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Abstract

The central hypothesis for this thesis is thatbady-targeted superparamagnetic iron
oxide nanoparticles (SPIONs) can be used for disignand therapy of cancer. The
hypothesis is based on the knowledge that firsdgombinant single chain Fv antibody
fragments (scFv) are effective targeting reagents second, SPIONs can substantially
improve the sensitivity of magnetic resonance img@giMRI). Furthermore, SPIONs

can be induced to generate heat when subjectadatieanating magnetic field (AMF).

The aim of the thesis was to test the cancer ingagimd therapeutic potential scFv-
functionalised nanoparticles by: (1) GeneratingvscFeactive with carcinoembryonic
antigen (CEA) a cell surface tumour marker. (2) &eping conjugation methods to
attach the scFv, in functional form, to SPIONs. E¥gluating the cellular interaction
(targeting and specificity) of functionalised SPI©&hd (4) Measuring the imaging and
therapeutic heating effect of the targeted SPIONSs.

ScFvs reactive to CEA were generatedPinhia pastorisand conjugation chemistries
optimised for attachment of purified scFv to SPI@Nface. Targeting efficacy of the
scFv functionalised SPIONs was tested by ELISAutaal uptake, confocal microscopy
and MRI. Results demonstrated unequivocal CEA-$ipecellular uptake and CEA-

specific MRI, using SPIONs conjugated with Sm3Ehigh affinity humanized anti-

CEA scFv. Cellular interaction of the Sm3E-SPIONssviound to be influenced by size
and surface properties; neutrally charged Sm3Etiumalised dextran SPIONs localised
preferentially to the outside of the cell membramilst negatively charged Sm3E
functionalised PEGylated SPIONs showed evidendetcellular uptake. The SPIONs
were shown to be effective generators of heat whgosed to AMF of 150V, 0.74A

and 1MHz. AMF treatment of Sm3E-SPION targeted scellas found to induce

expression of the stress protein HSP70 and lehggderthermic cell deatim vitro.

These results indicate that scFv-SPION conjugate® Ipotential for selective tumour

imaging and therapy.
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Chapter 1

Introduction



1.1 Cancer

Cancer is one of the major causes of illness amthdeorldwide. One in 3 people
will develop malignancies in their lifetime, withali the people diagnosed with
cancer dying within 5 years (cancerresearchuk.ofgancer occurs in a wide range
of tissues with different outcomes. For examplethim UK there are over 200 types
of cancers, with lung, breast, prostate and coéorter accounting for the majority of
deaths (Fig. 1.1).

Lung |
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Breast |
Prostate |
Oesophagus |
Pancreas |
Stomach |
Bladder |
Ovary |
NHL |
Leukaemia |
Kidney |
Brain + CNS |
Liver |
Multiple myeloma |
Mesothelioma |
Melanoma | Males
Oral |
Body of uterus |
Cervix |

Other

Females

0 10000 20000 30000 40000

Number of deaths

Fig. 1.1. The 20 most commonly diagnosed cancettseitJK in 2005 www.cancerresearchuk.grg

Cancer arises from an accumulation of genetic grideaetic alterations within
proto-oncogenes and tumour suppressor genes, wticisequently leads to
disruptions in numerous signalling pathways (Gr&yarethers, 2008; Smith &
Theodorescu2009). The deregulation of these tightly controlgghalling pathways

causes a breakdown in the cell cycle, causing #iks ¢o present unscheduled



proliferation and genomic and chromosomal instghilikey properties in the

transformation of normal cells into cancerous c@alumbres, 2009).

The uncontrolled proliferation, further mutationsdaa process of Darwinian
evolution allows the development of the primary twm(Strattoret al., 2009;Klein,
2009). Infiltration of cancerous cells from thenpary tumour to other organs in the
body (metastasis) is governed by their ability éavie the primary tumour, invade
through membranes and tissues, survive in cirarally avoiding immune attack,
seed at distant organs and eventually establighieigselves in surrounding tissues
(Smith & Theodorescu2009; Joyce & Pollard2009). Furthermore, to maintain
growth, cancer cells require the capacity to itatithe formation of new blood
vessels (angiogenesis) (Hanahan & Weinberg, 2@00yjding a constant supply of
nutrients. Once tumour cells have metastasisedtaah over distant organs, they
become difficult to treat and often results in thetient mortality (Klein, 2009).
Although treatments for cancers are improving, hevival rate has only increased

by 10% therefore; there is still a great need teetl new therapies.

As normal cells transform into cancerous cellsrticeil surface properties change,
showing unique expression or over-expression daseantigens and receptors. The
over-expression of these molecules relative to abreells makes them attractive
targets for targeted therapies. A number of tarjat® already been exploited, these
include: HER2, a mutated epidermal growth facteeptor (EGFR) over-expressed
on 25% of breast cancers; EGFR1, over-expresskeahdn breast, colorectal, prostate
and head and neck cancers; CE#e(section: Carcinoembryonic antigen); VEGF
(vascularendothelial growth factor target for angiogenesiand CD20, CD22 and
CD52, that are targets for the treatment of lympagAdams & Weineet al., 2005)
(see section: Treatment of cancer with antibodies).

1.2 Carcinoembryonic antigen
Gold and Freedman first described CEA in 1965 dmlght it to be a specific

marker for adenocarcinoma (Gold & Freedman, 196bbgy hypothesised CEA to

only be expressed during embryonic developmentestdgen switched off and only



re-expressed in cancerous tissues (Gold & Freedrh@65b) hence the name.
However, subsequent studies have revealed CEA tpiregulated in 50-70% of all
human cancer including colorectal, lung, breast stminach cancer (Bates al.,
1992; Hammerstronat al., 1999; Charet al., 2007), although, the level of CEA
expression does vary between cancers (Chaing., 1994). In addition, normal
tissues have been found to express CEA but at s deerentiative level
(Hammerstronet al., 1999).

CEA is a highly glycosylated cell surface proteiithmva MW between 180-200 kDa
and its carbohydrate content makes up over halsofeight (Kamarket al., 1987,
Heftaet al., 1988; Takamet al., 1988; Batest al., 1992). From nucleotide sequence
analysis it was deduced that CEA contains 668 aragids residues; containing a
leader sequence, an Kiterminal domain, 3 homologous repeating domairschv
individually contain 2 immunoglobulin domains (AdaB) and a COOH terminal
domain (Oikawaet al., 1987c; Zimmermanast al., 1988; Heftaet al., 1988; Takami
et al., 1988; Batest al., 1992). CEA is anchored to the cancer cell membraae
linkage to glycosylphospalidylinositol moiety (Saetkal., 1988; Heftaet al., 1988;
Takamiet al., 1988). When cleaved by phospholipace C, CEAetes into the body
(Sacket al., 1988; Takamet al., 1988). The typical domain structure of CEA is N-
Al1-B1-A2-B2-A3-B3-GPIl (Beauchemiret al., 1987; Thompsonet al., 1987;
Hammarstronet al., 1999). Sequence analysis has shown CEA to hirkasties to
the variable and constant domains of immunoglokulmaking CEA and the other
members of the CEA gene family, members of the immgiobulin super-family
(Paxtonet al., 1987; Berlinget al., 1990).

Since the discovery of CEA other antigens have heéentified that are structurally
similar. These include non-specific cross reactintigen (NCA or CEACAMS) (von
Kleist et al., 1972; Oikaweet al., 1987b; Thompsost al., 1987; Heftaet al., 1988;
Neumaier et al., 1988; Arakawaet al., 1990), biliary glycoprotein (BGP or
CEACAM1) (Svenberget al., 1976; Heftaet al., 1988; Hinodaet al., 1988),
Pregnancy specific glycoprotein (PSG) (Kheanal., 1990) and faecal antigen
(Kamarcket al., 1987). These genes are collectively part of the @QEAe family, at
present there are approximately 29 characterised geembers (Olseet al., 1994,



Teglundet al., 1994) and all are on chromosome 19q13.2 (Kamatck., 1987;
Zimmermanret al., 1988; Inazawat al., 1989).

The actual function of CEA in cancerous tissuesstil un-clear. Reports have
suggested it to have a role in cell differentiatidisruption of cell architecture, cell-
cell adhesion and recognition, promotion of celivatal through release of IL-6 and
IL-10 and inhibition of caspase mediated anoikisistance (Hefteet al., 1988;
Eidelmanet al., 1993; Benchimokt al., 1989; Hostetteet al., 1990; Virji, 2001,
llantzis et al., 2002; Taherit al., 2003;Chanet al., 2007, Camacho-Leat al.,
2008). The high expression of CEA in cancerousuéissin addition to its role in

cancer development makes it an ideal target foginggand therapy.

1.3 Antibodies and their usein cancer therapy

1.3.1 Antibody structure and function

Antibodies, also known as immunoglobulins (IgG, IgiA, IgE and IgD) exhibit

exceptional targeting ability and can initiate immeuresponses crucial in the bodies
defence against pathogenic organisms and toxins.t®these properties, antibodies
have become a desirable molecule for use as diseleancer therapeutic. The most
abundant of the immunoglobulins is IgG, generakpidted as a Y shape format
(Fig. 1.2), it is the main immunoglobulin structursed in the design of therapeutic

antibodies.

