1.4silica applications according to its

propertiesare shown
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Figure 1.4 Applications of SiQ based materials.

1.4.2 Silicification Processand SynthesisM ethods

Monodispersed silica particles (at the naramd micro-scale) have been widely
synthesized using the sgél method which implies the hydrolysis of a silica precursor
followed by the condensation into oligomers for further formation of silica particles
(Brinker andScherer, 1990)The final size of the synthesized particles depends on the
hydrolysis (rate of nucleation) and the condensation process (rate of gi&attn)
Blaaderenret al, 1992) The rate of hydrolysis cdoe promoted by the addition of an
acid (i.e HCI) or a base (i.e. N¥i due to the increase of either hydronium or hydroxide
groups into the system. In 1968,08¢r and Fink reported an effective route for the
synthesis of silica particles in basic condisovhere the particle size, from 10 nm to 2
>m, was simply controlled by changing the concentrations of the rea¢g&titseret

al., 1968) Early in the 90s, Osseoassare and Arrigada developed a microemulsion
metlod (also in basic conditions) for the synthesis of SiNPs by controlling the
hydrolysis of the silica precursor in an inverse microemulsion sy&d=seeAsare and
Arriagada, 199Q0)The growth of silica microparties has also been investigated under
acidic conditions by using acetic aqidarmakaret al, 2000) tartaric acid(lzutsu et

al., 1997)or nitric acid(Kawaguchi and Ono, 1990 general, at low pH structures

13
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with low porosity are obtained and, consequently, these are more dense particles;
whereas in alkaline conditions, mesoporous spheres (from 2 to 50 nm) are typically
achieved. More recently, SINPs have been prepared through mici@agaisted acid
catalysis using HC[Lovingood et al, 2013) SiNPs have also been commercially
produced by chemical vapour condensation (CWjch implies the decomposition of
metatorganic precursors, such as SiGh a high temperature flam@ansantet al,

1995)

In the solgel process, silica condensation can be performed by the hydrolygsisar
alkoxides such as tetraethoxysilane (TEOS) or tetramethoxysilane (TMOS) to form
silicon hydroxide, Si(OH) and subsequent condensation of ;Si@ shown in the

following equations:
1) Hydrolysis; [ SFOR + HO Y [ SiOH + ROH
2) Alcohol condensation; [ SFOR + HOSI Y [ SFO-Si + ROH

3) Water condensation; [ SFOH+ HO-SII Y [ SiO-Sil + H20

In the first steps of polymerisation, siloxane bonds form into cyclic structures and
further formation of threglimensional molecules that resiit particles(Figure 1.5)

with a majority of SiO-Si bonds and a minority of silanols {SH) (ller, 1979; Perry

and KeelingTucker, 2003)As the small silica particles <nm) are more soluble than
bigger spheres, when dissolution occurs, small oligomers are deposited on the bigger
spheres by a process known as 6Ostwald
formation of crystalgller, 1979; Yoreo and Vekilov, 2003Mechanisms for silica
formation have been shown to follow different pathways in an acid baseatalysed
reaction(Appendix 1.3. The silica polymerigtion process for aqueous systems $yrict
depends on the pH of the media and, if applicable, also on the presence of salts, as

summarised schematically by 1l@979 in Figure 1.5.
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Si(OH),
|
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pH < 7or '
PH 7 - 10 with salts P”"l'd“ PH 7 - 10 without salt
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% O 30 nm
3 — dimensional gel network
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Figure 1.5 Silica polimerisationfrom monomer to particleand gel or powdersdr different
solution conditionsAdaptedfrom ller (1979).

First, condensation of monomers into oligomers takes place spontaneously for
concentrations of Si©above 10200 ppm, which is higher than the amorphous silica
solubility limit. Since condensatiopolymerisation is an ionic process, for pH > 2 the
rate of the reaction depends on the concentration ofi@id whereas for pH < 2, the
condensation rate depends on the concentration®ofNbte that, at the isoelectronic
point (pl) of silica (pH= 2), reaction rate becomes extremely low as the electric
mobility of silica is zero and silicic acid solutions may present stability as it
corresponds to the point of zero charge of silica surf@ddar, 1993) Therefae, the
condensation of silanols (8H) in basecatalysed reaction (pH > 2) proceeds by a
rapid deprotonation of the silanol, followed by slow attack of the resulting silanolate on
another silanol group as shown in Appendix (&terholtz and Pohl, 1992At this

pH, silica species become negative and charge density increases along with the pH. At
pH 7 the rate of dissolution and silica deposition is high and leads to a fast formation of
particles (from 510 nm),with further particle growth takinglace at a slower rate. The
condensation rate reaches its maximum at pH fW%et al, 2013) Above this pH,

the rate of condensation decreases until dissolution of silicatesecabserved (pH >

10.5). Besides this, the presence of a cationic surfactant can stabilize silicates up to pH
= 12 due to strong electrostatic interactidigu et al, 2013) The obtained colloid
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suspension (sols) rdsuiin the formation of uniform spherical particles. At this range of
basic pH, where silica carries a negative charge, there is repulsion among patrticles
which results in the formation of discrete units. Nonetheless, the presence of salts above
0.2- 0.3N can neutralise the negative charge of the silica particles allowing gelation to
occur (ller, 1979) On the other hand, the acid catalyzed (pH < 2) condensation of
silanols most likely proceeds by rapid protonatad the silanol followed by slow attack

on a neutral molecule shown in Appendix {&Sterholtz and Pohl, 1992t this pH,

silica species are positively charged and charge density increases with decreasing the
pH which also favours condensation rate by nucleophilic atf@tk et al, 2013) At

low pH, smaller particles are obtained (from-24 nm) due to the low rate of
condensation and dissolution, and growth of bigger gastican only be achieved if
temperatureor pH is raised. As at acidic pH the particles are less negatively charged,
there is a minimum repulsion and they can aggregate into gel net@arks1979)
Henceforth, lhe rate of reaction for hydrolysis depends on pH which directly affects the
charge of the silica species in solution. The nature of the alkyl groups in the silica
precursor also affects the reaction rate. Generally, larger alkyl groups slow the rate of
hydrolysis and due to steric effecteey hinder condensatioiiLofgreen and Ozin,

2014) Finally, it has been shown that the water content strongly influences the
hydrolysis and condensation kinetics, there beabgerved low Si@yields for low
water:TEOS molar ratiMilea et al, 2011)

1.4.3 The Role of Biomolecules during Biosilicification Pocess

Silica biomineralization on &th is controlled by unicellular organisms like diatoms,
radiolarian and synurophytes as well as by multicellular spofigesenstam and
Weiner, 1989) These organisms produce silica structuvkgh serve asther gani s moé s
skeletonand which accounts for the majority of their body mgsmper and Kroger,
2004) Diatoms, for example, exhibit intricate cell wall patterns in the ntmmicro

meter rangecomposed of hydrated, amphous silica(Sumper and Kroger, 2004)
Evidence for genetic influence over the production of diatom silica cell walls (termed
frustuleg came from observations that the patterning of these structures is species
specfic and is precisely replicated in diatom progef8umper and Kroger, 2004)
Henceforth, biosilica producetmave become extensively studied for the understanding
of biosilicification processes since this could unrdiiel paradigm for the fabrication of
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controlled nanostructuregnder conditions that are much milder than those used in
traditional materiaprocessing techniques. Important insights into diatom
biosilicification have been made by isolating and characteyigpecific biomolecules
entrapped within the amorphous silica ¢ifetfrustule, i.e.long-chain polyamines
(LCPASs) (Krogeret al, 2000)and cationic polypeptides termed silaffifhgogeret al,

1999) Both silicaassociated biomolecules have been demonstrataccterate silica
formation from a silicic acid solutiom vitro (Krogeret al, 1999; Krogetet al, 2000)
Silaffins are composed by a large number of phosphorylated serine residues and post
translationally modified lysines which carry oligoopyleneamine functionalized side
chains(Kroger et al, 2002) Sumper and Kroger2004) proposed the mechanism by
which cationic molecules and hydrogen bonding polymers (hydroxyl amino acids:
serine and tyrosine) can interact with anionic silica and neutral silanol groups,

respectively; anthus, induce silica condensati@®umper and Kroger, 2004)

Later studies also showed that the silica precipitation process is affected by either the
synthetic polyamine structure camino acid composition(Belton et al, 2008;
Berneckeret al, 2010; Wienekeet al, 2011) Remarkably, small changes ohe

KXXK peptide motif (X = A, G, S, or E in Silaffin 3) occurring repeatedly in silaffins

could determine the morphology a®ll as the amount of precipitated sili@Aieneke

et al, 2011) Highly acidic phosphopeptidesermed silacidins, have also been
identified from the diatom shell dfhalassoria pseudonanand theirrole on silia
precipitation was also demonstratadiitro studieWenzlet al, 2008) From the silica

spicules of the spongEhetya aurantiaproteins termed silicateins were also shown to
catalyze silica formation from tetraethoxysilanevitro (Chaet al, 1999) The same

year, Zhou et al. (1999) proposed a mechanism by which silicatin ( 70 % o f t h
silicatein filament obtained from sponges) catalyses the hydrolysis of alkoxysilanes at
neutral pHvia an acid/base reaction through the activity of the serine and histidine side
chains, specificallybetween the hydroxyl group of seridé and the imidazole side

group of histidinel65. Due to the high structural homology of silicatdin t o t he
hydrolytic enzyme, cathepsin L; this reactidiigure 1.6 was based on the mechanism

of peptide bond hydrolys by the analogous well known protease Cathepgithou et

al., 1999)
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Figure 1.6 Mechanism proposefibr alkoxysilane catalytic hydrolysigy silicatein active sites
(serine and histidinedccording to Zhoet al.(1999).

1.4.3.1 Bio-inspired SiO; Studies

Inspired by nature, studies on the effect of biomolecules such as amino acids,
polypeptides, and oligpeptides have arisen in materials science. Extensive studies
have been done on a -b%r peptide from the silaffin SillA;, termed R5
(SSKKSGSYSGSKGSKRRIL), for its capability of precipitating silica at neutral pH
(Kroger et al, 1999) and remarkably, the RRIL motif was shown to be essential for
silica precipitationin vitro (Knecht and Wright, 2003)As previously mentioned
Wieneke et al. demonstrated that small variations in the isolated KXXK domains
(peptide motifs occurring repeatedly in silaffins) could significantly change the
morpholayy of silica precipitate§Wienekeet al, 2011) Specifically, silica formation

in the presence of the KASK peptide motif showed the presence of silica spheres of
hundreds of nanometres together with grainy ssitactures(Wienekeet al, 2011)

On the other hand, synthesis in the presence of the KAEK peptide motif showed mainly
the presence of grainy silica while in the presence of the KAAK peptide motif, silica
sphereg~ 100 nm) were mainly detected. Further, an increase of the silica spheres was
observed by decreasing the polarity of the side chains in the order Glu, Ser and Ala
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(Wienekeet al, 2011). Lysine and polylysindPLL) have been widely studied for
their ability to catalyse silica formation and growth at neautral pH, and remarkably,
silica morphology modification, from spheres to hexagonal plates, occurred by
increasingthe degree of polymerisatio(DP) of PLL (Tomczaket al, 2005). This

effect on silica morphology was suggested to be bylkhelical secondary structure
adopted by PLL at DP > 100, as opposed to random coil for PLL with DP < 100
(Tomczaket al, 2005). According to Coradin and Livage the presence of amino acids
such as serine, lysine, proline and aspartic or polypeptides of such amino acids favoured
silicic acid condensation via hydrogen binding and ebstatic interactions, showing

the later a more pronounced effd@oradin and Livage, 2001Patwardharet al.
demonstrated that positively charged peptides are strongly attracted to anionic silica
surfaces andurther polar groups in the peptides can attach to silanol or siloxide groups
by hydrogen bonding, iedipole, dipoledipole and varderWaals interactions
(Patwardharet al, 2012). Puddu and Perry proglethat small changes on the silica
surface (i.e. low degree of functional groups) can significantly modulate the binding
mechanism at the siligaeptide interface(Puddu and Perry, 2014)Molecular
recognition of asolid by a peptide has also been studied combining bioinformatics and
molecular simulations. For example, Oren andwookers, showed that strong
crystalline SiQ-BPs (specifically quartz) always had at least one each of Pro, Leu, and
Trp in direct surfae contact (Oren et al. 2010). Rimo&t al. demonstrated by
computed adsorption energies that amino acids containing side chains with either polar
or large aliphatic groups have the most favourable interactions energies towards
hydroxylated amorphous siicand suggested hydrogen bonds and London dispersive
interactions as the main driving forcg®imola et al, 2009) . Most recent
computational studies performed by Emaashial. have shown that the adsorption of
chaged peptides is highyl influenced by the working pHEmami et al, 2014). In
contrast, no significant difference was observed for neutral peptides which were more
weakly bound by hydrogen bonds and hydrophobic interac{lemamiet al, 2014).
Although great advances have been madethe mechanismgoncerning silica
biomolecule interactions, the control of selective recognition of biomolecules is still
unclear and is a challenge for the fabrication of drug delivery systems and new

catalysts, amongst others.
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1.5 Motivation and Objectives

The main inspiration for thigwvestigationis how minerafforming organisms achieve
their outstanding control over the assembly and properties of min€hasstudies of
peptidemineral interactions presented in this thesis aimed to identify (dxcsu
peptide affinity and binding mechanism(s) and/or (b) the effect of peptides on mineral
formation. Crystalline ZnO and amorphous SW@ere the two materials chosen. The
interest in ZnO emerged as this minecah adopt a great variety of morphologies
directly related with its properties/applications and wliah beeasily modified by the
presence of additives (i.e. peptides) into the synthesis systerarphousSiO, was
selectedas this mineral has attractive interest for the synthesisrgdnic/inorganic
nanocomposite materials due ite low-toxicity and remarkable colloidal stability in
physiological fluids.Further, silicasurface modificatiorhas been shown to enhance
and/or controlmmobilization ofbiomolecules (i.eproteins,andDNA) which can give

additional functionalityfor a variety of applications
Generabbijectives:

- Synthesize and characterize minetatsl mineraBPs

- Study themechanisms concernirmomoleculemineralinteractions

Specific aims for ZnO:

- Understand the meahism of ZnO formation throughtaydrothermal method.

- Study theeffectof mineratBPson ZnO morphology

- Determinethe mechanisms by which these peptides modulate nucleation and
crystal growth processes to direct ZnO formatiae. the sigriicance of

sequence composition atite order and chiacteristics of the amino acids.

Specific aims for Si@

- Study the properties of different siligarticle sizes obtained by two different
synthesis methods.

- Determine the level of functionalization that can be achieved for specific
functional groups and particle size.

- Study the effect of particle size, surface functionalization and extent of

functionalization on Si@peptide interactions.
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Chapter |

Experimental Methods

This chapter describes the analysis methods and characterisation techniques used in this

thesis. Information on sample preparation and conditiboperation is provided.

2.1 Electron Microscopy

In an electron microscope, the illumination sourceraducel by a beam of accelerated
electrons which allows for the generation of high resolution images at high
magnification (up tox10’). Therefore, this témique issuitable for the analysis of
samples containing particles within thmicro- and nanemeter scale. Common
techniques using this type of microscopy are transmission electron microscope (TEM)
or scanningelectron microscopeSEM). Both M and TEM can be used to study the
morphology of micro- and nanoparticles including particle size,orientation,
aggregationand interconnectionSEM is primarily used to study the surface or near
surface structure of bulk specimens, where TEM is motaldaifor samples which are

smaller(< 100 nm)or where higher resolution is required.

2.1.1Transmission Electron Microscope

In a TEM, a thin specimen is irradiated with a beam of electrons that transmit through
the sample. The electrdream with a acceleratig potential 0of200 keV is generated

by heating a filament, usually made of tungsten oredlLaBhis filament serves as a
cathode; and, when a positive potential is applied to the anode, the electrons are
accelerated travelling down tleelumn (Figure 2.1). e electrons then pass through

the anode into a set of condenser lenses wieidhce the aperture tiie beam emitted,
controlling its diameter and convergence angle when it hits the specimen. Once the
beam reaches the sampled goes throught crosses ra objective lengto form the first
intermediate image) with a controllexpertureto eliminatescattered electrond his

first image produced by the objective usually has a magnification -df0B80times.
Finally, the image is magnified through a serieanbérmediate and projector lenses

before striking a phosphor screanan electronic camera for imaging
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Figure 2.1 (a) Main elements of a TEM an@) X-ray diagram of the diffractiomechanism
(Goldstein, 1981)

Sample analysis was performed by using JEOL BOWO0 with LaB filament. Samples
were suspendedh ethanoland sonicated with an ultrasoniath for 5 minutesbefore
dispersionprior to addition(2-3 drops)onto holey carborcoated TEM supporgrids
and analyzed aftelrying.

2.1.2Scanning Electron MicroscopeCoupled to Enegy Dispersive X-Ray

Analysis

Similarly to TEM, SEMis an electrorbased imagingechnigie to study material§.he
electron gun, condenser lenses and vacuum system, are similar inSEdihuses
scattered electrorss a basis for image generati®EM is primarily used to study the
surface, or near surface structure of bulk solida 8EM,electronsare also generated

by a heated filament (generally made of tungsten) auwtleratediown the column
(towards the sampleat energybetween 2 keV and 40 keVhen, the electrons go
through a system of electromagnetic lenses and scannilsg(@o pairs of deflector
plateg near the end of the column, directing and positioning the focused beam on the

target. The high energy incident electrons interact with the atoms of the sample
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producing the ionisation of lownergy electrons. The ionisesdectrons known as
Afsecondary ethee leave tieersgedmef &dmfwieduced kinetic energy
(5 eV).Each incident electron can produce several secondary electrons but due to their
low energy, only secondary electrons that are very neauiti@ce (< 10 nm depth) can
escape the sample and be collected at the collector/detaudoan image is then
generatedIn addition, reflected higlenergy electrons from the beam produce back
scattered electrons (BSE) along witle emission of charactstic X-rays (< 2 mm
depth)with the latter giving compositional information on the sample. Specifichléy, t
intensity of BSE can be correlated to the atomic number of the elengenhg
qualitative elemental informationvhereas EDX analysis gives more quatitative
elemental informationin Figure 2.2the differentinteractionghatcan occur depending
on the depth of penetratioof the incident beanmand types of signal produceate
shown which are SE, BSE, characteristierXys, cathodoluminescence (Ckpecimen
current and transmitted electrons. All these sigeals be measured and interpreted
providing information about the surface topogra@nd composition of the sample
(Goldstein 2003; Skoogpt al, 1998)

(@) (b)

Incident Electron Beam

Backscattered e

Electron beam
Cathodaluminescence ' ! Auger 10-30A
Secondaries 10nm | Backscattered <1-2um
Secondary e \ ' ‘1‘

7

e

S
Elastically

Inelastically scattered e scattered e 5um

‘\Unscattered e/

Transmitted electrons

Range of L X+ays

Range of Electron Penetration

Figure 2.2 (a) Main interactions invaled in electron microscopy arfd) depth of penetration
(Goldstein, 2003)

In this work, he morphology of thesampleswas studied with a JEOL JSKB40A
scanning electron microscope (SEM) at an accelerating voltage l&f 2Bigure 2.3).

The SEM had two Faraday Clige detectorsa BSE electron and a Sfetector. Image
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capture, processing system and imadgel e st orage was provided

(Oxford Instruments)Elemental composition was studied usgQX.
1 ___Biectron gun

_Gun alignment col

1
____1.'.( condenser lens
___2nd condenser lens
Objective movable
s aperture
T
Objective lens_ ____—Denection coll
;
Main piping——— I_]
Robinson type | N FL
BSE detector—~ &
-~ Specimen
Specimen goniometer stage
C ; - B 4 R
{

Oil diftusion pump (DP)  Qil diffusion pump in high vacuum mode
ol rotary pump for In low vacuum mode (RP)

Figure 2.3 Cross section of a SEfRussellet al, 2001).

2.2 Attenuated Total Reflectancdnfrared Spectroscopy

Attenuated Total Reflectance (ATR) is a technique used in combination with infrared

(IR) spectroscopy. The IR radiation has a longer wavelergytand lower frequency

(v than visible light, corresponding tilne region of the electromagnetic spectrum
between 140000 cm® (Figure 2.4). This regioris divided in three subregions: the

near, mid and far IRThe energy of the radiation in the mid IR region (40D cm?)

is commonly used in organic chemistryiaguces vibrational and rotational transitions

in covalently bonded molecule®nly molecules with an electric dipole moment that
change during -avdtbirvaed.onWhhere &l Bpeci men [

radiation, molecules/materials absorb specifiavelengths that are characteristic of
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their structure. Consequentlyhe frequency of vibratiorcan be associated with a
particular bond type or functional group present in the molecule. Vibrations can involve
either a change in the bond length (stretghuibration, A) or bond angle (bending
vibration, ) (Stuart, 2004)

-

< Increasing energy

ITIAVAVAVAVA VAV VAN

Increasing wavelength

>
>
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1 1 1 1 1 L
Gammao rays Xrays Ultra- Infrared Radio waves
violel
Radar TV FM AM

_///P,V;i;lelighl\

N 4 W

400 nm 500 nm 600 nm 700 nm

Figure 2.4The electromagniet spectrum. Picture taken from http.serc.carleton.edu.

ATR spectroscopy employs the phenomenototdl internal reflection A beam of IR
radiation penetrates the ATR crystal of a relatively high refractive index and it is
reflected from the internal surface of the crystsd the beam bouncesf the crystal
an evanescentvave is established at the crystaterfaceand is projectednto the
sample.Some of the energy of the evanescent wawabsorbed by the sampded the

reflected radiation (or the resultant attenuated radiation) is returned to the detector
(Figure 2.5).

Evanescent Wave

Bulk sample

v v ATR crystal

Figure 2.5Graphical represeation of a single reflection in ATR.
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The depth of penetrationdjds a function of the wavelengtk), the angle of incidence

of the IR beamd) and the refractive index aibth,thesample (m) and thecrystal (r):
Q 17 T i Qe € IE T Eq. 2.1

A Perkin EImer Spectrum 100 Series spectrometer equippedwiiterated Triglycine
Sulphate(DTGS) detector was used for analysis. Data collection over a total range of
4000650 cm® and16 scansveremeasured at a spectrakolution of 4 cit. After, the

crystal area was cleaned and the background spectrum collibetesshlid material was
placed onto the small crystal area (Internal Reflection Element, IRE) and held in place
by the Calibrated Pressure Applicator (ASI AppliSystems) to ensure even and
reproducible contact between the sample and the IBEmMond/KRS5 crysta)
surface.Instrument control and data collection was done using a CompabX/&6

MHz computer. Data was acquired ushigolet OMNIC software.

2.3 Thermogravimetric Analysis

Thermogravimetric analysis (TGA) is used for the study of the thermal stability of
materials. In this technique the sample is subjected to a temperature rate program under
a controlled atmosphere and the change of sample weighbnitored as a function of
temperature or timéSkooget al, 1998) TGA allows for the quantification of water
content and/or solvent content, decarboxylation, pyrolysis, decompositkidation,

and weight %ash.The instrument is composed of a highly sensitive precision balance
to operate in the micrgram scale, a furnace typically working in a range between 20 to
1000°C, a sample purge gas control with an inert gas such as nitrogen, argon or clean
dry airand a computer for data collection and analysigure 2.6). [2pending on the
atmosphere used different reactions can be studied and vary according to the material
analysed(Skooget al, 1998) For example, inhe presence of an inert gas, sample
decomposes with temperature (pyrolysis), whereas in the presence of oxygen combined

with heat, an oxidative reaction can take place.

In this work the samples were analysed wighMettler Toledo TGA/SDTA851
equipmentwith an auto samplinginit. Data was acquireénd analysedising the
STARe DB V9.10software Two types of graphs will be show in this thesis: (i) TGA
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curve; normalized total % of sample weight lesssustemperature®C) and (ii) DTG

curve; F'derivative of sample weighdss versus temperatut€.

Balance
mechanism
Gas out A
Furnace -
rogrammer
element Prog

Thermocouple

Furnace block
Gas in

Figure 2.6 Scheme of a thermogravimetric balance.

2.4Powder X-Ray Diffraction

Powder xray Diffraction (PXRD hereafter named XRDOs a powerful technique for

the identification of the crystallinityfa solidphase sample. A crystalline material has

its characteristic diffraction peaks and, #fere, its own characterist¢RD pattern. A

crystalline phase consists of elements, such as atoms, molecules or ions, which are
highly ordered arranged aloiitg crystal latticeiq all three directions)The diffraction

occurs when the Xay radiation interacts with a crystalline phase and is scattered
uniformly in all directions. First, tiven the Xray beam strikes the surface of the crystal

at an a mgdnef the ,beara isqattered by th@atoms on the surfac&he
remainingunscattered portion of the beam penetrates the second layer of atoms where
anotherfraction is scattered; this process is repeated throughout further ¢dymsns

as shown irFigure 2.7(Klug and Alexander, 1974; Skoeg al, 1998) For an incident

wave of radi ati on ( wa-rys lfremtigetfitst, layes Of atonish e s c
travel less distance thahe X-rays that penetrate to the internal layers. This distance,

known as interplanar distancd),(is the crystal lattice plane separation. Hence, the
scattered Xrays from a lower layer of atoms, traverse and extra lengthdaing,
wheredis the scagtr i ng angl e. This was expressed i
Law, where 6né is an integer of(Klugvandes r e
Alexander, 1974)

¢ _ cQ OB+ Eq.2.2
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The data acquired from XRD is essentially a plot of diffracted beam intensity against
twice the incident angle or 2d. A diffrac
which correspond to reflections from a ¢
function of the interplanar distance, ospiacing. From the XRD data, it can also be
determined the mean crystallite size (diameter) of the particldsebgpplying Scherrer
equation(Klug and Alexander, 1974)

0 2= Eqg. 2.3

R Eq. 2.4

WhereD is the crystallié domain size (R)K is the crystalline shape constant which is
generally taken as 0.9 for an approximately spherical crystalthe Braggdiffraction

angle (radiansk+is the X-ray wavelength (A; usually fromacopmero ur ce: CuKU w
o= 1.506 A); b is theline broadening at half the maximum intensity (FWHMjega

subtracting thénstrumenal line broadeningBx (radians)

The Scherer equations is, however, an estimation (not exact value) of the crystallite
size due to different morphologies and meemticle sizescan be present within the
sample(Klug and Alexander, 1974)t is recommended to use lower angles peaks for
calculation of the crystallize size when analysing small particles since peak broadening

occurs for smaller particles when increasing the angle.

