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CHAPTER 1. INTRODUCTION

1.1 Introduction

The synthesis of magnetic nanoparticles has long been an area of actvehrgsa].

Magnetic nanoparticles can be used in a wide variety of applications suchraimiads,
magnetic memory devices, drug delivery, magnetic resonance imaginy ¢btRrast

agents, and pathogen detection in foods. In applications such as MRI, particle upifrmit
particularly crucial, as is the magnetic response of the particlesrbnmagnetic particles

with good magnetic properties are therefore required [4]. One particulgatyied technique

for synthesizing nanoparticles involves biomineralization, which is a naturallyrotg

process that can produce highly complex nanostructures. Also, the technique involves mild
conditions (ambient temperature and close to neutral pH) that make this apprceulk swit

a wide variety of materials [5].

The term “bioinspired” is important because biomineralization researctpiseiddy the
naturally occurring process, which occurs in certain microorganismsl ¢aikgnetotactic
bacteria.” Magnetotactic bacteria use biomineralization proteins to pradagnetite
crystals having very good uniformity in size and morphology [6]. The bacteria &e the
magnetic particles to navigate according to external magndts fig 8]. Because these
bacteria synthesize high quality crystals, research has focused dmgraispects of this
biomineralization in vitro. In particular, a biomineralization iron-binding profieund in a
certain species of magnetotactic bacteria, magnetospirillum magmetAMB-1, has been

extracted and used for in vitro magnetite synthesis; Pluronic F127 gel was usaédase



the viscosity of the reaction medium to better mimic the conditions in the batiterés
shown that the biomineralization protein mms6 was able to facilitate uniform titagne
synthesis [4]. In addition, a similar biomineralization process using mms6 andex shor

version of this protein, C25, has been used to synthesize cobalt ferrite particles [9].

The overall goal of this project is to understand the mechanism of magnetitke part
synthesis in the presence of the biomineralization proteins, mms6 and C25. Previous work
has hypothesized that the mms6 protein helps to template magnetite and catiegitaieicle
synthesis and that the C25 protein templates cobalt ferrite formation [4, 9]velpwe

effect of parameters such as the protein concentration on the particle dorraaiill

unknown. It is expected that the protein concentration significantly affects tleatoc and
growth of magnetite. Since the protein provides iron-binding sites, it is exiett
magnetite crystals would nucleate at those sites. In addition, in the preddygive

reaction medium after completion of the reaction was in the solution phase, and enagneti
particles had a tendency to fall to the bottom of the medium and aggregate. Trahresear
presented in this thesis involves solid Pluronic gel phase reactions, which candx studi
readily using small-angle x-ray scattering, which is not possible footbgm phase
experiments. In addition, the concentration effect of both of the proteins on negngdtal

formation was studied.



1.2. Applications of M agnetic Nanoparticles

Magnetic nanoparticles can be used to enhance the contrast of the MRI imagalibing
the particles at the region in the body of interest. By attaching tumafisgetigens or

other antibodies to magnetic particles, tumor detection is possible (Figuf&d].1)

Fo,0, nano'crﬁﬁIMlbody
conjugates
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of the tumor acquired after the
injection of the conjugates
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Figure 1.1. Magnetite particles with conjugated antibodies specific to a armmjected
into the blood stream of a rodent model. The particles accumulate at the site ofdhe tum
MRI images show the particle accumulation over time [10].

In addition to the antigen providing tumor-specific binding, magnetic partialebe

transported using an external magnetic field gradientlf1The particles need to be able to

fit into blood vessels and be highly magnetic so that they can be steered bigthalex

magnetic fields to the desired location. In addition, they need to be non-toxic and non-
immunogenic {3]. Transport of the magnetic particles to the desired location can be impeded

by macrophages or the reticulo endothelial system, so the particles can be ctbated wi



hydrophilic polymers such as poly(ethylene glycal]] Another example of contrast

improvement using magnetic particles is in MRI of the brain (Figure 15R) [
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Figure 1.2. Magnetic manganése (I1) oxide (MnO) nanoparticles used to impraanthest

of an MRI brain image [15].

The magnetic particles act as contrast agents by causing a disturbdreenafjhetic field
applied in the area that they are localized. MRI typically uses nuolagmnetic resonance
(NMR) signals from hydrogen nuclei of water molecules. The disturbanbe imagnetic

field changes the radio frequency of the NMR signsk Magnetite particles have already
been used to enhance MRI and are advantageous because of their biocompatibititytyand a

to be functionalized readilyi{].

Another application of magnetic nanopatrticles is in the detection of pathogens in faods. A
advantage of using magnetic nanopatrticles for pathogen detection is thesutfece area

for attachment and excellent adsorption abilit§; 19]. In addition, the particles can rapidly
agglomerate or go back into the food stream as a result of changes in an exdgnetic

field [20]. For detection of pathogens using magnetic particles, antibodies tspearkc to

the pathogens that need to be detected must be present. Antibodies would be attached to the

magnetic particles using suitable attachment chemistries and coultilmnteea surface



using a magnet or another type of external magnetic field according tocieesim the

literature. One example is shown in Figure 2@.[

Debris Nom Spedfic bacteria

Antibodies

Figure 1.3. Pathogen detection system having antibody complex that bindsspecifi
pathogens [20].

Since the surface area of the nanopatrticles is very high, there is moier attachment of
antibodies to the magnetic particles, and the pathogen detection sensigvihanced. Thus,
extremely low concentrations of food pathogens can be detected [21]. To help improve
antibody attachment, a few atomic layers of polymer (either natural or sghtbzide
surfaces (silica or alumina), or inorganic metal can be coated on the magmtties p2,

23]. Another way to facilitate attachment is by functionalizing the pantittle ionic groups.
For example, negatively charged groups can be coated on magnetite partidexytay

surfactant such as sodium oleate (Figure 24]) [

sodium ol=ate

magnetite

magnetite modified

Figure 1.4. lonic modification of magnetite using a surfactant [24].



The food stream can be passed over the surface, and pathogens specific for thesantibodie
bound to the particles will attach to the antibodies, as shown in Figure 1.3. The magnet can
then be removed, and the magnetic particles with bound antibodies and pathogens can be

eluted for analysis [20].

Magnetic sensors employing magnetic particles can be used for aletafcindividual

biological pathogens [21]. In order for detection of single pathogen molecules,dhetoa
particles used need to be uniform in size and morphology and have high magnetic moments
[25]. One method of detecting the pathogens after elution of the magnetic pantitie

bound antibodies and pathogens is by using giant magneto-resistive (GMR).S8MiRrs
sensors are very sensitive to even small magnetic fields, with largéteigrase ratios

(SNR) when magnetic nanopatrticles are ugéfl |

In addition to MRI and pathogen detection, magnetic particles have a vast number of othe
applications. The particles can be used for drug delivery and targeting [4]. Xsmad
magnetic fields can be used to heat the particles so that they can be ugeztthgtmia

agents to treat cancerous tumdrd.[In addition, magnetic particles can be used in an

immunoassay system that detects human insulin lex/gls [

Chapter 2 provides a summary of the literature that is relevant for the tiegroek
described in this thesis. Chapter 3 summarizes the goals of this reseagch Qiogpter 4
describes the solid-phase experiments and the characterization of the nelespesitng

small angle X-ray scattering and what may be learned from these stooliggle



mechanism of magnetite synthesis. Chapter 5 summarizes the main conclusiensarkt

and discusses future areas of research in this field.
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CHAPTER 2. BACKGROUND AND LITERATURE REVIEW

2.1. Summary

This chapter gives a summary of the literature that is relevant fondgeetite work

described in this thesis. Section 2.2 provides an introduction to bioinspired synthesis
pathways involving biomineralization for nanoparticle synthesis. Section 2.3 exjplains
discovery of magnetotactic bacteria, and Section 2.4 discusses how the magmetotact
bacteria synthesize magnetite particles. Section 2.5 explains how thedralmation

process in the bacteria has been mimicked for in vitro synthesis, while Section 2s6 show
how some other processes compare with the bioinspired approach of synthesis. Section 2.7
focuses on how the bioinspired approach can facilitate production of nanopatrticles of
different magnetic materials. Section 2.8 concludes the chapter with asthscoksome

literature pertaining to magnetic particles.