Antibodies were first identified in 1939 by KabatdaTiselius (Tiseliugt al., 1939).
Subsequently, their structure was discovered byeP@nd Edelman in the 1950s
(Edelman 1958; Porter, 1958). The basic antibodycsire consists of two identical
light chains (L) of approximately 250 residues &and identical heavy chains (H) of
approximately 450 residues (Porgtral., 1962; Edelmanet al., 1975). These four
chains are held together by covalent disulphidelg®$ and non-covalent forces
(Edelman 1973). Within the first 110 amino acidstleé L and H chain there are
large variations between immunoglobulins, this eagiwas therefore denoted the

variable region (V) and constitutes the antigerdirig site of the immunoglobulin



(Riechmannet al., 1988; Skerra & Pluckthun, 1988). The variationamino acid
sequence allows for different binding specificitieseating a diverse population of

antibodies.

The basic IgG format can be de-associated into fsagments via proteolytic
cleavage by papain digestion (Porter, 1958). Thst fragment, known as the Fab
fragment consists of the MC, and the first two domains of the heavy chajpG/;.
The Fab region is primarily involved in the antiganding property of the antibody.
The second fragment is the Fc fragment, which dositthe rest of the constant
heavy chains -Cus (Fig. 1.2). The Fc domain is responsible for naimng the
structure of the 1gG, as well as initiating the lb@gcal effector function (Tao &
Morrison, 1989; Krapet al., 2003).

Heavy chain
1Y, 0, 00re

Light chain

or A

Fab
fragment

Fc
fragment

COO- COO-

Fig. 1.2. Schematic diagram of the structure of immunoglobulins IgG shows it consists of two
identical heavy chains and two identical light chains. The heavy chain consists of four
domains, Vy, Cuhi, Chp, and Cygs, a flexible hinge region separates the Cy; and Cy, domains
of the heavy chain. The light chain consists of only two domains, V| and C.. The heavy and
light chains are linked together through a disulphide bridge formed between a cysteine
residue in the hinge region and the C-terminal cysteine on the light chain. Carbohydrate
chains (CHO) are attached to the Cy, group.



Characterisation of the Fab fragment by sequenalysia revealed the difference in
the amino acid sequence within the V domains todrdined to six regions, 3 within
the W and 3 within the V. These regions are termed the hypervariable regaeo
known as complementarily determining regions (CDR#$)e CDRs are responsible
for the antibodies vast array of antigen bindingcsficity (Wu & Kabat, 1970). The
region within the ¥, and \{ chains where there is less amino acid variatidarimed
the framework regions. The conserved sequenceeiririmework region forms &
sheet structure, which acts as a scaffold to treethypervariable loops within the
Vy and VM regions. The rest of the Fab arm contains theu@ G regions, these
have a number of roles including: assisting inah&gen interaction, increasing the
maximum rotation of the Fab arms and holding theavid \{ chains together by an

inter-chain disulfide bond.

Further sequence analysis found the light chairlyatm consist of two basic amino
acid sequences denoted lambieand kappax); a single antibody can only contain
one type of light chain (Cook & Tomlinson, 1995;nBgawa, 1983). In comparison,
the heavy chain family contains five different amiacid sequences, with each of
these isotypes being denoted, v, € anda. The five different heavy chain isotypes
gives rise to the five different subgroups of immgiobulins, IgM (1), 1IgD (6), IgG
(y), IgE €) and IgA (), which ultimately determines the function of the
immunoglobulin. The length of the isotypes amin@aequence also varies, with

vy anda having 330 amino acids, which constitutes threee@ons G1, G2, G3
and a hinge region. Where as, the isotypasde have 440 amino acids, constituting
four C regions @1, G2, G43 and G4 and no hinge region. The hinge region is a
flexible proline rich region, found between thglCand G2 domain, giving the Fab
arm extra flexibility when binding to antigens (Haret al., 1997).

The understanding of how diverse antibodies aredywmed in vivo through
combinational rearrangement (Tonegawa, 1983) anchaso hypermutations
(Neuberger, 2008has allowed the development of genetic enginedengnology
(Hoogenboomet al., 2005). Antibody engineering has advance at & fake;
enabling the generation and construction of lag®@esamounts of high specificity
and affinity monoclonal antibodies to be produckmt, diagnostic and therapeutic

applications.



1.3.2 Hybridoma technology

The concept of antibody-targeted therapeutics tmoknentum in the 70s, with the
development of hybridoma technology in 1975 by @edfohler and Cesar Milstein
(Kohler et al., 1975). This development was a massive step fahwaPaul Ehrlich
vision of the “magic bullet” (Strebhardt & Ullricl2008). The progress of hybridoma
technology paved the way for the mass productiomafoclonal antibodies (mAbs)
that react with specific antigens. Hybridoma tedbgp makes use of B cells clones,
that produce antibodies specific for a single gmtdused to immortalised myeloma
cells (malignant plasma cells) to form hybridom&s dell / myeloma hybrids
(Kohleret al.,1975). These hybridomas can grow continuously ety the specific
antibody, in large quantities against virtually gvantigen. However, owing to their
murine origin the development of effective mAb lihsberapeutics has proved
difficult. Murine antibodies when used in humangluoe human anti mouse
antibodies (HAMA) response (Tjandeaal., 1990; Mountairet al., 1992), resulting
in accelerated clearance of mAbs and therefore riosficacy of treatment. In
addition, murine mAbs are also poor recruiters fééator functions (Adamet al.,
2005).

1.3.3 Humanisation

To overcome the immunogenicity murine mAbs presectigneric and humanised
mADbs were genetically engineered. The generatiahioheric mAbs involves fusing
all of the murine variable regions into the humg® lframework (Bouliannet al.,
1984; Colcheret al., 1998). In comparison, humanisation of mAbs ainlyolves
grafting of the murine CDR regions into the humg framework (Fig. 1.3) (Jones
et al., 1986; Adamet al: 2005). These advances in antibody engineering he/to
the development of a number of therapeutically psorg mAbs pre-clinically and

clinically.



Humanised hinderic

Fig. 1.3.Schematic image of a fully human IgG, a humanised 1gG, whéee CDR regions are of

mouse origin and a chimeric IgG, where the varigomains are of mouse origin.

1.3.4 Treatment of cancer with antibodies

1.3.4.1 Non-conjugated mAbs

The first mAb to gain FDA approval for the treatrheh cancer was Rituximab in
1997, a chimeric mAb for the treatment of B-cellnfwodgkin's lymphoma.
Trastuzumab, in 1998, a humanised mAb for the rreat of HER2 expressing
breast cancer, quickly followed. Since then 2 mtmmanised mAbs, Alemtuzumab
for chronic lymphocytic leukaemia and  Bevacizunfab colorectal cancer, 1
chimeric mAb, Cetuximab for colorectal cancer andfully human mAb,
Panitumumab also for the treatment of colorectateahave received FDA approval
(Table 1.1) (Magdelaine-Beuzelnal., 2007).

The mechanisms of action of these FDA approved nakbsstill under investigation,
but are likely to act in multiple ways (Adams & Wer 2005). Reports have
suggested Rituximab, Cetuximab, Tastuzamab and t&lemmab are involved in
mediating antibody dependent cellular cytotoxic{DCC). (Adams & Weiner
2005; Arnouldet al., 2006; Friezeet al., 2006; Golayet al., 2006; Nahtaet al., 2006;
Magdelaine-Beuzelirt al., 2007). In addition, complement dependent cyticttx
(CDC) has been found to play a significant roletire therapeutic effect of
Rituximab (Diet al., 2003; Adamst al., 2005; Golayet al., 2006), showing reduced

toxicity in C1qg knock out mice (Golast al., 2006). Another mechanism of action is



the inhibition of signalling pathways and angioggse Anti EGFR mADbs
Cetuximab, Trastuzumab and Panitumumab have beparted to be potent
inhibitors of a number of downstream signallinghpedys (Adams & Weiner 2005;
Arnould et al., 2006; Friezeet al., 2006; Nahtaet al., 2006); thus ultimately
inhibiting tumour growth (Jeamt al., 2008; Capdevilaet al., 2009). Where as
Bevacizumab targets and blocks vascular endothgiiaivth factors (VEGF),

preventing the proliferation of new tumour bloodsels (Sharkesgt al., 2006).

Table 1.1 FDA approved recombinant mAbs currenskydlin the treatment of

cancer.
Non conjugated Format Target Main indication Date of FDA
mAbs approval
Rituximab Chimeric CD-20 Treatment of non- 26" Nov 1997
(Mabthera®) hodgkins lymphoma
Trastuzumab Humanised EGFR2 | Metastatic breast 25" Sept 1998
(Herceptin®) /HER2 cancer
Alemtuzumab Humanised CD-52 B cell chronic 5th July 2001
(MabCampath®) lymphocytic

leukaemia
Cetuximab Chimeric EGRF Treatment of 12" Feb 2004
(Erbitux®) /HER1 advanced colorectal

cancer
Bevacizumab Humanised VEGF Colorectal cancer 26" Feb 2004
(Avastin®)
Panitumumab Fully Human | EGFR Metastatic colorectal | 27" Sept 2006
(Vectibix®) cancer

More recently, in April 2009 a mouse/rat mAb Caturaab gained EU approval
(www.trionpharma.de). Catumaxomab is a bi-spedifiitinctional mAb with two
different antigen-binding sites, binding the epidecell adhesion molecule antigen
(Ep-CAM) on tumour cells and CD3 on T lymphocyt8eljastiaret al., 2009). The
intact Fc region provides a third functional birglisite; binding and activating

immune effector cells leading to specific tumout kil (Sebastiaret al., 2009).
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Despite the early success of antibody therapetutiey, are yet to be curative and are
generally used in combination with chemotherapyimeg (Sharkeyet al; 2006).
Promising results have been demonstrated with Ri@ax in combination with
chemotherapy, showing improvements in response tai® to progression and
event-free survival, similar results were was atgmorted for Trastuzumab (Sharkey
et al; 2006).