------
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N Incident | Diffracted \ LN | ! planes
X-rays ] X-rays : N == -O--L: 4-\-0- -0 -/
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Y : \ \\ \\\\\ /1
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Figure 2.7 Schematic representation of crystallinity study using thrayXdiffraction technique.

lllustration adapted from Klug and Alexander (1974).
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The crystal phase dhe solid samplesvas identifiedoyusi ng a PANal yti c.
PRO XRaydi f fractometer (CuKU radiatGraumd wi t h
samples (if necessary) were packed into an aluminium sample holder and scanned from
5 to 90 of 2g (with spinning)at an accelerating voltage of 45 kV, 40 mA filament
current, using a sm speed of 0.02s* at room temperatur®iffraction patterns were

anal ysed dHghScage PXiH (Wergioh 2.0a) programifioe diffractogram
manipulation, background determination and peak identificatiue to the small

amount of sampl¢in somecases) a little piece of polgropylene (PPwas fitted into

the aluminum holderso lessamount of sample was neededfor analysis. The
characteristic peaks of the holder with the piece of PP material areigivgpendix

2.1. The mean crystallite sizégrain size) ratio was estimated using the Scherrer
equation(Klug and Alexander, 1974)

2.5 X-Ray PhotoelectronSpectroscopy

X-Ray Photoelectron Spectroscopy (XPS), also known as Electron Spectroscopy for
Chemical Analysis (ESCA), is a powerful technique that investigates the surface
chemistry of a sample providing the elemental composition and the electronic state of
such elemets. Using the XPS technique, the sample is first placed into a preparation
chamber (Figure 2.8) of a moderate vacuum system prior to be transferred to the ultra
high vacuum chamber (UHV). Conditions of UHV are required to minimize the scatter
of photoeleabns and contamination of the sample surface. The sample is then
irradiated withan X ay source (either Al KU or Mg K
states of atoms on the surface. AlthoughaXs may penetrate deep into the sample, for

a standard XPS stem using an Al or Mg anode, the energy of the emitted
photoelectrons is in the range of 1DGO0 eV. Hence, for energies around 1400 eV,
photoelectrons from depths higher than 10 nm have low probability of leaving the
surface (Fairley, 2009) The emitted photoelectrons pass then through a system of
lenses (electrostatic and/or magnetic) that have two main purposes: (i) to define the
analysis area by using electrostatic steering plates and metal apertures arab(ipdt

their energy by applying a retard voltafjdofmann, 2013) The photoelectrons are
filtered via the hemispherical analyser (HSA) that only allows the pass of electrons of a
given energy, called Pass EnerdE]. As photoelectrongass through the &\, they

are dispersed radially accordingly to their respective kinetic energy (KE) and recorded
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by the detector. The KE of the photoelectrons measizadsed to determine the

binding energy (Eor EB) of the emitéd electrons by using the following equation:
O W uvo'! Eq. 25

Whereh is the Planck constant (6.62 x¥0J-s), g, is the frequency of the radiation
(Hz); anda , is thework function of theanalyser

X-ray

t\be

UHV
chamber

) Detector
Retarding
lenses

Pump

Figure 28 Conventional Xrays source for an XPS instrumeniflustration aapted from
Hofmann (2013)

The generated spectrum showise binding energyagainst the intensity of a
photoelectron peald single peak is observed for electron transitions from energy level
s, whereas a doublet peak is observed for levelsapdd due to the unpaired elert

left after photoemission havirgjther a parallel or antiparallel orientation to the orbital
momertum (spirorbital coupling), thus, there is an energy differeft¢@fmann, 2013)

The energy separation of the two adjacent peaks of the same orbital rfsdjne
increags with the atomic number and decreases forg@men with higher | values.

The relative intensities of the doublet peaks are given by the ratio of their degeneracy
(2 + I). A chemical shift of the photoelectron peak energy is observed when there is a
change in the bonding state of an atom compaveithé¢ pure element. For example,
when an atom is bonded to anotleérhigher electronegativitygharge transfer occurs

and the effective charge becomes positive, increasing the binding emmarggg
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analysis, surface charging occurs, and consequendgnegy of the peakss shifted.

Hence, charging correction is required by usually using adventitious carpe2@0

+ 0.2 eV) asa reference standard peaks each element has characteristic binding
energy associated to each core atomic orliitekelemental identity, chemical state, and
qguantity of a detected element can be determiledddition the spectrum will alo

contain Auger peaks which are generated by aatozation. When a core
photoelectron is ejecteflom an inner shell, theacancy createdan be filled by an
electron from a higher energy orbitdfigure 2.9. During this process, the energy
released may aid a second electron to be ejected as a photoelectron. This secondary
photoelectron is referred to as an Auger electhager peaks reflect the geometry and
electronic structure of anolecule; thus, an Auger spectrugives information to
distinguish between protonated states. Like core photoelectron peaks, Auger peaks can

be used for quantification and determination of cisem(Hofmann, 2013)

-'..
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4. . -.--""'. WL" (28)

.--"'FHOTOELECTRON
é—o Koo

(@) -0 l lle(zp, (b) AUGER ELECTRog.

-I.‘.

K(1s)

-

Figure 29 (a) Electronic transitions for the photoelectrprocess andb) the Auger electron
process (bottom)Hofmann, 2013)

The basic line shape of th&PS peakis given by Lorentzian functiowhere the line
width nEop is determined by the lifetime of the core hole state left by photoemission
however,in crystalline materials, atomic vibrahs create a small Gaussian broadening
generally caused by the analyseence, the line shape of the XPS pealitied by

using a mixd GaussiatLorentzian functior{(Hofmann, 2013)

For this study,samples were analysed by Mr Martin Roe fréwmivanced Materials
Research Group, -Xay PhotoelectronSpectoscopy, Faculty of Engineeringt
University of Nottingham. fie XPS employed to investigate thhemical constitution

of thesamplesvas a VG Scientii ESCALab Mkll X-Ray photoelectron spectrometer

wi t h Ailr agU s X &r4826 eff Fgure 210). Samples were ground and

then mounted on standard sample holders. Survey spectra were collected covering the
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energy of 50 eV. To compensate for surface charging effects in the insulating samples,

all binding energies were corrected with reference to the saturated hydrocarbon Cls

peak at 285.0 eVCore level spectra afesied elementsve r e

deconvol

ut ed

according to mixed Gaussidmrentzian components using CASAXPS software

(Fairley, 2009)
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Figure 2.10 Schematic diagram of théG ESCALab Markll system

2.6 Dynamic Light Scattering and Zeta potential

Particle sizecan bedetermined by measuring the Brownian motion of particles in a

sampleusing dynamic light scatterin@LS). The relationship between tlparticle size

(spherical)and itsdiffusion rateis defined in the SteesEinsteinequationfor diffusion

in solution(Malvern Instruments Ltd., 2004)

0O
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WhereD, is thediffusion constant;e, is the flow velocity of the particles due to an
applied force =Vd/F);Kg i s t he Boltzmannd3BK)cToiatked ant (
absolute temperaturé, is the constani (3.1415) d, is the dynamic viscosityandr, is

the radius of the spherical particle.

In a typical DLSexperimentthe sample is irradiated witdo monochromatitaserlight
beam. The particlesfrom the samplescatter the light in ladirections which is then
recorded by a photomultiplielThe obsered scattered intensity fluctuates along the
time axis (Figure 24.1), providing information about the motion of the dispersed
particles.Finally, the particle size distribution iscalculated using a size distribution

processor (SDP).

_....Perfect Correlation
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o

Figure 2.11 Time autacorrelation functiorof the scattered intensifgr large and small particles
(Malvern Instruments Ltd., 2004)

Although the size distribution generated by DLS is an intensity distribution, this can be
converted to a volume distribution and, further, to a number distribution. The type of
distribution chosen will depend on the information needed from the samplez,Hieisc
important to distinguish between the three types of distribution (intensity, volume and
number) provided by the instrument. The example below (Figd® &hows a easy

way to differentiate between them. When there is the same population offfeverd
particle sizs, for example 5 and 50 nm, the number distribution gives the same signal
for both particle sizeas the number of particles for each size is the satoeever,
when plotting volume distribution, the volume of a sphere is defined by4X8-" -r3,

thus, the volume of the larger particles is 1000 times higher fibvathe smaller
particles. For intensity distribution, larger particles will scatter much more light
(Rayl eighds approxi mat i o (Mplverg instrumegts Lad., mu c h
2004)
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Figure 2.12 Time autocorrelation function of the scattered intensity for large and small particles
(Malvern Instruments Ltd., 2004)

Zeta potentiaimeasurementareused to determine the surface charge of the particles in
asolution. This method measures how fast a particle mave liquid when an electric
field is applied (i.e. velocity). By knowing thescosity(d ,)the dielectric constant(()
andthe velocity(or electrophoretic mobilitye), the zeta potentigB) can be determined
(Malvern Instruments Ltd., 2004)

200D
, Eq. 27

The basicof this technique is that suspended particles in a solution are electrically
charged.The development of a heharge at the particle surfaeell increase the
concentration of ions of opposite charge, the so called coumbe; creating an
electrical double layer around each particle (Figuré3d). Hence, he liquid
surrounding the pddle presents an inner regiont¢g layer) and an outer region
(diffusion layer).lons are more strongly attached in the inner region ihahe outer
region.When a particle moves (e.g. due to gravity), the ions within the electrical double
layer migrate accompanying the particle, whereas the ions beyond the slipping plane
(Figure 213a) do not. The potential existing at the slipping plaée so called Zeta
potential. A shown in Figure 2.13a (bottom),leetric potential decays almost
exponentially, which allows introduction "Debye length ( di st ance from
surface) as estimate of the electrical double ldymkness Since the Dbye length
depends on the ionic strength of the electrolyte; the zeta poteaviliavary with
electrolyte concentrationAnother important factor to be considered during zeta

potential measurements is the pH of Hwdution. The pH of the solution at whithe
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zeta potential will be zero (no charge) is the isoelectronic point (pl). Therefore, above
the isoelectronic pointhigher pH), the zeta potential values are negative and get more

negatively with increasing pH amiteversaFigure 2.18).
(a) 1 — ! Electrical double (b)

Slipping plane
0 g0 "
__:_Q_!__,_._ Particle with negative

Isoelectronic

! surface charge é 20
i1 =
1 1 ©
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H—Suﬁace potential _20 ]
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{————7¢ta potential

Distance from particle surface

Figure 2.13 (a) Schematic diagram showing the electrical double [@ytvern Instruments
Ltd., 2004)and (b) an example akf potential valueagainstpH where the isoelectronic point

is indicated with an arrow.

In this study,a Zeta Sizer Nano Seri¢slalvern, UK)was employedo determine the
particle size and zeta potential valuesr particle sizeanalysissample were generally
suspendedn a 5% ethanol solutionand size values werebtained from the number
distributionin order toshow the most populated siZeor zta potential determination
particleswere analysed straight from the solution preparedHerstudy, in this case,

phosphate buffer salirsolution pH = 7.4)

2.7 Nitrogen Gas Adsorption

Nitrogen (N) gas adsorption is used to determine the surface area and pore size of a
given solid material. Samples are first degasseder heatand vacuumto remove
adsorbed contaminantsuch as water or carbon dioxide, present in the solid due to
atmospheric exposure. The temperature and pressure are carefully chosen to avoid any
structural change to the sample. After degassing, the atmosphere in the sample

container or samplecell) is sustained at a temperature similar to the boiling point of the
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adsorbate gagsommonly No. Hence, the sample cell is immersed in liquid nitrogen
under vacuum (77 K195°C). Once the temperature is equilibratacdsmall amounof
adsorbate gas @Nis introduced into the sample cell and the relative pres§uRg)(
monitored.This process is repeated several times unifR value of 1 is achieved.

The quantity adsorbed at each pressure point (from 0 to 1) is then calculated and an
adsorption isothen is constructed. Converselgiesorption isothermareobtainedby
measuring the quantities of gas removed from the sample as the rel@ssere is
lowered P/Po value from 1 to Q) The resulting isotherms can be defined as a measure
of the amount ofadsorbate a9 required forforming a monolayer over the external
surface of the solidver a range of relative pressuf8sunaueret al, 1938) The final
shape of the isotherm is affected by the nature of the susfadehe adsorbate and
which Brunauer, Deming, Deming and Teller (BDDT) classified into 5 different types
(Figure 214) (Brunaueret al, 1938)

Type | Type ll Type lll Type IV Type V

0 P/P, 1 0 P/P, 1 0 P/P, 1 0 P/P, 1 0 P/P, 1

Figure 2.14 Isotherm types as classified by BDDW. is the mass of adsorbate aR{P, the

relative (partial) pressui@runaueret al, 1938)

Themain characteristics of each type of isotherms are:

- Type I: Also known as Langmuir isotherms correspond to microporous solids
with relatively smallsurface area.

- Type Il: From norporous or macroporous materials. The linear horizontal
section of the plot is used to determine BBy at which monolayer coverage is
complete.

- Type lll: Is a rare isotherm that occurs when the interaction between adsorbate
adsorbate istronger than the adsorbatdsorbent.

- Type IV: Same as Type Il but with further capillary condensation in mesopores.

- Type V: The most rare isotherm, it is a type Il where there are also pores in the

Mesoporous range.
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Surface area measurements are tylyicdone following the Brunauer, Emmet and
Teller (BET) method(Brunaueret al, 1938) With this approach, the monolayer
coverageby nitrogen as adsorbate is determined from the-0.85P/P; range.Total
porevolume can be calculated from Barret, Joyner and Halenda (BJH) method where
the amountof gas adsorbed at R/Py is around 1(Barrettet al, 1951) Total pore
volume allows the estimation of average pore skm. adsorption/desorption plots,
hysteresis is generally present; depending orstiage of thelot this can be related to
different pore shapggigure2.15):

- Type A: Cylindrical pores.

- Type B: Slitshaped pores.

- Type C: Wedgeshaped pores with opemds.

- Type D: Wedgeshaped pores with narrow necks at least at one end.

- Type E: fAlnk bottl eo.

TypeA | Type B TypeC |

P/P, P/P, P/P,

P/P,

Figure 2.15 Hysteresis types as classified by deB&iis the mass of adsorbated P/P; the
relative (partial) pressurgeBoer, 1958)

In this study,sample surface area and tNe adsorptiordesorption isotherms were
obtained on approximately 100 mg of sample powder. A Quantochrome Nova 3200e
was employed using M\as adsorbaté&Samples were degassedl@d °Covernigh prior

to each analysis. The surface area was determined by BET method ustpgirive
adsorption isotherm in the relative pressure range af P05/0.3 at 77.35 KPore

size distributionwas obtained by the BJH method from the desorption brancheof t

isotherm.

2.8 Inductively Coupled PlasmaOptical Emission Spectrometry

Inductively coupled plasma optical emission spectrometry -QES), isa powerful

technique used for the detection of tratements, mainly metalélthough, it has wide
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elementcoverage(over 70 elements)there are some elementghose analysisis
difficult at the trace level due to their high excitation energies (i.e. halogens) or not
possibledue to the presence of airtime plasma discharge (i.e. H, N, O and C). Beside
this, elemental composition and concentration can be determined for a large number of
elements;hence, either quantitative or qualitative information can be obtained. ICP
OES uses inductively coupled plasma to excite atoms or ions that emit electromagnetic
radigion at the characteristic wavelength of an element. Therefore, qualitative
information is obtained from the wavelengths at which the electromagnetic radiation is
emitted by the atoms or ions in the sample and quantitative information is acquired
from theamount of electromagnetic radiation (intensity) emitted by the atoms or ions of
a particular element. The instrument is composed mainly by two sections: the ICP torch
and the optical spectromet@fazes and Ewing, 2005The ICP torch is usually an
assembly of three quartz glass tubes and the-teigiperature plasma is commonly
generated by flowing Argon (Ar) gas through the torch that with the spark of a Tesla
coil (an electric field) generates electrons and whgh are then accelerated by the aid

of magnetic field and, finally, collide with other Ar atoms (known as inductive
coupling), causing further ionization. Liquid samples are introduced into the nebulizer
by a peristaltic pump and converted into an adreghen impaatd with the high
temperature Ar gas. Gaseous molecules in the sample break into Bbenssibsequent
excitation or ionization of the atongenerateslectrons which emit radiation at the

characteristic wavelengths of the elements invol&akes and Ewing, 2005)

In this study, a Perkin Elmer IGBES Optima 2100DV was employed fdement
detection and quantification. Standard solutioh&lements of interesvere prepared
from a stock solution (1000pm) from BDH Laboratory Supplies. Calibration standard
curves were obtained by plotting intensiignal against concentration (ppm) and

accepted whethecorrelation coefficient (B wasat leas.999.

2.9Solid Phase Peptide Synthesis

In solid PhasePeptide Synthesis (SPR®)e formation of a peptide chain starts on an
amino acid (aa) covalently attached to an insoluble solid support (resin) and subsequent
incorporation ofa desired aa talseplace through a series of coupling and deprotection
steps(Merrifield, 1963) This process is repeated stepstep untilthe desired peptide
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length is achieved. At the end of the synthesis, the solid suppodd 6 usua-l | yo t
chain protecting groups are aktmoved from the peptidén a final step known as
cleavage.This technique revolutionized the peptide chemistry since purification and
characterization is no longer required at the end of each @soadtle to the peptide
remainingattached to the resin ttwghout the synthesis; hence, minimal loss of peptide
occurs Further, successful formation of the peptisiggenerallyachievedasan excess

of reagentan be used and thnreacted produstcan be easily washed out. This
methodology allows its operati in an automated manndreing also a timsaving
technique comared with the classical meth@Merrifield, 1963) However, a humber

of variables should be considered to get to the desired final producastiehnature

of the resin and its linkage, type of protection groups and coupling chemistries (i.e.
single coupling is commonly used but aa like arginine requires a double coupling).
Figure 216 showsthe stepwise SPPS where thée@minal amino acid is attached to

the resin viaa carboxyl group. Therefore, the synthesis proceeds in &l Qirection.

Any functional groupin the aa side chain is usually protected witiu8enylmethyl
carbamate (Fmo@roup, in order to direct the aa chain in th& i€ direction(avoiding

side chain reactionsyvhereas th&amino groupcan beprotectedwith a tertiary butyl

based side chain protection grouBu), among othergAlbericio and Kates, 2000)
During the initial loading, théemporaryprotection group (X)s removed fronthe aa
residue and thereforea second aa with the carboxylic group activated is able to form a
bond with the already deprotedtU-amino group of the initial peptidéfter coupling,

the excess of reagentsabminated by washing and the temporary protecting gafup

the second aa (already attached forming a dipeptide) is then removed. The process is
repeated until the desd peptide length is attaine@Albericio and Kates, 2000)
Finally, the cleavage step for the detachment of the resin and recovery of the peptide
can be made using strong acids (i.e. hydrofluoric acid, HF), moderate acids (i.e.
trifluoroacetic acid, TFA) or mild acids (i.e. low % of TFA) combined with
nucleophilicreagents, known as scavengers (water, thioanisole, phenol, etc.). The use
of scavengers is needed as during the cleavage process cationic species are generated
from the protecting groups and resin linkers which can react aa containing eleciron
functional groups, as is the case of tyrosine, tryptohan, methionine, and cysteine. The
cleaved peptide is then usually-peecipitated in chilled diethyl ether and washed

several times with the same solvent. The solvent can be removed either by using a

39



Chapter2: Experimental Methods

vacuum e@en at low temperature or by bubbling nitrogen into the chilled diethyl ether
(Albericio and Kates, 2000)
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Figure 2.16 Scheme of the stepwise SPREere, Xis thetempaary amino protecting group; Y
is the permanent sieehain protecting group; A, is the activating grpapd the grey circle is

the resinlllustration reproduced from Albericio and Kates (2000).

For this study, peptides were prepared by solid phase methods aisnicrowave
assisted solid phase peptide synthesizer (CEM Corporation) via Fmoc chemistry
(Collins et al, 2009) TGT resin preloaded with protected Fmoc was used as the solid
support. The followingside chain protections were use#;2,4,6,7pentamethyl
dihydrobenzofurasb-sulfonyl (Pbf) for arginine;triphenylmethyl(Trt) for cysteine and
histidine; t-butyl ester(OtBu) for glutamic acid; and-butyloxycarbonyl (Boc) for

lysine. For the couplingO-BenzotriazoleN , N, Ntétrametyuroniumhexafluore
phosphate (HBTU) in N,N-dimethylformami@  (DMF) and N,N-
Diisopropylethylamine(DIPEA) in N-methyt2-pyrrolidinone (NMP) were used as
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activator and activator base, respectively. The coupiiege sindge except for arginine
where a double coupling was usdeiperazine in DMF was used for-tdrminal
deprotection prior to each couplinfhe cleavage of the peptide from the resin and the
final deprotection(side chainswere achieved in one step by tregtihe peptide resin
with a cleaving agentcontaining TFA thioanisole, 3,6-Dioxa1,8-octanedithiol
(DODT) and distilled-deionized water ddH.O). The cleaved peptides were-re
precipitated in chilled diethyl ether and washe@éhtimes with the samsmlvent. Once
solvent was evaporated, a few milliliters of water were added and lyophilisatid@ at
°C using a Virtis110 freezedryer.

2.10High Performance Liquid Chromatography

High Performance Liquid Chromatography (HPLCaimsanalytical techniqubasedon

the separation of molecules (analytes) due to the differences in their structure and/or
composition(Kupiec, 2004) By HPLC, the purity and/or content dhe analytesn a
solution can be determinedn general the sampleand a pressurised liquid (mobile
phase) areontinuouslypumped through a column filled with a solid adsorbent material
(solid stationary pha$eThe components of the sample are separated due to thityaffi
with the different phasesvhich depeads on the chemical nature of tmeolecules the
nature of the stationary phase and the composition of the mobile. gireesefore,
analytes travel through the column at different velocities and are eluted (from the
column) at different times, known asestion time, which under particular conditions

is characteristic of a given alyte (Kupiec, 2004) The retentiortime isalso described

ascolumncapacity factof k: 06 )

~
g

0 Eqg. 28

Where V4, is the elution volume of the component A and, i¢ the elution volumes of
a nonretained compound. At constant flow rate, the retention timgesT§J can be

used instead the elution volumes.

Chromatographic separas can be performed using a variety of stationary phases,
including immobilized silica or alumindhe chemistry of the columman bemodified
with functional groups (suchs phenylcyano and alkyl¥or best separation results. For

example pristinesilica surface (negatively charged surjaserecommended when the
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sample contains ionized molecules as electrostatic interactions will be involved during
separationKupiec, 2004) St at i onar y p henlsaecs thesretemtionad s 0 c
polar compounds by dipoleydrogen interactionsThe separation of hydrophobic
molecules is best achieved blye presence o#lkyl ligands on the silica surface
(Kupiec, 2004) The type and aoposition of the mobile phase also affects the
separation of the componeni$he mobile phase is commonly made from a mixture of
polar and nofpolar liquid componentsTwo types of HPLC methods can be applied
depending on the solid stationaagd mobile phses employed: normphase(NP) or
reversephasg(RP) When the stationary phase is more polar than the mobile phase, the
separation is considerddP-HPLC and, converselyRP-HPLC when it is less polar.
RP-HPLC is commonly applied to separate moleculesetdaon their hydrophobic

properties; thus, it is a useful technique for the analysis of peptides and proteins.

HPLC instrumentatiorconsists of a pump, mobile phase reservoir, injector, column,
detector and integrator or acquisition and display systegu(&i217). A high-pressure

pump is required to move the mobpease through the column tee solid stationary

phase is composed of miesized porous particles. The injector can be a single
injection or an automated injection system withivolumerang of 0.:2100 ml. The

main types of detectors ar&V-vis, refractive index (RI) and fluorescencéhe
response of each component detected is displayed on a computer screen and is known
as a chromatogram. The chromatogram is represented lytehsity of he signal (y

axis) and the retention time (x axis).