2.2. Biomineralization Synthesis Pathway for Nanoparticles

Many approaches exist for producing nanopatrticles [1- 4]. One of the most mgrigui
involves bioinspired synthesis pathways. Pathways found in nature can inspire in vitro
synthesis pathways that attempt to mimic the natural processes. Onenaisthatriguing
bioinspired pathways is that of biomineralization [5]. Biomineralization involvesised of
organic molecules for nucleation and growth of crystals at ambient tenmeeaat close to
neutral pH [6]. Nanoparticle crystals nucleate and grow in size in supatsatsolution

from ions and molecules [7]. The main advantage of biomineralization compared to other
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synthetic processes is the mild temperature and pH. Another advantageherié no
requirement for organic solvents. Whereas other processes such as theomalod&oon
require high temperatures and the use of organic solvents, biomineralization provides a
pathway for formation of magnetic particles in aqueous environments. Becaheseof t
advantages, much research has been conducted to study the biology and chemigg invol
in natural biomineralization processes in order to imitate them using in vittoesyst

techniques [6].

Two main types of natural biomineralization involve calcification and sdatiion. The
mechanism of biomineralization is not completely understood. In both calcification a
silicifation, it is thought that organic macromolecules that are gengtozatitrolled act to
cause formation of organic-inorganic nanoparticles. Then, they act astesmiplassemble
micro- to macro architectures with complex patterns [8]. The macromdabdieefore
function as structure-directing agents [9]. The macromolecules are reabseabved) the

inorganic part intact [8].

There are many examples involving imitation of biomineralization in the ladygrane
involves the synthesis of zinc oxide particles. Zinc oxide is nontoxic and biocompatible a
can be used in many different applications such as dental implants and light-edittieg

[10-13]. One biomineralization pathway for producing zinc oxide involves using a silk
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fibroin (SF) peptide that acts as a template for particle synthesispdjtisie induces

nucleation of the particles and also affects their morphology [10].

Another example involves the use of biomineralization in bone tissue engineering. For
mechanical implants, there is often mismatch between the implant and the natural
environment in which the implant is placed. Synthetic techniques can imitate the self
assembly process of bone growth [14, 15]. In nature there are a number of peptide motifs that
aid self-assembly [14]. An example of biomineralization to aid bone growth invbleese

of a chimeric protein hydrogel; the protein nucleates hydroxyapatite [6, 7, 16]. Thesapa

are highly oriented, similar to natural bone mineral [14].

Another example of biomineralization is the crystallization d€iaen carbonate. Calcium
carbonate crystals exemplify what biomineralization is capahleamely the formation of
three-dimensional single crystals having well-defined strustureaddition, for the case of
calcium carbonate, there can be well defined crystal orientatongxample in nature of
well defined calcium carbonate is in calcite skeletal plafesoccoliths and echinoderms.
These nature phenomena have inspired research that attempts to phedecerystals in
vitro. As an example, the introduction of amorphous calcium carbonatea itgmplate of

polymer spheres leads to the formation of calcium carbonatealsrysith controlled

orientation. In addition, patterning exists down to the nano-scale ibithispired research

[17].
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2.3. Discovery of Magnetotactic Bacteria

Magnetotactic bacteria were first discovered in 1958 by Salvator@iBelho noted that in
freshwater that there were microorganisms which always seemed farirdneesame
direction [18, 19]. Bellini inspected the organisms under a microscope, changing
environment conditions, but that did not seem to affect the persistent movement of the
microorganisms in one direction. Bellini noted that the organisms always traeizd tthe
North Pole, which was the direction that the organisms were affected by magtrattion,

as shown by Bellini when he used a strong magnet to “steer” the bacteria [19].

Bellini was not the first to coin the term “magnetotactic bacteria’Hese¢ microorganisms.
This term was designated by James Blakemore, who in the 1970s made somamterest
observations of these bacteria. He noted that they possess flagella anteddmiavel
structured particles, rich in iron.” Blakemore postulated that these psutighart a magnetic

moment to the bacteria that aid in the movement of the bacteria [20].

2.4. Synthesis of Magnetite in Magnetotactic Bacteria

Since the work of Bellini and Blakemore, the research community’s understanding of
magnetotactic bacteria has grown significantly. Magnetotactiebagroduce intracellular
structures called magnetosomes. Each magnetosome contains a mayséitswarounded
by a lipid bilayer. Magnetosomes tend to align in chains inside the bacterianagghetic

moments of the individual magnetite particles align with one another (Figur@2]1) [



Figure 2.1. Magnetosome chain inside magnetotactic bacteria. Note the osagrest
membranes indicated by the white arrows. Also note the growing magnesiia ory the
right side [21].

The net magnetic moment of each chain equals the sum of the individual magnegictsnom
[21]. Magnetotactic bacteria use these magnetosomes to orient themseésgonses to
external magnetic fields, including the earth’s magnetic field [20]. i@iffietypes of bacteria
make magnetite crystals with a variety of morphologies and may contain oneeor mor

magnetosome chains (Figure 2.2) [22].

Figure 2.2. Examples of the variety of magnetosome chains and magnetitepartic

synthesized by different types of magnetotactic bacteria [22].
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The magnetosome membrane is made up of phospholipids and fatty acids as well as some
proteins that resemble cytoplasmic membrane proteins. This may suggést tha
magnetosome membrane vesicle is formed when a portion of the cytoplasmicamembr

folds and pinches off. The exact mechanism by which the magnetite is formed in the

magnetosome is still unknown [4]. A proposed mechanism is that ferric ioﬁ};eﬁF&s
reduced on the surface of the cell, transported into the cytoplasm, transported into the
magnetosome vesicle, and then oxidized to produce magnetite. The formation of the
magnetite crystals in the vesicles is thought to be aided by proteinsetiaiuend to the
crystals [23]. These proteins are in some way involved in a biomineralizationtbats
facilitates magnetite formation. Biomineralization involves the use of argaolecules for
nucleation and growth of crystals at ambient temperature and close to pelédl
Biomineralization facilitates the formation of uniform magnetite algdby magnetotactic

bacteria [6, 23, 24].