1.3.4.2 Immunoconjugates
To improve the therapeutic potency of mAbs, immwmpegates, where antibodies
are linked to cytotoxic drugs, toxins, cytokines mdionuclides, have been

developed. So far, three immunoconjugates havevet&DA approval (Table 1.2).

Table 1.2 FDA approved Immunoconjugates currergduin the treatment of

cancer.
Immunoconjugates | Format Target Main indication Date of FDA
approval

Gemtuzumab Humanised CD33 Acute myeloid May 2000
(Mylotarg) conjugated leukemia

with

calicheamicin
Ibrutumomab Murine CD20 B-cell non-Hodgkin Feb 2002
tuixetan (Zevalin) gé)njugated to lymphoma

Y
Tositumomab Murine CD20 Non-hodgkin June 2003
(Bexxar) i:gnjugated to lymphoma
I

The first immunoconjugate to gain FDA approval fancer treatment was the
antibody drug conjugate Gemtuzumab ozogamicin (G&Y). is a humanised anti

CD-33 mAD linked to the anti tumour antibiotic cdleamicin, a potent DNA

binding agent (Tsimberidoet al., 2005; Wuet al., 2005). The overall response rate
of GO has been reported to be 30% (&/al., 2005).

The other two immunoconjugates to have FDA appraval radioimmunotherapies

(RAIT), Yttrium-90 ibritumomab tiuxetan (Zevalin)nd lodine-131 tositumomab

(Bexxar). Both are specific for the CD-20 surfactigen expressed on over 90% of
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B cell lymphomas and have shown an overall respaaitgeof 60-80% (Lemieugt
al., 2005; Pohiman et al., 2006). Yttrium-90, used in Zevalin RAIT is a puse
emitter linked to ibritumomab mAb by the chelatoixetan and has a half life of 2.7
days. The advantage of usifiy B particles is its long path length making it
effective against tumours with heterogeneous ordatribution of antigens enabling
delivery bystander effects, killing directly targdtcells as well as neighbouring
tumour cells (Wuet al., 2005). On the other hand, lodine-131 used in BeRglT
emitsP particles with a shorter path length, making thisrapy more appropriate for

diseases where there is minimal residual (Lemietuad., 2005).

Another form of targeted therapy is antibody diegcenzyme pro-drug therapy
(ADEPT). This form of therapy was designed by Bagsh and Senter in 1988
(Bagshaweet al., 1988 Senteret al., 1988;Senter, 1990; Bagshavet al., 1995).
Principally ADEPT involves a three-step approaclistly, the mAb-enzyme
conjugate is administered intraveneously, the mebedts and localises the enzyme
at the tumour site. When the mAb-enzyme is cledrexh the plasma a non-toxic
prodrug is administered. This pro-drug is proceslsgdhe pre-localised enzyme,
causing a potent cytotoxic agent to be producey atthe tumour site, which in turn
causes cell death. Its short half-life allows docurrence of a bystander effect; thus

minimising the killing of more distantly locateddithy cells.

Though mAb therapy has shown some success, itstiefaess has been limited due
to poor tumour penetration (due to size), longuatory half-life (increasing their
toxicity to other tissues) and immunogenecity (HAMésponse and activation of

unwanted immune effector functions). These limitiiagtors are presently being

addressed through advances in recombinant antiogineering.

1.4 Recombinant antibody technology

1.4.1 Phage display

Progress in technologies such as the polymeras@ c¢baction (PCR), bacterial

expression systems and DNA manipulation, cloningpression and selection
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systems has enabled the development and use ok phiaglay libraries. Phage
display libraries can be used to engineer custamhagmanised antibodies with
defined affinity, specificity and less immunogenlzypassing the need to make
hybridomas (Winteet al., 1994; Maoet al., 1999; Nilssoret al., 2000). Antibody
Phage display was first described in 1985 by Ge8mgéh and largely mimics the
vivo process of antibody generation (Smith, 1985). Bhdgplay involves the
presentation of a library of peptides on the swfatfilamentous phage, by fusing
the peptide gene to the phage genome. Affinitycsielle of peptide-phage by binding
to an antigen (panning), elution of bound peptitdage, several rounds of selection
and re-amplification of the selected peptide-phaggnerates a large amount of
specific antibodies (McCaffertst al., 1990). Phage technology is far more efficient
in producing antibodies than hybridoma technolo8y. far, naive scFv chain and
Fab libraries have been generated with a diversitpver 13° clones (Sblattero &
Bradbury, 2000; Hoogenboom, 2005). At present ommdn antibody “Humira”
generated by phage display has been FDA approvediirll is an anti TNé&
antibody used in patients with arthritis and isreatly in phase 2/3 clinical trials for

other applications (Hoogenboom, 2005).

The selection of an antibody phage library can twedusing cells, tissue sections,
immune sera or live animals (George al., 2003), but usually purified or
recombinant antigens are used to enable conditmrse controlled and minimise
non-specific binding (Yiget al., 2002; Hoogenboom, 2005). The antibodies selected
from a phage display library are generally more raolable to genetic engineering
and can be further modified via chain shuffling;oerprone PCR or CDR centred

mutagenesis to create higher affinity binding aodiles (Yipet al., 2002).

Ribosomal display is another library system useadilie selection of proteins and
peptides. Ribosomal selection technology is peréarmntirelyin vitro and therefore
offers two main advantages; firstly, diversity i®tnlimited by transformation
efficiency and second, random mutations can bedoired easily (Zahnet al.,
2007). Yeast display usinBaccharomyces cerevisiae has also shown promise as a
selection platformand has enabled the selection of high affinitylzodies (Bodeet

al., 2000).
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1.4.2 Recombinant antibody fragments

The development of phage library technology hasermaaksible the generation of
recombinant antibodies with different binding aitiies, kinetics, and biophysical
properties. Library technology has also made iteea® generate a variety of
antibody fragment formats, including Fab, scFv &pddomains. Whole antibodies
have shown excellent target binding specificitywhwer, their long blood half life
results in poor contrast in imaging applicationsl &meir ability to initiate effector
functions can lead to toxic effects, preventingeapadministration (Holligeet al;
2005). Studies in recombinant antibody fragmentgeHaecome increasingly more
popular for their use in therapeutic and diagnaagtiplication. Firstly, because of the
ease and cost effectiveness in producing them, dneyble to be expressed at high
yields in a variety of hosts such as bacteria, tyaad plant (Worret al., 2001) and
secondly their size. Fab, scFv andidmain fragments are 55 kDa, 27 kDa and 15
kDa respectively, compared to a whole antibody5tf RDa. This smaller size can be
advantageous in imaging applications since theskeaules are below the renal
threshold and consequently are rapidly clearedthakidneys. This in contrast to
mADbs, where the tumour to blood ratio is a limitifagtor in the use of mAbs as
imaging tools (Adamst al., 1999).

1.4.2.1 Fab

Fab fragments are attractive platforms for antibbdged therapies. So far, three
have received FDA approval, however not for canodications (Nelsoret al.,
2009). Fabs are made up of the antigen bindinpgahd M domains bound to
and G chains (Fig. 1.2 and 1.4). A disulphide bond cemdl/ holds both chains
together. Although Fab fragments express well iotdréa, the presence of two
chains can make genetic manipulation and largeegmalduction difficult (Carteet

al., 1992 Skerra, 1993). Recently, the single chain Fab (sckatibody format has
been developed, which has been successfully prdduoe E.coli, Bacillus
megaterium andPichia pastoris (Hustet al., 2007; Jordaset al., 2007). The scFab is
composed of the ¥Cu; and M -C. domains connected by a 34 amino acid linker

and combine the advantages of scFv and Fab fragment
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1.4.2.2 ScFv

Single chain Fv (27kDa) (Fig. 1.4) currently accodar 53% of recombinant
antibody fragments being taken through the clinipadeline, dominating mAb
fragment clinical development (Nelsenal., 2009). ScFvs consist of ;\and 1 \
domain held together by a flexible, polypeptidekéin (Hustonet al., 1988, Birdet
al., 1988). The choice of linker can affect the sdityh expression and stability of
the scFv. The most common linker used is the &3y} motif (Hustonet al., 1988),
due to its flexibility, neutral charge and solutyil(Turneret al., 1997; Korttet al.,
2001). However, other linkers have been investiygBard et al., 1988; Pantoliano
et al., 1991; Whitlowet al., 1993; Tanggt al., 1996; Deonaraiet al., 1997; Turner
etal., 1997; Hennecket al., 1998).

Due to the size and ability to retain the speafitigen binding affinity of the parent
IgG (Holliger & Hudson 2005), scFvs are ideal paths for antibody-based
therapies. In addition, they are readily obtainedvittually any target using phage
display libraries and recombinant antibody techggl@nd furthermore, can be
generated for clinical use to high yields in nonamaalian expression systems
(Tolneret al., 2007).