Mobile
phase

Data processor ;i ﬂé\ é
and display

Signal to processorT

1 detector

v

waste

Sample injector HPLC column

Figure 2.17 Scheme othe parts of a HPLC
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For this studythe purity of thesynthesizegeptides was determinéy using aDionex

HPLC with a UV detector (set at 214 nm) and a Jupiter 4u Proteo 90A C12 Reverse
Phase column (Phenomenekata processing was performedth the Chromeleo®
software.The solid stationary phase consist&dtightly packed silica particlesThe
mobile phase consisted ofo eluents made up of a mixture of solvents: (a) 95 %
HPLC grade distilled water with 5% HPLC grade acetonitrile (more polar mobile
phase) and (b) 5 % HPLC grade distilled water with 95% HPLC grade acetonitrile and
0.1% formic acid less polar mobile phas). Both eluents were primed through the
column separately for equal periods of timecontrol sample made d&d0% HPLC

grade acetonitrile and 50% HPLC grade water was run before and after sample.analysis

2.11Isothermal Titration Calorimetry

Isothermal Titrabn Calorimetry (ITC)is a unique andhighly sensitivetechniqueused

for the study of biochemical interactions. ITC measures the energy released
(exothermic) or absorbed (endothermic) by flystemwhen areactiontakes plae.
Experiments are performed Iyration of a reactanti.e. biomolecule) into a sample
solution containing thether reactanti.e. substrate)After each additionheat changes

are recorded allowing quantitative characterization of the energetic processes (i.e.
binding reaction)Freireet al, 1990) As a result, &inding isotherm is obtained o

the plot of heat of formatiomagainst the molar ratio of the substrate to biomolecule
giving informato n about t H)easseaationh arlbipding domptant (either

or Kag) and stoichiometry (n) o f G) ban bedthen g . Th
determined applying:

Yo YY1 Db Yoz'y¥yy Eqg. 2.9

WhereT, is the eperimentaltemperaturgR, is the gas constar8.314 J mot K1) and
a&Sis the change in entropy

ITC system mainly consists of a calorimeter and a syringe assembly (Figure 2.18). The
calorimeter is composed by a reference cell and a sample cell which are énclase
adiabatic jacket. The cells are made of a thermally conducting and chemically inert
material such as Hastellbglloy or gold.The reference cell usually contains the same

solvent in which the sample has been prepared in.

'Hastelloy is the trademark of Haynes International Inc. and is prefixed to a series of highnickel alloys
designed for corrosion resistance (Philip 2004).
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Figure 2.18 Scheme oVP-ITC from MicroCalVP-l TC Mi cr ocal or i nfer¢ireet User &
al., 1990).

Temperature differences between the reference ndlltlae sample cell are measured and
calibrated to power unitgcals?), known as differential power (DP) signal. It is important

that the temperature of the reference cell and sample are at equilibrium before titration
begins. The syringe assembly mainly involves an injection syringammaitomated pipette
injector, accompanied with a stirring system and a high precision syringe pump for efficient
titrant delivery. For each injection, a DP signal is recorded as a result of the energy absorbed
or released in the system when the reactmuis between the substrate and the biomolecule.
The extent of heat change depends on whether an interaction occurs or not. If no interaction
takes place, heat changes will be similar to those observed when titrating the solvent with the
solvent (Blank reetion). On the other hand, when interaction occurs, the heat changes in the
Bl ank reaction wil!/|l be subtracted to the he

the magnitude of these interactior@ptimization of the method isequiredto (i) reach
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saturatiorendpoint of the reaction, (i) to minimize interference in heats measured and (iii) to
obtain sufficient measurements for prediction of curve sh&pgerimental optimization is
achieved by varying nunber of experimental parameters: totaimber of injectionscell
temperature (°C), reference power (usd), stirring speed (rpm)injection volume i),
injection duration (s), spacing between injections §gringe concentration (mvand cell

concentration (mM).

Once the titration is copteted, the heat changes (inal-s?) during a certain period of time

are integrated by the instrument softwdfeg(re 2.1Q). The resultingTC binding isotherm

is obtained by the plot of the normalized integrated heat change inmttalof injectant
against the molar ratio of the biomolecukggure 219%). The accuracy of the Kvalue is
evaluated by the critical parameter (C) which is product of the total concentration of the cell
component (&) and the stoichiometryn). The C parameter iddly lie between 10 and 100

(Cliff et al, 2004)and determinethe shape of the isotherfdepending on the shape of the
isotherm, the data can be fitted using either identical or two independent sites binding model.
The main difference between the models is that the binding sites can have thgtdamd

Kg values (one set of identical sites model) or have two different binding sites with separate
values ofgH andKg (two sets of independent sites mod@Fieyer and Lewis, 2008; Limet

al., 2014)
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Figure 2.19ITC data for (a) raw data showing an exothermic reaction and (b) ITC isotherm fitted to a

one independent site modédapted from(Milev, 2013)

The instrument used to carry out ITC studies wadi@oCal VP-ITC. Data analysis was
conducted using ORIGIN v7.0 software. For fittimgnonlinear leastsquare algorithm with

binding sites models available by Micro@es used
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2.12Fluorescence ectroscopy

Fluorescence spectroscopybiased on the electronic and vibratibstates of moleculegt

room temperature most molecules occupy the lowest vibrational level of the ground
electronic stateHigure 220). A beam of light, commonly UV light, excighe electrons in
moleculesto a higher vibratonal state, known as exed vibrational stateThese electrons
then drop down to the lowest levels of the excited vibrational giaggpating part of the
energy absorbed during excitatjoprocess known as internal conversidtuorescence
emissionoccurswhen these electrons (in the lowest vibrational levels of the excited state)
returnto the ground state. During this procephptons are releasesmiting at different
wavelength depending on the vibrational level of theugd statehey movein. Hence,each

transition occurs at specific and single wavelength, being the transition energy:

% Q' — Eq 2.10
Whereh, is the Planck constant (6.6&HAEis34 JLs
the light velocity 8.00x1m-s?) and; @&, is the wavelength (nr

Therefore, the detection ofthe different frequencies of light emittesh fluorescent
spectroscopyallows for the determination ahe structure of the different viliranal levels

in molecules.
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Figure 2.20 Representation of transitiongiving rise to fluorescence emission. Adapted from
(Lakowicz, 2013)
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In fluorescence spectroscopy, a spectfamsingle lines)s generatd due to the contribution

of rotational and vibrationanergy, attributed to the molecular rotation around its gravity and
periodic displacement of atoms of the molecule away from the equilibrium position,
respectively.The fluorescence spectrum generated shows a maximum corresponding to the

emission transition.

Fluorescence spectroscopy is a powerful technique for biomedical applications due to
fluorescence properties of proteins containing aromatic amino acids (phemgalgmosine

and tryptophanjLakowicz, 2013) In the other hand, neftuorescence amino acids can be
stainedby using afluorescencalye For example, fluorescamine reagéhtphenylspiro[2
benzofurar3,2-furan}1,3-dione) reads rapidly with primary amines forming fluorescent
moieties known as fluorophored-igure 221) allowing quantification of proteins or peptides

in a solution. This method is known as fluorescamine aéStin et al, 1974) Greater
fluorescence emission &chieved in basic conditions as primary amngroups are more
reactive (lessikely to be protonated) at pH >(Held, 2006) As themaximumfluorescence

of such fluorophore is giveat pH = 9 (Held, 2006) it is recommendedo work at the
experimental pHange of6-9. The pH adjustment can be performed by using buffer solutions
made of phosphate or sodiumborgdteinet al, 1974) Fluorescamine solution is commonly
prepared in acetone, acetonitrile, dioxane, dimethylsulfoxide or tetrahydr@fteinet al,
1974) The fluorescence fothe proteindye complex has an emission wavelength
approximately at 470 nm when étkag under U\light at 365 nm(Funket al, 1986)

Fluorescamine Fluorophore

Figure 2.21 Reaction of luorescamine ragent and amine group of an aminoacid form a

fluorophore

In this study, measurements were performed using fluorescence spectr(BEGPN i-

control M200)on Corning® black polystyrené@6-well plates The aim ofusingthese black

96-well plates is tominimize background of the fluorescence readifie excitation
wavelength was set up at 360 nm and the emission (sample reading) was collected at 465 nm.

The gain of the photomultiplier was adjuste@@ta.ufor the best signahoise.
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Chapter Il |
Mechanism of ZnO Formation from Aqueous

Solution of Zinc Acetate

3.1 Introduction

The structure and/or morphology of Zn® predicted to play an important role in its
applicationsdue to control over the physical and chemical properties of the material
( Dj u etilg2012) Its controlled synthesis has been an interesting area of research
either to develop more simple, cedtectve, reproducible and edoiendly fabrication
routes(Yoshimura and Byrappa, 2008) for the growth of crystals with a speciize

and shapdLiu and Zeng, 2003; Masudet al, 2007; Singhet al, 2012) Solution
synthesis methods involving the hydrolysis of metal alkoxides or simple inorganic salts
have become of considerable importance in the growth of metal oxides likeut®8iO
ZnO (Masudaet al, 2007; Ohyaet al, 1994; Stoberet al, 1968) Particularly,
hydrothermal methods are attractive for their simplicity, low cost and green chemistry
approach (low engly consumption, closed system, etc.) and also due to the nucleation
control during the crystallization process. Although hydrothermal methods only
contribute to about the 6% among all solution syntheses rq¥teshimura and
Byrappa, 2008)this technique presents the advantage of using hot fluids that offer high
diffusivity and low viscosity which facilitates mass transport and; hence, enhance the
kinetics of reaction(Yoshimura and Byrappa, 2008)his synthesis approach has been
shown to generate a wide range of highly crystalline structures by simply tuning
reaction parameterBarameters such @®lution composition (precursors and solvents),
temperature, pressuamd pH have been carefully monitored to obtamdesiredZnO
structuredAmin et al, 2011; Doveet al, 2003; Govendeet al, 2004; Masudat al,

2007) ZnO rods, belts, wires, plates, rings, tetrapods, prisms, pyramids, spheres, cubes,
hollow structures, pdike, flowerlike and multineedle shaped crystals have been
synthesized using solution rouf@saruah and Dutta, 2009; Hamaelaal, 2011; Jangt

al., 2008; Kimitsukeetal., 2013; Liu and Zeng, 2003; Masueial, 2007; Wanget al,

2007; Wanget al, 2004; Yinet al, 2014; Zhotwet al, 2002) Figure 3.1, shows some of
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the ZnO structures that have been reported up to date by using solution route synthesis

via the hglrothermal methad

Figure 3.1Zn0O structures synthesized via hydrothermal method (a) nan@redsuszkeet al,
2014) (b) potlike (Yin et al, 2014) (c) nanoflakestRamimoghadanet al, 2012), (d)
nanobelt{Hu et al, 2007) (e) spheregYin et al, 2014) (f) micro-rings(Lian et al, 2011) (g)
pyramids(Zhou et al, 2005) (h) nanowiregHu et al, 2007)and (i) flowerlke (Sunet al,
2010).

To understand the different morphologies obtained, there is the need to know the
processes behind the formation of a crystal. Crystallizaboty occurs when
supersaturation is reached iretBystemsince the spontaneous appearance of a new

phase occurs only in nesquilibrium conditiongErdemiret al, 2009) Therefore, the
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rate and mechanism of crystal formation in liquid solution depends on liialisn
diffusivity (molecular or ionic transport) and seliquid interfacial tensiorfRodrigueZ
hornedo and Murphy, 1999)ikewise, supersaturatiocan be created by a change in

the temperature, pressure and pH of the systRodriguezhornedo and Murphy,

1999) Once the solution is supersaturated, crystallization takes place by two major
events: nuleation and crystal growth. The initial nucleation process occurs when a
sufficient number (critical size) of molecules, atoms or ions in the solution are brought
together generating a new thermodynamic phase (nuclei) as defined by classical
nucleation thery. Although, the free energy of the system increases due to the increase
of the surface energy(5s), when the critical size dris reached (Figure 3.2a), the total

free energy of the system starts to decrease due to the higher stability of theasmlid st

in respect to the liquidgfGy) and; thereby, growth becomes energetically favourable
(Erdemiret al, 2009; Gibbs, 1878; Zengt al, 2011) Henceforth, the arrgement of

these molecules, atoms or ions in a highly ordered structure and subsequent growth of
the nuclei gives rise to the crystal growth procedse direction of crystal growth
depends on the surface energy of the growing facets, twéHow energy &ces
(thermodynamically more stable) being preferentially expredded=over, nucleation

can occur through two different mechanisms; homogeneous and heterogeneous
nucleation. Each mechanism will give place to a rate of crystal growth and in like
manner tie final crystal morphology can be modifié@ox et al, 2013; Govendegt al,

2004) The main difference between the two mechanisms is that the energy logBjer (
needed for nucleation is reduced in the case of heterogeneous nucleation (Figure 3.2b)
due to the presence of an active surface site, for example, the wall of the bottle or the
presence of impurities facilitating the nucleation proc@RsedriguezHornedo and
Murphy, 1999; Zenget al, 2011) While homogeneous nucleation occurs
spontaneously and randomly, heterogeneous nucleation can be considered as an
interface catalysed procehat, 2015; Turnbull, 1950)

For ZnO, the crystallization process at low levels of supersaturation is dominated by
heterogeneous nucleation and wafined polyhedral crystals are commonly formed,
whereas for homogeneous nucleation (high level of supersaturation), a dendritic to
spherulitic morphology is typically achievéBaruah and Dutta, 2009; Govendstral,

2004) The presnce of nanopatrticles (fine ZnO powders) can be observed at very high

levels of supersaturation as to minimize the overall energy of the system, crystals tend
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to agglomerate losing its wellefined morphology(Singh et al., 2012) Commonly

used hydrothermal methods work at low levels of supersaturation, as allows for the
formation of particles with a regular polyhedral crystal face and facilitates the study of
the growth habit of the crystalki et al, 1999).
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Figure 3.2 (a) Nucleation pathways under thermodynamic control in classical nucleation
theory; and (b) energy barrier for a homogeneous and heterogeneous nucleation. Images have
been adapted fro@enget al.(2011)

Neverthelessnucleation and growth may occur byora complicated pathways than
suggested by the classical nucleation theory as observed by biomineralizationistudies
which not only thermodynamic contributions are present but also kinetic driving forces
(Mann, 1998; Teng, 2013)Kinetically driven crystallization often involves the
formation of a metastable solid phase (reached with loss of free energy) that may be
nonstoichiometric, hydrated, and easily phase transforf@étfen and Mann, 2003;
RodriguezZHornedo and Murphy, 1999As shown in Figure 3.3, a change of the
activationenergy barriers of nucleation, growth, and phase transformation is, in
principle, achieved by kinetic contr@Colfen and Mann, 2003; Xat al, 2007) Note

that, the activation energy barrier is the minimum energy required to reatrarkition
state. Thus, therystallizationprocess occurs through a midtep route which implies
structural and composition&ansformation from amorphousegeursors in solution to

the crystalline solid state through the formation of intermedistea phenomenon
referred to as OgColfeaaddviasn, 2003;viu anfl Zepdh 2084¢e s
Teng, 2013; Yoreo and Vekilov, 2003¥enerally, these intermediates present higher
solubility than the final solid phasenfre thermodynamically stable phatsgding to a
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fasterprecipitation (higher nucleation rat€yonsequentlyphase transformation usually
takes place through dissolution anehrecleation processes, known as Ostwald ripening
(Colfen and Mann, 2003; Liu and Zeng, 2004; Rodrigd¢arnedo and Murphy, 1999;
Yoreo and Vekilov, 2003)As a result, the final crystal morphology is thought to be
dictated by both thermodynamic and kinetic contributi(iErslemiret al, 2009; Yoreo
and Vekilov, 2003)

For ZnO,layered basic zinc salts (LBZs) have been identified as intermediate products
during solution route synthesis via the hydrothermal metfdaohg et al, 2010;
Tokumotoet al, 2003; Wanget al, 2006; Wanget al, 2011) LBZs also have attracted
attention due to its proposdulucitelike structure which confers to this matergaod
properties for its application in anion exchan@éorioka et al, 1999) LBZs have
become favored bottomp compounds in catalysis, separation technology, intercalation
and drug deliveryArizagaet al, 2007; Inoue and Fujihara, 2011; Moriakiaal, 1999;

Newman and Jones, 1999)
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Figure 3.3 Proposed crystallization pathways undemitim@dynamic contro{A) by onestep
route (classical nucleation theory) and kinetic conf®)lby multi-step routes where proceeds
by sequential precipitationO(st wal d 6 s L a Whe frek enprhyacs activation is
associated with nucleation (n), gribw(g), and phase transformation (t). Image has been
adapted fronColfen and Manr§2003)
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Ultimately, the direction of crystal growth depends on the surface energy of the
growing facets, with thelow energy faces (thermodynamically more stable)
preferentially expressed, and as a result ZnO crystals are inherently elongated along the
c-axis However, crystal growth habits can be highly influentgdthe presence of
impuritiesadditives. Since ZnO mphology modification is investigated in the
presence of peptides (Chapter 4); in this study, the product formation and phase
transformation was monitored over time in order to understand the ZnO crystal growth
mechanism for the selected synthesis condktioFurther, phase transformation
processes were studied by comparison of another solution synthesis route which also
results in the formation of wurtzite structured twinned hexagonal rods of[Za@y et

al., 2014)

3.2 Effect of pH on ZnO Morphology

ZnO possesses a large family of highly crystalline nanostructures that can adopt a great
variety of morphologies which are predicted to play an important role for their
applications(Wan et al, 2004; Wang, 2004)The growth of the ZnO crystals can be
influenced by many factors; such as temperature, pH, reaction time, precursors, etc.
Through the hydrothermal method, the change of pH has been shown to play an
important role on the ZnO morpholog§Amin et al, 2011; Baruah and Dutta, 2009;
Masudaet al, 2007) with the growth rate of ZnO crystal being faster in basic pH
conditions (Baruah and Dutta, 2009)As previously mentioned (section 3.1),
supersaturation of the systasnthedriving force for such nucleation and crystal growth
processes.Low levels of supersaturation indicatinat ZnO is cystallized by
heterogeneous nucleation whereas for higheels of supersaturatiohomogeneous
nucleationdominategGovendeeet al, 2004; Lu and Yeh, 2000).u et al. observed that
when changing the basicity of a system (zinc nitrate and ammonia solutions under
thermal treatment in a range of 1R00 °C); crystallization occurred through
heterogeneous nucleation at pH < 11, where basic Zn precursors were partially
dissolved; wheread @H > 11 basic Zn precursors were dissolved (a clear solution was
observed) and, hence, ZnO was crystallized through homogeneous nudleatard

Yeh, 2000) It was also observed that the yield of products @dsee with higher pH
values as the probability of nucleation in a homogenous solution is less favourable than

in an heterogeneous solutifiru and Yeh, 2000)Solution syntheses routes using other
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Zn precursors havalso shown a change in the morphology of ZnO formed by varying
the pH. Singhet al. used zinc chloride in an aqueous solution of ammonia. The pH of
the reaction from 81 was increased by addition of ammonia. The morphology of the
ZnO precipitates changeidom nanorods (pH = 8) to nanoparticles (pHL1). The
morphology change was attributed to the dominance of a dissolution effect and

homogeneous nucleatigSinghet al, 2012)

Dissolution processes are contrdllby ZnO hydrolysis reactions. Kinetic control of
metal ion hydrolysis may proceed by (i) forced hydrolysis or (ii) controlled release of
hydroxide (Matijevic, 1993) The precipitation of metal oxides through forced
hydrolysis involves the deprotonation of the hydrated ions formed during the ageing of
the agueous metal salt solution at elevated temperaturd9(8C) and as a result the

pH decreases throughout theucse of the reaction. In the case ofZra not easily
hydrolysable cation, precipitation can be induced by increasing the pH with a weak base
(Govenderet al, 2004; Matijevic, 1993) On the other hand, a slow release of
hydroxide ions into the metal salt solution can promote the hydrolysis of cations
(Govendetret al, 2004) This process generates basic metal salts, such as LBZs, that are

later transformed to the oxide phase.

Ammonia and hexamethylenetetramine (HMTA) have been extensively used as base
sources to release the hydroxide ions into the solution for the ZnO fornfation et
al., 2011; Govendeet al, 2004; Polsongkrarat al, 2008; Tokumotcet al, 2003) In
the case of HMTA, a slower release of hydroxide ions into the system occurs due to,
first, hydrolyses formingammonia (Equation3.1) which subsequentlyacquires

hydrogen ions from kO togenerateammonium and hydroxidens (Equatior8.2).
Hydrolysis of HMTA,; (CH2)6N4 + 6H20 MH6HCHO + 4NH; Eq.3.1
Hydrolysis of ammonia; NHz;+ HO Zz 4NHOH Eqg.3.2

Henceforth, mrphology modificatiorcaused by pH variation is believed to be due to
the reactions taking place during ZnO formation (Equati@mB3}). A study carried out

by Amin et al. usingzinc acetate and ammoraaprecursors showed that the increase
of pH by adding sodium hydroxide into the system (pH ~ 9) resulted in the formation of
ZnO nanotetrapods instead ZnO nanorods (pH{Ain et al, 2011) This
modification was attribied to the increase of hydroxide concentration in the initial
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solution which led to the formation of a new growth precursor (Equat®n causing

anisotropic growth at the active site of ZnO se@dnin et al, 2011).

Zn(CHCOO) + 20H 2 Z ny(+ CHEEOOH Eq.3.3
ZNn(OHYZ2 Zn O 0 H Eq.34
Zn(OHY+20H z [ Zn4{%0H) Eq.35

ZnO morphology modification can be also conducted by simply varying the ratio of the
reagents employed (which also leads to a change in the pH), as shown by btasuda

In like manner, an increase of hydroxide concentration in the initial solutiondsqed
giving for [NHz)/[Zn(CH3COO)»] = 2 (PH ~7) rodlike structures and for
[NH3]/[Zn(CH3COQO)] = 6 (pH ~ 9) multineedle shape structures (also named ZnO
nanotetrapodjMasudaet al, 2007).

Hereafter, a similar study was conducted following Masetda. methodology in order
to ensure control of pH in the reaction vessel could be achieved before performing the
final experiments for this studyhe control reactions at different pH values,sbd a

drastic morphology change over a small pH variation, as seen in Figure 3.4.

Figure 3.4 SEM images of precipitates of the Blank at (a)pHR.1, (b) pH= 7.2 and (c) pH>

8. All scale bars are 2 um and inset scale bars atr.5

The hydrothermal synthesis method chosen for this study was the reaction of zinc
acetate and ammonia at neutral pH. This system was chosen for two main reasons.
Firstly, the hydrothermal method working at low levels of supersaturation allows for the
growth of welldefined crystal facets which facilitates the study of the growth habit of
the crystals. For a bath containing zinc acetate (&C25the system gets supersaturated
(with respect to the hydroxide) at pH 6.@&SBovenderet al, 2004) therefore, working at
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pH = 7 the supersaturation in the system was ensured and was more likely to proceed
through heterogeneous nucleation (low supersaturation) which allowed for the growth
of 1D ZnO structures. And, sendly,the influence of synthesis conditions on product
formation, precipitation processes and phase transformation was demonstrated by
comparison with another hydrothermal synthesis route using zinc nitrate and HMTA as
a precursors and also known to fesu the formation of wurtzitestructured, twinned

hexagonal rods of ZnO.

3.3 Materials

Zinc acetate (Zn(CkCOO)) 99.99%, 1 M hydrochloriacid (HCI), 1 M potassium
hydroxide volumetric standard (KOH) and Zinc atomic absorption standard solution
(1000 ppm) were purchased from Sigaldrich; ammonia solution (Nk 35%) from
Fisher Scientific. All chemicals were used without further treatmfemd, ddHO with
conductivity 1(25sQ was hsadnas the selv@nt formll ZnO synthesis

reactions.

3.4Zn0 Synthesis

ZnO crystals were synthesized in aqueous solution using as a zinc precursor
Zn(CHCOO) following previously described hydrotireal synthesis methods in
which twinned hexagonal rods were formed with the thermodynamically stable wurtzite
structure.Following the methodology of Masudet al, 30 mM of Zn(CRCOO)
(hereafter labeled as Zn#dn 50 C water and 30 mM of N¥were prepred as stock
solutions(Masudaet al, 2007) For accurate preparation of the requiredsNitbck
concentration, the concentration of a 5% N$blution used for the stock solution
preparation was determined by titration prior to each experiment. For all reactions, the
30 mM NHs stock solution at room temperature was vigorously stirred into an equal
volume of 30 mM ZnAgsolution (at 50 C). ThepH of the reaction solutions was 7.0

0.1. The mixtures wersealed anglaced in a watebath set at 50C for upto 48

hours ZnO precipitation took place in three steps, whereaemolar ratio between zinc

ions and hydroxyl ions was achieved in thsetegn

1) Dissociation of precursor; Zn(CHCOO) z 2+ 2CH;COO?*
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2) Protonatiorof base; NHz3 + HO 7z 4NHOH"

3) Precipitation of ZA*ions; Zr?* + 20H MHZnO + HO

During the course of the reactions, samples were taken from the reaction vessels at
selected times®°( 2 min). Samples were collected in triplicate and cémjed at
13000rpm for 3 mirutesto separate precipitates from the supernatants. The precipitates
were washed three times with dg Cleaned precipitates were dried at -C0using a

Virtis-110 freezedryer.