One of the types of magnetotactic bacteria that synthesize magngitdscis

Magnetospirillum magneticum strain, AMB-1. In these bacteria, it has beed that

several proteins, designated as mms5, mms6, mms7, and mms13, are bound to the magnetite
crystals. All of these proteins have hydrophobic N-terminal and hydrophilion@Gri

regions. The hydrophilic C-terminal region has hydroxyl and carboxyl groupiitizgiron

ions [23].
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2.5.1n Vitro Synthesis of M agnetite using Hismms6

Because uniformity in size and shape is desired and is provided by the biomatieraliz
process of magnetite formation, in vitro synthetic attempts have been madmeitctime
biomineralization process found in magnetotactic bacteria. One such atteoipes

mimicking the process found in magnetospirillum magneticum AMB-1. In these
magnetotactic bacteria, the four proteins mms5, mms6, mms7, and mms13 bind totenagneti
crystals - so it was thought that these proteins help in magnetite formatioof theee

proteins, mms6, was chosen, although the others could have been as well. Along with this
protein, Pluronic F127, a triblock copolymer, was used to slow down diffusion rates of
reagents and provide a high viscosity similar to that found in the bacteria. Thedlihie

mms6 protein to facilitate magnetite production in vitro was studied [25]2/IF«=3(CII3

mixtures were reacted with NaOH to form magnetite according to tleevial) reaction:

FeCE+ 2FeCL+ 8NaOH— FeO, + 8NaCl + 4HO

An undesired side reaction involved the oxidation of magnetite to heng&jte [
4Fe0,+0O,— 6Fe0,

Synthesis of uniform, unoxidized magnetite nanoparticles required carefultpltauht
anaerobic conditions in which particle growth was slowed down dramatically. Anaerobic
conditions were achieved by thorough degassing of the reagents and by tloe additgon
to the reaction vessels. The surface area of the nanopatrticles was high, resatisyg
oxidation of the particles in the presence of small amounts of air [27]. In additionthieom

above reaction it can be noted that one mole of oxygen can react with four moles of
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magnetite to form six moles of hematite. Therefore, it is necessasntove even small
amounts of oxygen from the reaction medium. The reaction was slowed down by trenadditi
of Pluronic F127, which is a triblock copolymer consisting of polyethylene oxide and

polypropylene oxide units [28, 29:

g
Ho—fCHchonCHchoHCHzt:Hzo H
106 T0 106

The use of Pluronic F127 raises the viscosity of the reaction medium. Slowing down the
diffusion rates is important to approach conditions similar to those in magneiihecprg
magnetotactic bacteria. In addition to the anaerobic synthesis with Pluromeattien was
further controlled by the addition of the mms6 protein, which mediated the synthdsas of t
magnetite. The reaction was allowed to proceed for five days. It was fournmhttieles

synthesized in the presence of the mms6 protein were of much more uniform size and

morphology than those synthesized without it (Figure 2.3) [8].

)

Figure 2.3. TEM pictures of magnetite particles synthesized: A) withoutrant B) with
mms6. Note that the particles in B) have much more uniformity in size and morphdhegy. T
scale bars are 200nm in both images [8].

To check if the mms6 protein was able to facilitate uniform particle systhreaiway other

iron-binding proteins cannot, two other proteins, ferritin and His-lcn2, were used for



18

comparison. However, neither of these iron-binding proteins was able to fac¢Hitat
production of uniform particles. This suggests that the templating process wifis spéue
mms6 protein. In addition, the particles formed using the mms6 protein were found to have
superior magnetic properties. It was found that magnetic particles proasiocgdnms6 had
higher magnetic moments and higher remanent magnetization, that is, a rsghealre
magnetization after an external magnetic field was turned off, than the mcggarétles

synthesized without the protein (Figures 2.4 and 2.5) [25].
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Figure 2.4. Magnetization of different samples at a temperature of i€ asagnetic field
strength is changed. Note that the sample made with the mms6 protein risesatemaah
smaller fields. This is an indicator of a higher magnetic moment per partickethiNbt
magnetite was also made using two other synthetic proteins, ferritin ahchBjdut neither
sample had as good magnetic properties as those prepared using mms6 [25].
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Figure 2.5. Remanent magnetization of samples at different tempem@igeethe magnetic
field was turned off at 5K and the samples slowly heated. Note that the saat@aising
mms6 shows a higher magnetization up to temperatures as high as 200K [25].

2.6. In Vitro Synthesis of Magnetite Without Biomineralization

It has been shown that biomineralization using mms6 and Pluronic facilitateswnif
magnetite crystal formation. There are other processes that do not involvedsalimation
that are used to produce magnetite crystals. One involves the reaction ofdd2damediol
with iron(lll) acetylacetonate (Fe(acac)3) in the presence ofastegk and oleic acid. This

is a solution phase reaction requiring temperatures betweé@ 266 306C that results in
monodisperse particles [30]. Another process involves the thermal decomposition of iron
carboxylate salts to produce uniform magnetite nanoparticles; this progesssa
temperature of 32(C [31]. An additional process involves reaction of iron(ll) acetate,

iron(Il) acetylacetonate, and iron(lll) acetylacetonate with bealzglhol to form magnetite
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particles. This synthetic scheme is remarkably efficient (synthesss bne minute). It does

use a temperature of 280 and uses microwave radiation for heating [32].

While the above processes are able to facilitate uniform magnetitetimmptaey all require
higher temperatures. This is problematic for multiple reasons. First, hieghperatures
require higher energy. Second, even though high temperature processes can bectust-eff
as in the case of using microwave radiation, higher temperatures can liapplieability of
the process to production of those materials that are stable at high tempefa®res
biomineralization process is suitable for a much greater variety of alaténicluding those

that are not stable at high temperatures.

2.7. Invitro synthesis of other magnetic nanomaterials

The mms6 protein can facilitate synthesis of high quality magnetite lsrystatro, but it
can also template synthesis of different types of magnetic matenelsas cobalt ferrite

(COF%O4), which is not found in magnetotactic bacteria [33]. As part of the cobalt ferrite

synthesis, several new methods were employed. One utilized only the iron-binding
hydrophilic C-terminal region of the mms6 protein. It was shown that C25-mms6 could be
used to enhance synthesis. In addition, the full protein and the short C25-mms6 peptide were
covalently attached to Pluronic F127 to provide better control of particle simthegas

found that conjugating the proteins to the Pluronic provided better particle morphology and
size distribution. In addition, the C25-mms6 peptide was able to provide even bettde parti

synthesis than the full mms6 protein, possibly because the shortened version haddess s
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hindrance (Figure 2.6). The conjugated proteins provided particles with better imagnet

properties than the unconjugated ones (Figure 2.7).

Figure 2.6. TEM of cobalt ferrite particles synthesized: a) with unbound fulhengts6
protein, b) with unbound C25 protein, c) with bound full length mms6 protein, and d) with
bound C25 protein. The scale bars are 50 nm in all images. The inset in d) is from high
resolution TEM and shows the lattice spacing of the central particle in d) [33].
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Figure 2.7. Remanent magnetization of cobalt ferrite samples. Note tisaintipées prepared
using conjugated proteins have magnetization values that rise with tempesagarpast
200K while magnetization values of other samples drop at temperatures less than 100K [33]
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2.8. Summary

Biomineralization has been used in a wide variety of nanopatrticle syntheses amsphrad
our group’s synthesis approach because it enables us to synthesize high qualitie magnet
nanoparticles under mild conditions. In addition, our synthesis approach is suitable for
multiple magnetic materials. However, the mechanism of nanoparticletiommaour
Pluronic system is largely unknown, so further research has been carriedetier
understand the mechanism, as discussed in the rest of this thesis. It is hoped dmae e c
of this thesis will inspire further efforts to understand the mechanism, usethamsm to
develop improved synthetic techniques, and eventually use the new magneticsparticle

applications such as MRI and pathogen detection.
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CHAPTER 3. RESEARCH OBJECTIVES AND ORGANIZATION

3.1 Resear ch Objectives

The overall goal of this project is to understand the mechanism of magnetiéiéorin the
presence of His-mms6 and C25 proteins. Specifically, this work explores theoéfieatein
concentration on the synthesis of magnetite nanoparticles. This is accomplished by
synthesizing magnetite in the solid Pluronic gel medium in the presence of three
concentrations of His-mms6 and C25. The effect of the magnetite formation on thadlur
structure as well as the effect of protein concentration has been studied uslrapgiaaX-

ray scattering (SAXS).