1.4.2.3 Domain antibodies

Domain antibodies (¥ and \{) (Fig. 1.4) are 11kDa-15kDa is size and were first
isolated in the late 1980’s by phage display (Weirdl., 1989). In the past, murine
and human M domains exhibited low binding affinity to theirrgget antigen.
Furthermore, they were generally unstable, witldégicies to aggregate vivo due

to exposed hydrophobic areas (Wasdal., 1989; Muyldermanst al., 2001).
However, the discovery of two types of organismam€lids and Cartilaginous fish,
such as sharks, that can generate antibodies de¥dight chains, has heightened
interest in this area (Hamers-Casterneaal., 1993). From sequence and structural
analysis of these heavy domaipHV antibodies from Camelids (also referred to as
nanobodies®) (Harmsen & De Haard, 2007) and sh@fKSAR); extension of the
CDR loops is thought to compensate for the abseoicethe light chains

(Muyldermanset al., 1994). In comparison to the murine and humard¥main, the
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VuH domains are produced with good solubility andriestability, attributed to
four highly conserved hydrophilic mutations (Hettal., 2003; Jespest al., 2004).
Through replacement of these residues (cameligatiod a further five framework
substitutions, increase of CDR length and diverdite solubility of murine and
human 4 domains have improved (Ho#t al., 2003). Furthermore, it is also
possible to isolate V domains from VY libraries, generated by DNA shuffling
techniques (Van den Beucke al., 2001). Due to the size, domain antibodies
(dAbs) are especially effective for targeting eneyactive-site clefts (Holét al.,
2003) and cryptic viral epitopes (Stijlemagtsal., 2004), unattainable by classical
antibodies. Advancements in the knowledge of dAas énabled the selection of
high specificity and affinity dAbs from phage diapllibraries (Holtet al., 2003;
Dufneret al., 2006).

e \" domain

S"S ScFv fragment 13kDa
27kDa

Fab fragment

55kDa

Whole IgG 155kDa

Fig. 1.4. Schematic diagram of genetically engineered antibody constructs. Include
monovalent antibody fragments Fab, scFv and V domain (in this image the V_ is depicted)
Symbols used: Ag, antigen.

Due to their small size, Fabs, scFvs and dAbs hte t diffuse and penetrate
through solid tumours easily. Thus, allowing raplielivery of toxins, potentially
making them more effective at tumour destructiookda etal., 1992; Adams edl.,
2000; Fang etal., 2003). However, their monovalency leads to issakedast
dissociation rates and modest retention times enatitigen (Adamst al., 1998;
Yokotaet al., 1992; Nielseret al., 2000; Holligeret al., 2005; Huangt al., 2006).

Work is ongoing to overcome these limitations, wétrategies to improve the
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retention time by affinity maturation and modificat of size, through fusion to
toxins (Kreitman & Pastan, 1998), enzymes (Michetehl., 1996; Bhatiaet al.,
2000; Kousparowet al., 2002), cytokines (Scheet al., 1996; Cookeet al., 2002;
Kasparet al., 2007), drugs (Sust al., 2003), liposomes (Pa#t al., 2002; Wenget
al., 2008), polyethylene-glycol (Lest al., 1999; Yangt al., 2003; Kubetzket al.,
2006) and albumin (Hokt al., 2003).

1.4.2.4 Multivalency

Improving the retention time by increasing the wale of Fabs, scFvs and dAbs,
through multimerisation, is also under investigat{ddamset al., 1999; Nielseret
al., 2000; Todorovskat al., 2001). Spontaneous multimerisation can be elaggur
through linker shortening, forcing V domains torpaith complementary domains of
another scFv (Atwelkt al., 1999; Adamst al., 2000; Dolezakt al., 2000; Korttet
al., 2001). However, bio-stability issues have beeromep, with these multimers
dissociating into their monomeric fornis vivo (FitzGeraldet al., 1997; Huanggt
al., 2006). A more stable method to generate diabodies is girogenetically
engineering a cysteine residue onto the termindlaérthe scFvs. The availability of
a free cysteine allows formation of a disulphideddhat covalently cross-links the
V_ and W domain, creating a stable diabody (FitzGemtlégl 1997; Huanget al.,
2006).

Increasing the valency of scFvs can increase igitguo target antigens therefore,
encouraging more scFv to be taken up by the turandrretained thus, improving its
therapeutic efficacy (Pluckthw al., 1997).

1.5 Anti CEA scFv MFE-23 and Sm3E

The recombinant antibody fragments investigatethismthesis are the scFvs MFE-23
and its humanised variant Sm3E. Both scFvs are ctéie against the
carcinoembryonic antigen (CEA$eg section: Carcinoembryonic antigen), binding
predominantly to the N and A1 (N-Al) domains of CEBoehmet al; 2000; Sainz-
Pastoret al., 2006).
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MFE-23 is a murine scFv and was the first scFvdadsted in the clinic, showing
effective targeting of CEA expressing colorectal rcogoma for radio-
immunodetection (Beger al., 1996) and radio-immunoguided surgery (Master
al., 2000). MFE-23 has also been used as the targatimgin antibody-directed
prodrug therapy (ADEPT)which has recently undergone phase | clinical .trial
(Bagshawet al., 1995; Sharmat al., 2005; Mayert al., 2006).

MFE-23 was produced from a phage display librarydenap of anti CEA scFvs,
constructed from variable region genes extractemn frCEA immunised mice
(Chesteret al., 1994). Selection conditions favoured high affirscFvs with MFE-
23 having a binding affinity of kD 2-4nM (Chestral., 2000b).

Through knowledge of the crystal structure (Boelimal., 2000), MFE-23 was
humanised to improve its therapeutic potentialuogng the possibility of HAMA
responses and allowing repeat administration ostkey. Boehnet al., found MFE-
23 to be structurally similar to the human TR1.8tady (Boehmet al., 2000). This
understanding led to the humanisation of the Fméaork by replacing the residues
as mentioned in Boehmt al with the corresponding residues in the human TR1.9
antibody (Graffet al., 2004). The humanised version of MFE-23 termedFEM
showed no change in its CEA immunoreactivity wittissociation constant obk=
8.5nM (Graff et al., 2004). Further genetic manipulation of hMFE @ased its
tumour retention time and stability. Studies by fGend Wittrup found that the
dissociation rate constant.k is an important factor in the tumour retention of
antibodies (Graff & Wittrup, 2003). Two rounds ofutagenesis were performed to
improve the affinity of hMFE. The first round offafity maturation involved error
prone PCR to produce variants with 10-100 fold iowement in off rates, the second
round involved random mutagenesis and DNA shufftmgroduce variants with up
to a 1000 fold binding improvement. The affinity ton@ed variant m3E was found to
be the most promising clone with gk= 1x10° s* and a dissociation half-life of
several days at 8¢, compared to that shown by the original h(MFE ®fndin (Graff

et al., 2004). However, the excellent binding affinity seeith these mutant variants
came with the problem of poor expression, whichrelates with poor stability.
Further improvement on these affinity-matured vasawas achieved by stability

maturation, involving 4-5 mutations within the  \@domain. After addressing the
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humanisation, affinity and stability of MFE-23 byemgtic engineering the scFv
Sm3E was produced (Gradf al., 2004). The Sm3E scFv has exceptional properties
with a dissociation constants of 30pM, effectivetgversible binding to CEA. In
addition, Sm3E showed a 100-fold increase in exgmwascompared to hMFE, with a
solubility of 8 mg/l compared to 0.08 mg/l (Graffal., 2004).

The experiments in this thesis investigate the ldgveent of a new immuno-
conjugate, using the MFE-23 and Sm3E scFv conjdg&tesuperparamagnetic iron
oxide nanoparticlegsee section: Superparamagnetic iron oxide nanoparticles), for
dual application in cancer imagingeé section: Application of SPIONs in MRI) and
therapy gee section: Application of SPIONs in hyperthermia).

1.6 Super paramagnetic iron oxide nanoparticles (SPIONs)

SPIONs are small nanomaterials consisting of inidecore crystals surrounded by
a stabilising polymer or polysaccharide shell (Hkoet al., 2006). The two most
commonly studied iron oxides have been magneti®Qff and maghemitey{
Fe0s;) (Guptaet al., 2005b). There are a number of different chemicathods for
synthesizing SPIONs (Perg al., 2008). The most reported approach is by co-
precipitation of Fe2+ and Fe3+ chloride, at pH 9-ddder non oxidising conditions
(Guptaet al., 2005b; Pengt al., 2008). The balance of these requirements pH typ
of salt, Fe2+ and Fe3+ ratio and ionic strengthreperted to control the shape, size
and composition of the SPIONs (Guptal., 2005b).

Due to their magnetic properties SPIONs have betmsively used in a number of
bioapplications including magnetic drug and genkvelsy (McBain et al., 2008),
tissue repair, cell separation (Guptal., 2005), magnetic resonance imaging (MRI)
(see section: Application of SPIONs in MRI) and magnetic fluidygerthermia
(MFH) (see section: Application of SPIONSs in hyperthermia).
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1.6.1 Stabilising coating

SPIONs have a large surface area, are hydrophobiaaneutral pH have an iso-
electric point of zero this can lead to stabil#gues including agglomeration of the
particles and eventual precipitation (Guptal., 2005b). For SPIONs to be used in
biological situations they are required to be sldulm physiological solutions.

Therefore, to prevent destabilisation due to pleHparticle interaction, coating of

the particles is essential, with the most commandbdextran (Guptat al., 2005b).