3.5 Characterization

The crystallinity of the precipitates obtained was characterized using XRD
(PANal ytical XO0Pert PRO, Cu KU radiation
samples (if necessary) were packed into an aluminium sdmjfger and scanned from

5 to 80 of 2g at an accelerating voltage of 45 kV, 40 mA filament current, using a
scan speed of 0.0&! at room temperature. Diffraction patterns were analyzed using
X0Pert-HighScore Pl us (Ver si on 2. 0a) prc
background determination and peak identification. The morphology and size of selected
precipitates were studied ugirSEM (JEOL JSM-840A, 20 kV, gold sputisvated
samples). For ZnO crystal size analysis, more than 30 crystals were studied for each
sample and the aspect ratio (L/D = length/average diameter) of each individual crystal
was determined using the Javasedimage processing progranim@agedsoftware).

ATR (Perkin Elmer Spectrum 10BeriesSpectrometer with DiamofdRS-5 crysta)

was used to detect the functional groups present in the lyophilized precipitates. Spectra
were averaged from 32 scans at 2'aresdution with air as background. The amount

of non ZnO component in the precipitates was determined by TGA (Mettler Toledo
TGA/SDTA 85F) where samples were heated at ©dmin™ from 30"C to 900 C in

air to ensure complete combustion of all organic matefihe chemical constitution of

the precipitates was investigated by XPS using a VG Scientific ESCALab Midly X
photoel ectron s pe draysourcel{ & 14836 ev)h SymihlesizadU X
precipitates as well as control samples (purchased ZnO 9@%) and ZnAg
(99.99%))were ground and then mounted on standard samples holders. Survey spectra
were collected covering the fullE range from 0-1200 eV using a step size of 1 eV, a

dwell time of 0.2 seconds and a PES50 eV.To compensate for surfacéarging
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effects in the insulating samples, all binding energies were corrected with reference to

the saturated hydrocarbon C 1s peak at 28%.0High resolution core level spectra of

the Zn 2p, C 1s and O 1s peaks were collected using a PE of 20 e¥fausizeof 0.2

and a dwell time 000.4 s which were subsequently decc

standard mixed Gausskuorentzian components using CASAXPS software.

3.6 Results and Discussion

3.6.1Zinc Oxide Formation via Intermediate(s)

Previous studies in our @up by Dr Liang(Liang, 2010)showed thathe reaction of
ZnAc>-NH3z occursvia an intermediatea kyered structure that only later transforms to
the oxide phas&ith ZnO being the major compound in the sample at 16 hours and
beyond. In this studyhe presence of the intermediate, identified as Layered Basic Zinc
Acetate (LBZA) with formula Zns (OH)s (CH3COO)-2H:0), was studied bySEM,
XRD, ATR, TGA and XPS.SEM results showed twdlifferent species within the 1
hour precipitate and 2%r 48hours precipitates, characterized as LBZA (Figure 3.5a)
and ZnO (Figure 3.5b), respectively. The anisotropic growth of the crystals was
observed since the aspect ratio).bf the ZnO crystals showed an increase from ~4 at
24 hours to ~7 at 72 hours (Appendix 3.1).

Figure 3.5SEM images of precipitates of the Blank at (a) 1 hour, (b) 24 hours and (c) 48 hours.

XRD diffraction peaks of ZnO, corresponding to the hexagonal wurtzite structure
(JCPDS card No. 36451, space group6smc), were detected in the 2dnd 48hours
precipitates (Figure 3.6a). Peaks at 3134.2, and 36.1 matched with the 1(010),
(0002), and (101) planes of ZnO respectivel{Bragg, 1920; Govendest al, 2004;
Masudaet al, 2007) as well as ottr characteristic peaks withirgaf 40-80i. For the

early stage precipitate (four precipitate)a series of diffraction peaks spaced loyo?
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6.8, 13.4« and 20.1 typical for LBZA were observe@Cui et al, 2008; Hosonet al,

2004; Moriokaet al, 1999; Poukt al, 2000; Tokumoteet al, 2003) The most intense

peak at g of 6.8+ 0.1 assigned to the (001) plane of LB4&ui et al, 2008; Hosono

et al, 2004; Moriokaet al, 1999; Poukt al, 2000; Tokumoteet al, 2003)exhibits an
interlayer spacing 013.0 + 0.1 Awhich is in agreement with the reported interlayer
spacing values from ~12 to ~¥5for LBZA (Cui et al, 2008; Hosoncet al, 2004;

Kasai and Fujiha, 2006; Moriokaet al, 1999; Poulet al, 2000) A broad peak at
~33.2° @ 2d was al s o boorspeecipitated (Figune 3.6bJy evhiclh
corresponds to the (100) diffraction in LBZ@noue and Fujihara, 2011; Xiat al,

2011) Interestingly as the reaction progressed, there was a shift towards low angle as a
peak was observed at ~32.9A of 2d in the
This new peak could be attributed to thenfation of an additional intermediate phase
with intercalated carbonate anions besides the acetate aflianget al, 2010;
Patrinoiuet al, 2013)and/or Zn(OH) species which can be gent at the later stages

of ZnO formation(Janget al, 2010; McBrideet al, 2003; Patrinoivet al, 2013;
Shaporevet al, 2007; Wanget al, 2011) ATR analysis gave further evidence
corroborating the formation of a zinc hydroxyl double salt containing both, acetate and

carbonates groups and is discussed in detail below.
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Figure 3.6 (a) XRD charactrization of precipitates collected at different reaction times; the
four-digit and threeadigit Miller indices correspond to the crystal planes of ZnO and LBZA,
respectivel y; and (b) the region from 32A to

confirm the formation of intermediates. Purchased ZnO is designated with a hash.
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The crystallization process was believed to be by the phenomenon known as Ostwald's
Law of phases, as described iec8on 3.1, in which a metastable phase, more soluble
and urstable, is formed prior to the formation of the stable pli@&é#fen and Mann,

2003; RodrigueHornedo and Murphy, 1999Although the characterization of the
precipitates gavanformation about what was present in the sample, without necessarily
explaining how it was formed, the observation of ZnO crystals growing out of the
layered structures gave evidence of LBZA being an intermediate of the reaction (Figure
3.7). These resudt (SEM and XRD data) confirmed that ZnO formation in this ZRAcC

NH3 reaction occurred via the formation of an intermediate compound as follows:

Zn(Ac): k LBZA k ZnO. Even though LBZA was not detected by XRD from
precipitates collected at 24 hours and mejoATR, TGA and XPS data showed the

presence of trace amounts of acetate in these precipitates even though the major

component was ZnO.

Figure 3.7 SEM analysis showing growth of ZnO rods from layered structures for the,ZnAc
NHs system at (a) pH = 7.0 and (b) pH = 7.2. All scale bars are &nd inset 2m.

ATR analysis confirmed the formation of intermediates by observation of characteristic
acetate peaks in the region from 1800 to 1300 ¢Rigure 3.8). The whole ATR
specta of the precipitates are shovn Appendix 3.2. ATR spectrum for the hbur
precipitate (Figure 3.8) showed the presence of acetate (from LBZA) by peaks detected
at 1548 crt (peak ii) and 1392 crh(peak iv) corresponding to the vibrational modes

of carboyl group, asymmetric G and symmetric stretchingnd of COOQO,
respectively(Aisawaet al, 2001; Cuiet al, 2008; Gardener and Perry, 2000; Koleva
and Stoilova, 2002; Nakamoto, 1986; Nataal, 1996; Ogatat al, 1998)and the peak
detected at 1337 cin(peak v) corresponded to thepiane bendinglg) or deformation

of -CHs (Janget al, 2010) A broad absorption peak in the 368600 cm' region
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assignable to the -®1 group of hydroxide or intercalated water in LBZA was also
observed (Appendix 3.2). Besid#ss, for 24 and 48hour precipitates, theas(COQO)

was practically nofexistent (or absent) and instead a peak at ~1505peak iii) was
observed. This peak was attr.d of CO@Fdsot o t he
k n o wns (GO (danget al, 2010) T H(€0:?Y peak is split into two peaks at

1507 and 1391 cPh Hence, the peak observed at ~1391*dor the 24 and 48hour

precipitates does no longer correspond torthéCOO) at 1392 crit found in the 1

hour precipitate. Other peaks arhcteristic of the carbonate group were observed
(Appendix 3.2.), corresponRaicOf (1046cni)he sym
al s o k n(C®f), andsoutaf-plane deformation of C& (831 cni?) (Janget al,

2010) The CQ? species in the samples are believed to originate from the dissolved
carbon dioxide (Cg) present in the solutiofdanget al, 2010)and are incorporated in

the crystalline mineral formg a layered basic zinc hydroxyl double salt containing
acetate and carbonate hereafter referred to as layered basic zinc-carb@tate
(LBZAC) with formula Zrs(OH)x(CHsCOO),(COs),-nH0 (x + y + z = 10)(Patririu

et al, 2013). An additional peak at ~1628 cm(peak i) was observed for both
precipitates which was previously assigned to @i vibrational mode attributed to

the hydroxide slab in LBZA/LBZAGMorioka et al, 1999; Poukt al, 2000)or in this

case, to the hydroxide slab in LBZAC as this peak was mainly observed when
carbonates were detectepeak at 83t previously attributed to C£° can also be
associated with Zn(OH)(Srivastava and Secco, 196 However, this peak became

prominent with the appearance of the others€€@eaks, suggesting that it is more

likely to be associated with G& species rather than Zn(OH)t is however ot clear
whether LBZAC was an intermediate product in the formation of ZnO or only a
byproduct formed as a consequence of the reaction conditioeertheless,
anticipatingthe results discussed in section 3.6.2, XRD and ATR analysis suggests that
LBZAC was present when dissolution of some of the solid phase initially formed was
observed using IGP®ES analysigLiang et al, 2014) The remaining undissolved solid
phase (LBZA and LBZAC) could undergo phase transformation into ZnO. HEnCe,
formation in this ZnAe-NHs reaction occurred via the formation of intermediate
compounds as follows: Zn(Ack LBZA kK ZnO, with LBZAC being aplausiblé®

intermediate.
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From the ATR datathe coordination mode of acetate anions t&" fons was deduced

from the difference in frequency (wavenumber) betwegfCOQO) and n{COO),

Dnass (Nakamoto, 1986; Narat al, 1996; Wanget al, 2011) TheDnass value forthe 1

hour precipitates was ~163 dgwhich implied that the COMas coordination type to

Zn?* either forming an ionic metal compl¢Xakamoto, 1986; Naret al, 1996; Wang

et al, 2011)or as a bridging ligan{Naraet al, 1996) Therefore, the acetate present in

the samples did not ari$eom free ions, corroborating the claim that LBZA (contains
zinc hydroxide layers held together by acetate ions and intercalated water molecules) is
the intermediate compound for ZnO formation in this reacfitve coordination mode

of CO:*ionstoZii*i ons was deter mi ned f3(COsff)pdakse di f f
A 33(Janget al, 2010) The A 33 value in precipétes with carbonate present {24d

48-hour precipitates) waB®115 cn¥ which is associated withnidentate coordination

to Zr**ions (Janget al, 2010)

Absorbance (a. u.)

1800 1700 1600 1500 1400 1300
Wavenumber (cm™)

Figure 3.8 ATR spectra of prapitates collected at (a) 1 hou(b) 24 loursand (c) 48 burs

TGA analysis showed three stages of weight loss for all the precipitates (Figure 3.9). In
the first stage, the release of physisorbed water occurred at temperatures bel@v 100
(Hosono Eet al, 2004; Pul et al, 2000) The weight loss in this remh was mainly
observed in the hour precipitates; however, the Bdur precipitates showestill a

small presence of water. The second stage showed two overlapping weight loss regions
between 100 and 25@, attributed tahe dehydron of intercalated water (10@ -

168 °C) and thehe dehydroxylation of zinc hydroxide layars LBZA or LBZAC to

form ZnO (168 °C- 250 °C) From the analysis of the precursor, ZpAt was

observed that theedomposition of acetate groups occurred within the third stage of
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weight loss at higher temperatures from 250 to 40@Pa&rinoiuet al, 2013; Poulet

al., 2000; Wanget al, 2011; Xiaet al, 2011) Phase transformation of intermatdis
was clearly observed in StagéFRigure 3.9) where the Hour precipitate had the major
weight los in the first region (100 °€168 °C) while the 4&ours precipitde had the
major weight loss within the second region (168-250 °C)(Liang et al, 2014) The
thermal decomposition of the precipitates taken at 1 hour of reaction resulted inta 33.3
1.5% (Figure 3.9 inset) weight loss whighvery close to the 34 38% weight loss
reported for LBZA in the literaturéHosonoet al, 2004; Xiaet al, 2011) This data
further supports LBZA beindhe major component of the initial precipitate. With
progression of the reaction, the totaligi loss decreased with the Bdurs precipitae
losing 10.8 £ 2.2% and the 4®urs precipitate losing 4.52 + 1.7%-igure 3.9 inset).
These results indicatetidt for the latest stage of precipitation most of the LBZA was

converted to ZnO.
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Figure 3.9TGA 1% derivative weight loss curves of the precipitates collected during the course
of reaction. Inset is the plof the totalpercentage loss agairtshe.

XPS results confirm the incorporation of Zn, O and C in all the precipitates studied by
detailed analysis of the Zn 2p O 1s and C 1s, at 1021.6 + 0.1 eV, 531.6 £ 0.1 eV,
285.0 £ 0.0 eV, respectivelgf. the survey scan dhe 48hour precipitate (Figure
3.10). XPS analysis of the starting material, ZnR8.99% purchased from Sigma
Aldrich, and the samples at difent times of reaction,-Jand 48hour precipitate,
would seem to support the reaction of ZnO formation oowywia intermediatedy

showing a corresponding reduction in the atomic percentage of C with time due to the
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LBZs being consumed during the reaction (Figure 3.10). These results also include
traces of the ubiquitous carboeactis contamination (C 1ls peak)the so called
6adventitious carbondé present even on t he
detection limits for most elements are of the order of-01% atomic %. Hence, a

sample of purchased 99.999% ZnO was analysed by XPS in order to shahetlC 1s

peak detected in 4Bours precipitate was not just from trace contamination during the

analysis but was also frohBZs in the sample (Table 3.1
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Figure 3.10(a) XPS survey spectrum recorded from atl@gosited 48 hotprecipitate and (b)
from XPS data: atomic % of carbon and zinc in the precursor (ZnAe and 48hour
precipitates.

Table 3.1 Atomic percentages of C 1s, ZnzZpand O 1s peaks obtainedrfraXPS and

the relative ratio of Zn/O.

Sample Description At% C1ls At% Zn2p2 At% O 1s Relation Zn:O
Starting material (ZnAc2) 43.9 17.7 384 0.5
1 hourprecipitate 21.7 32.0 46.3 0.7
48 hourprecipitate 18.9 41.0 47.6 0.9
Zn0 99.999% 130 445 42 .4 1.0

Corelevel spectra of adeposited precipitates were carefully studied for Zs2@ 1s
and C 1s regions. The measured ZgJ2pgion, in Figure 3.11a, was fittedth three
components for the hour precipitate, with BE values of 1021.5 eN)22.6 eV ad
1019.9 eV whereas for the #®urs precipitate only two peaks were required, with BE
values of 1021.8 eV and 1022.5 eV. The BE value of 102D.2 eV is very close to

64



Chapter3: Mechanism of Zn®ormation from AgqueouSolution of Zinc Acetate

the corresponding reference value of 1024.@.1 eV for crystalline ZnWagneret

al., 1979)and the BE value found for the purchased Z{99.999%) as shown in
Appendix3.3. A recent study has shown that depending on the ZnO morphology the BE
can vary+ 0.3 eV, with lower values attributed to ZnO nanoparticles and higher values
to ZnO nanorod$Al-Gaashanet al, 2013) The different local chemical states of the

Zn ionsin the precipitates indicate the presence of Zn ions in a mixed environment, as
is the case for LBZA/LBZAC. The presence of a higher binding energy component,
such as the BE value of 1022:6).1 eV, can be attributed either to acetate Zn groups
(Zn-OCOCH) or hydrated Zn (z+©OH) (Huanget al, 2010) The study of Zn 2

region for ZnAe (Appendix 3.3) indicates this higher BE value corresponds to carboxyl
groups present in either ihBZA or LBZAC. The other lower binding energy
component at 1019.9 eV for the Hour precipitate is in accordance with the
corresponding BE values (1019% 0.6eV) of LBZs with a general formula
[(Zn°3(Znte",(OH)g] >*-2(A")-nH.0 (Baieret al, 2012) The absence of the last peak

at 1019.7+ 0.6 eV in the 4&ours precipitateand the increase of the % Area of the Zn
2ps2 peak correspating to crystalline ZnO (102150.3 eV) indicates the LBZs were
consumd and most of the intermediates were converted to ZnO. The O 1s region was
fitted with three peaks for both preitgges (Figure 3.11). For theHbur precipitate a

peak was detected at 529.9 eV, a value which is in between that of the BE values for O
in crystalline ZnO (530.1 eVMoulderet al, 1992)or/and condensed zincoxanéZn-

O)x-) bonds (529.7 eV[Huanget al, 2010) For the 4&ours precipitate, this peak was
shifted to 530.1, being closer to lattice oxygen from ZnO (Appendix 3.3). A second
peak at 531.& 0.2 eV oxygen was assigned to a hydroxylated oxide surfac®kgn
(Deroubaix and Marcus, 1992; Huarg al, 2010; Jinget al, 2006)also present in
LBZs. The third peak at 532450.2 eV, was close to the BE value of 532.3 eV reported
for carboxyl groups (CO® (Lofgren et al, 1997) which was proved by the XPS
spectra of ZnAg where the same peak (at 532.2 eV) was observed in the sample
(Appendix 3.3). Further observation of the % Area of the peaks, where the increase of
the O 1s peak aaeattributed to crystalline ZnO was proportional to the decrease of the
Zn-COO and/or ZnOH area which indicates that the reaction of hydrolysis and
condensation of ZnAtas occurred. The C 1s peaks for the precipitates consisted in
two principal componats (Figure 3.1 at 285.3+ 0.1 eV and 288.% 0.3 eV
corresponding to the methyl group and the carboxyl g{Baierini et al, 2007; Clark

et al, 1976) respectively; which was confirmed byadysis of ZnAg (Appendix 3.3).
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For clarification, theBE values of the Zn 2p peak for crystalline ZnO can vary by

£ 0.9 eV and there is a small difeerce between the BE values in Zn metal and ZnO
(Table3.2). Although the presence of Zn metal is discarded due to the reaction system
conditions and neither was it detected by any other technique employed during sample
characterization; for example, XRBould show the characteristic diffraction peaks of

Zn metal at around 20.4°d2degreesZnO (Singh and Gopal, 2007jo discard the
presence of Zn metal in our system, it was far better to look at the Zn pegler(Zn

LMM) using values of kinetic energy (KE) where there exists a much greater chemical
shift of > 3eV, being these two element environments (Zn metal and ZnO). The XPS
survey spectra and ti@ Auger high resolution scgfigure 3.12) showed 2n LMM

peak at ~988 eV which is attributed to Ztfi@mekuraet al, 2007) whereas the KE
peak for metallic Zn would be expected at 992(Amekuraet al, 2007)

Table 3.2 Literature reported values of the Znsginding energy of ZnO and Zn

metal.

Zn 2p32BE (eV) Reference Zn 2ps2BE (eV) Reference
Zn0O Zn metal

1022.0 Wagner 1979 1021.6 Wagner 1979
1022.2 Kim 2005 1021.7 Biesinger
1021.0 Biesinger 2010 1021.5 Kim 2005
1021.2 Gaashani 2012

1021.5

(a) Name Pos. Area At% (b) i

Zn 2p3/2 465.37 383831.7 11.9 Name  Pos.
[ ZnLMM 988.37 158218.0 88.1 1 ZnLMM 987.87 A
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Figure 3.12(a) XPS Survey spectra of a sample collected at 48 hours of reagaiib(b) the Zn

Auger high resolution scan.
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Although, the presence of LBZA/LBZAC was confirmed by ATR, TGA and XPS by
identification of acetate groups, it has been shown that acetate geoupg @dsorbed

on the positive Zn faces of ZnO and suppress growth along the polar (001) gkaod i |
et al, 2011) Therefore, a study of the methodology followed for the washing of the
precipitates was carriedut to ensure the acetates detected were not sunfiace
adsorbed but from the intermediate(s) phases present. Further, this experiment was
needed as for XPS the values that have been reported for ac&&®)(and
carboxylic acids{OOH) are too closto tell apart, i.e. C1s peak for carboxylic acids

are 289.0- 289.3eV (Briggs and Beamson, 1993hd C1ls peak for acetate are 289.1

eV (Ballerini et al, 2007;Clark et al, 1976) Hence, a ZnAgsolution was added to a
sample containing pure ZnO and incubated for a period of time in order to quantify the
amount of acetate that could be absorP®opendix 3.4. Samples wersubjected to
thermal decompositioand the weight loss was determined after b&iegted in a three
different ways: (a) not washed, (b) washed once and (c) washedAppendix 3.4.

The last procedure corresponded to the one followed in this study. Results showed, in
Appendix 3.4,the anount of organic material found in tested precipitates was lower
than the amount observed in the samples collected during the ZnO synthesis process
(between 4- 33%). Therefore, it was believed that thecetates detected largely
originated from intermedia{s) species rather than adsorbed acetates on the surface of
the particles present.

XRD, ATR, TGA and XPS analyses (and also SEM results) confirmed that for the
reaction between ZnAand NH at 50 °C and pH 7.0 £ 0.1 the synthesis of ZnO occurs
throughthe formation of intermediate compounds: LBZA and possibly LBZAC.

3.6.2Comparison of Different Mechanisms of ZnO Gowth via LBZs

For a better understanding of the ZnO growth mechawiarmtermediates, LBZs, the
results obtained using th&nAc>-NHsz system were compared with another
hydrothermal method described by Tomczak andvodkers(Tomczaket al, 2009)

using zinc nitrate hexahydrate (Zn(B)@6H20) and 1,3nexamethylenetetramine
(HMTA) asprecurseos which in this case the intermediate formed thorough the reaction
was Layered Basic Zinc Nitrate (LBZN), with formulas@Oz)2(OH)s-xH20. For both
systems, equal molar ratio between zinc ions and hydroxyl ions was achieved. The
concentration of Zrprecursor an base used in the ZpAg#z system (15 mM) was
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lower than the concentration used in the ZnfN®H.O-HMTA system (50 mM);
however, these concentrations were necessary to maintain neutral pH where the
formation of elongated hexagonal ZnO rodsws as explained/shown in section 3.2.
For clarification, the ICROES data was obtained by Dr Liafigang, 2010)and Dr
Limo (Limo, 2014)for the ZnAe-NHz system ad the Zn(NQ)2:6H.O-HMTA system;
respectivelyNote that, Figure 3.13 i@ schematic representation with average values;
graphs with error bars can be foumdthe above mentioned thesd®oth synthesis
routes supported the growth of twinned hexagonal.rbldsvever, the progression of
solid phase transformation from LBZs to ZnO showed a dissolution/reprecipitation
process in the Zn(GOOr-NH3 system, which did not occufor Zn(NGs)2:6H20-
HMTA system (Lianget al, 2014).

By monitoring the Zn** remaining in solution using IGBES technique, it was
observed inthe Zn(CHCOO)-NH3 system thatimmediate precipitation of LBZA
occurred when mixing the reagents consuming a high fracfiamc ions present in the
solution (Figure 3.3). As explained in &ction 3.1, the formation of more soluble and
unstable precipitates establishes a metastable phase that with time recrystallizes to more
stable phase (Ostwaldés Law of phlhaaes) ;
been facilitated by the ready availability of hydroxide ions (Atdm the hydrolysis of

NH3z (Amin et al, 2011; Hosonet al, 2004) As previously showed; XRD, ATR, XPS

and TGA analysis gavevelence of the transformation of LBZA to Zr@er time. As
acetate groups in the LBZA structure were continuously liberd@adiah and Dutta,
2009; Wanget al, 2011) dissolved carbon dioxideould have gradually been
incorporated forming LBZACIt should be noted that a fraction of ttiesolved carbon
dioxide could be readily in agqueous solution since initiation of reaction, hence also
aiding for the formation of LBZACWith the progressionf the reaction to 24 hours,
partial dissolution was observed releasing*Zons back into solution (Figure 3.13)
which was believed to be due to the formation of LBZAC. This was supported by
findings from XRD (Figure 3.6b) and ATR analysis (Figure 3w@)ich showed that
LBZAC was present when dissolution was observed {0ES data)The amount that

was dissolved may have been the amount needed to sustain the growth of ZnO.
Particularly in such a zinc ion deficient system, the dissolution of intermediatep
which are thermodynamically unstable and solyevenderet al, 2004)may have

been induced to sustain the growth of more stable ZnO hexagonal crystal rods
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(Govendetret al, 2004; Liu and Zeng, 2004; Yoreo and Vekilov, 2003)e amount of

LBZs that decreased over time as shown by TGA analysis cannot be accounted for by
the dissolution process, thus, it is believed thatbulk of the intermediate was phase
transformed into Zn@Figure 3.7) In the second method, Zn(N@6H,0, Zrf* ions

in solution were gradually consumed over time (Figure 3.13)us, phase
transformation of intermediates and growth of ZoCcurred vith no evidence of

dissolution and rprecipitation of zinc ions.
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Figure 3.13.ICP-OES analysis showing percentage of*Zim solution with respect to the

initial concentration of Z# as a function of reaction time for synthesis of ZnO hexagonal rods
using two methods: (a) 15 mM ZnA¢ 15 mM NH; pH 7.0 £ 0.Xcircular marker points) and

(b) 50 mM Zn(NQ)2-6H,0O + 50 mMMHMTA, pH 6.9 + 0.1(square marker pointspchematic
representatin of solid phases present is also shown. Images of ZnO rods are drawn to scale;
ZnAcz-NH3 system (L/Dans = 4.4 = 1.8; L/Qsns = 5.9 + 0.9) andZn(NGs)z-6H,0-HMTA

system (L/Dsns= 2.6 £ 1.3; L/Dsns= 8.9 +£3.3).Figure fromLiang et al.(2014.