3.2 ThesisOrganization

Chapter 4 presents results of the SAXS studies. Also included is a discussion about TEM
images of the magnetite samples (obtained by Dr. Tanya Prozorov) and hoeldkeyo the
SAXS results. These results are used to propose some hypotheses thatdpiidirethe

process of magnetite formation in the presence of His-mms6 and C25 proteins.
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CHAPTER 4. MAGNETITE NANOCRYSTAL SYNTHESISAND
CHARACTERIZATION USING BIOMINERALIZATION PROTEINS
IN THE SOLID PLURONIC PHASE

4.1. Introduction

Our overall goal is to understand the mechanism of magnetite particle $ymhes

presence of the biomineralization proteins, mms6 and C25. Previous work has hypdthesize
that the mms6 protein helps template magnetite and cobalt ferrite psytithesis and that

the C25 protein templates cobalt ferrite formation [1, 2]. However, the effectavhptars

such as the protein concentration on the nucleation and growth of magnetite parsilies
unknown. Since the protein provides iron-binding sites, it is expected that magnetitds
would nucleate at those sites. In addition, in the previous work, the medium aftertcample
of the reaction was in the solution phase, and magnetic particles had a tendendy todall
bottom of the medium and aggregate. The current research involves solid Pluronic gel phas
reactions, which can be studied readily using small-angle x-ray segt(€&AXS), which is

not possible for the solution phase experiments. In addition, the concentration effebt of bot

proteins (i.e., mms6 and C25) on magnetite crystal formation was studied.
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4.2. Materials and Methods

4.2.1. Materials
Pluronic F127 NF Prill Poloxamer 407 was purchased from Sigma-Aldrich (St., MOis
FeCb-4H,0O powder was purchased from Thermo Fisher Scientific (Waltham, MA), while

FeCk-6H,O powder was obtained from Sigma-Aldrich (St. Louis, MO). Sodium hydroxide
was purchased from Fisher Scientific (Fair Lawn, NJ). Buffer catsist 20mM Tris-HCI

and 100mM KCI in filtered water. His-mms6 and C25 proteins were obtained fram Lij
Wang and Professor Marit Nilsen-Hamilton (Department of BiochemBiophysics, and
Molecular Biology at lowa State University). Cloning and expressioheofitms6 protein is

described elsewhere, as is the preparation of the C25 protein [1, 2].

4.2.2. Methods

To study the structure of the Pluronic and how it is influenced by the magnetX&, Bas
used. For these studies, a gel sample is preferred in which the magnetitersediape does
not fall to the bottom and aggregate, as is the case at lower Pluronic conmesititius,
synthesis experiments were conducted using high concentrations of Pluronic F127. Firs
higher volumes of Pluronic (25% w/w) were used to raise the overall concamtiati

addition, higher concentrations of NaOH solution were used such that the total amount of
NaOH solution would be lower and would not lower the total Pluronic concentration as
much. It was found that the higher concentrations of NaOH solutions provided faster

diffusion of NaOH through the gels. At the end of synthesis, the samples did not show the
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dark color that is indicative of magnetite crystals. This was likely due taripe volume of

the overall sample and the lack of a high enough concentration of iron ions.

After this result, attempts were made to use higher concentrations of Plsortion

initially rather than larger volumes of Pluronic of the same concentration. Thusargb%

37% Pluronic F127 solutions (w/w) were used such that the initial concentration of gel was
higher than in the previous work. To the gel, the NaOH solution was added. Sincddhe init
gel concentration is much higher, the diffusion of NaOH was much slower and only
progressed through a small portion of the gel. Further experiments ensued withndwer a
lower volumes of 35% or 37% F127 to enable the reaction front to diffuse through a greater
percentage of the gel. Eventually, a limit was reached such that usinipweewolumes of
Pluronic resulted in a liquid suspension rather than a gel at the end of reaction. Toldeal wit
this limit, Pluronic was added to the sodium hydroxide solution. By using this appreach, e
lower volumes of 35% F127 could be used in the initial gel because they would be
compensated by the Pluronic in the NaOH solution. Even in this system, the reaction front
did not diffuse throughout all the gel. Nevertheless, this system was used garanz®
between having a gel at the end of solution and having adequate diffusion of NaOH. The
final concentration of Pluronic F127 in the gel after reaction was 20.4% (wAtxljghtly

higher than the experimentally determined cutoff between solution and solid ge,is/hi

19% (w/w).

The volume of NaOH solution required was calculated based on titration studies. First

solutions containing iron chlorides, buffer, and Pluronic were prepared. Sodium hydroxide
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was added to these solutions in increments, and the pH was measured with a pH probe
(Microelectrodes, Inc. MI-4146B septa-penetrating probe, Bedford, NH). Thelpebuaith
different volumes were recorded and used to create a titration curve (EigjurEor the
optimized system, 18Q of 0.5M NaOH (in 13.33% Pluronic F127) was required to raise
the pH to 7.6, at which magnetite is formed. In these titration experiments, rtregitor of
magnetite was rapid, as opposed to the longer synthesis experiments, which tookkso we
For the titrations, samples were mixed rapidly by using a Vortex-GenigexgofScientific
Industries, Inc., Bohemia, NY). In the optimized system, the solution contents included
320uL of Pluronic F127 (35% w/w in water), 7L of buffer, 50uL of 0.5M FeC}, and 50

uL of 0.25M FeCi.

10

9 ]

pH &

2 .

1 i

Figure 4.1. Titration curve for magnetite synthesis in solid Pluronic gedtidbns were

completed for three separate samples, so each data point is based on the avessgphdf thr
measurements, except for the 160uL condition, for which the pH was measured for only 2 of
the samples. Error bars refer to standard deviation.
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The preparation of the samples for the longer syntheses was as follows. Proteirfeand buf
were added to 5 mL round or pear-shaped flasks such that their total volumepaser0

flask. 320uL of Pluronic F127 (35%) was added to each flask. The flasks were capped with
rubber septa and sealed with cable ties. The flasks were placed oveniegrefrigerator at

4°C for 30 minutes or longer to provide equilibration of contents. The flasks were degassed
and filled repeatedly with argon for about three minutes or longer. This was done ti@ugh t
use of a Schlenk line assembly which had argon and vacuum lines. A needle was inserted
into the rubber septa through which the flasks could be degassed and filled withligngo
chloride solutions were added (pD of 0.5M FeC} and 50uL of 0.25M FeC}), and the
solutions were again degassed and filled with argon in cycles for about 2 minutes ar longer
The contents were kept on ice or in a refrigeratof@tfdr 20 minutes or longer to provide
equilibration of the iron chlorides with the rest of the contents of the flasks. AftEriha

flasks were kept at room temperature for at least 30 minutes for gelatiorutotethe gel,
180uL of sodium hydroxide solution (0.5M NaOH in 13.33% Pluronic F127 (w/w)) was
added. Over the course of two weeks, the NaOH solution was allowed to diffuse through a

portion of the gel and react with the iron chlorides to form magnetite.