1.6.1.1 Adsorption of dextran

Dextran is a hydrophilic and neutrally charged palbycharide consisting of glucose
residues withu-1.6 linkages (Fig. 1.5.). Particles are generathbedded in a matrix
of dextran, preventing interaction with neighbogriparticles (Mooreet al., 1997,
Mornet et al., 2004). The dextran coat has shown to considerabjyrove the
stability of particles at neutral pH. Another adiazge of dextran is that it is non-
toxic and biodegradable. When taken up by cellsSSREONs accumulate within the
lysosomes, and are eventually broken down, causindetrimental affect to the cells
(Okonet al., 1994; Thorelet al., 2006). Dextran is already used for stabilisation o
the FDA approved SPIONs Endorem® EU (Ferridex USAgrbet/Berlex lab) and
Resovist® (Schering AG), furthermore, Sinerem EU orflBidex USA,
Guerbet/Advance Magnetics), which is currently inage Il trial §ee section:
Application of SPIONs in MRI for more detail on §&SPIONS).

1.6.2 Stealth coatings

SPIONSs are rapidly cleared from the blood by theEuendothelial system (RES),
accumulating mainly in the liver and spleen (Moretedl., 2004). This happens very
fast, in a matter of minutes. In some cases, @ ieequirement that the SPIONs
accumulate in organs of the RES, referred to asiymgargeting (Mornett al.,

2004). However, to enable SPIONs to reach othearw@r tissues evasion of the
RES is an important requirement. This can be aekidw preventing or reducing
opsonisation of the SPIONSs, thus delaying recogmitty the RES and increasing
blood circulation times. A number of reports hawmadnstrated that SPIONs with
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hydrophilic coating and a hydrodynamic diametepthel00nm show reduced levels
of opsonisation (Tiefenauet al., 1996; Gauret al., 2000; Brannon-Peppas al.,
2004; Guptaet al., 2005b; Mornetet al., 2004). The literature however, is quite
conflicting on whether dextran can reduce opsomisand RES recognition (Berry
et al., 2004; Mooreset al., 2000). Two other coatings investigated for steaiclude

liposomes and polyethylene glycol.

1.6.2.1 Incorporation into liposomes

Liposomes, are made up of a phospholipid bilayembrane (Fig. 1.5) and were
first proposed as drug carriers in cancer chemafherby Gregoriadiset al.
(Gregoriadiset al., 2008). Much research has now gone into encapsglatiric
drugs such as doxorubicin into non-toxic liposortRearket al., 2002; Cattekt al.,
2004). As drug delivery vehicles, liposomes prevbattoxicity of the drug affecting
healthy tissues until it reaches its target sipgruwhere the drug is released. Shinkai
et al has reported on the development of magnetoliposaoesisting of a magnetite
core coated in phopholipids phosphatidylcholine grtbphatidylethanolamine,
results showed good aqueous stability (Shirekail., 1996b) but poor RES evasion
(Yanaseet al., 1998b). In addition, studies have reported thpbdome coated
SPIONSs are open to the same RES fate as nakedamdeoated SPIONS, so only a
proportion of the injected drug reaches the taf§efouet al., 2004).

1.6.2.2 Addition of polyethylene glycol chains

Synthetic polymers such as polyethylene glycolyetblylene oxide and poloxamers
are being used to generate a new family of stqadtticles (Briggeret al., 2002;
Berry et al., 2003). PEGylation was first applied to liposomegncrease their blood
half-life, studies found that PEG could increasaoll residency from seconds to hrs
(Panagiet al., 2001; Gabizoret al., 2001; Shmeedet al., 2009). PEG has also been
used in a number of FDA-approved biotherapeuticaildB et al., 2009).
Polyethylene glycol polymers are non-immunogenid ean be absorbed onto either
unmodified, dextran or liposome stabilised particlgiving a brush like affect (Gref
et al., 2000). The PEG chains sterically prevent plasnaeprs attaching to the

particles, reducing opsonisation and thereforeeimsing blood circulatory times
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(Zhanget al., 2002; Berryet al., 2003). Absorption of PEG chains has shown the
most promise in delaying clearance to the RES (Rad., 2002; Owenst al.,
2006) however, complete RES evasion is still prgwdlifficult. Another property
exerted by PEG is its ability to encourage intasagion by membrane fusion,
increasing the cellular uptake of cytotoxic drugs particlesin-vitro and thus
enhancing their detrimental affect to the cellsréaakiet al., 1990; Lentzet al.,
1999; Zhanget al., 2002; Guptat al., 2004).

1.6.3 Surface functionalisation

Cell uptake of SPIONs can be encouraged by surfanetionalisation with a
targeting moiety. Coupling of SPIONs to ligands afie for receptors over-
expressed on cancers cells has been successfultpnd&rated with transferrin
(Kresseet al., 1998) and luteinizing hormone releasing hormoneREN (Zhou et

al., 2006; Leuschneet al., 2006). Antibodies and more recently recombinant
antibody fragments have also demonstrated thetyabdienhance selective SPION
uptake into cancer celig vitro andin vivo (Weissledert al., 1992; Tiefenaueet

al., 1993; Suzuket al., 1996; Suwet al., 1998; Shinkakt al., 2001; Artemoet al.,
2003; Funovicet al., 2004; Tomaet al., 2005; Reynoldst al., 2006; Zhouet al.,
2007; Natarajaset al., 2008; Yanget al., 2009).
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As coating on SPION Chemical Structure

A. Dextran
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Fig. 1.5 Chemical structure and schematic representations of A) Dextran, B) Liposome

(Phosphatidylcholine and phosphatidylethanolamine) and C) Polyethelene glycol (Adapted
from Mornet et al., 2004).
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1.7 Magnetic resonance imaging

Magnetic Resonance imaging (MRI) was first devetbipel 973 and used mainly for

brain and spinal cord imaging. Due to the signahd@se ratio caused by breathing
and other movements, MRI could not be used to inbad@v the abdomen (Wallet

al., 1999). Over the last 5 years, MRI technology hésanaced considerably, with

the development of faster imaging sequences, ingatogradient and magnet

designs, advanced transmit and receiver coils aoehtly contrast enhancing agents.
This has allowed for higher quality hepatic and abohal images, enhancing its

diagnostic potential.

The MRI imager consists of a powerful magnetic diejenerated by super
conducting magnets with a field strength used cdiy of 1-1.5 Tesla. To create an
image, MRI relies on the nuclear magnetic resonasigeal from protons of
hydrogen nuclei within water and lipid molecules tissues, when in a static
magnetic fieldBy and a radiofrequency field (Pankhuestl., 2003). In a magnetic
field (Bo) the protons align against the field generating &t magnetic moment.
Through application of radiofrequency (RF) pulsé$ net magnetic moment
becomes excited at a frequency known as Larmoqguéecy (Walliset al., 1999;
Pankhursgt al., 2003). Through switching off the RF pulse, thetpns return to a
state of equilibrium known as relaxation (Laretal., 2004). There are two types of
relaxation signals generated. Firstly, longitudimellaxation, also termed;Tspin
lattice recovery, involves hydrogen nuclei relegsatosorbed energy to surrounding
tissues, enabling its return to ground s&geSecondly, transverse relaxation, which
involves the exchange of energy between spinniotpps, also termed,Tdecay or
spin-spin relaxation (Lanzs al., 2004; Mornegt al., 2004).

To obtain high contrast images various sequencanpeters such as repetition time
(TR) and echo (delay) time (TE) can be optimisedlakation signals from the
protons are collected and reconstructed to giveDai®age (Mornetet al., 2004).
The MRI contrast seen from the different tissuem#nly due to the concentration

of hydrogen nuclei within the tissues. All tissuesve a different concentration of
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hydrogen nuclei, causing relaxivity rates to diffalowing a contrast to be seen
(Mornetet al., 2004).

Using contrast agents, MR images can be enhandsel.nfost common contrast
agent  used is paramagnetic ~ gadolinium ion  complexedith
diethylenetriaminepentaacetic acid (DTPA) (Artemaval., 2003; Mornetet al.,
2004). Gadolinium ions directly influence nearby miclei atoms causing a
shortening in their Trelaxation times, leading to enhanced positivetresh of the
respective tissue (Artemet al., 2003; Mornekt al., 2004).

1.7.1 Application of SPIONsin MRI

Advances in superparamagnetic materials (SPM) bhge/n SPIONSs to also exhibit
an MRI contrast enhancement potential. SPIONs cawss®rtening in theIsignals,
which leads to a negative contrast (Rensletal., 1986; Weissledeet al., 1990;
Pankhurstt al., 2003; Pardoet al., 2003; Bulteet al., 2004).

Superparamagnetic materials have a higher magsesceptibility compared to
paramagnetic material. Upon application of a magrfetld the magnetic moments
within the SPIONs align in the direction of theldiethis gives rise to a large net
magnetic moment, in comparison, paramagnetic natexhibit only a small net
magnetic moment (Goshime al., 2004; Mornetet al., 2004). The large magnetic
moment generated by SPIONs leads to a disturbandkei local magnetic field,
causing a shortening of the hydrogen nuclei relaratimes. This shortening in
proton relaxation times leads to a detectible ckanghe & MRI signal (Mornetet
al., 2004). Due to SPM larger magnetic moment, onlyonawlar concentrations of
SPIONSs are needed, compared to millimolar conceotra of Gd complexes to be
effective as MRI contrast agents (Kohétal., 2004).