As explained in 8ction 3.2, the hydrolysis of HMTA and the slow release of iOhk
may drive the process of ZnO precipitat{@ovenderet al, 2004; McPealet al, 2011;

Stranoet al, 2014) Though, there are different views in the literature on the precise
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role of HMTA in the solution synthesis of ZnO, it is suggested that the anisotropic
growth of ZnO crystals can be due to HMTA either buffering the ptef®blution and
controlling the saturation indexMcPeaket al, 2011)or attachment to the nonpolar
facets of ZnO acting as a capping agent and, hence, promoting the vertical growth of
ZnO nanorod along theaxis (Sugunaret al, 2006) Other recent studies have shown
that both events happen simultaneously and suggested the double role of HMTA in the
growth of ZnO nanorodg§Kumar et al, 2015; Stranoet al, 2014) Speciation
calculations by Govendeat al. showed that the pH at which the bath is supersaturated
with respect to the hydroxide containing zinc nitfat#MTA or zinc acetatemmonia

in a molar ratio of 1:1 was exactly the same, {&8venderet al, 2009 . However,

the working pH for the zinc nitrate system in this current study was slightly lowet (pH

6.9 £ 0.1) than in the zinc acetate system (pH =#.0.1). It is believed that small
differences in supersaturation at a given pH could affect ti® @recipitation points
(Govenderet al, 2004) It has been shown, that depending on the counter ion present
for a given system, the periods for ZnO precipitation may be different, such that for a
bath contaimg zinc acetate longer periods are required than for zinc nitrate. Thus,
smaller ZnO particles are commonly formed when using acetate salts compared to ZnO
particles generated in the presence of nitrate gidlimar et al. 2015). This current
work, may g&e evidence the longer periods required in zinc acetate baths are due to the
ZnO growth mechanism going througlliasolution/ reprecipitation process which does

not occur in the case of zinc nitrate baths; however, it should not be discounted that the
difference in the concentration of Znions present in the Zn(N{-6H.0-HMTA
system had a higher concentration which may allow for further growth of the ZnO
crystals. ZnO crystals obtained using #1g§NOs)2-6H.O-HMTA system had a greater
aspect ratio, 8.2 3.3, than those obtained from the ZaMAH3 system , 5.9 + 0.9, for

the 48hours precipitates.

The grain sizes from XRD data calculated using the Scherrer equation also supported
the observation of bigger particles in the nitrate system, sinaecegase in crystallite

size was shown for the Zn(NJR-6H.O-HMTA system with respect to the ZnABIH3

system (Liang et al, 2014). In both systemsjalues obtained for the-axis associated

with the (0001) plane we greater than the values for thexas associated with the
(1010) plane which could be correlated to anisotropic growth of ZnO(tadsg et al,

2014).
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3.7 Conclusions

The ZnO growth mechanism was intigated via ahydrothermal synthesis method
using asprecursors ZnAgcand NH. Through this hydrothermal method, it was shown
that a change of pH can play an important role on ZnO morpholdwgrefore, the
reaction was conducted at 7.0 £ 0.1 to initiate nucleation (reach supersaturation) and to
ensure the growth of wurtzite structured ZnO hexagonal rofisorough
characterization of precipitates formed during the reaction processes, itovas thlat

this synthesis route occunrga intermediate(s) layered structures that only later
transform to the oxide phas€he identities of the solighases formed were confirmed

by data from SEM, XRDATR, XPS and TGA analysis. hE first intermediate
identified was LBZA, followed by the formation of LBZAGwvhere carbonates
originated from dissolved CQpresent in solution.The observation of ZnO crystals
growing out of the layered structures gave further evidence of LBZA being an
intermediate in the reaoh.

The influence of synthesis conditions on product formation, precipitation processes and
phase transformation was demonstrated by comparison with another hydrothermal
synthesis route using zinc nitrate and HMTA as a precursors and also known tmresult
the formation ZnO hexagonal rodss demonstrated, depending on reaction conditions
ZnO growth can take place via dissolutiorgrecipitation processes and/or sefidase
transformation. In the ZnAeNHs system, solid-phase transformation from
intermadiates to ZnO involved a dissolution andprecipitation process; resulting in an
immediate precipitation of LBZA, partial dissolution of LBZAC releasing'Zions

back into solution, consequently leading to gorecipitation process facilitating further
growth of ZnO crystals. For th&n(NOs)2-6H.0O-HMTA system, no dissolution/re
precipitation processwas observed and growth of ZnO crystals occurred

via solid-phase transformation from an intermediate identified as LBZN.
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Chapter IV
ZnO-binding peptides studies

4.1 Introduction

The identification of biominerahssociated biomolecules has shed light on how
biominerals are formed in living organisms. This ha® &d to the use of the bioinspired/
biomimetic approach for materials synthgdtann, 1998; Sanchez al, 2005), even for
non-biologically produced minerals such as ZiiOan et al, 2002). Despite ZnO not
being found in living organisms, to date, more than twenty-Bm@ding peptides (Zn©
BPs) have been identified from either cell surface dis@laynczaket al, 2009; Umetset

al., 2005) or phage display librarig$solecet al, 2012; Rothensteiat al, 2012; Tomczak

et al, 2009; Umetsu et al, 2005) However, only a few peptides such as
GLHVMHKVAPPR (G-12) (Liang et al, 2011; Limoet al, 2015) EAHVMHKVAPRP
(EM-12) (Togashiet al, 2011; Umetset al, 2005) and derivatives GLHVMHKVAPPR
GGGC (GF16) (Liang et al, 2011; Muthukumar, 2008nd EAHVMHKVAPRRGGGSC
(ET-17) (Muthukumar, 2009; Umetset al, 2005)have been studied further. The addition
of GT-16 during ZnO synthesis has been shown to reduce the aspect ratio of the ZnO
crystals formedTomczaket al, 2009) In order to unravel the cause(s) of aspect ratio
reduction by this Zn@BP, our group conducted some studies usinfj2GLiang et al,
2011; Limoetal., 2015)and/or GF16 (Liang et al, 2011; Limoet al, 2015) The direct
evidence obtained suggested that (i) ZnO aspect ratio reduction occurs via an adsorption
growth inhibition mechnism, (ii) G12 adsorbing on both (0001) and {10) planes of
ZnO is sufficient to reduce the ZnO aspect ratio (the G@&&gds not essential); and, (iii)
the GGGCtag is responsible for the selective adsorption ofl&Ton the (0001) plane of
ZnO crystés. Also, the addition of @2 in different ZnO experimental systems led to
modification of the growth mechanisr{isang et al, 2011; Limoet al, 2015) Studies by
others have shown thalhg addition of ETL7 into stable Zn(OH)sols catalyzes ZnO
formation, directing a flowetype anisotropic crystal growttUmetsuet al, 2005) The

catalytic effect of ET17 is generated either by the presence of thel2Msegment or

73



Chapter4: ZnO-Binding Peptides Studies

GGGSCGtag (Umetsuet al, 2005) The catalytic effect of EEIL7 was further confirmed as
ET-17 attached to a genetically moddieollagen template was able to generate ZnO
nanowires (Bai et al, 2009) In general, wellstudied ZnGBPs are strongly basic.
Recently, Mooret al. have performedh vitro studies of an acidic sequence, VPGAAEHT,
identified by phagealisplay. The presence of this peptide strongly influenced ZnO
morphology (from needléke structures to microspheres) as well as optical emission
propertiegMoon et al, 2015) A green emission degase was observed in the presence of
such peptide due to surfapelated oxygen and zinc vacancies in the ZnO structure and,
further, when adding higher concentration of peptide blue emission emerged from oxygen
and zinc interstitials defect@oon et al, 2015) A study proposed to understand the
interactions taking place between the ZnO surface andlEbhowed thatonformational
changes as well as charged amino acids and residues adjacent to the charged aminoacids
are critical to the binding to ZnO(Yokoo et al, 2010) It was concluded that the
electrostatic interaction between ZnO particles and -BRS was enthalpgriven, and
involved hydrogen bonding, as also suggested &y&dhanet al. (Patwardharet al,

2012) The specific binding sites of the ELMR peptide have been explorgdkochiet al,

2010) with the shorter sequencé$yMHKYV and HKVAPR having either high specificity
andbr affinity for ZnO nanoparticles. Additionally, it was proposed that ZnO binding did
not depend on hydrophobicity or other physical parameters but ZnO recognition of the
specific amino acid alignment tiese peptide€kochiet al, 2010) Morphology changes
observed for ZnO growth in the presence of ZBRs did not lead to random
morphologies. For example, the addition of H or dipeptides from its sequencee (..
Met-His or HisLys) during solution synthesis using Zn(QHis a precursor, suppressed
crystal growth of ZnO in the (0001) directiGhogashiet al, 2011)

The coordination of Z&1 with proteins plays an ingotant role for the structural stability

and functionality of proteins in living organisms as evidenced in metalloproteins such as
metallothionine and zinc fingers of DNBinding proteins(Bertini, 2007) Zr?*-proten
complexation occurs at specific domain(s) via the side chains of amino acid residues
namely; sulphur atoms of cysteine and methionine, nitrogen atoms of histidine, and oxygen
atoms of aspartic acid and glutamic a@gertini, 2007) In experimental studies using a

Zn(NOs)2-HMTA hydrothermal reaction, Gerstet al demonstrated that the presence of
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aspartic acid, glutamic acid, and their corresponding dipeptides protlBetd(layered

basic zinc saljsas opposed to the expected Zf&erstelet al, 2006) They also observed

the formation of soluble complexes when higher concentrations of these additives were
used and proposed that Zyadditive complexation vieelectrostatic interaction was
responsible for LBZs or soluble complex format{@erstelet al, 2006) More recently, it

has been shown that the presence of peptides with different isoelectric points (in the acid,
basic and neutral range) using a Zng¥NaOH hydrothermal reaction also formed LBZs

as a metastable phase during the precipitation process. It was suggested that negatively
charged peptides intercalated easily in metastable LBaser et al, 2012) Previous
studies have shown that the formation of ZnO (without additives) occurs via
intermediate(s), LBZs, that only later transform to the oxide phase (@&d3pno Eet al,

2004; Janget al, 2010; Patrinoiwet al, 2013; Poulet al, 2000; Tokumoteet al, 2003;

Wang et al, 2006; Wanget al, 2011) This crystallization process usually occurs by a
phenomenon known as Ostwald's Law of phg¥&seo and Vekilov, 2003)n which a
metastable phase is formed prior to the formation of the stable phase. In a tedent s
conducted by our group, the ZnO growth mechanism without the presence of additives has
been described and compared for two diffedeydrothermal methods: (a) zinc acetate
(Zn(CHsCOOY) and ammonia (Nk} and (b) zinc nitrate hexahydrate (Zn(B£6H.0)

and 1,3hexamethylenetetramine (HMTA(Liang et al, 2014) Both synthesis routes
supported the growth of twinned hexagonal rods. However, the progression of solid phase
transformation from LBZs to ZnO showed a sdikition/reprecipitation process in the
Zn(CHCOO)-NH3 system, which did not occufor the Zn(NQ)2:6HO-HMTA system
(Lianget al, 2014).

In the current study, the effect of the peptide -E®/ (identified by phag display
technique) and its mutant EI2 during ZnO formation was investigated using the
Zn(CH:COO)-NH3 hydrothermal methodMasudaet al, 2007) A specific aim of the
investigation was to explore the effect of in@ieg the number of potential complexing
groups on ZnO formation, for instance, the replacementathionine (M) with cysteine

(Cs) in the peptide sequence. Although both peptides affected the crystal formation process,
only EC12 was shown to interact Withe solid phase(s) formed during the reaction. From

the results of detailed materials characterization and changes in the morphology observed,
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the interactions between the peptide(s) and solution and solid state species present during

the process aZnO crystal formation in the presence of EN and EC12 are proposed

4.2 Materials

Zinc acetate (Zn(CCOO), 99.99%), piperazine @EioN2), DIPEA (CsHioN), TFA
(CoHR30»), thioanisole (GHsS), DODT CsH1402S2), 1 M HCI, Zinc atomic absorption
standard solution (1000 ppm), 1 KOH potassium hywxide volumetric standayd
acetonitrile (ACN) and sodium chloride (NaCl) were purchased from S#jdrich;
ammonia solution (N& 35%), Ethanol (€HsO), DMF, dichloromethaneQCM), NMP,

and diethyl ether were purchased from Fisher Scientf8TU and all Fmoeprotected
amino acids required for peptide synthesis were purchased from CEM Corporation while
the prolinepreloadedTGT resins were obtained from Novabioclfemll chemicals were

used without further treatemt. The solvenfor all ZnO synthesis reactions wagHO with

conductivity Yl ess than 1 &S c¢cm

4.3Zn0 Synthesisin the Presence ofPeptides

ZnO crystals were synthesized follogithe methodology described ie@ion 34. In this

case, 24 ml of 31.25 mM of N#stock solution at room temperature was vigorously stirred
into 25 ml of 30 mM ZnAg solution (at 50 C) followed mmediately by the addition of

1 ml of the prepared peptide solutions; giving final peptideceatrdions in a range of
0.5mM. The pH was also checked and regardless of the peptide identity and the
concentration of the peptide used, the pH of the reacaations was maintained to
7.0° 0.1. For this study, samples were taken from the reactisseieat 24 and 48 hours

(° 2 minutes.

4.4 Peptide §nthesis

EM-12 and EC12 were prepared by solid phase methods using a micreagssed solid
phase peptide synthesizer (CEM Corporation) via Fmoc chenfidlioyving methodology
described in &ction 2.9, Chapter 2 The purity of the lyophilized peptides was analyzed
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with a Dionex HPLC equipped with a UV detector (set at 214 nm) and a Jupiter 4u Proteo
90A C12 Reverse Phase column (Phenome(seg ®ction 2.10,Chapter 2 for analysis
detailg. The purity of EM12 and EC12 was determined as 88% and 93% respectively.
The m/z (mass to charge ratiof the peptides was measured by Dr Graham Hickmann
(The John Van Geest Cancer Research Centre, N3idy a Bruker UltraflexIll TOF/TOF

mass spectrogirer and analysed with BrukerDaltonicflexAnalyssoftware. The
molecular weight (Mw) of EML2 and EG12, 1371.8 g/mol and 1343.7 g/mal,
respectively; was confirmed with their measured m/z of 1371.6 m/z and 1343.6 m/z,

respectively (Appendix 4.1).

4.5 Characterization

The crystallinity of the precipitates obtained was characterized using XRD (PANalytical
X6Pert PRO, Cu KU radiation with waveleng
necessary) were packed into an aluminium sample holder and scanned foo@®5of 2q

at an accelerating voltage of 45 kV, 40 mA filament current, using a scan speed 0§0.02

lat room temperatur e. Di f fr act-HighScorp Rlist er n s
(Version 2.0a) program for diffractogram manipulation, backgroundrrdetation and

peak identificationThe mean crystallite size (grain size) ratio obhod aaxis i.e. (0001)

pl ane was estimated using the Seobarddaer equa
the grain size, Xay wavelength, the fullvidth athalf-maximum (fwhm), and the Bragg

angle, respectivelyThe morphology and size of selected precipitates were studied using

SEM (JEOL JSMB40A, 20 kV, gold sputtecoated samples). For ZnO crystal size
analysis, more than 30 crystals were studied for easiple and the aspect ratio (L/D =
length/diameter average) of each individual crystal was determined using tReadada

image processing progranmageJsoftware). ATR (Perkin EImer Spectrum 18@ries
Spectrometer with Diamond/KR% crystal) was used tdetect the functional groups

present in the lyophilized precipitates. Spectra were averaged from 32 scans &t 4 cm
resolution with air as background. The amount of-do® component in the precipitates

was determined by thermogravimetric analysis, TG/AettMr Toledo TGA/SDTA 85)

where samples were heated at @@ min™ from 307C to 900 C in air to ensure complete
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combustion of all organic material. The chemical constitution of the precipitates was
investigated by XPS usingg VG Scientific ESCALabMkIl X-ray photoelectron
spectromet er irwdy hs camt488e e\(KiBamples were ground and then
mounted on standard sample holders. Before analysis of the sarhpleslibration and
linearity of the binding energy scale was checked wiplur silver sample using the peak
positions of the A@ds2 photoelectron line (at 368.268/) and the AgMNN Auger line (at
1128.78 eV)Survey spectra of precipitates were collected covering th&HEitange from

0 - 1200 eV using a step size of 1 eVgwell time of 0.2 seconds amE of 50 eV. High
resolution core level spectra of the ZrZpC 1s, O 1s, N 1s and S 2p peaks were collected
using a PE of 20 eV, a step size of 0.2 and a dwell time of 0.4 seconds, which were
subsequently deconvoluted can yt t e d using S t a-hatemtriah mi x e
components using CasaXPS software. To compensate for surface charging effects in the
insulating samples, all binding energies were corrected with reference to the saturated
hydrocarbon C 1s peak at 285.0 @ding the CasaXPS software.

4 .61TC studies

Isothermal Titration CalorimetrylTC) was used to studpeptidemineral interactions

ZnO crystals for this study were calcinaup to 500°C using a heating rate of 2C/min

during 30 minutes in order to elingte any presence of organic material such as acetates
from possible intermediates of reaction. The calcined ZnO was then characterised by ATR,
XRD and SEM analysis to ensure no other compounds apart from Zn(pregssnin the
sample(Appendix 4.2) A stack solution of ZnO (0.015 M) was prepared by suspending a
known weight of ZnO partles in HPLC grade water (1.2 rmyl™) and followed by
sonication for 30 minutes. ITC ZnO solutions (0.05 mM) were prepared from the stock
solution. The concentration dfiese samples was checked using-@FS (Perkin Elmer
ICP-OES Optima 2100DV). The average concentration éf ¥ms present in the samples
prepared (= 6) was 0.050 = 0.00shM. The instrument used to carrytdhese ITC studies

was a MicroCal VATC devdoped by GE Healthcare. The experimental optimization was
achieved by varying a number of experimental parameters: the total number of injections,
cell temperature (°C), reference powgcal-s?), stirring speed (rpm), injection wohe

(ul), injection duation (9, spacing between injections) (syringe concentration (mM) and
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cell concentration (mM). Optimization was required to (i) reach the satwetidypoint of

the reaction, (ii) to minimize interference imeasurecheats and (iii) to obtain sufficién
measurements for prediction of curve shafie parameters selected for the experiments
were; cell temperature at 2&, reference power of 1fcals! and stirring speed of the
syringeof 394 rpm to maintain ZnO particles in suspension. Total volum#icell and
syringe were 1.4 ml and 280 pl, respectively. Periodical injections of 10 pl were executed
every 120G for thefirst 10 injections and 1000 #®r the remaining experiment. The
spacing between each injection in seconds was programmed tof@illeguilibrium to be
reached after each injection. Each experiment had a total duration of around 8 hours. The
concentrations of ZnO in the cell and peptide in the syringe were chosen to reach
saturation. Previous studies in our grdiypmo and Perry, 20153howed that saturation

can be attained using a relation of [ZnO]/[peptide] between 0.@285. Thus, 1.2 mM
peptide (EC12) was prepared for a ZnO concentration of OnD5.

For this study, several expemmts were carried out prior to the titration of the ZnO
solution with peptideRigure4.1). Firstly, the wateswvater method was run before and after

each experiment to make sure both syringe and cell were clean and exempt of any residues
that could remaifirom a previous analysis. Secondly, a wate©O method was performed

in order to check possible interactions between the ZnO crystals and the solvent used in the
system (water). And finally, as peptipeptide interactions can occur in wafeimo and

Perry, 2015)the heat changes measured in the peptater method were subtracted from

the heat changes during the titration of ZnO particles with peptide; therefore, the
observation of heat changes in tfieal titration (peptideZnO method) can be only
attributed to the binding reaction of the peptide with the mineral. Data analysis was
conducted using ORIGIN v7.0 software. For fitting, a 4hoear leastsquare algorithm

with binding sites models avallke by MicroCal was used. Depending on the shape of the
isotherm, the data could be fitted using either identical or two independent sites binding
model. The main difference between the models is that the binding sites can have the same
gH andKg values (me set of identical sites model) or have two different binding sites with
separate values @fH andKg (two sets of independent sites mod€Fjeyer and Lewis,

2008; Limoet al, 2014)
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water-water water-ZnO EC12-water EC12-ZnO
method method method method
Syringe -
ddH,0 EC12 EC12
—> J
Sample cell
dd H20 Zn0O Zn0

Figure 4.1 Scheme of the athodology followed for ITC studies.

4.7 Results andDiscussion

4.7.1Peptide EM-12: Delay/SQuppression of ZnO Formation

The role of EM12 in affecting ZnO formation was explored by characterization of the
precipitates at a series action times (24 and 48 hours). The previous study (Chapter 3)
has shown that in the system using ZnAad NH as precursors the formation of ZnO
occurs via intermediate(s), layered structures that only later transform to the oxide phase,
which have ben identified as BZA (Hosonoet al, 2004; Janget al, 2010; Patrinoitet

al., 2013; Pal et al, 2000; Tokumoteet al, 2003; Wanget al, 2006; Wanget al, 2011)

and LBZAC (Janget al, 2010; Lianget al, 2014; Patrinoiet al, 2013)with formulae,
Zns(OH)g(CHzCOOY-2H,0 and ZB(OH)x(CHsCOO)(COs),: NnHO (x + y + z = 10),
respectively.

Based onthe characterization of the Z#urs precipitates using SEM (Figure24, the
addition of EM12 caused the delay of ZnO crystal growth when increasiageptide
concentration in the reaction solution, with LBZA being the major compound present at
higher concentrations of Ell2. The addition of 0.1 mM of EM2 (Znto-peptide ratio=
150:1) did not affect ZnO formation significantly as ZnO crystals vedrgerved in the
precipitates (Figure 2a). However, in the presence of EN at higher concentrations

(Figure 4.1b-c), either a delay or suppression of ZnO formation was perceived since a
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layered structure with irregular shapes was observed instead diettegonal rods.
Although, the layered structures found in all the samples corresponded to LBZA, a
significant difference between LBZA structures in the predipstdrom 0.2 to 0.5 mM of
EM-12 was observedmore SEM images are shown in Appendix 4.3), testarlike

structures for the highest concentration.

A ol -~ ¢

as in the presene of EMat 24 hours (a) 0. m, (b) 0.2
mM, (c) 0.4 mM and (d) 0.5 mM. All scale bars argrb.

ZnO delay formation was clearly observed in the 0.2 mM precipitate dine tdetection of
ZnO as the major component being delayed to 48 hours (FigikeThis effect will be
referred tfoo ransa tfi doenlBarthieeddM-d2arfottorly caused thdelayed
formation of ZnO (conversion from LBZA to ZnO) but it also caused the inhibition of the
crystal growth along the-axis corresponding to the (0002) méawhich is discussed later
inSection 4. 7. 4A2andEEI 2 een D OEmor phol ogyd) .

Counts (a. u.)

2q (degree)

Figure 4.3 XRD diffractograms of precipitates in the presence of 0.2 mM ofl2Mollected at 24
hours and 48 hourtnsetSEM images of these precipitates. All scale bars ama.5
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XRD diffractograms for all prapitates at 48 hours (Figure 4.4howed that for higher
concentrations of peptide added LBZA remained the main compound. In the presence of
0.4 mM EM12, either characteristic peaks of LBZA or ZnO were detected and for the
highest EM12 concentration stied; 0.5 mM, LBZA remained the major phase at 48
hours (Figure 41) suggesting the suppression of ZnO formation. The presence of LBZAC
(as a main compound) was discounte@@lseflections would have had a larger interlayer
spacing (~19 A) produced by tlse-intercalation of both acetate and carbonate {dasg

et al, 2010; Patrinoiet al, 2013)

L 1| . Blank

’3:\ I | | j,01mm
: i 1| S I
O |8

© id:lz.gsl\ A R . . . 04mM

Id=12.89A 0.5mM
a A A

10 20 30 40 50 60 70 80
2q (degree)

Figure 4.4 XRD diffractograms of the precipitates collected at 48 hours of reaction for the Blank,
0.1mM, 0.2 mM, 0.4 mM and 0.5 mM of ENI2. Fourdigit and threedigit Miller indices were

assigned to crystal planes of ZnO and LBZA, respectively.