Using the optimized system, three concentrations of His-mms6 protein and C25 pepéde
studied. In addition, a large number of control samples were prepared folisansiyg

SAXS, as shown in Table 4.1.
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Table 4.1. Control samples for SAXS experiments. For all of th@lsamthe concentration
of Pluronic F127 was 20.4% (w/w) in water.

Pluronic + water

Pluronic + buffer

Pluronic + buffer + His-mms6 (1.5, 20, or 51 pogy

Pluronic + buffer + C25 (0.42, 5.2, or 14 nh)

Pluronic + buffer + FeGl

Pluronic + buffer + FeGl

Pluronic + buffer + FeGl+ FeCk

Pluronic + buffer + FeGI+ 14 ngiL C25

Pluronic + buffer + FeGl+ 14 nguL C25

Pluronic + buffer + FeGIl+ FeC} + 14 ngiL C25

Pluronic + buffer + FeGI+ 51 ngiL His-mms6

Pluronic + buffer + FeGl+ 51 ngiL His-mms6

Pluronic + buffer + FeGIl+ FeC} + His-mms6 (1.5, 20, or 51 nd/)

Pluronic + buffer + HCI + NaOH

Pluronic + buffer + HCI + NaOH + 14 ngd/ C25

Pluronic + buffer + HCI + NaOH + 51 ngd/ His-mms6

Sample preparation for SAXS involved the use of Kapton tape and 5mm thick washers (Flat
Washer 3.2mm ID x 7.0mm OD x 0.5mm). The sample was placed in the washer and sealed
on both sides of the washer with Kapton tape. For air sensitive samples, thessaenple

prepared inside a nitrogen glove box.
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SAXS experiments were conducted at the Advanced Photon Source in Argonne National
Laboratory. The 12-ID beam line was used for these experiments. A 168x168 men squar
detector (pixel size equal to 164) was used to measure the scattered intensity. A
photodiode measured the transmitted intensity of the x-rays, and all data wakzeolrmgh

it. Samples were held 2m from the detector, and the beam energy used wasDElkeMas
collected at 0.01, 0.1, and 1 s exposures; five exposures were completed per run. The samples
containing magnetite scattered very heavily, so 0.01 s exposures were usety$s. dra

the other samples, 1 s exposures were adequate. Data was collected cvega@ 0.01 to
0.28 A, where Q is the scattering vector, defined as @ sid©/2)/,, wheref is the

scattering angle aridis the wavelength of the incident X-ray beam [3]. 2D scattering images
were obtained, and the 2D data from these images was azimuthally averagedto obtai
intensity | versus scattering vector Q data. The absolute intensitybtaised by

normalizing with a polyethylene standard as follows:

I *] *Thickness,;

meas sam abs PE, Q=0.024 A

I =
abs sam -
%

Imeas PE. Q=0.024 A" TthkneSSsam

Here, abs= absolute, meas= measured, sam= sample, and PE= polyethylene.lid®fQ va

0.024 A refers to the first peak position for the PE standard.
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4.4. Results

SAXS is a commonly used method for characterizing the structure of condeaised m
SAXS can be used to characterize a number of different samples such adloystal a
polymers, nanoparticles, and protein solutions [4]. In SAXS, an incident beanays isr
directed at the sample, and scattered x-rays hit a detector at snedl @ingss than one
degree relative to the incident beam [3, 5, 6]. The intensities of these x-ragsaced

along with the scattering angles [4, 7].

SAXS data is presented as absolute scattering intensity versus Q wisdtee scattering
vector, the inverse of which is related to characteristic length scalessartipe [3].
Particularly, the first peak position, referred to as Q*, is an indicator of #enmcellar
distance in the Pluronic mediur®|.[ The peak positions to the right of the first peak are an

indicator of the FCC structure of the system. A perfect FCC structui@/Qesatios of

J3:V4:4/8 114/ 12. The closer the ratios of the experimental sample to the theoretical
FCC ratios, the greater the extent of the FCC structure in the sample (8¢ &ig is a
representative SAXS plot for Pluronic F127 alone (20.4% w/w). For a perfecst@ure,
there should be at least five distinct peaks. The Pluronic sample exhibits foyrgseaks
shown in Figure 4.2. All four of these peaks fit the FCC theoretical ratios vélry we
indicating that the Pluronic alone has a close to perfect FCC structuree Bi§ shows the
SAXS data for Pluronic after buffer is added to it. It is clear that therddkes not perturb
the FCC structure of the Pluronic since the Q/Q* experimental ratiatoseto that of an

FCC structure.
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Figure 4.2. SAXS plot for Pluronic F127 in water (20.4% wi/w). The table in the invast gi
Q/Q* values for the experimental Pluronic sample and compares them to the, perfec
theoretical FCC structure ratios. Peak positions are labeled in the figpgree$ignation
“NA” indicates that the peak was not clearly apparent.
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Figure 4.3. SAXS plot for Pluronic F127 (20.4% w/w) and buffer in water. Peak positens ar
labeled as shown. The Pluronic + water sample is shown as a reference. ghatioesi
“NA” indicates that the peak was not clearly apparent.
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Figure 4.4 shows the SAXS data for the control experiment when C25 protein is added to the
Pluronic and buffer. The data shows that the Q/Q* values fit the FCC values for 4 of the 5
peaks, regardless of the concentration of protein. This indicates that the C25 protein does not
perturb the FCC structure of the Pluronic. Also, the peaks line up well with the onafiérom
Pluronic, indicating that the micellar structure of the Pluronic remainstifigure 4.5

shows the SAXS data for the case when His-mms6 is added to the Pluronic andrbtlifer. |
case, the Q/Q* ratios are perturbed slightly but not significantly, as notedHeam

departure from the characteristic ratios for the FCC structure for thestiglis-mms6
concentration. This indicates that at high concentrations, His-mms6 slightiylyzethe

Pluronic’s FCC structure. This result is not surprising because His-mms&ggea protein

than C25.
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Figure 4.4. SAXS plot for Pluronic F127 (20.4% w/w), buffer, and three different
concentrations of C25 in water The Pluronic + water sample is shown aseacefeFhe
designation “NA” indicates that the peak was not clearly apparent.
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Figure 4.5. SAXS plot for Pluronic F127 (20.4% w/w), buffer, and three different
concentrations of His-mms6. The Pluronic + water sample is shown as a reference
Figure 4.6 shows the SAXS data for the control experiment when NaOH and HGh rimect
presence of Pluronic and buffer, forming NaCl crystals. Note that the Q/Q&s/at the
FCC values for all of the five peaks, regardless of the presence or abkeitlceradhe C25
or His-mms6 protein. Also, four of the peaks line up well with the four peaks from the
Pluronic, indicating that the micellar structure of the Pluronic remaingtifitae fifth peak
for the NaCl samples indicates that the micellar structure of the Riurothie presence of

salt has more well-defined FCC characteristics. These experimdidate that the NaCl

crystals do not disrupt the FCC structure of the Pluronic.