Currently there are two FDA approved SPION contraehancement agents,
Endorem® EU (Ferridex USA; Guerbet/Berlex lab) d&ekovist® (Schering AG),
both used for liver and spleen imaging. Sinerem HECombidex USA,;

Guerbet/Advance Magnetics) is another SPION conérgent currently in phase 1l

trial for application in lymph node imaging.
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Endorem® consists of multiple 5nm iron oxide corgstals embedded in a dextran
matrix to give a hydrodynamic diameter of 80-150fWanget al., 2001; Thoreket
al., 2006). Resovist® also consists of multiple 5Snnmioxide core crystals but these
are embedded in carboxymethylated dextran matrid have a hydrodynamic
diameter of 60nm (Wang al., 2001; Thoreket al., 2006). Even though Endorem®
and Resovist® are stabilised in dextran, the pegi@re only partially coated,
increasing the likelihood of agglomeration. The laggpion of these SPIONSs is for
liver specific imaging, therefore it is a requirathéor the particles to be taken up by
the body’'s RES. The SPIONs accumulate in the orgétise RES, with 80% taken
by Kupffer cells within liver and 5-10% in the spte(Wanget al., 2001).

In comparison to Endorem® and Resovist®, the cehtenhancement agent
Sinerem consist of a single 5nm iron oxide corestatycovered more completely in
dextran and has a hydrodynamic diameter of 20-40Manget al., 2001). Due to
Sinerem’s hydrodynamic radii and its thicker demttaat, opsonisation by plasma
proteins and recognition by RES is reduced. Thaal the particles to remain in the
blood longer; increasing its blood half-life (Juetgal., 1995a). Whilst in the blood, a
percentage of SPIONs can leak into the interstitivmmere clearance is via
macrophages of the lymphatic system. The accuronladf SPIONs within the
lymph nodes in-turn allows for MRI imaging of lympiode metastases (Rockaeil
al., 2005).

At present, the FDA approved SPION contrast ageotk by passive accumulation
within healthy macrophages within organs of the RH8wever, in areas of organs
of the RES that are cancerous the macrophagedsdunstaltered, preventing uptake
of the SPIONs. Cancerous tissues therefore, apmiginter (positive contrast) as
they contain no SPIONSs, in comparison the healgsues appear darker due to the

T, negative contrast caused by the uptake of SPIONSs.
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1.8 Hyperthermic therapy

Tumour cells have shown a greater sensitivity tt breatments compared to healthy
cells (Zeeet al., 2002). This has led to the use of thermo-ablatiwh layperthermic
therapies in the clinic, often in combination witther treatments. The use of heat to
treat illnesses dates back to the time of Hippesré460-370 BC), who said “ Those
diseases which medicines do not cure, the knifessuhose which the knife cannot
cure, fire cures; and those which fire cannot caes to be reckoned wholly
incurable” (Itoet al., 2005).

Hyperthermia is classed into two categories; thelation and mild hyperthermia.
Thermo-ablation is where a temperature rise excdé¥3 and causes cell necrosis
(Jordanet al., 1999; Gneveckowet al., 2004). Mild hyperthermia is where the
temperature increase is betweerfGlt 46C (Lao et al., 2004). This temperature
rise is high enough to cause partial cell kill andlamage and sensitise cancer cells
to chemotherapy and radiotherapy (Jordaal., 1999b; Wuskt al., 2002; Guptaet

al., 2005b; Okayamat al., 2009).

The adjuvant affect of hyperthermia with radiothpgrdnas shown to cause increase
blood flow into radio-resistant, hypoxic, low pHeas, causing oxygenation of the
tissues, in turn increasing the cells radio-serigiti(Song et al., 1996; Griffin &
Corry, 2009). Studies have also shown heat treasrercause protein denaturation
and affect DNA repair mechanisms, preventing thpaireof radiation induced DNA
damage (Vernomt al., 1996; Zeest al., 2002). Furthermore, thermal treatment can
enhance the toxicity of chemotherapy (&teal., 2002). It is reported that a raise in
tissue temperature can cause increased intragefltlg uptake and increased blood
flow in turn, raising intra-tumour drug concenteaits and enhancing DNA damage
(Zeeet al., 2002).

In addition, hyperthermia can also activate the imersystem through up-regulation
of heat shock proteins (HSP) (leb al., 2003a; Beere 2004; Tabuddtial., 2008).
HSP70 has been elucidated to a number of rolesidimg anti-tumour immunity
(Srivastaveet al., 1998; Wangt al., 2000; Itoet al., 2003). Both Todrylket al and
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Ito et al reported that the induction of HSP70 after hyparthic treatments
encouraged the recruitment of macrophages and itiendklls into the tumour and
furthermore, mediated the up-regulation of the salface major histocompatibility
class | molecules (MHC-1) (Todry&t al., 1999; ltoet al., 2001). Tumours have
managed to evade immune detection due to a nunfilbbeasons including inefficient
MHC expression (Costell@t al., 1999; Garcia-Larat al., 2003). Through up-
regulation of the MHC-I expression, increased pmeg®n of functional MHC-1-Ag

complexed to cytotoxic T lymphocytes was report&dbichiet al., 2008). This

suggests HSP70 increases the immunogenicity ofutheur cells by priming them
for immune recognition and attack (kbal., 2001; Tabuchet al., 2008).

Clinical approaches to hyperthermia have includadchérsion of the body part in
guestion in hot water, the use of hot irons, hobps, and fever therapy, however, all
with limited success (Zeet al., 2002). More conventional thermal therapies used
include lasers (Amiret al., 1993; ,Voglet al., 1999), focused ultrasound (Jolextz
al., 2002), microwaves (Sekt al., 1999) and radiofrequency probes that can be
placed in the lesion (Gazelkt al., 2000; Shinkaket al., 1999, 2002). Though all
have shown evidence of cell necrosis, no benefipatient survival has been
reported. There are a number of limiting factorshwthese macroscopic heating
methods including lack of specificity to the tumaells, heterogeneous distribution
of temperature over the target site and poor teatpey control leading to a
detrimental affect on normal healthy cells (Samaatal., 2008) New approaches
are currently under investigation to separate thergy source from the heating
source, enabling control over thermal release. Sygmoaches include near infrared
irradiation (NIR) and magnetic induced thermal #pgr. Near infrared irradiation
involves metal nanoshells (Hirsat al., 2003), nanorods (Huargj al., 2006) or
nanotubes (Chahravergyal., 2008) being placed in the area of the tumoulovieed

by irradiation with an infrared laser from outsidé the body. However, due to
limited penetration depth, NIR is not effective tatating deep-seated tumours
(Samantaet al., 2008).
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1.8.1 Application of SPIONsin hyperthermia

Magnetic induced thermal therapy also known as mgrfluid hyperthermia
(MFH) was first reported by Gilchrist in 1957. Gilistet al showed that injection of
magnetic particles into lymph nodes in dogs, cawséemperature increase during
exposure to an alternating magnetic field (AMF)I¢Giistet al., 1957). Over the last
decade, MFH has re-emerged. A number of groups tepated promising results
in vivo, where iron oxide particles were injected diredtlio the tumour (Jordaet

al., 1997; Hilgeret al., 2001, 2005) and more recently in the clinic, rehen intra-
tumoural temperature rise of @W44°C was achieved and reported to be sufficient
for radio-sensitisation (Johannsetral., 2007; Maier-Hauftt al., 2007).

By exposing SPIONs to an AMF energy is createcheaform of heat, this thermal
energy dissipates into the surrounding tissuesifatig temperature is high enough
can destroy or weaken cancerous cells (Betrg., 2003; Pankhurstet al., 2003).
Using SPIONs to generate heat can overcome the is§unon-specific tissue
heating, as the application of the alternating netigrfield can be localised to the
area of the body where the SPIONs have collectatbugh varying the frequency,
current parameter of the AMF and the size and caitipn of the SPIONs, the
temperature generated from the SPIONs can be dedtr@Pankhurset al., 2003;
Okawaet al., 2006; Hergt & Dutz, 2007).

Unlike micron sized particles, which exhibit hegtirthrough hysterisis loss
(Pankhurstet al., 2003), SPIONs are thought to generate heat ghroNéel
relaxation and Brownian motion whilst in an AMF @Fil1.3) (Maier-Hauffet al.,
2006). In the case of Néel relaxation, the AMF eauke magnetic moments within
the SPIONSs to rotate, generating internal frictidfhen the field is off the moments
return to equilibrium, this is where energy is easled in the form of heat (Pankhurst
et al., 2003; Mornetet al., 2004). Brownian motion requires the rotationtioé
SPION as a whole therefore, the heat is generateddh frictional movement in its
surroundings (Morneét al., 2004). However, SPIONs can become trapped within
biological tissues, this in-turn blocks free ratatiof the particles, preventing the
generation of frictional heat (Hergtal., 2004a; Mornett al., 2004).
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Fig 1.6. Schematic representation of a) Néel rotation, where magnetic moments within the

SPION rotate and b) Brownian motion, where the SPION rotates as a whole.