TGA results also@nfirmed the delayeébrmation of ZnO and its suppression when higher
concentration of peptide was employ@egure 4.%). The weight losses observed in the
presence of 0.2 mM EM2 and above (25%), supported the presenaELBZA in the
samples (Figurd.5a). The reduction in weight loss from 24 to 48 hours was due to the

phase transformation from LBZA to ZnO. However, less reduction of weight loss was
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observed for the sample containing 0.4 mM of -ER] which is believed to be due to a
mixture of LBZA/ZnO phases present in the samplesshswn by XRD results (Figure
4.4). Additionally, for 0.5 mM of EM12, LBZA remained the major phase up to 48 hours
(Figure4.5a). Previous studies by our group, showed that LBZA was still the main phase
present in the prgutates after 168 hours of reactig¢hiang, 2010; Lianget al, 2014)
Hence, the addition of 0.5 mM peptide suppressed ZnO formation to the extent that LBZA
remained stable for longer per®df time while lower EML2 concentrations still formed
ZnO crystals but slowed down the rate of conversion of LBZA to ZnO. The delayed
formation of ZnO was also supported with th&A 1% derivative weight loss curves
(Figure 4.%) which resulted in threestages of weight loss. For the Burs precipitates
containing 0.2 mM of EML2, the curve was vergimilar to that found for the hour
precipitates in the Blanks ¢8tion 3.6.1), where LBZA was the main phase present in the
samples. With progression fro24 to 48 hours, a cham@f the weight loss region irté&ge

2, could be attributed to the phase transformation of intermediag®bservedSamples
synthesized in the presence of peptide showed a higher weighttlidsstable to acetate
groups ($age3) compared with weight loss from the Blank samples.

(@)s0 % (b) ‘ "
124 hours A aate oV
4513 48 hours Ba ~ oy 07 %0ag o gggonatto
~ 401 =] Q d [ 7
S * £ | i
@ 35 T
5 30 * {_ =
= . % =)
c [J]
5 251 g
3 20 °
3 2 ——0.2mM24h
5 159 g ——0.2mM48h
104 8 —*— Blank 24 h
5/ o 3 1 —e—Blank 48 h
—I—l I |Stage1:  Stage 2 . Stage 3
00 01 02 04 05 100 200 300 400 500 600
[EM-12] (mM) Temperature (C)

Figure 4.5 (a) Total weight loss (%) of precipitates collected the presence of different
concentrations of EM2 (0.20.5 mM) at 24 hours and 48 hours. The starred bars correspond to
samples that are mainly LBZA as observed by XRD and; (b) representative ¥@dritative
weight loss curves of precipitates cotlett at 24 and 48 hours with [EAR] of 0 mM (Blank) and

0.2 mM; whereStage 1 (<100 C) corresponds to theelease ofphysisorbedwater; Sage 2,
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dehydration of intercalated water (100 - 168 C) and/orthe dehydroxylation of zinc hydroxide
layers in LBZA or LBZAC (168 C - 250 C) and; the fage 3 250- 400 C), thedecomposition

of acetate/carbonates groups.

As explained irChapter 3, acetate groups in LBZA can be gradually replaced by carbonate
groups originating from dissolved G@resent in solution, hence a new intermediate can be
observed, LBZAC. At the later stages of ZnO formation (i.e. 48 hours) carbonate species
can be dominant over acetate species, albeit in traces amounts relative to the amount of
ZnO preseniLiang et al, 2014) In Figure 46, it can be observed th&r the sample
containing 0.1 and 0.2 mM of El#2, the peaks identified were similar to those for the
Blank, and arose from traces of carbonate present in the samales (peand iv) even

though ZnO was the dominant compound detected by XRD. For higher concentrations of
peptide studied, 0.4 and 0.5 mM, characteristic acetate peaks were detected (peaks ii, iv

and v), confirming the delayedrmation of ZnO.

i i i iv v

S
S
3
c 0.5 mM
I
2 | 04mM
o
)
2 |02mMm

0.1 mM

Blank

1800 1700 1600 1500 1400 1300
Wavenumber (cm™)

Figure 46 ATR spectra of precipitates collected at 48 hours for Blank, 0.1 mM, 0.2 mM, 0.4 mM

and 0.5 mM of EM12 were peaks correspond to @H vibrational mode attributed to the

hydroxide slab in LBZA/LBZAC, (ii)nssof COQ, (iii) nasof CO*, (iv) nsof COO and/orn; of
CO* and (v)Us of T CHa.
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By XPS, analogous experiments to those performed on the Blanks as in chapter 3 were
carried out. The survey spectra showed the presence of Zn, O and C in all the precipitates
studied (Blanks0.2 mM and 0.4 mM of EM.2), with peaks in the Zn 2p, O 1s and C 1s
regions; having BE values of 1021£#0.2 eV, 531.6 + 0.1 eV, 285.0 = 0.0 eV,
respectively; (Figure Za). From the plot of % area of the C 1s and2gp peaks at
different concetrations of peptide, an increase of the C 1s region with peptidéaaddan

be observed (Figure 4y supporting the supposition that the presence ofl2Mlowed

down the rate of conversion of LBZA to ZnO, as more C is expected with the presence of
thei nt er medi at e. For clarification, the data
usuallypresent in the XPS experimente(®ion 3.6.1); however, the remaining carbon was
thought to be from LBZA, as identified by XRD and TGA.
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Binding Energy (eV)

Figure 4.7 (a) XPS survey spectrum recorded from aegosited precipitate collected at 24 hours
with [EM-12] of 0.4 mM and (b) atomic % of carbon aridc for the 4&ours precipitate with 0.0
mM (Blank), 0.2 mM and 0.4 mM of EN2.

The analysis of cortevel spectra for Zn 2p, C 1s and O 1s regions, Figure84showed

the different local chemical states of each element in the precipitates inglith&n
presence of the elements in a mixed environment. In this case, the precipitate with 0.2 mM
of EM-12 was chosen due to the different solid phase present at 24 hours and 48 hours,
being LBZA and ZnO, respectively.
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Figure 4.8 Core level spectra of as deposited precipitates collected at 24 and 48 hours of
reaction for (a) Zn 24, (b) O 1s and (c) C 1s for 0.2 mM of EM2.
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Corelevel spectra for the ZPp2region (Figure 8a) showed similar Bizalues as found

in the Blanks (8ction 3.6.1) for lhour precipitates (LBZA) rad 48 hours precipitate
(Zn0O), & well as the same number of peaks fitted, corroborating the presence of the
different solid phases present in the samples. The O 1s r@gaure 48b) also showed a

peak at 529.9 e¥hifted to 530.3 eV for 24and 48hours precipitates, respectively. @»

level spectra for C 1s (Figure8¢) showed peaks corresponding to the methyl (~285 eV)
and carboxyl (~289 eV) grougBallerini et al, 2007; Clarket al, 1976)as expected from
thecomposition of the materials

The SEM, XRD, XPS, TGA andATR analyses confirmed that for the reaction between
ZnAczand NR at 50 °C and pH 7.0 £ 0.1 the synthesis of ZnO in the presence -d2EM
slowed down the rate of conversion of LBZA to ZnO; to thieeixthat ZnO formation was
suppressed for the highest concentration of peptide present in the system (0.5 mM of EM
12). The mechanisms in which EM causes this delay/suppression effent be due to
either EM12 stabilized LBZA or retained 2hions insolution; in both cases LBZA is

favoured and is discussed in more detail later in this chapter.

4.7.2Peptide EG12: Stronger Complexation Capability with Zn 2*

A comparison study was carried out using the pepk@rl2, obtained by replacing
methionine (M) with cysteine (G). Residues such as histidine (H), cysteine (C), and
methionine (M) are able to coordinate with’ZspecieqGerstelet al, 2006, Rombaclet

al., 2002; Vogleret al, 2002) For instance, the imidazole substituent in histidine residues
can act as a bridging ligand and coordinate with metal ions as is the case of metalloproteins
(Bertini, 2007) Cysteine can bind toetal ions through its thiolate group, for example, it is
able to serve as a ligand in ferric heme iron most frequently in its deprotonated cysteinate
form (Bertini, 2007)while nondeprotonable methionine is known toordinate Cu(l)
through its sulphur lone paiBertini, 2007) Due to the presence of a deprotonable sulphur
atom, cysteine is proposed to have a stronger complexation capability Witbafmpared

to methionine.

In this study, experiments were performed using two different concentrations-d2.EC

First, 0.2 mM of EC12 was chosen due to the observation of a delay in the formation of
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ZnO in the presence of 0.2 mM of EM2, where the main compound for the precipga
collected at 24 hours and 48 hours were LBZA and ZnO, respectively. And secondly, the
presence of 0.4 mM of EC2 was also studied in order to see if there was a delay and/or
inhibition of ZnO formation at higher concentrations of peptide added. Iprés=nce of

0.2 mM of EG12, XRD results were different from the precipitates containingl2Mas
LBZA was not detected in th&4 hours precipitates (Figure 4& suggesting that no delay

in the formation of ZnO occurred at this peptide concentratitmwever, ZnO crystals
generated in the presence of 0.2 mM of ECwere morphologically different from those
obtained for the Blanks, showing flatter and shorter structures with lesdefieked facets

of the crystals (Figure @b(i)-(ii)). For the higherconcentration of peptide added, 0.4 mM

of EC-12, samples showeivinned spherical crystals (no facets of the crystals) (Figure
4 9b(iii)-(iv)) instead of twinned hexagonal rods commonly observed for the Blanks and no

evidence of delayetbrmation of ZnO vas observeth the precipitates (Figure 4a)

0.2 mM of EC-12:

A A 48 h
> A*_J*L‘ 24h
S
%) )
= 0.4 mM of EC-12:

S
g o
24 h
10 20 30 40

2q (degree)

Figure 4.9 (a) XRD diffractograms of precipitates in the presence ofEMat different reaction
times for(i) 0.2 mM 24 lours (ii) 0.2 mM 48 fhours (iii) 0.4 mM 24 loursand (i) 0.4 mM 48
hours All scale bars are 5 pm and inset bar 0.5 um. The position of the diffraction peaks

originating from the PP holder are rkead with asterisk§*) (Appendix 2.).

TGA results showed an increaseweight loss up to ~25% for the Z2dburs precipitates
which suggested that weaker delayednation of ZnO occurred compared with materials
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formed in the presence of ENMR (Figure 4.10) Even so, the higher complexation
capability of EG12 proposed due tine presence of the cysteine, did not lead to a stronger
delay/suppression effect on ZnO formation as seen foilEN34%) With progression of

the reaction (48 hours), both concentrations showed a % weight loss comparable with the
Blanks (< 10%). The wé@r but still delayedormation of ZnO in the presence of B2

was perhaps surprisingly caused when lower concentrations -dR2Bfere usedSola
Rabadaet al, 2015) This was suggested to be due to a balbeteeen the catalytic effect

and a delay/suppression effect.
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Figure 4.10 Total weight loss for 24and 48hours precipitates at different EC2 concentrations.

As explained in 8ction 4.1, the incorporation of the peptE&-17 (EAHVMHKVAPRP-
GGGSC) into Zn(OH) sols could catalyse the formation of ZnO. Although, a catalytic
activity was not shown in presence of HE, a change in the catalytic activity of a surface

(the grain size) can affect the rate of mineral formafidnele, 1939) As different crystal
morphology is growing in the system when -EEZ is present, there might be a change
between the rates of crystal formation and growth. Therefore, the similar combination of
amino aall side chain functionalities (for ETI7, EG12 and EM12) but with structural
differences arising from peptide sequence suggests that there might be a tuneable strength

of these effects.

ATR and XPS results for EC2 studiesare shown in &ction 4.7.3, adata revealed the presence of
this peptide in the solid phase which made possible the study of the possible interactions taking

place between the solid phase and the peptide.
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4.7.3Study of the PeptideMineral | nteractions

ATR spectra of precipitates shouleleal the presence or not of the peptide in the samples
(precipitates) by the detection of the amideand at ~170A.600 cm! associated mainly
with the stretching vibration of the C=0 in peptid€sng and Yu, 2007)ATR analysis of

the lyophilised precipitates for samples containing-EMand EC1l2 was carried out, as

well as the analysis of the peptides itgEifjure 4.1).
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Figure 4.11 ATR spectra of lyophilised precipitates collected at 24 hours in the presence of (a)
EM-12 and (b) EC12. The peak arising with an asterisk (*) is attributedh®O-H vibrational
mode(corresponding to the hydroxide slab in LBZA/LBZAC)

For EM-12, peaks corresponding to the amideand were detected at ~1667 “trand

1628 cm® (Figure 4.18). Notice that, the shape of the amidband for proteins or

pol ypeptides consi st of overl-appi eshkgestsc o mpon
turns and random structure; correlated to the secondary structural conformation adopted by
proteins or polypeptide@Goormaghtighet al, 1990) ATR spectra of precipitates in the
presence of EM2 (Figure 4.1a) showed there is no detectable peptide in the samples.

The peak at 1620 cin(*) did not correspondo the peptide ashowedin Section 4.2. In

contrast, the presence of the-EZ was observed in all the precipitates as assessed by the
detection of the amideband(Figure 4.1b), suggesting that this peptide may interact with

the Zrt* species in the solighase. Nevertheless, the exact solid p{gswhich EC12

interacted with could not be uniquely identified as acetate groups are detected in the
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precipitates indicating that LBZA and/or LBZAC in addition to ZnO were present in the

solid phase.

Since EM12 was not present in the precipitatesyais decided to analyse the supernatants

in order to check whether this peptide, with a weaker complexation capability, could be
washed out of precipitates through the cleaning process. Thus, supernatants were
centrifuged following the same conditions désed in Section 3.3for the precipitatesand

an aliquot was carefully taken from the middle of the tube (to avoid collection of any
precipitate remaining at the bottom) and freezedried. ATR results showed the presence of
the amidel peaks inlyophilized supernatantsKigure 4.12 atthe higher concentrations of
EM-12 added (0.4 mM and 0.5 mM), implying that EI@ only interacts with Zii species

in solution and not with Zi species in the solid phase. The absence of the anhigied

from the spectra of samples prepared in the presence of 0.1 mM and 0.2 mM1@f ¢

be explained by it being present at concentration levels below the detection limit of the
ATR technique.

Acetate band
Amide-| bands
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Figure 4.12 ATR spectra of lyophilised supernatants in the presence 61EM

The presence of the peptide HZ in the samples was also studied by XPS. The
incorporation of Zn, O and C was observed in all the precipitates, stmilae XPS survey
spectra when studying B2, with a peak in the N 1s region (Figure3&)lalso being
detectedThe N 1s high resolution core level spectranowed a peak at 399450.4 eV
(Figure 4.8b) attributed to the presence of amino groups irpe@ide(Baieret al, 2012)
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These results were further supported with the presence of an extra peak (not found when
studying EM12) in the C 1segion at 287.@V (Figure 4.18) corresponding to the tertiary
cabon connected with the nitrogen atom of the amino g{@avalleriet al, 2004; Clark

et al, 1976; Gaceet al, 2009)
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Figure 4.13 (a) XPS survey spectrum recorded from ardegosited precipitate bected at 24
hours with [EC12] of 0.4 m and the high resolution core level spectra of (b) N1s and (c) C 1s

region.

Based on the ATR and XPS results, it can be concluded that EMteaacts with Z@*

species in solution, whereas B2 was able to interact with Znspecies in the solid phase.
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Previous studies by our group have shown that retention &f i@n solution was
proportional to EM12/EG12 concentration, suggesting Z+peptide complexation in
solution(Liang, 2010) The results also showed that the addition ofl2Gncreased the %
Zn?* in solution with respect to the peptide EIM (Liang, 2010.

As previously mentioned, cysteine is proposed to have a stronger complexation capability
with Zr?* compared to methionine, which was confirmed by detection of a higher fraction
of Zn?* in solution(Appendix 44) and by the detection of this peptide in the spldse

(ATR and XPS resultsHenceforth, e interaction of th&n?* species in the solid phase(s)

with the peptide E-12 could bestudied by XPS. It is proposed thaptides may interact

via the side chains of amino acids (i.e. sulphur atoms from methionine or cysteine; oxygen
atoms from glutamic acid; and/or nitrogen atoms from histidine3légtron donationThe
presence of peptide in the precipitates made it possible to identifyffeeedi elements
present in the amino acid sequence. For instance, the amide groups containetizin EC
were detected by ATR (amidebands) and XPS (N 1s and C 1s peaks). The main
difference between EM2 and EG12 is the methionine and cysteine amino scid
respectively (Appendix 1.1). Note that, both peptides at the reaction pH have identical side
chain and termini charges and their (positive) netrghs are the same (Appendib)4.
Despite the presence of a sulphur atom in both amino acids, the thigl fjom cysteine

has been shown to readily react with heavy metal ion& (2af*, Pi¥*, Hg?*, Ag") due to

the high affinity of the soft sulphide and the soft metal, as is the case of the mercuric
mercaptecysteine(Stricks and Kolthoff, 1953)Cysteine residues also play an important
role in biology; for example, stabilization of protein structure through disulfide bonds
(Guzzo, 1965)or catalytic activity in biochemicateactions(Guan and Dixon, 1991)
Thereatfter, the presence of H in the precipitates was thought to an interaction between
the thiol group present in the cysteine group and tifé gecies in the solid phase(b).
support of this, S 2p high core level spectra was performed for precipitdtespresence

of EG-12 (Figure 4.1% As expected, a peak was observed in the S 2p region, which could
arise from the cysteine thiol gro@ipoderoet al, 2000) present in EE€12. This broad peak

at around 162.2 eV (Figure 4)1was deconvoluted into two peaksz2pnd 2prat 161.8

and 163.0 eV, respectively. The S 2p doublet separation could be fitted using a peak area

ratio of 2:1 and a separation of 1.18 eV. Generally, in the S 2p region, the presence of a
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doublet corresponding to thez2mnd 2p.2peaks should be observed; however, overlap of
the two peaks may occur due to the small amount of sulphur in the sgiBaést al,

2004) Previous studies have showed that the binding energy of thezSsigmal
determines whether sulphur is present as a thiol (unbound) or thiolate (bound to the
surface), the BE values being-dt63 eV ad ~162 eV, respectivelyCastneret al, 1996;
Cavalleriet al, 2004; Clarket al, 1976; Dodercet al, 2000; \Wblmer et al, 1990) The
presence of sulphtgulphur interactions within the peptide solution was discarded as S
2ps2 values were lower than those reported for disulphides, which can be found between
162.5 to 163.5 e\(Castneret al, 1996; Nesbitet al, 1998) The S 2p-signal found at

161.8 eV, suggested that the interaction of EOwith the solid phase could be via?Zn
sulphur (from cysteine).

Counts (a.u.)
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Figure 4.14XPS high resolution corkevel spectra of the S 2p region.

As previously mentioned, the modification of ZnO morphology via the adsorption -of EC
12 on ZnO crystals could not be confirmed due to the presence of other solid phase(s),
LBZs. The intercalatedacetate anions into LBZs have been shown to be oriented
preferentially towards the positive (0001) plane of ZnO cry§lahg et al, 2011)
Therefore, the possibility of EC2 intercalating into LBZA and causindneé drastic
morphological change of ZnO crystals was studied. The interlayer spacing of LBZA
formed in the presence of EI2 did not change significantly compared thee Blank

(Figure 4.1%. Despite this fact, an approximation of the peptide dimensions was
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investigated using ChemDraw 3D software to see if12Could be fitted into the zin
hydroxide layers (Appendix 46 The lack of change in the interlayer spacing and
dimensions of the peptide (larger than spacing measured) implied that eith@ris ot
intercalated or it was oriented parallel to the zinc hydroxide layer whilst intercalated. Thus,
the possibility of EE12 intercalating into LBZA formed could not be discounted.

2q=6.84"

d=1294 A Blank
2q=6.75"
d=13.09 A \ 0.2 mM
2q=6.75"
d=13.09 A A " 0.4 mM

20 40 60 80

2q (degree)

| —

Counts (a.u.)

| —

Figure 4.15XRD diffractograms of the hour preipitates for the Blank, 0.2 mM and40mM of
EC-12 precipitate.

A recent study has shown that some common amino acids can be incorporated into the ZnO
lattice (Brif et al, 2014) particularly, amino acids containing S or Se, as are the case of
cysteine and selenocysteine, respectivehis studyalsoshowed that incorporation of the
amino acids led to a change in the optical and paramagnetic properties of the material as
well asthe crystal morphology. Particularly, the incorporation of cysteine into the ZnO
lattice gave rise to the formation of ZnO spheres crystals inefeads (Brif et al, 2014)
Therefore, the possibility that EL2 coutl have been incorporated into the lattice of ZnO
was investigated. In this case, studies were performed usingrapn dffractometer and
accurate ebpacing values were obtained (calculated) by running a reference Silicon
standard prio to each analysis (@pendix 4.7. ZnO lattice strain modification was
observed when EQ2 was aded into the system (Figure &)1 The values for the (1D),

(0002) and (101) planeswere0.108%, 0.039% and 0.128%, respectively, suggesting the
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possilility of EC-12 being incorporated into the lattice of ZnO. Note that, the (0002) plane
(or caxis) did not shown much lattice strain modification and the crystals look shorter;
however, this is not surprising as for precipitates prepared in the preseBé& I no
lattice strain modification was obsed (Appendix 4.8and yet crystal growth along the
c-axis was ginificantly affected (see nexestion 4.7.4).

(@)

Blank 48 hrs Plane (10'10)

——— EC-12 precipitate 48 hrs (10-10) a-axis

Counts (a.u.)

L I — T T T T i i T T i T T
2.920 2.880 2.840 2800 2760 2720
d-spacing [A]

(b)

Plane (0002)
(0001) c-axis

Blank 48 hrs

—— EC-12 precipitate 48 hrs

Counts (a.u.)

%M f IW

T T T
2,680 2,640 2,600 2560
d-spacing [A]

()

—— Blank48hrs Plane (10_11)

—— EC-12 precipitate 48 hrs
—;r (10-11)
&
2
f
=
Q
Q

M'MVWMVMWWWM
T T T T
2.560 2520 2.480 2.440 2.400
d-spacing [A]

Figure 4.16 XRD diffraction peaks oZnO crystals for the Blank and in the presence of 0.4 mM of
EC-12 for (a) (1@0) plane, (b) (0002) plane and (c) {10 plane.
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However, due to the dimensions of this peptide and the small lattice strain modification, it

could not bediscounted that ZnO morphology modification was due tol2Cbeing

adsorbed onto ZnO surface instead being intercalated. It has been reported that stronger

bonds lead to a smaller interfacial free energy due to the enthalpic contribution to the free

energycomes primarily from chemical bondifgoreo and Vekilov, 2003Hence, as 71

in the crystal can form bonds with those in the peptide that are stronger than the bonds of

solvation; a decrease of the interfaciakefenergy may occur, allowing for the growth of

spheri cal shape ZnO

crystal s. As ment i

oned

key physical phenomenon that allows living organisms to delineate both location and

orientati on s(Yorebd and Yekisowv 2003)In Jeaian 61.7.4, the crystallite

domain sizes for ZnO in the presence of different concentrations-aRECe shown.

The ITCtechnique was also used to study interactioetsveen the mineral ZnO and the
peptide EC12. The isotherm graphs for the wateater method prior to each other method
are shavn in Appendix 4.9 The titration of the ZnO with ddi® showednegligible heat
measurements (Figure Zd), whereas the titration of ddB® with EG12 showed
measirable heat changes (Figure Zb}), which would indicate peptidgeptide interactions

in water(Limo and Perry, 208).
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Figure 4.17 Isothermal profiles showing (a) titration of dglplinto ZnO (wateZnO method), (b)

titration of EG12 into ddHO (EC12water method).
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Finally, the EC12ZZnO study was performed and heat changes measured in tH&-EC
water experiment were subtracted from the heat changes measured during the titration of
ZnO nanoparticles with EQ2. Binding isotherms are shown ifg&re 4.8. In this case,

data was fitted usinghe two sets of independent sites model peptidemineral
interactions showed two different events of opposite heat change; an endothermic process
at the early stage of the titration (few data points) followed by an exothermic process until
the end of th analysis. Conformational changes in peptides (as they move closer to ZnO
surface) can give rise to an endothermic interaction due to a variation of the entropy in the
system (conformational entropy) affected by the structure and chemical compositien of t
peptide(Limo et al, 2014) Also the observation of an endothermic process can be due to
hydrophobic interaction€Chiadet al, 2009)such as the rupture of hydrogen bonds by the
interaction of water molecules with a polar hydroxylated ZnO suifaiceo et al, 2014)

On the other hand, exothermic interactions are associated withowafent inéractions

such as electrostatic interactions, Van der Waals interactions and/or hydrogen bonding
(Ababou and Ladbury, 2007; Clit al, 2004; Limoet al, 2014)
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Figure 4.18 Binding isotherms for the titration of ZnO solution with B (experiment b) and the

titration of the water with EQ2. Heat changes measured in the E@hafer experiment were

subtracted.
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From the data fitting, ITC MicroCal provided tharpmeterseeH, a&eSandK) to resolve the

free energy of the systereeG) (Table4.1). Data evaluation revealed that the interaction
between E€l2 and ZnO particles was favoured since the reaction took place
spont an &e& B)sahdybasédgon the higtifinity values K) observed. Generally,
negativeaH and positiveas indicates spontaneous reaction, whereas posav¢and

positiveasSindicates spontaneity depending on temperature.

Table 4.1 Thermodynamic parameters obtained by ITC analysis of Zn@paaticles
titrated with the peptide EC2. Endothermic and exothermic processes are labeled as (+ve)

and ¢ve), respectively.