38

3""""'l""""'l'"'I""I""I""l""l
l: e Pluronic+ buffer+ NaOH+ HCI (no protein)

L S e Pluronic+ buffer+ NaOH+ HCI+ 14 ng/uL C25

2F = = Pluronic+ buffer+ NaOH+ HCI+ 51 ng/uL His-mms6
s Pluronic+ water

—
-1
> 7
S~ 0 4
—~ 5 |
~— 4 E
oy tei 14ng/uL 51 ng/uL
3 no protem C25 His-mms6 ~ |
[ | Peak (Q"Q*)exp (Q/Q*)exp(Q”Q*)exp (Q"Q*)theory ]
- 2 1.15 1.15 1.15 1.15
2:_ 3 1.65 1.63 1.65 1.63
i 4 1.93 1.91 1.92 1.91 h
5 2.00 2.01 2.02 2.00 Teeel]
T T N RPN BT B T | ]
3 4 5 6 7 8 9

Q (A'l) 0.1
Figure 4.6. SAXS plot for Pluronic F127 (20.4% wi/w), buffer, NaOH, HCI, and proteins in
water. The Pluronic + water sample is shown as a reference.

Figure 4.7 shows the SAXS data for the control experiment when iron chlorides ate¢adde
the Pluronic and buffer. It is observed that for the case of addition of F&QD/Q* ratios

for all five peaks line up with the FCC structure ratios. This is also the cabe faddition

of both FeCland Fed. The addition of mixed chlorides may stabilize the Pluronic structure
due to electrostatic interactions, leading to enhancement of the FCC stritdwever, for

the addition of FeGlalone, the Q* peak does not exist, indicating a perturbed Pluronic
structure. Figure 4.8 shows the case when iron chlorides are added alotigeviighest
concentration of C25 protein to the Pluronic and buffer. In this case, the additio@lef Fe
alone perturbs the Pluronic structure, but for the other two cases the FCrstsict

maintained based on the Q/Q* ratios.
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Figure 4.7. SAXS plot for Pluronic F127 (20.4% w/w), buffer, and iron chlorides in water.
The Pluronic + water sample is shown as a reference. Note that thes&efple lacked a
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Figure 4.8. SAXS plot for Pluronic F127 (20.4% w/w), buffer, iron chlorides, and C25 in
water. The Pluronic + water sample is shown as a reference. Note thaCihedmple
lacked a clear Q* peak, so FCC peak analysis could not be completed.
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For the case of the addition of the highest concentration of His-mms6 and iron chlorides
Figure 4.9 shows that when Fe@hd FeCJ are added individually, the Pluronic structure
matches the FCC structure ratios very well. However, when both iron chloricesose

the Q* peak is missing, indicating that the FCC structure of the Pluronic ushesit Figure
4.10 shows the case when both iron chlorides are added and the His-mms6 protein
concentration is varied. For the low and intermediate concentrations of His-mms6, the
Pluronic FCC structure is preserved, but for the highest concentration of His the€*

peak is missing, indicating a Pluronic structure that is perturbed from tBest@:ture.
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Figure 4.9. SAXS plot for Pluronic F127 (20.4% w/w), buffer, iron chlorides, and His-mms6
in water. The Pluronic + water sample is shown as a reference. Note thaCiie=eCl,

sample lacked a clear Q* peak, so FCC peak analysis could not be completed.



1(Q) (cm™)

p—

5 Trrrrrrrrr Trrrrrrrrr LI B A B B
4. === Pluronic+ FeCI2+ FeCI3+ 1.5 ng/uL His-mms6 |7
------------- Pluronic+ FeCl2+ FeClI3+ 20 ng/uL His-mms6
3 = = Pluronic+ FeCl2+ FeCI3+ 51 ng/uL His-mms6 |7
[ "oy Pluronic+ water ]

- 1.5ng/uL 20 ng/ul Ry, .
6 His-mms6 His-mms6 "-....‘ -
Sf| Peak (Q/Q*)exp (Q/Q*)exp (Q"Q*)theory
4| 2 1.15 1.14 1.15

3 1.64 1.63 1.63
3674 | 191 | 190 1.91

F| 5 | 202 [ 200 2.00

2 Ca 1 PO R T N N A A A A 1 1 PR 1 L l g 1 il | .
3 4 5 6 7 8 9

0.1

Figure 4.10. SAXS plot for Pluronic F127 (20.4% w/w), buffer, both iron chlorides, and
varying concentrations of His-mms6 in water. The Pluronic + water sasng®wn as a
reference. Note that the sample with the highest concentration of His-ntke@ &clear
Q* peak, so FCC peak analysis could not be completed.

Figure 4.11 shows the data for the experiment in which magnetite is in the Phaemhion

along with buffer in the presence of varying concentrations of C25. Note that thetynbénsi
these samples is much greater than that of the other samples in the SAXSeplotss|yr

shown due to the strong electron density gradient because of the magn€igeré 4.11,

the Pluronic curve is shifted vertically upward for ease of comparison, howe\retethgity

of the Pluronic curve is about two orders of magnitude lower than that of the magnetite
curves. The heavy scattering from the magnetite particles makescildi identify all the
Pluronic peaks. Some peaks, however, can be identified, including the first Q* peak. Based

on the peaks that can be identified, the ratios line up with the FCC structure, but @leny pe
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are missing, indicating either that there is some perturbation of the R@@istror that it is
not possible to see these peaks due to the strong scattering of the magmneas. péne
peaks that do exist are not thought to be from the magnetite particles tresrimause the
particles have a very broad size distribution and would not give characteeiaks. Rather,

the presence of particles would shift the curves upward and cause the Pluuothicesto

change.
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Figure 4.11. SAXS plot for Pluronic F127 (20.4% wi/w), buffer, magnetite, and varying
concentrations of C25 in water. The Pluronic + water sample is shown as aaefere
Figure 4.12 shows the SAXS data when magnetite particles are embeddadmcRjel in

the presence of buffer at varying concentrations of His-mms6. It is @ostrat for the

lowest concentration of His-mms6, the Q/Q* ratios are reasonably close t6@hefos,
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for the peaks that can be identified. However, as the His-mms6 protein congengrati
increased, the Q/Q* ratios deviate more and more from the FCC ratios, indibatitige
magnetite in the presence of higher His-mms6 protein concentrations is ey thibi

Pluronic structure to a larger extent.
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Figure 4.12. SAXS plot for Pluronic F127 (20.4% w/w), buffer, magnetite, and varying
concentrations of His-mms6 in water. The Pluronic + water sample is showefaseace.

As mentioned before, the first peak position Q* is an indicator of the inter-miceitande.

This distance, D, is calculated as follows [8]:

2n

D:\/:_%d111 where d,, o
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Therefore, from the Q value of the first peak position in the magnetite curves, Q*, the
Pluronic inter-micellar distance can be calculated. Table 4.2 shows how theniicedar
distance changes with C25 protein concentration. The data indicate that there is no
characteristic trend in the inter-micellar distance with C25 concentraidute 4.3 shows

how the inter-micellar distance changes with His-mms6 concentration. Footet@nd a

low concentration of His-mms6, the inter-micellar distance is almost the. $dowever, as

the concentration of His-mms6 increases, the distance decreases. Theasttsificance

of the highest His-mms6 concentration case is evident when compared to the no-psgtein ¢
using an unpaired student’s t-test (p<0.05) but is not evident when comparing to the low
concentration case (p>0.1).