The specific absorption rate (SAR) Wds the measurement of thermal energy
generated from magnetic particles and is definedhaspower of heating of a

magnetic material per gram. SAR is measured as:
_ AAT .
SAR =C™ /At (Equation 1.2)

Where C is the specific heat capacity of the sanitf K™*), AT is change in
temperature andt is change in time. The SAR values are affected lopmber of
parameters firstly, the specific heat capacitiethefsurrounding liquid in the body,
blood flow and tissue perfusion can act as a cgofirechanism (Morne¢t al.,
2004). Second, size, physical and chemical compasdf the SPIONs can affect
heat generated, with the optimum core diameterqeeg as 10 nm-20 nm (Hermt
al., 2004b ) and third, particle heating can be afi@te frequency and amplitude of
the alternating magnetic field applied (Hergt al., 2004b). Above a certain
threshold, the field strength can cause physioldgicoblems by inductive heating
(Hergtet al., 2004b) such as, stimulation of peripheral, skeleta cardiac muscles
(Mornet et al., 2004). At present, the only AMF coil generated patient use is
limited to 18kA/m at a fixed frequency of 100 kH2r{eveckowet al., 2004).

The concentration of SPIONs delivered to the tasifetis also a limiting factor in

generating toxic levels of heat (Hilgetral., 2001). Direct injection into the tumour

30



allows for delivery of high concentrations of SPIOK the target area therefore,
allowing other areas of the body to remain unaéfédby AMF heating. The first
clinical study of magnetic fluid hyperthermia byhdmnseret al showed that direct
injection of 12.5 ml SPION suspension into the fates at concentrations of 120
mg/ml was well tolerated (Johannsaral., 2005). Systemic application of SPIONs
however, proves more difficult due to their rapidazance from the blood by the
RES and therefore, reducing the concentration ¢©SB reaching the target organ.
To improve the systemic application of SPIONs fiomwlisation with a targeting

moiety would be advantageous.

1.9 Research aims

The central hypothesis for this thesis is that :¥d@an be used for diagnosis and
targeted therapy of cancer. The aims of this the&s to generate scFv-SPION
conjugates that would selectively target SPIONscémcer cells and test their
imaging potential by MRI and therapeutic potenbglmagnetic fluid hyperthermia

(MFH).
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Chapter 2

General Materials and Methods
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2.1 Materials

Table 2.1 Microbial culture media and solutions for yeast fermentations

Media

Formula

YEPD medium/glucose primary culture

medium

Dissolve 10 g Bacto yeast extract, 20 g
Bacto peptone, 10 g glucose into 1 litre
dH,0. Autoclave

Basic salt medium

Dissolve 5.4 g CaSO, 88 g K,SO,, 70 g
MgSO4 7H20, 54 g (NH4)2804 and 300 ml

glycerol into 5 litre dH,O. Autoclave.

Sodium hexametaphosphate

Dissolve 150 g in 1 litre dH,O. Filter sterilise

Trace element solution (PTM1,; for 1 litre)

Dissolve 5.99 g CuSO,4(H,0)s, 8 ml 10X Nal
stock solution (0.4 g Nal per 40 ml dH,0), 3g
MnSO, H,0, 0.2 g Na,MoO,4 (H,0),, 0.5 g

CoCl, (H,0)e, 20.04 g ZnCl, (H,0)s, 65.05 g
FeSO, (H,0), 800 pl of 100X H3BO; stock

solution (1 g H3BO; per 40 ml dH,0), 19.2ml
96.2% H,S0O,, 0.4 g D-biotin in 970 ml dH,O.

Autoclave.

Secondary culture medium

300 ml basic salt medium, 30 ml sodium
hexametaphophate, 1 ml trace element

solution. Filter sterilise.

Fermentation medium

4.7 litre basic salt medium, 1 litre sodium
hexametaphosphate, 1 ml anti-foam, 24 mi

trace elements. Autoclave in fermenter.

Limited glycerol feed

300 ml glycerol, 300 ml dH,0O. Autoclave.

Add 7 ml trace element solution.

Limited methanol feed

2 litre methanol, 24 ml trace element solution
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Table 2.2 Solutions for His tagged protein isolation and purification on

expanded bed adsorption immobilized-metal affinity chromatography (EBA

IMAC)

Buffer

Formula

Copper sulphate

Dissolve 75 g CuSO, (H20); in 3 litre dH,0.

Autoclave.

1X PBS, 1 M NacCl

Dissolve 96 g PBS powder and 584 g NaCl
into 10 litre dH,O. Autoclave.

2X PBS, 2 M NaCl

Dissolve 192 g PBS powder and 1169 g
NacCl into 10 litre dH,0O. Autoclave.

Imidazole wash buffer 40 mM

Dissolve 48 g PBS powder, 292 g NaCl and
13.6 g Imidazole into 5 litre dH,O.

Imidazole elution buffer 200 mM

Dissolve 48 g PBS powder, 292 g NaCl and
68.01 g into 5 litre dH,0.

50 mM EDTA

Dissolve 75 g EDTA into 4 litre dH,0.

Autoclave

Sanitizing solution: 1 M NaOH, 1 M NaCl

Dissolve 400 g NaOH and 584 g NacCl into
10 litre dH,0.

20% (vol/vol) ethanol

Dilute 2 litre 100% ethanol in 8 litre dH,0.

Table 2.3. Buffers for protein manipulation

Buffers

Formula

2X SDS-PAGE loading buffer

1.25 mM Tris-HCL, pH 6.8; 20%(w/v)
glycerol; 2% (w/v) B-mercaptoethanol; 0.1%
(w/v) bromophenol blue; 0.1% (w/v) SDS

1X SDS-PAGE running buffer

25 mM Tris-HCI, 192 mM Glycine; 0.1%
(w/v) SDS

1X transfer buffer

25 mM Tris-HCI, 192 mM Glycine, 20% (w/v)

methanol

Coomassie gel stain

0.1% (w/v) coomassie blue R-250, 45% (w/v)

methanol, 10% (w/v) glacial acetic acid

Coomassie gel destain

30% (w/v) methanol, 10% (w/v) glacial acetic

acid
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Table 2.4: Solutions for scFv-SPION sodium periodate conjugation

Buffers

Formula

Sodium Acetate 10 mM

Dissolve 5.4 g NaAc into 4 litre dH,0. Adjust
to pH 4 with acetic acid. Filter to sterilise.

Sodium Acetate 0.2 M

Dissolve 2.7g NaAc into 100 ml dH,O. Adjust

to pH 6 with acetic acid. Filter to sterilise

Sodium periodate oxidation buffer 10 mM

Dissolve 0.02 g NalO,4 into 10 mis 0.2 M
NaAc buffer. Keep in dark.

Sodium borohydride reduction buffer 0.1 M

Dissolve 0.06 g NaBH, into 10 mM NaAc
buffer.

Table 2.5: Solutions for scFv-SPION carbodiimide conjugation

Buffers

Formula

MES buffer 0.5 M

Dissolve 9.75 g 2-(4-morpholino)
ethanesulphonic HCI into 100 ml dH,0.
Adjust to pH 6.3 with Na,CO3 (sodium

carbonate). Filter to sterilise.

MES buffer 0.1 M

Dissolve 78 g 2-(4-morpholino)
ethanesulphonic HCl into 4 litre dH,0. Adjust
to pH 6.3 with Na,CO3 (sodium carbonate).
Filter to sterilise

EDC/ NHS activation buffer

Dissolve 0.6 mg 1-ethyl-3-(3-
dimethylaminopropyl)-carbodiimide
hydrochloride and 1.2 mg N-
hydroxysuccinimide into 200 pl 0.5 M MES
buffer

Glycine 25 mM

Dissolve 0.18 g Glycine into 100 mls 1XPBS.

Filter to sterilise

35



Table 2.6 Solutions for scFv SPION cyanogen bromide conjugation

Buffers

Formula

Activation Buffer

0.1 M Sodium hydrogen phosphate buffer
pH9. Filter to sterilise

Glycine 25 mM

Dissolve 0.18 g Glycine into 100 mls 1XPBS

Table 2.7 Solutions for tissue culture

Buffers

Formula

Culture medium

To 500 ml RPMI medium add 1% 100x L-

glutamine, 10% Foetal calf serum

Trypsin

Versene EDTA and trypsin

Freezing medium

Mix 1 ml dimethyl sulphoxide (DMSO) with
9ml foetal calf serum

Table 2.8 Solutions for immunostaining adherent cells

Buffers

Formula

Fixing buffer

4% Parafilm aldehyde

Quenching buffer

10 mM Tris. Adjust pH 7.5 with HCL

Permeabilisation buffer

0.05% Triton-X-100 in PBS

Blocking buffer

3% BSA in PBS

Table 2.9 Solutions for ferrozine assay

Buffers

Formula

FeCl; standard

Disslove in 1 litre H,O

Lysis buffer

50 mM NaOH 0.2 g dissolved in 100 ml H,O

Iron Releasing Buffer

Dilute 3.5 ml of 4 M HCL into 10 ml H,O add
to 10 ml solution of 0.45 g of KMnO,
dissolved in H,O

Iron Detection Buffer

Dissolve in 5 mls H,O 0.015 g ferrozine,
0.015 g neocuproine, 0.96 g ammonium

acetate and 0.99 g ascorbic acid.
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Table 2.10 Solutions for Prussion blue staining

Buffers Formula

Prussian blue 4g potassium ferrocyanide dissolved in 20ml
H,O added to 20ml and 2% HCL

All chemicals were purchased from Sigma-Aldrich (Stuis, USA Ltd) unless
specified. All buffers were filtered through 0.2umalgene filter (VWR

International, Leicestershire, UK).