Parameters| Dp K aeH TeeS &G
(L-mol?) (Kcal-motY) (Kcal-mott)  (Kcal-mot")
EC12ZnO |+ve 1.22x16+7.25x10 -0.89+0.33 7.42 -8.30
-ve 7.24 x 106 + 1.36x 10 -5.77 £0.10 0.86 -6.63

From these results, it was concluded that this reaction was not temperature dependent to be
favoured. In the endothermic procgsse), positive values oéS could be due to peptide
conformational changes and either incorporation or displacement of water molecules
(Chiadet al, 2009; Cliffet al, 2004; Limoet al, 2014). The exothermic process/é€) was
attributed topeptidemineralinteractions although peptid@eptide interactions can also be
present and are difficult to distinguish within the proc@smo et al, 2014) The aH

values generally reflect the strength of fomvalent interactions (electrostatic interactions,
solvation and hydrophobic interactions, hydrogen bonding and Van der Waals interactions)
and, in this case, the negative values suggested the presencegef aulaber of van der

Waals interactions or hydrogen bor{@hiadet al, 2009) Van der Waals forces are driven

by induced electrical interactions between very close atoms or molecules. Although, it is
the weakest of &lintermolecular attractions between molecules, this can be very strong
when lots of Van der Waals forces are interacting between two molecules. Furtteer, wa
tends to form ordered cages around-poa |l ar mol ecul es and 8 his |
(Tanford, 1991) The adsorption affinity values observed in these results were close to

those recentlyinvestigatedfor other peptides with hig similarly sequence with EC2
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(Table4.2). However, comparison with preais studies may not be ideal as ZnO crystals
synthesized by other hydrothermal routes may affect parameters such as surface area and
hydroxyl groups on the ZnO surface and, therefore, the mipepdide interactions.
Ultimately, further experimental prodfeproducibility of the results) is also needed to

validate the data above showed in Table 4.1.

Table 4.2 ITC studiesof ZnO rods (/D = 8.92 + 3.2y titrated with the peptide G12
(Limo and Perry, 2015 nd EM12 (Limo, 2014)

Parameters | Dp K aeH TaeS &G
(L-mot?) (Kcal-moth) (Kcal-mott)  (Kcal-mot')

G-12-rods +ve 1.40x10°P+0.33x 10° 2.36+0.68 10.73+0.55 -8.37 +0.13
-ve  9.01x 10*+0.32x 10* -7.55+1.09 -0.79+1.06 -6.76 +0.02
EM-12rods |+ve 8.60x 10°+4.98x 10° 0.27 +133 7.84 -8.37 £ 0.13
-ve  1.08x 10°+ 1.50x 10* -6.83 +0.68 0.03 -6.76 + 0.02

4.7 .4Effects of EM12 and EG12 on ZnO Morphology

ZnO crystals generated in the preseotEM-12 were different from those obtained in the
presence of EQ2 (Figure 4.19. Although the addition of EM2 delayed/inhibited the
formation of ZnO formation, rotlke structures were still observed, while for HZ

studies, the ZnO crystals presahtess well defined facets showing sphige structures.

[EM-12] [EC-12]
y)(/ﬁnsﬁnlalﬁn —]- — ||»8

Inhibition growth along the eaxis Drastic morphology

Figure 4.19 lllustration of ZnO morphology changes the presence of ENMI2 and EC12 at

different concentrations of peptide added. Monled images.

In the presence of ENI2, ZnO crystals generally transformed from symmetrical twinned

ZnO crystals (Blank) to asymmetric twinned crystals (in the majoritypM@d by un
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twinned crystals as EM2 concentration was increased from 0.1 mM to 0.4 mM (Figure
4.20). These observations suggested that ZnO crystals were formed by two hexagonal rods
(Ristand Rnd). The generation of shorter crystals (along tiaxis) was observed with EM

12 addition. It is believed that the reduction of the aspect ratio is due to specific
polypeptides playing a role in the competitive adsorptiooleation process by interacting
with specific crystal plane@Muthukumar, 2009)For ZnO, theoretical and experimental
studies(Liang, 2010; Muthukumar, 2008)uggested that polypeptides can interact with the
(0002) plane corresponding tdet caxis with a reduction in the aspect ratio being
observed. In this current work, the changes in twinning behaviour with increasing amount
of EM-12 can be explained as follows. The complexation 8f Znd EM12 reduced the
amount of ZA* ions availabldor crystal growth(SolaRabadaet al, 2015) At lower EM-

12 concentrations (0.40.2 mM), the growth of the second rod>{f was not complete
resulting in the formation of asymmetrically twinned Zo@stals. In the presence of 0.4
mM EM-12, crystal growth equilibrated before/at the end of growth of the first rag, (R
thus, untwinned ZnO crystals were obtained, which was supported by the observation of
untwinned crystals being shorter but havingnparable diameters with those (larger side

of asymmetrical twinned crystals) formed at loweM-E2 concatrations (Figure 4.20

The ZnO crystallisation mechanism process seems to be by the formation of a first
hexagonal rod (R) followed by the growth foa second rod (Rq on the first ondZhang

et al, 2007; Zhanget al, 2008)in which the addition of Rq could be considered as a
secondary nucleation proce@duthukumar, 2009being, in this case, inhibited by the

presence of EM 2.

Figure 4.20SEM images of precipitates collected at 48 hours for (a) 0.1 mM, (b) 0.2 mM and (c)
0.4 mM of EM12. All scale bars are&m and inset scale bars at @ra.
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The aspect ratio (L/D) was studied for all precipitates containing ZnO crystals and showed
the rauction of L/D with theaddition of peptide (Figure 4.21The presence of ENI2 not

only caused the delayed formation of ZnO (conversion from LBZA to ZnO) but also
caused the inhibition of crystal growth as seen in Figurd #hg&et, where the Blank
increased its aspect ratio with time and for samples containing.Ekhe aspect ratio was
maintained over time. In the presence of-EX the aspect ratio could not be compared as
hexagonal rods were no longer formed in the system and the spherical shame did n
present a uniform diameter of the crystals along theixis (~1.5em for EG12 and ~0.5

nm for EM-12). Even so, the aspect ratio for the ZnO crystals was calculated.%i,

taking as the diameter the middle of the sphere where the two spheres are attached together.
The values (ax 24 hours) for 0.2nM and 0.4 mM of E€12 were L/D = 1.2 0.2 and L/D

= 1.8+ 0.3, respectively, being much lower compared with the L/D vafueb (atx 24

hours) for the Blanks. Further, the increase of peptide did not significantly modify the
aspect ratio of the crystals suggesting no inhibition of crystal growth was achieved with

increasing the concentration of HQ.
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Figure 4.21Average aspect ratio (L/D) of ZnO crystal rod<)Y80) as a function of [EM 2]. Inset
shows aspect ratio as a function of time for the Blank and 0.1 mM efZEM

Although, it has been proposed that twinned hexagonal rods are forntieel &ggregation

of two approximately spherical particl@gergeset al, 1990) the observation of twinned
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crystals with a second rod or sphere slightly smaller than the first one, either in the
presence fo EM-12 and EC-12 (Appendix 410), suggested that ZnO crystals were
generated by a*Inucleation in which the formation of theRor S;st took place, followed

by a 29 nucleation which started the growth of thedS:nson the first one.

The ZnO morphologyransformation in the presence of HE is believed to be due to
interaction with the soligphase. On the other hantetweaker but still delayefdrmation

of ZnO due to the presence of HZ was remarkably caused whemver concentration of

EC-12 wasuseal. The fact ECL2 is able to interact with species in soluti®olaRabadaet

al., 2015) but also with species in the sclithase is the key to this behavior. Biomolecules
involved during biomineralisation canodify the growth stage of minerals and also control

the nucleation procesgYoreo and Vekilov, 2003) As explained inChapter 3 the
nucleation process occurs when a critical size (interfacial energy) for the twudbei
formed is reached; followed by the subsequent growth of these nuclei (crystal growth).
Both processes occur simultaneously while supersaturation exists. Note that, the smaller
the interfacial energy, the smaller the critical size and the more lhkelgation becomes

for any given supersaturatiqiyoreo and Vekilov, 2003)Hence, the effect of EC2 on

ZnO formation can be explained as follows.-EZ can interact covalently with the salid
phase, which may affethe nucleation process, as evidenced by the formation of crystals
with drastically modified shape (compared with the Blank) and the reduction of the aspect
ratio (from ~6 to ~2). Hence, supersaturation may be achieved more easily in the system as
a lowerinterfacial energy is required for a smaller critical size. The crystalline domain size
was calculated from the (0001) plane as is the thermodynamically favored axis for crystal
growth using Scheer equation (as described in Section 2#able 4.3 shows the
crystallite domain sizes calculated (Scherrer equation) for all precipitates studied, showing
a smaller crystallite size for the precipitates where higher concentrations-b2 B@re

added. Though, lower concentrations of peptide may have a wedket eh the
nucleation process (less peptide interacting with the solid phase) and crystal growth is
predominantly dependent on the amount of*Zwvailable in the system, causing a delayed
formation of ZnO when a lack of Zhions exists for the growth of similar crystallites;
whereas for higher concentrations of peptide employed, the nucleation process is strongly

affected, being (in this case) the conditions of the system favorable to reach saturation and,
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therefore, ZnO crstal growth can carry on without suppression. This would also explain
why, in the case of EML2 there isa delayeeformation of ZnO but not a change in the ZnO

structures growing (rods).

Table 4.3Zn0 crystallite domain sizes calculated using the Schegeation, =0 . 9= &
1.5406A and B= FWHM.

ZnAcz-NH3 system Blank 0.2 mM 0.4 mM
(0001) plane 33.08+ 1.67 33.49+ 1.34 30.95+ 0.85

4.8 Conclusions

The effect of the peptides EM2 and EC12 during ZnO formation via the ZnA&H3
reaction, showed th#he presence of the peptide EM causes a delay and/or suppression

of ZnO formation when increasing the peptide concentration, with LBZA being the major
compound present at the highest concentration ofl2Ndded. Further, addition of EM

12 not only causd the delayed formation of ZnO (conversion from LBZA to ZnO) but also
caused the inhibition of crystal growth (wurtzite structured hexagonal rods) along the c
axis (r (0002) plane). The presence of BZ; however, caused a more drastic change in
the mineal morphologywith spherdike ZnO crystals being forme@nd remarkably, no

ZnO suppression was observed for the highestlE@oncentrations added. The data
presented appears to show that the mechanism of ZnO crystallisation occurs by the
formation of afirst hexagonal rod (Ry followed by the growth of a second rodz4f on

the first one, considering the addition ofnlRas a secondary nucleation process. With
increasing EM12 concentration, the growth ob& was firstly inhibited followed by Rt

and final suppression of crystals at the highest concentration of peptide was observed. For
EC-12 studies, ZnO crystals presented less well defined facets to the point that instead of
being formed by two hexagonal rodsi{Rnd Rng), crystals were formely two spheres
(Sistand Sng).

From mineralpeptide interaction studies, it was observed thatIEMnteracts with Zf

species in solution, whereas HQ interacts with Z# species in solution and in the solid
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phase(s). The interaction of peptide wilie solidphase cannot be observed when using
EM-12 although weak interactions cannot be discounted. From experimental data; the EC
12 interaction mechanism is proposed to inclAd&-sulphur (from cysteine) interactions.

The exact solid phase(s) whiclCE2 interacted with could not be uniquely identified due

to the presence of other solid phases (LBZs) in the samples. The interlayer spacing of
LBZA formed in the presence of EX2 did not change significantly compared with the
Blanks which implied thatither EG12 was not intercalated or it was oriented parallel to
the zinc hydroxide layer while intercalated. Finally, ZnO lattice strain modification was
observed when EQ2 was added into the system and it is suggested that this peptide may
be incorporate into the lattice of ZnO. However, due to the dimensions of the peptide EC
12 and the small changes in the lattice strain, it was also suggested that the ZnO
morphology modification was due to adsorption of EConto ZnO surface. As Zhin the

crystal @an form bonds with those in the peptide that are stronger than the bonds of
solvation; a decrease of the interfacial free energy could occur, allowing for the growth of
spherical shape ZnO crystals. A smaller interfacial energy was demonstrated by tee smal
crystallite domain sizes obtained for ZnO when increasing concentration-d2 ko the

system.
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Chapter V
SiO2-binding peptides studies

5.1 Introduction

Syntheic NPs have received much attention in recent years for a variety of technological
and biomedical applications. The unique properties of NPs to some extent lie in their
reduced size thatonfers on them high specific surface area. Therefore, NPs present a
greater fraction of surface atoms and increased surface energy affecting both their chemical
and physical propertieRao et al, 2006) The use of NPs in drug delivery systems is
attractive due tdheir relatively large surface and permeability through many biological
pathways resulting in high interaction with biological systé®s Jong and Borm, 2008)

Thus, organic/inorganic nanocomposite materials haga beployed as they combine the
advantages of the inorganic material (i.e. rigidity, thermal stability) and the organic
polymer (i.e. flexibility, dielectric, ductility, and processabilitfZou et al, 2008) As
mentiored in Chapter 1 &tion 1.4.1 amorphous silica nanoparticles (SiNPs) have been
extensively used due to their lexicity, easy surface modification and remarkable
colloidal stability in physiological fluidéNatte,2013) Immobilization of organic polymers

(i.e. proteins, DNA, and enzymes) or dyes onto functionalized surface SiNPs have also
been investigated since this enhances and/or controls interactions between the NPs and the
molecule of interesfNatte, 2013; Roachkt al, 2005; Zouet al, 2008) Besides this, the
effects of functional groups on the surface properties of the SiNPs, and further, the
mechanisms concerninganoparticlebiomolecule interactions are not fully understood.
Therefore, a specific emphasis and novel aspect of the present study is to investigate the
effect of surface functionalization on binding. Essentially, amimmd methy
functionalized silicaparticles since this allow the study of the effect of (positive)
electrostatic interactions and hydrophobic interactions, respectively. This edheelt
compatibility and openinghe possibility to bind molecules that could be used for drug

delivery (i.e peptides, ligandKumaret al, 2015)
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For the fabrication of surface modified silica particles two methods have been generally
applied: (i) post modification (or grafting) and (iln situ modification (or ce
condensation), with the latter route mainly used for aminopropylethoxysilanes since their
bifunctional nature quickly induces hydrolysis and condensation of TEOS in solution due
to the presence of aminopropyl and alkoxysilane groups. The presence ofepositiv
charged amine groupsNHs*") at the aminopropyl site can attract more negatively charged
species [( Si-O") catalysing the sejel process and the alkoxylane site is capable of co
condensing with TEOS due to the presence of the ethoxy mMéing et al, 2012)
However, silica precipitation cannot uniquely be promoted by only using
aminopropylethoxysilanes since their hydrolysis may lead to the formation-ajrdive-
membered chelate rings through intramolacuiydrogen bonds that hinder condensation
(Hising et al, 1999) Commonly used aminopropylethoxysilanes are 3
aminopropyldimethylethoxysilane  (APDMES) and -A&inopropyltriethoxysilane
(APTES), the latter being fexred due to its lower cost. Besides this, the presence of
aminopropylalkoxylsilanes in the system may give rise to other type of
reactions/interactions that should be taken into account when looking at the effectiveness of
surface functionalization. Thdéigher reactivity of aminoalkoxysilanes towards water
(compared with alkylalkoxysilanes) can induce uncontrolled
polymerization/oligomerization in solution, such that molecule are no longer available to
attach onto the silica surfacéAsenath Smith and Chen, 2008Further, the
aminoalkoxysilanes sitting on the silica surface may follow different interaction
mechanisms (Figure 5.1). Typically, covalent interactions through ethoxy moiteies are
achieved (i); howeer, the same molecule mdynd via hydrogen bonding between the
silanol groups on the silica surface and the amine group (ii), occupying more particle
surface and, thus, decreasing the silanol sites available for functionalization. No covalent
attachmentof aminoalkoxysilanes on the silica surface but hydrogen bonding with the
surface silanol groups (i) results in weak interactions that can be easily broken by the
washing procedures applied after synthésisenath Smith and Chen, 2008herefore,
careful characterization of levels of surface functionalization is needed in order to study

biomoleculesurface interactions.

107



Chapter5: SiO-Binding Peptides Studies

NH, NH> — N\

0
/
NH, /S'—
__-Si __-Si
NN
NH, . .
Si \ //\/\ \ F . \\ HaN
SN S H\o N H\O H\O

(i) (i) (iii) (iv) (v)

Figure 5.1 Types of interactions betweemaoalkoxysilanesnolecules and silicon oxide
substrate. Adapted from Asenath Smith and Chen (2008)

Since nanodelivery systems are designed to have drugs absorbed onto the particle surface,
the level of functionalization of the SiINPst&sbe investigated as it mayjfect the amount

of biomolecules absorbed and/or mechanisms of interaction. Further, a comparison study
with micro scaled silica particles was also taken into consideration since recent studies in
our group have shown that either the particle size or surfackfied silicainfluence the
mineralpeptide binding respons@Puddu and Perry, 2014And remarkably, it was
observedhat there was higher interaction when increasing particle size independent of
theproperties of the peptidePuddu and Perry, 2014jenceforth the specific aims of this
chapter are to investigatéthe effect of (i) surface fumctionalization (ii) level of

functionalizationand (iii) particle size onibding.

5.2 Materials

For the silica synthesis and functionalizaticetraethyl orthosilicate (TEO38%, reagent
gradg, aminopropyltiethoxysilane (APTES, 99%) andttamethyl orthosilicate (MTEOS,
98%) werepurchased from Sigmaldrich; anmonia solutionNHsz, 35%) and acetic acid
(CH3COOH, >99%) from Fisher Scientific andtenol (EtOH, anhydroys 995%) from
Hayman Ltd.For the back titration of the ammorstocksolutionpreparedl M HCl and 1

M KOH volumetric standarérom SigmaAldrich were usedFor the peptide synthesis and
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characterization, iperazine (GHioN2), DIPEA (CgHioN), TFA (Co:HFs0y), thioanisole
(C7HsS), DODT (CsH1402S2) were purchased from Sigaddrich; DMF, DCM, NMP,

and diethyl ether were purchased from Fisher Scient#fBTU andall Fmocprotected
amino acids required for peptide synthesis and the prpleleadedlGT resins were
obtained from Novabiocheéfn Sample preparation for HPLC and Massp&trometry
employed ACN and TFA, both purchased from Sigildrich. For binding stuiks,
solutions were prepared with phosphate buffered saline (PBS) tablets from Fisher Scientific
inddHOwi t h conductivilty |l ess than 1 eSkcm

5.3 Solid Phase Peptide Synthesis

The peptides KLPGWSG (K7), AFILPTG (A7) and LDHSLHS (were prepared using a
microwaveassisted solid phase peptide synthesizer (CEM Corporation) via Fmoc
chemistry as previously described@mnapter 2Section2.9. The purity ofK7, A7 and L7
determined witha Dionex HPLC with a UV detector (set at 214 nm) and a Jupiter 4u
Proteo 9@ C12 Reverse Phase column (Phenomeltgegg Chapter 2 Section 2.10for
analysis details) was 80%, 88% and 98%, respectively (Appendix 5.1). Thef rine
peptides was measured by Dr Graham Hickmann (The John Van Geest Cancer Research
Centre, NTU) usin@g Bruker Ultraflexlll TOF/TOF mass spectrometrer and analysed with
BrukerDaltonicflexAnalysissoftware. The Mw of K7, A7 and L7, 743.4 g/mol, 717.8
g/mol and 807.4 g/mol, respectively; was confirmed with their measured m/z of 744.4 m/z,
718.4 m/z and 808.4/z, respectively (Appendix 5.2).

5.4 Preparation of Silica Samples

5.4.1Silica Synthesis Methods

SiO, condensatiom vitro was performed through two different synthesis routes to achieve
of the desired particle size (Figure 5.2). The growth of silica partitléseananoscale
(from 28 to 210 nm) was carried out using a modified Stober synthesis n{Stidberet

al., 1968) whereas for the growth of bigger particles (>e@), the synthesis route
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proposed by Karmakagt d.; hereafter called Karmakar meth@darmakaret al, 2000)

was followed.

(a) Stobersynthesis method (b) Karmakarsynthesis method

—

CH3COOH 4 moi

Room T
1h

el

in EtOH Silica particles

Silica nanoparticles

Figure 5.2 Scheme of the growth of silica particles following two different synthesis routes: (a)

modified Stdber synthesis method and (b) Karmakar synthesis method.

Following the modified Stober synthesis method, TEOS and ammonia were chosen as the
silica precursor and base, respectively. Both solutions (TEOS and ammonia) were
separately prepared. Firstl2.3 ml of TEOSsolution (98%, reagent grade) was diluted
with 76.6 mlof ethanol. Secondly, 21.3 ml of Nldtock solution was diluted with 80 ml of
ethanol. Following the modified &ter method, particle size can be manipulated by
controlling the ammonia concentration added into the reaction syStéberet al, 1968).
Presence of ammonium ions in the reaction medium has a twofold role; first, it alters the
pH of the medium which promotes hydrolysis and; second, it reduces the amount of the
energy required to start the nucleation, thereby, enhancing silica condenat{@taber

et al, 1968; Wuet al, 2013). In this studygconcentrations of ammonia in a range 0.29

M were used to achieve the desired particle sizes, from 28 to 210 nm (FigurEds.3).
accurate preparation of the Ntock solutionsn a range 0.25 10 M, the concentration

was determined prior to each experiment by back titrating a mixture of 2 gam¢HLOM|

HCI (IM) with 1 M KOH volumetric standard. Freshly made samples (TEOS and
ammonia) were heated in a water battb@t°C for 1 hour prior to the addition of the TEOS
solutioninto the ammoniaolution. The mixtures wenggorously stirredand placed again

to the water bath at 5@ for up to 24 hoursCollected samples were centigied at 10000

rom for 10 minutes to separate any precipitate from the supernatant. Supernatant was

carefully separated by the aid of a Pasteur pipette and only ~80% of the supernatant was
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drawn from the vial although no precipitates were visibly observdteaottom of the vial

(this was the case of particle sizdd80 nm). The precipitates weredissolved in ethanol

and recentrifuged using the same conditions as previously mentioned and, finally, washed
three times with ddkD. For each washing, themsples were centrifuged at 5000 rpm
during 5 minutes. Cleaned precipitates were lyophilize@@C using a Virtis110 freeze

dryer. This method allows for the growth of silica particles at the nanoscale, hereafter

named Siberparticles
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Figure 5.3 Particlesize (diameterdf SiO, NPsas a function chmmonia concentration

In the attempbf growing bigger silica particles (>33n) for comparison of the later silica
binding studies, thisilica synthesis routeStber metholl was limited by the reaction
conditions, since high pH values achieved by increasing the ammonia fraction can give rise
to silica dissolution . Hence, it was followed a simpler (T =°£9 and time saving
synthesis route: the Karmakar meth®&80S(98%, reagent gradeacetic acid>99%)and

ddHO were mixed together at a molar ratio of 1:4:4 and allowed to hydrolyse and
condense over the course of 1 heuth the aid of apaddlemixer at moderately high
speed After 1 hour the silicaparticleswerequickly collectedand centrifugect 3000 rpm

during 1 min. Precipitated silica wasashedsuccessively witkethanol, water andinally,
acetone Same volume of solvents was used for each washing step. Cleaned precipitates
were dried in the ovenat 80°C overnightThis method allows for the growth of silica

particlesat the microscale, hereafter named Karm@leaticles
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5.4.2Silica Functionalization

The functionalization of the silica particles with methy@lfls) and aminopropyl-(CH>)s-

NH>), hereafter named GF5i0; and NH-(CH-)3-SiO», was performed using MTEOS and
APTES solutions respectively Different levels of functionalization were achieved by
increasing the concentrations of APTES and MTEOS until saturation was reached
(Appendix 5.3).The functionalization of silica particles was initially carried out according

to the methodology followed by Wu and colleag(@&i et al, 2006)in which 4.79 x 1¢

mol of either APTES or MTEOS were added and vigorously stirred intékeeSsolution

after 3.5hoursof reaction allowing the reaction to continue for additional @9rbat room
temperature. However, during the course of reaction, it was observediangeftect for

those samples containing APTES, being more pronounced for samples containing a higher
fraction of APTES (see section 5.6.2). As different levels of functionalization (different
concentration of APTES) were one of the purposes of this iget¢isin, the methodology
followed for functionalization was then adapted to this study. Henceforth, silica synthesis
remained using either the modified Stober method’(5024 tourg or Karmakar method
(25°C, 1 hour) and functionalization was performed the collected silica (after synthesis)
during the course of 24 haurat room temperature as shown in Figure 5.4. Collected
samples were centrifuged and washedofeihg the same procedure as iacBon 5.4.1.

The advantage of using this meth{ubstgrafting) was that the silica particles were
characterized previously to the functionalization, thus, being of the desired size and
properties.For clarification, binding studies weggerformed only using thpostgrafted

silica particles.

APTES or
MTEOS

Post-grafting

H Synthesis

- 50°C | - Room T
24 hrs 24 hrs
W Vigorously

stirring
in EtOH

Silica particles Silica particles
functionalized

Figure 5.4 Schemeof the silica synthesis following modified Gdr method and post surface

functionalization treatment following a modified Véual. (2006) method.
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Note that, the functionalization of silica pales was directly performed otne Stober
solution (80% EtOHsolution, with still some noneacted ammon)awhereas forsilica
synthesizedy the Karmakar method, the dried silica particles werdispersed into ra
80%EtOH solution and then functionalized. A comparison study was performed in order to
see how thalifferent silica solutions affect the levels of functionalization (Appendix 5.4).
Although level of functionalization was slightly less when the dried silica particles were re
dispersed into an 80% EtOH solution; the functionalization trends (for MTEQ@S an
APTES) observed were similar between both methods.