Table 4.2. Effect of C25 protein concentration on
characteristic inter-micellar distance. Data presented as meah + s

Concentration of C25 Characteristic Distance D
(ng/uL) (nm)
0 26.0+0.8
0.42 25.7+1.3
14 26.1+0.5

Table 4.3. Effect of His-mms6 protein concentration on
characteristic inter-micellar distance. Data presented as meah + s

Concentration of His-mms6 Characteristic Distance D
(ng/uL) (nm)
0 26.0+0.8
1.5 259+1.4
51 24,2 +0.8

Transmission electron microscopy (TEM) studies were performed byaDyalProzorov to
complement the SAXS results. Figure 4.13 shows TEM images for the caseneftiteag
synthesis with no protein. The particles are highly polydisperse, with sizgisig from less

than 5 nm to 17 nm. For the case of magnetite synthesis with 01 42@85 (Figure 4.14),
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the particles are polydisperse. Most of the particles are less than 10 nm, lattieragare
particles as large as 15 nm. The same is the case for particles sydthetieepresence of

14 ngiL C25 (Figure 4.15).

Figure 4.13. Selected TEM images of magnetite synthesized in the presaongarotein.
Scale bars are all 20nm, except for the lower right image (5 nm).

20nm E s5nm

Figure 4.14. Selected TEM images of magnetite synthesized in the pres&m2 ngiL
C25. Scale bars are all 20nm, except for the lower right image (5 nm).
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Figure 4.15. Selected TEM images of magnetite synthesized in the presddaeg(iL
C25. Scale bars are all 20nm, except for the lower right image (5 nm).

In the presence of 1.5 nd/ His-mms6, there appear to be more well defined particles, as
shown in Figure 4.16, although the particles are still polydisperse. There arg@antacies

less than 10 nm in size, but there are particles as large as 20 nm. Figure 4.17 shmtitemag
particles synthesized in the presence of 5hlnglfis-mms6; the particles are polydisperse
but appear less well defined, and the particle sizes are smaller, witfegaohly as large as

11 nm.
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Figure 4.16. Selected TM images of magnetite synthesizedin the preséreagyiL
His-mms6. Scale bars are all 20 nm, except for the lower right image (5 nm).

R20:m-£

Figure 4.17. Selected TEM images of magnetite ntheized in the preséiceg(iL His-
mms6. Scale bars are all 20 nm, except for the lower right image (5 nm).
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4.5. Discussion

It is thought that an FCC structure, given its ordered packing, will enhance ghetitea
templating ability of both the C25 and His-mms6 proteins. In this study, it has been shown
that the FCC structure of the Pluronic is maintained in the presence of eitle@n.drothe
presence of both iron chlorides, the FCC structure is maintained and even enhand¢ed. Due
the charged nature of both the Pluronic and iron chlorides, it is possible that the iron
chlorides together enhance the self-assembly and consequently the FG€estiuttte

Pluronic due to charge stabilization. When iron chlorides are used along with eatieén,pr
some combinations disrupt the FCC structure, while others preserve the stradiuee. |
presence of magnetite particles, it appears that either the FCQusngatisrupted or that

the high level of scattering from the particles “shields” the effect dPtheonic. In the

SAXS data for the experiments with magnetite, it does appear that theiisgdttan the
particles shields most of the effect of the Pluronic structure. Howeves,ithstill evidence

of residual peaks that are likely attributable to the Pluronic structure.

The evidence that these peaks belong to the Pluronic is two-fold. First, thetistisct first

peak in every magnetite curve that is characteristic of the Plurorscshitfted horizontally

to the right somewhat, but it has the same characteristic shape as thairsf geak for the
Pluronic sample, as shown in Figures 4.11 and 4.12. It is possible that the shift is due to the
Pluronic structure being compressed because of the magnetic particke® timatheir

vicinity. As the particles grow, it is reasonable to expect them to comjpeegduronic

micelles around them as there is less space available for the miEajle® 4.18).
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@;@; Magnetite
@ @7’ Synthesis

Figure 4.18. A possible scenario of the compression of the Pluronic micelles dueaio spat
limitations in the presence of magnetite. Figure modified from [2].

Second, the ratios of the higher order peaks to the first peak (Q/Q*) matbledhetical

FCC ratios rather well for the case of C25 templating. For the case-ofrhié®, the Q/Q*
ratios are close to the FCC ratios for the lowest His-mms6 concentratios, thet@otein
concentration increases, the deviation of the ratios from the FCC ratios giosvis b be
expected for His-mms6 as opposed to C25 because His-mms6 is a larger proteimeSince
magnetite is presumably bound to the His-mms6, as the magnetite grows, dlgestiter
His-mms6 complexes would compress and eventually disrupt the FCC structuge of t
Pluronic (Figure 4.19). This is not the case for magnetite-C25 complexes possialseé

the C25 is smaller and would therefore not compress the Pluronic as much (Figure 4.20)

@;@; Magnetite
)@b @f' Synthesis

Figure 4.19. A possible scenario of the compression and disruption of the Pluronicamicelle
due to spatial limitations in the presence of magnetite and the His-mms pFageire
modified from [10].
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@;@; Magnetite
@ @7’ Synthesis

Figure 4.20. A possible scenario of the compression (but not disruption) of the Pluronic
micelles due to spatial limitations in the presence of magnetite and the @@ib pFigure
modified from [2].

As the C25 protein concentration increases, there appears to be no effect onceitar-m
distance. For low concentrations of His-mms6, there appears to be no differeree-in i
micellar distance when compared to the “no protein” case. However, as iddicaible
4.3, the inter-micellar distance decreases with increase in the His-mnt&htation. As
the FCC structure is compressed and disrupted, it is reasonable to expectistaal
micellar distance as the micelles become disorganized and begin tongealramselves

closer to each other.

From the TEM studies, the particles synthesized in the presence or absence oH{E25 or
mms6 are polydisperse. There are regions in the samples that contaipaatigers and
regions containing smaller particles for both C25 concentrations and the lowentration

of His-mms6. For the higher concentration of His-mms6, there was a lack of latigeepa
which may be due to the disruption of the Pluronic F127 gel as evidenced by the iBCC rat
calculations from the SAXS data. For the case of magnetite synthdsigityirotein, there

are not only small particles but also large, well-defined particles. Thisugpasing result
because it is thought that the C25 and His-mms6 proteins are needed for the syhthesis

large magnetite particles. This result indicates that the protein is ressaeity needed for



51

the formation of large, fairly uniform magnetite particles in the solid Plargeli system.

This may suggest that the Pluronic gel itself may be templatinglpddrenation. Indeed,

for the case of the higher His-mms6 concentration, disruption of the FCC stoictinee
Pluronic gel coincided with smaller particle sizes. This may suggeshth&uronic gel

with an FCC structure is able to template magnetite particle formatibaut/ protein. This

is in contrast to the solution phase studies, for which the Pluronic solution did not have an
FCC structure because it was not a solid gel and where the His-mms6 (or C25)wastei

necessary for the synthesis of large, uniform magnetite particles.