5.4.3Preparation of samples for the binding studies (Fluorescamine assay)

Silica particles were suspendedrtigml?) in phosphatéuffered saline (pH 7.4) and
sonicated for 1 ¢wr, followed by the additin of peptide solution of desired concentration

and incubated for another hour. Langmuir adsorption isotherms have been reported when a
protein approaches a solid interfafeabeet al, 2011; Roak et al, 2005) however,
previous studies in our group have shown that the adsorption isotherms of the peptides of
this study follow the Freundlich model, where saturation is achieved at values higher than
1.0 mM (Puddu and Perry, 2012)ence, the peptide concentrations range chosen for this
study was from 0.k 1.0 mM. HPLC and Massp&c results were considered for the
calculations of the preparation of peptide solutions at different concentrations. Finally,
samples were centrifuged at 13000 rpm for 5Sutesat 20°C, as shown ifrigure 5.5. For

the assay, 188l of the supernatant was dispensed into a blackvéb plate. To this
aliquot, 20¢l of fluorescamine solution (Bng-ml? in acetone) was added and xel
(shaking of 60 seconds) immediately prior to the measurement of the fluorescence

intensity.

Peptide] Supernatant
1 mg/ml [Peptide]

. 810, 1h Centrifugation:
in PBS : :
sonication incubation 13000 tpm,

5 min, room T

Figure 5.5Scheme of methodology followed for the siligeptide binding studies.
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5.5 Characterization

The morphology and size of selected precipitates were studied using SEM (JEGL JSM
840A, 20 kV)and TEM (JEOL 2010, 200 kV}or SEM analysis, samples were attached
using doublesided carbon adhesive tape to SEM stubs and carbon coated (Edwards, sputter
coder S150B). For TEM analysis, samples were dissolved in ethanol prior to addition onto
the copper grids and analyzed after solvent evaporation was ensured. Silica particles size
(diameter) was determined by average of more than 50 particles from a SEMEENhd
image using Javhased image processing progralmdgelJ software). DLS (Zetasizer

Nano S) was also employed for particle size analysis (silica particles in 5% EtOH solution)
and forzeta potential determination of silica samples (silica particles # $ution, pH =
7.4). All samples were sonicated prior to DLS analysisR (Perkin ElImer Spectrum 100
SeriesSpectrometer with Diamond/KRS crystal) was used to detect the functional groups
present in the lyophilized precipitates. Spectra were averligad 32 scans at 4 ctn
resolution with air as background. The organic content in the samples was determined by
thermogravimetric analysis, TGA (Mettler Toledo TGA/SDTA §5&here samples were
heated at 10C-min™! from 30 C to 900 C in air to ensure coplete combustion of all
organic material. The sample surface area antlliteglsorptiondesorption isotherms were
obtained on approximately 100 mg of sample powder by Gas adsorption analysis
(Quantochrome Nova 3200e). Samples were degassed at 100 °@tuvprior to each
analysis. The surface area was determined bythrauer Emmeti Teller (BET) method
(Brunaueret al, 1938) using a fivepoint adsorption isotherm in the relative pressure range

of P/Po = 0.05/0.3 at 77.35 K. Sample porosity (pore size distribution) was obtained by the
BarrettJoynerHalenda (BJH) metho(Barrettet al, 1951) from the desorption branch of

the isothermThe chemical constitidn of the precipitates was investigated by XPS uaing

VG Scientific ESCALab MklIl xray phot oel ectron spetrayr omet e
sour c= 148616 V). Samples were ground and then mounted on standard sample
holders. Before analysishe calibratbn and linearity of the binding energy scale was
checked with a pure silver sample using the peak positions of thesAgBdtoelectron

line (at 368.26eV) and the AgMNN Auger line (at 1128.78 eV)Survey spectra of

precipitates were collected coverirgetfull BE range from G 1200 eV using a step size of
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1 eV, a dwell time of 0.2 seconds aR# of 50 eV. High resolution core level spectra of

the Si 2p, C 1s, @s and N 1s peaks were collected using a PE of 20 eV, a step size of 0.2
and a dwelltime of0. 4 seconds, which were subsequent
standard mixed Gaussiuorentzian components using CasaXPS software. To compensate
for surface charging effects in the insulating samples, all binding energies were corrected
with referene to the saturated hydrocarbon C 1s peak at 285.0 eV using the CasaxXPS
software. In order to minimize the amount wbiquitous carbonaceous contamination
which proportionally increases with time, samples were in this case individually loaded in
the chamber Finally, the silicapeptide binding measurements were performed using
fluorescence spectroscofJECAN i-control M200) @ Corning black polystyrene 96

well plates. The excitation wavelength was set at 360 nm and the emission (sample
reading) was at 468m. The gain of the photomultiplier was adjusted to 60 a.u. for the best

signatnoise.

5.6 Results and Discussion

5.6.1Silica Particles Synthesis and Poperties

The morphology of thailica particles was characterized by TEM and/or SEM as seen in
Figure 5.6.Microscope images showed that smaller particles were more aggregated and
less spherical compared with larger particles which also seem to have a much smoother
surface. Specially, Karmakar particles have been shown to be highly dense, between 2.10
2.16 gcm® (Karmakaret al, 2000)being also named glatike silica sphere¢De et al,

2000) The particle size (diameter) measured©@0) was 27 3 nm, 212 + 22 nm ang7

+ 8 em. Note that, for the Karmakar samples, particles with a size enilvas not taken

into account for average size as population was lower than 10% of the total sample
composition.The size of the silica spheres was also determined using DLS for the Sttbe
SIO, particles, these values being 28 + 1 nm and 229 + 5 nm, respectively. Slightly
exaggerated diamaters are commonly measured by DLS (compared with TEM/SEM) due
to the surrounding water molecules and/or the swelling effect on the particles $luiage

et al, 2012) DLS of Karmakar particles was not satisfactorily achieved as sedimentation

of the particles occurred immediately; hence, sample readings were not representative of
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the particle size. Additionallythe scattering envelope of such large particles is not
symmetrical and this also has an effect on the size of particles measured. Silica particles
with different sizes will be named hereafter SE3 nm, SiG-210 nm and Si®4 0 € m.

Figure 5.6 Electronmicroscopy images of (a) Si28 nm, (b) Si@210 nm and (c) Si&40 >m.
Scale bars are 03m (a), 0.5>m (b) and 106-m (c).

The charge of the silica particles synthesized was determined by zeta potential
measurements at the working pH for the bindingdists (PBS solution, pH ~ 7.4or

Stober particlesthe bigger the particle size, the more negative zeta potential value was
achieved(Table5.1). During the Stber synthesis, larger concentrations of ammonia used

in the formation of larger size partisléonized more silanol groups; hence,iscrease of

the surface ionization with particle size is believed to be by the presence of a higher
population of isolated silanol grougSi-OH) compared to the smaller particles, leading to

a higher surface acigitfor bigger particles(Patwardharet al, 2012) For the Karmakar
particles, even if particles were the largest, the zeta potential values were less negative than
for the SiQ-210 nm sample. In this cassanmonia was no longer present during synthesis
(acetic acid instead), thus a higher ionization of silanol groups was not expected, and if it
occurred due to the synthesis conditions, the reduced surface area of the big particles may
decrease the number sifanol groups that can be accommodated on the silica sulface
should also be mentioned thiairge particles (2 >m) are less likely to be uniformly
suspended in solutiofor they maysediment) thus, the zeta valuebtained maynot be
representative fahe overall silica particle size in the samplBurther, Karmakar samples
showed to be nemonodispersed (particles with siz&0 >m were also present), hence,

zeta values coulte only a contribution of themall particles in the sampla any case,
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the binding studies were carried out in the same conditions; therefetaeyalues are
representative of the charge of the particles interacting with the peplidesretical
surface area was investigated in order to predict the expected surface argghneavith
smooth or nofporous surface (Appendix 5.5) and values were compared for those
determined by using BET method (Talld). For SiQ-28 nm, determined surface area
values deviate more from the theoretical value compared with the23nm duedo the
irregular sphere shape commonly observed for very small silica partici30(skm). The
additional surface area found for the S®10 nm particles is most likely also a result of
surface irregularities or low level presence of pores. InspecfidheoBJH treated data
(Appendix 5.6), showed the major pore domains in terms of cumulative pore volume
correlate with the particle size, that is, these pores are mostlypantigcle voids caused by

the aggregation of particles. The diameter of thesspiares are also of interest as previous
studies have shown that protein adsorption on silica isgpeedepender{Katiyar et al,

2005; Schlipfet al, 2013) In this study, the pore size (diameter) valuesStober particles

were bigger as particle size increased and, conversely, pore volume decreased. In the case
of the SiQ-28 nm particles, these were found to be mesoporous (~10 nm) whereas the
Si0-210 nm particles showed the majority of their pore volume betweei2Qf0 nm
(Appendix 5.6, BJH graph), typical of intparticle voids. Since a very smooth surface was
observed for the Karmakar particles, low pore volume and diameter values were expected
(Table5.1). In this case, particles were found to be 4pomous with only significant levels

of nitrogen being adsorbed at high #(Ryuid infill of inter-particle space) and therefore,
experimental surface area could not be obtained. Blserdtiondesorptiom isotherms and

BJH graph for this sample are given in Appendix 5.7. Karmakar particles have been
described as high dense silica microspheres with reported density2.24@ cm?, is

similar to that of silica glass.

Table 5.1 Zeta potential and Ngasadsorption data for Si(particles of different size.

Sample 3~(mV) SSA SSAneoret. Vpore Spore

pH 7.4 (m*g) (m*g?) (cm*gY) (nm)
SiC2-28 nm -18.3+ 06 277.8+35 97.4 0.548 9.6
Si0-210 nm -33.3+ 3.6 16.2+ 0.6 13.0 0.303 31.7
Si0-40em -21.1+x1.1 0.0 0.7 0.059 2.2

3SSA valuesdwer than the limits of detection of the instrumentation.
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Thermal decompositionf silica samples showed an increase of the total éighwloss

when increasing patrticle size (Figure 5.7a) and in all three silica satwglesain stages

of weight loss was observed (Figure 5.7b). First, desorption of water molecules at T < 190
°C (Zhuravlev, 2000Q)followed by subsequent dehydroxylation due to the condensation of
silanol groups on the silica surface at temperatures fror9@Q@ (ller, 1979) where
vicinal, internal geminalandisolatedsilanok can becompletédy removed from the surface
at~400 °C, 400- 900 °C, 800- 900 °C and~900 °C, respectively(Zhuravlev, 200Q)The
observed % weight lost suggested that a higher fraction of water (Stage 1) and silanol
groups (Stag 2) is presenn larger particles (Figure 5c#l). Note that for the Karmakar

silica particlessome of the weight loss in théa8e 2 washoughtto be due to the presence

of some remaining acetic acid (from the reaction) and/or acetone (from the washing
process), since samples collected after thermal treatment were dark brown coloured instead
of the original white powder, indicating the presenteesidual carbon in the samples.
Further,the main weight loss int&ge 2 for the Karmakar particlesuld also be attributed

to decomposition of acetate groups at 280 °C(Wanget al, 2011)and/or formation of
volatile products (i.e. C¢) from 225 to 440 °GDevallencouret al, 1995)originated from

any remaining acetic acighresent in the samples. It should be taken into account the
washing procedure and isolation dfca particles was different following th&tber and
Karmakar method (Appendix 5.8) which could affect either the elimination cfessted
products and/or the amount of water molecdiese these samples were not freezedried
(only dried in an oven a80°C). Therefore, Karmakar silica particles were washed and
isolated following the same procedure employed for Skiber particles. TGA analysis
(Appendix 5.9) showed that the %eight loss decreased from ~16% to ~15% when the
particles were revashed; bwever, the difference in weight loss was mainly observed in
the Stage 1 (water content), these values being ~10% for the original Karmakar particles
and ~9% for the rewashed Karmakar particles, indicating that the drying process affected
the final contenof water in the silica particles. Besides this, no significant difference of
weight loss was observed for the weight loss in Stage 2. Furédrmaaining C was still
presentin the samples since the dark brown colour wdksddiserved after TGA analysis.
These results suggested that acetic acid may be intercalated within thga8i€@es and
trapped up to very high temperatur88-000 °C) due to the high density and nrparous
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nature of this materialt was concluded that the increase of silanol growuk particle
size could be uniquely confirmed fordBer silica particles (28 and 210 nrithe slanol
density in fully hydroxylated silica has been reported from 4.5 to 5.&@# (Davydovet
al., 1964; Eket al, 2001; Zhuravlev, 2000However these values (bulk material) include
different silanol groups that can be presemta silica particle (isolated, geminal, vicinal
and internal) and for larger particle® higherfraction of internal silanol groups siheen
reported compared with smaller partic(@avydovet al, 1964) which will not contribute
to the functionalization of the particle surfad®s surface chemistry is vemnportant for

silica functionalization, the chemical surface composition was investigated by XPS.
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Figure 5.7 Thermal decomposition of silica particles of size 28 nm, 210 nm arsrd@) TGA
curves (b) DTG plots, (c) % wt loss in Stage 1 (from 30200 °C) and (d) % wt loss in Stage 2
(from 200- 900°C).
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From XPS analysis, the presenceesowhsstided O an
by detailed analysis of the Sis2p O 1s and C 1s regions, at 103.5 = 0.1 eV, 533.0 £ 0.0
eV, 285.0 £ 0.0 eV, respectively; cf. the survey scan of the-B10 nm (Figure 5.8a) he

ratio of Si/O for all the samples was around 0.6 (FiduBa inset).Theoretically taking

into account mads of oxygen per mes of silicon thisSi/O relation for silica should be
around 0.9, however; due to the presence of silanol groups on the surface, the amount of
oxygen is expected to be higher as showfigure 5.8a inset; and consequently, decrease
the Si/O ratio Although, higher % of weight loss for larger particle has been proposed to
be due to a higher amount of silanol groups (bulk material), the higher % of O detected for
the nanescded particles(Figure 5.8% suggested a higher amounti@H groups on the
surface.In addition, a higher amount of water molecules was observed for the micro sized
particles (TGA data); thus, a higher fraction of this % of O detected accounted for water
molecules inead of SIOH or SiQ. It wasalsoobserved that the % of carbon detected in

the SiQ-40em (Karmakar particles) was much higher than for ttig&t particles (Figure

5.8a). Although XPS is a surface techniquaa}s may penetrate deep into the sample and
photoelectrons from depths up to 10 nm can be det€Ewdey, 2009) Therefore, the
detection of a large amount of C in the Karmakar particles suggested that acetic acid could
be present within the silica netvkoof the particles as shown in Figure 5.8b. On the other
hand, the C detected in thebBer particles was attributed to adventitious C present in the
XPS chamber during analysis.
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Figure 5.8(a) XPS survey spectrurecorded from an agepositedSiO,-210 nm sample and inset

atomic % of carbon, oxygen and silicon and the calculated ratio of Si/O. (b) representation of a
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Karmakar particle with the acetic acid forming part of the silica network and the penetration of the
incident Xrays (discontinuous redramw) and depth from which photoelectrons can still be emitted

(double sided green arrow) using the XPS technique.

ATR spectra of the samples (Figure 5.9a) presented characteristic silica peaks at ~1050
cmt (peak ii), ~950 cm (peak iii) and ~790 crh (peak iv), corresponding to the
antisymmetric SO-Si stretching mode, SDH stretching mode and symmetric-GiSi
stretching mode, respectivelmith, 1960) A broad peak observed at 358000 cm' was
attributed © vibrational mode of water (3568000 cm') (Smith, 1960)and/or silanol

groups (3400 3200cm) (Smith, 1960) Althoughit is difficult to distinguish between

these two spees only based on this band as they are similar in position and shape, the
detection of the SDH stretcing mode as well as a band dt636 cm' (peak i) attributed

to the scissoring of the two-B bonds(Smith, 1960)in a water molecule suggested that

the band at 35003000 cm' can either be due to the presence of silanol groups and/or the
presence of water in the samples. Besides this, no evidence of acetic acid was detected by
ATR in the Karmakar samples. Samplesre then analysed by FTHRBr (Figure 5.9b)

and the presence of carboxyl groups could be confirmed by a peak arising at 1706 cm
(Max and Chapados, 2004)
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Figure 5.9 (a) ATR of SiQ-28 nm, SIO210 nmand Si®4d 0 em parti ck8s and
analysis of Karmakar particles (Sid20 ¢ m) ; peaks correspon@Hng to
bonds in a water molecule (ii) antisymmetrieGB5i stretching mode, (iii) SDH stretching mode,

and (iv) symmetric SD-Si stretching mode. The peak assigned to CO2 from air is due to

experimental analysis. The broad peak at 358000 cmt is dueto vibrational mode of watelhe
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slope observed forthe S8 0 e m particles is typically a resu

particles, i.e. silica glass type materials.

5.6.2Silica Particle Functionalization and Properties

During the course of reaon, a gelation effect for those samples containing APTES was
observed, being more pronounced for samples containing a higher fraction of APTES
(Figure 5.10). Synthesis parameters, such as temperature has been shown to be a significant
factor for the formaon of gels, especially during silica synthesis, where an increase of the
temperature into the system gives place to an increase of the aggregation kinetics and,
hence, gelation time is reducgamiri et al, 2011; Colbyet al, 1986) On the other hand,

the addition of APTES has also been shown to favour gel forméiong et al, 2012;

Zhmud and Sonnefeld, 1996)

[MTEOS] [APTES]

[NH,] [NH;]

Figure 5.10Functionalized silica samples collected after 24 hours of reaction containing different
concentrations of MTEOS or APTES (concentration increasing from top to bottom) and different

ammonia concentrations (concentration increasing from left to right).

As previously mentioned (section 5.1) APTES can also catalyse thgekgrocess
(enhancement in the rate of hydrolysis and condensation reaction). The presence
of -NH2 groups can lead to a larger and more agglomerated si{Beigeeet al, 2006;
Digigow et al, 2014; Rahmaret al, 2009) Essentially, the amirinctionalized silica
particles carbind through other active sites of the molecule (i.e. amine grwith)the
silanol groups on the surface, aiding aggregation of the particles as there is no driving force
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on the particles surface to keep them afBagweet al, 2006) In Figure 5.11 is shown
the effect of APTES additio during the silica synthesis method followed. Partssize
measuredinage] n O30) showed an increase when adding a higher fraction of APTES in
the system compared with the Blar (x 3 nm) being thes&alues 0f35 + 4, 36 + 3 and

53 + 6 nm, respeately. Hence the methodology described ir&ion 5.4.2 wasollowed

in which no heatingwas employed for the functionalization of the silica partickss

grafting method was chosen for modification of the silica surface

Figure 5.11 TEM images of Si@NPs synthesized in the presence of APTES at concentrations of
(a) 10 mM, (b) 100 mM and (c) 500 mM. All scale bars are 100 nm.

Methyl and 3aminopropy! silica samples were first characterized by ATR in order to know
if functionalization was successfully achieved-aBtoxy compounds, such -8iHz, have

one or more strong bands in the 11@M0 cm' region; however, if silica (SD-Si linkage)

is present in the sample, these bands can be masked by the st &isorption bands
(11306-1000cn?) (Smith, 1960) Even so, ATR spectra (Figure 5.12) showed the presence
of two sharp peakd) at 29732863 cm' and a bandf) at ~ 1460 cr attributed to GH

stretch moddgJunget al, 2012)and GH scissoring, respectively; confirming the presence

of either methyl or propyl groups in the silica samples. It was also observed that the
intensity of the peaks corresponding to the stretching modetbir€reased with APTES
addition, suggesting higher levels of functionalization for samples treated with higher
concentrations of APTES (Figure 5.12 inset). The two weak characteristic peaks from the
amine group{\NH_) expected at ~3362 chand ~3296 cm(Li et al, 2013) could not be
detected due to the broad peak in the region of 3800 cm' attributed to silanol groups

and/or water molecules. Besides this, the peak at ~1628peak i) previously assigned
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to sassoring of the two €H groups in a water molecule could, in this case, also be
attributed to the deformation mode-dfH> (Li et al, 2013) However, the detection of this

peak in both methyl and amifonctionalizel surfaces suggested that it was more likely to

be from OH bonds rather thatNH2 groups. Hence, due to the dubious existence of amino
functionalized silica surfaces by ATR analysis, the presence of amine groups on the silica
surface was best confirmed ltye Ninhydrin Test which is a qualitative method for the
detection of ammonia or primary and secondary amf{Resding and Warneford, 1916;
SotoCantuet al, 2012)(Appendix 5.10. The results from this test also revealed that the
nonfunctionalizedStober particles did not contain traces of ammonia from the synthesis

process, which could have interfered with the later binding studies.
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Figure 5.12 ATR of functionalized silica particles. Peaks corresponding to only silica are: (i)
scissoring of the two @M bonds in a water molecule and/or deformation modeNH, (ii)
antisymmetric SO-Si stretching mode, (iii) SDH stretching mode and (iv) symmetric-@&iSi
stretching mode. Peaks corresponding to functional groipsC£H stretch mode and) C-H

scissoring. Inset shows highlighted region between 2800 cm'.
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The zeta values for functionalized samples are shown in behl@he addition of either
MTEOS or APTES reduced the surface charge of the silica particles, and for higher
amounts of aming@ropyl groups on the surface, the zeta values became posithe ¢ase

of the nanescaled silica particles.

Table 5.2 Zeta potential values (mV) of functionalized Si@articles.

3(mV) pH 10 MM MTEOS 500 MM MTEOS 10 mM APTES 500 mM APTES
SiC2-28 nm -17.9+1.6 -14.9+ 0.2 -13.1+ 0.6 +9.1+1.8
SiO-210nn? -28.0+1.1 -22.3+2.1 -17.8+1.2 +22+0.4
SiO2-40em -18.4+6.2 -11.9+ 0.7 -11.7+ 3.3 -11.4+ 2.5

a3 (mV) values for norfunctionalized Si@were-18.3 + 0.6 (28 nm);33.3 £ 3.6 (210 nm) ane?1.1 + 1.1
(40em). °3-(mV) values foraminofunctionalized Si@with 2.5 mM and 100 mM wer&l8.5 + 2.4 and12.9
+ 1.2, respectively.

TGA analysis showed for smaller particles a higher % of weight loss when functionalized
with APTES compared with larger particles and a lower % of weight Vassn
functionalized withMTEOS (Figure 5.13#&); cf. graphsof samples functionalized with
500mM of MTEOS or APTES.For the three different sizes of functionalized silica
particles samples containingaBninopropyl groups, it was observed a common peak of
weight loss at ~532C (Figure 5.13c). The decomposition of bonded phase aminopropyl
ligands has been shown to take place between temperatures from 400 ®) BOihg the
maximum rate of wt loss at ~ 50C (Jaronec et al, 1997). The presence of peaks at
lower temperatures (between 2000 °C) could be associated to the condensation of
silanol groups between neighbouring aminopropyl ligaiwssantet al, 1995). For the

silica particles containing methyl groups, the weight loss observed betwee30Q@0C
(Figure 5.13d) was mainly associated with the decomposition of methyl groups leading to
the formation of carbon where combustion occurs later on at temperatures arot6&0500
°C. Note that, Karmakar samples were still colouedttr TGA analysis indicatig the
presence of acetic acid, hentteg peak of weight loss observém 250 to 40 °C could

still be attributed tadecomposition ofacetic acid Appendix 5.11showsthe total % of
weight loss and % of weight loss in Stage 2 for all different condemisaof MTEOS or
APTES added into the system. The % of weight loss of the organic content (Stage 2)
showed an increase of weight loss with silica functionalizg#@pendix 5.1).
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Figure 5.13 (a) TGA curves and (b) DT@lots for functionalized Sigparticles (500 mM)

of different size.

Surface functionalization was also confirmed by XPS analysis. Similarly to the non
functionalized silica samples, XPS spectra showed the characteristic peaks of Si 2p and O
1s, at 103 eVand 532 eV, respectively; as well as the incorporation of C and/or N by
detection of peaks in the region of C 1s (285 eV) and N 1s (399 eV); cf spectra of a SiO
210 nm sample (Figure 3&b). In general, the area of the C 1s peak increased with extent
of functionalization as well as the N 1s peak for the samples containing APTES (Figure
5.14c). The atomic % of Si, O, C and N for the different silica sizes studied is shown in
Appendix 5.12.Remarkably, ér the Karmakar particles, the % of C was less thmea t
observed for the blank (ndanctionalized SiQ particles). As explained ineStion 5.7.1,

the presence of remaining acetic acid (from the reaction) was observed in the samples.
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Knowing that the XPS technique has anay depth penetration up to 10 natetic acid
could be detected for the Blanks whereas for the functionalized particlesréne iXay

penetrate first into the organic molecules on the surface as shown in Figlae 5.1

(c)
Increasing [MTEQS]
] 3 8
Si02 NPs @) o 9
............... [ B N
" é I
N 400 200 400 200
w»ww»‘w»&i fffff ) ‘
L I T ﬂ 3 ﬁ g} ﬂ i
400 200 z © z ©
SAPUU NN | R VIS W |

\
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— Incident X-ray
== Penetration X-rays
«+ Max. distance for detection (<10 nm)

Figure 5.14 XPS survey spectra for 210 nm SiRPs (a) methyl functionalized (MTEOS) and (b)
3-aminopropyl functionalized (APTES) corresponding to the high condemtradded (500 mM).

(c) XPS spectra highlighted between 4BM eV to show the variation of the peak intensity by
adding MTEOS or APTESd) Representation of Karmakar particles with acetic acid intercalated
throughout the silica particles and {menetrations of the Xays.
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