The TEM studies show the presence of small and large particles in the pasegdsence
of C25 and His-mms6 proteins. Overall, the particle sizes are smaller thanytihibesized

in the solution phase experiments (~30 nm) [1]. This cannot be fully explained by disruption
of FCC structure in the Pluronic gel when magnetite is synthesized. The SAXSdicates
that the magnetite samples preserve at least some peaks that corresipeiCO structure
in the presence of C25, no protein, and a low concentration of His-mms6. Rather, the
viscosity of the Pluronic gel medium is likely to have a more significdattedn the
magnetite particle size. In the previous studies, magnetite syntreessisawied out in

solution phase, so diffusion of reagents occurred much more readily. In our experguaents
to the higher viscosity of the Pluronic solid gel, diffusion limitations lead téotimeation of
smaller particles. Indeed, the viscosity of Pluronic F127 gel at 25% (&/tw)p orders of
magnitude higher than the viscosity for solution phase experiments, for whiclrieid

concentration was about 12% (w/w) [9, 10]. Another reason for the smaller partigidsem
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the compression of the particles due to the Pluronic micelles in solid stath, médy

impede growth of particles.

4.6. Conclusions

This study has shown that the proteins alone do not affect the Pluronic structure, except
slightly for the case of the highest concentration of His-mms6. In additizadrohlorides
may act to stabilize the self-organization of the Pluronic due in ele¢icastaractions. This
study has shown that magnetite synthesis in Pluronic is a function of sevenatigssa
including the concentration and size of the protein used for templating, the coimermtia
the magnetite, and the viscosity of the Pluronic gel. Our results indicate thaetite

particle synthesis in Pluronic causes the inter-micellar distancereade¢ most notably for
the case of the highest concentration of His-mms6. This may be attributedojoeaend
compression in the gel because of the magnetite particles and the large sgzenafisé.
Large magnetite particles can be formed in solid Pluronic gel in the absgorceein,
indicating that Pluronic alone may template particle synthesis. This isifrasbto magnetite
formation in the solution phase, for which either the His-mms6 or C25 protein is required f
templating. Disruption in the FCC structure is observed for the case of the Highestns6
concentration, which is consistent with the larger size of the His-mms6 protsinption of
the FCC structure may eliminate the possible templating ability of therit gel, as
evidenced by the lack of large particles present in the case of the highesisits
concentration. The large scattering due to the magnetite particles subgeste of a lower
concentration of iron chlorides so as to be able to resolve all the higher order pbaksdh t

Compared to the solution phase experiments, the solid gel phase synthesis metisad sesult
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gel with a much higher viscosity, which is likely to impede particle growtsTthe
viscosity of the gel may be used to control the particle size in the biomiagi@lizynthesis

platform.
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CHAPTER 5. FUTURE WORK

5.1. FutureWork

Future work can be focused on the development of a system in which viscositydimsitati

are overcome. Although the viscosity can in principle be lowered by using a more dilute
Pluronic, this is problematic because if the Pluronic is diluted there may actdiel gel

during synthesis. In the current study, the final concentration of the gel is about 20wiPo (
in water, while the cutoff between a gel and a solution is about 19% (w/w) in water
Therefore, there is not room for improvement in this regard. However, future wodk coul
include the use of other Pluronics that have lower molecular weights than Plut@miclihe
lower viscosities of these systems could enable the formation of larger itegadicles in

the gel phase. Also, if it is true that an FCC structure does enhance particléciofordess
viscous systems, Pluronics should be sought that have a native FCC structure, and SAXS

experiments may be conducted using these systems.

In addition to system optimization and SAXS studies, future work can also includesstudi
involving magnetite synthesis on a flat surface in the presence of His-mms@aupdoteins
attached to that surface. In particular, protein in buffer solution can be placed ieffo Bhe
bottom of the well could be hydrophobic such that the hydrophobic terminal region of the
protein will adsorb to this surface (e.g., gold). Depending on the conformation of tha,prote

the hydrophilic terminal region may or may not be exposed. Cold aqueous Pluronic F127
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solution can be added on top of the adsorbed protein. Afterward, iron chloride solutions can

be added. The well plate can be kept over ice to allow proper mixing. The wellgidte c

taken off the ice and heated toOG7so that the solution forms a gel. Sodium hydroxide can
then be added on top of the gel, where it should slowly diffuse into the gel. Ideally, neagnetit

crystals will nucleate on the protein and remain attached to the protein (Figure 5.1).

. . . . Magnetic particles

8 28 28 8 Protein

Gold Surface

Figure 5.1. Schematic of proposed protein templating in a tjell |

When the magnetite is formed, most of it will be synthesized without proteinatngpas

the sodium hydroxide diffuses through the gel. Only the magnetite formedvatryhieottom

of the gel in contact with the protein will have protein templating. The sample carcbd pla
on ice to make the gel turn to liquid, and the liquid can be washed off; the liquid will contain
magnetite not formed in the presence of protein. The magnetite formed using protei
templating will presumably be bound to the protein at the surface and thus will nothezlwas
away. A magnet can be placed on the other side of the well, and a wash solution for which
the protein has a high affinity can be used to wash away the protein, leaving behind the
magnetite particles. The magnet can then be removed, and the magmitiespaill be

allowed to go into aqueous solution above it. A portion of this aqueous solution can be used
for analysis, most notably TEM. Since TEM requires very dilute concearisadif solute for

clear visualization of individual particles, the low concentration of magnetitielpa that

have been templated with protein in the well will be suitable. These studies can help
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understand how the protein conformation may template particle synthesis.olbseisred
that particles do nucleate and grow on the protein, this could indicate the presence of
hydrophilic groups sticking up freely from the surface. On the other hand, if pariclnot
nucleate on the surface, this may indicate that the hydrophilic groups of te et not
freely exposed or that there is some steric hindrance when the hydrophobicegattached

to the well surface.

Synthesis of new types of magnetic particles may also be pursued. Syntimesistgpes of
magnetic particles is advantageous for a number of reasons. One is thattiwes paay

have better magnetic properties than either magnetite or cobalt ferritheArothat their
possible synthesis using the mms6 protein and the short C25 version could give further clue

as to the conformation and templating mechanism of the protein§Wticle synthesis

(where M= Fe, Co, Mn, Ho, Gd, etc.) has already been started by our group (Fe &l
Co) with favorable results when using the mms6 protein and its shorter peptide version,
indicating that synthesis of more of these types of particles is worthex’plering [2, 3].
Synthesis of other types of magnetic particles including pure oxides of metalas Gd,

Mn, and Ho can also be explored. If these particles can be synthesized by our babinspire
route and shown to have superior properties including biocompatibility, they candderuse

MRI and pathogen detection in foods.

As discussed in Chapter 1, magnetic particles can be used to enhance tisé iodvifRd
images. MRI contrast enhancement studies can be carried out at the Mzley Gtedical

Center in Ames, IA. Preliminary research can involve some type of {issudch magnetic
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particles can be steered using an MRI scanner that applies externalioigjdst[4]. MRI
images can be taken in situ, and contrast enhancement can be observed for diffieseoft ty
magnetic particles. After this preliminary study, animal expenits can be conducted to
further show contrast enhancement and to investigate toxicity effects.ciisshs in
Chapter 1, magnetic particles can be used for the detection of pathogens in fo8ds. GM
sensors that employ magnetic nanoparticles would be a great area of figarelrégcause

of their high sensitivity to pathogens [5, 6].

Another area of future work involves conjugation of the proteins to the Pluronic. This was
done for the cobalt ferrite solution phase studies, and as previously discussed theigonjugat
had a very positive effect on particle formation [7]. For magnetite syntinelsegh solution

phase and solid gel phase, future work can involve covalent attachment of the proteins to the

Pluronic to study whether conjugation helps in magnetite synthesis.
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