Pre-cast Tris-Glycine SDS-PAGE minigels (10 wél2% Polyacrylamide, 1mm
thick) and protein molecular weight marker “SeeBlRkis 2" (Fig.2.1) were

obtained from Invitrogen Ltd (Paisley, UK). Sequegc grade 0.45 pum
polyvinylidene difluoride (PVDF) membrane and chadography filter paper was
purchased at BioRad laboratories Ltd (Hemel HenapksteK).

SeeBlue Plus2

250kDa (1) —
——{ -

148kDa(2b) |
98kDa(2) ___|
64kDa(3) |
50kDa (4)
36kDa(5) ~ |

22kDa(6) |
16kDa(?) |
6kDa(8) |

Fig. 2.1. Molecular weight calibrants for gel filtration chromatography were purchased from
Bio-Rad laboratories (UK). Apparent molecular weights of SeeBlue Plus2 markers subjected
to SDS-PAGE (4-20% Tris-Glycine). Molecular weight markers correspond as follows: (1)
Myosin; (2)BSA,; (2b) Phosphorylase B; (3) Glutamic Dehydrogenase; (4) Alcohol
Dehydrogenase; (5) Carbonic Anhydrase; (6) Myoglobin; (7) Lysozyme; (8) Aprotinin;
Taken from Invitrogen catalogue.

2.1.1 Microbial strains

The wild type yeast strain X-33 was obtained frawittogen (UK).
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2.1.2 Proteins

Laboratory stock of carcinoembryonic antigen (CE#gs kindly donated by Dr
Graeme Denton and Professor Alan Perkins (Nottimgbaiversity).

2.1.3 Human cdl lines

The human CEA expressing colorectal cancer cedl i8174T and human CEA
negative melanoma cell line A375M were purchasethfthe European catalogue of
Human and Animal Cell Culture (ECACC; UK).

2.1.4 Antibodies

The murine anti-CEA scFv, MFE-23, was originallyested from a combinational
phage display library produced from mice immuniseth CEA (Chesteret al.,
1994). The humanised high affinity anti-CEA scFm3E, was constructed by site
directed mutagenesis of MFE-23 (Graf al., 2004). MFE-23, and Sm3E were
purified by EBA IMAC (Tolneret al., 2006), from inducedPichia Pastoris yeast
cells transformed with pPI@&A/ MFE-23 HIS and pPIlGxA/ Sm3E respectively.

Laboratory stocks of polyclonal antibodies weresedi against MFE-23 by
immunisation of a rabbit with purified MFE-23. Maugetra his (anti-HIS) antibody
was obtained from Qiagen (Crawley, West Sussex,. Bkjuse anti dextran was
obtained from StemCell research (Stemcell Technetofnc, Vancouver, Canada).
Mouse anti LAMP1 was kindly donated by Dr Shane é&giue (Department of
Medicine, Royal Free and University College Medigahool).

The conjugated antibody goat anti-rabbit horse italperoxidase (HRP) was
purchased from Sigma-Aldrich (St Louis, USA Ltdhe®p anti-mouse HRP, Goat
anti-mouse Alexa Fluor 564 ad@8, nuclear stain Hoechst and ProLong gold anti-

fade was purchased from Molecular Probes (Invitnpgaegan US).
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2.1.5 Super paramagnetic iron oxide nanoparticles

Details of the SPIONs investigated are shown inld&hl0, which gives simplified

nomenclature, SPION coating, number of SPIONs pgr ecommercial name and

supplier.

Table 2.11 Details of SPIONs investigated includes simplified nomenclature
of SPIONs used in thesis.

SPIONs | Coating Commercial Supplier SPIONs | Hydrodynamic
name /mg diameter
D50 Dextran 50nm nanomag- | Micromod 50nm
D-spio Partikeltechnologie
GMbH 1x10"
d100 Dextran 100nm nanomag- | Micromod 100nm
D-spio Partikeltechnologie
GMbH 1x10"
PEG-d20 | Dextran- | 20nm nanomag- | Micromod 20nm
PEG- D-spio-PEG- Partikeltechnologie
COOH COOH GMbH 1x10™
PEG-d50 | Dextran- | 50nm nanomag- | Micromod 50nm
PEG- D-spio-PEG- Partikeltechnologie
COOH COOH GMbH 1x10"
DX200 Dextran 200nm Chemicell GMbH 200nm
FluidMAG-DX 2 x10™
DX100 Dextran 100nm Chemicell GMbH 100nm
FluidMAG-DX
2 x10%
CMX200 | Dextran- | 200nm Chemicell GMbH 200nm
COOH FluidMAG-CMX
2 x10"
CMX100 | Dextran- | 100nm Chemicell GMbH 100nm
COOH FluidMAG-CMX
2 x10%
CMX50 Dextran- | 50nm FluidMAG- | Chemicell GMbH 50nm
COOH CMX
2 x10™
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2.2 Methods

2.2.1 Protein expression

2.2.1.1 Fermentation of Pichia pastoris X-33 cells

Fermentation ofPichia pastoris X-33 cells was performed with the help of Dr.
Berend Tolner and Mr Tim Hillyer (Department of @fagy) (Tolner Bet al., 2006
using a BioFlo 3000 Batch/Continuous Bioreactor WNBrunswick Scientific,
Edison, NJ, USA). Fermentation medium was prepamethe fermentor and was
composed of the components as listed in Table 2suitsequently the fermentor
containing the media was autoclaved. A primary deedn a 2 litre conical flask
containing 250 ml of YEPD glucose medium was sthiig inoculation with one
frozen vial containing 1 ml of seed lot and growemight at 36C at 200 rpm to an
ODeoo of 12. Upon reaching Qfgy of 12, 2 ml of the primary culture was used to
inoculate the secondary culture medium (Table 2.IThe secondary culture was
grown overnight at 3T at 200 rpm to an Oy of 5. Once this was reached the
secondary culture was added to the fermentationumednd the fermentation run
was started. The pH at the start of the fermematas set to 5.0 and was
automatically maintained by addition of 100% MMH base solution or 10% ortho
phosphoric acid solution. The dissolved oxygen eretas set to 40% and the
temperature was set to 8G. At 22-24 hrs after inoculation, a sharp increase
dissolved oxygen (spike) was observed, which iscattve of depletion of the
glycerol (carbon source) in the vessel. At thisnpai limited glycerol feed (Table
2.1.1) was started and the pH reset to 6.5. One &after the start of the limited
glycerol feed, 12 ml of limited methanol feed (TaBl1.1) was directly injected into
the fermenter. During the run the flow rates of tigcerol and methanol limited
feeds were altered (Table 2.2.1). The fermentatian was stopped after

approximately 72 hr post inoculation, ready fortpio capture.
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Table 2.12 Flow rates for addition of glycerol and methanol during yeast

fermentation

Time post limited feed

Flow rate glycerol

Flow rate methanol

start (hr) (ml/hr) (ml/hr)
0 120 0
1.0 120 0
1.5 100 0
2.0 80 0
25 60 0
3.0 40 0
35 20 0
4.0 0 10
6.0 0 20
8.0 0 30
10.0 0 42-45

2.2.2 Protein purification

2.2.2.1 Expanded-bed adsorption immobilized metal affinity chromatography (EBA

IMAC)

Large scale purification of the hexahistidine-tadygeoteins straight from thieichia

pastoris fermentation was performed using the expandedabledrption IMAC (GE

Healthcare). All application to the column wereaim up-flow except for the elution

step. Briefly, the EBA column was connected to spectrophotometer and zeroed

with water. The column was charged with 0.1 M copp@phate solution at flow
rate 300 cm/h (Table 2.1.2) and unbound ions wexghed off with dBHO until UV
signal returned back to baseline. Ten column vokiofdoading buffer (Table 2.1.2)

were then run through the column.
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The bioreactor contents from tiReéchia pastoris fermentation was first diluted 1:1
with 2 M NaCl in 2x PBS, then loaded onto the clear@BA column at flow rate
300 cm/h. Once all the bioreactor contents had lag@tied to the column loading
buffer was run through until the UV signal reacheaseline. To remove non-
specificically bound contaminants, 40 mM Imidazeash buffer was applied to
the column at a flow rate 300 cm/h until the UVrsireturned to baseline. Finally,
the column flow was reversed and the target hegadime-tagged proteins were
eluted off the column by application of 200 mM Imamble elution buffer to the
column at flow rate 150 cm/h fraction. Peak fragsiocontaining protein were
determined spectrophotometrically at an fgPthese fractions were collected,
pooled, filtered through a 0;M Nalgene filter and dialysed against PBS overnight
Fractions were either stored as 25 ml aliquots8&iG or further purified by size

exclusion chromatography.

The EBA column was washed with sterile ZlHuntil the UV signal returned to
baseline, and regenerated with 4 litre 50 mM EDfWemoving the copper sulphate.
Five column volumes of di® were applied to the column to displace the EDTA
solution, the EBA column was further washed in 8anig solution for 1 hr and

stored in 20% ethanol.

2.2.2.2 Sze-exclusion chromatography

Proteins were separated according to molecular heigy size exclusion
chromatography (SEC) using an AKT#PLC// system (GE-Healthcare, Amershan,
UK). For resolution of smaller proteins, a Superd®xSEC column (GE-Healthcare)
was used. For loads of less than 2mls the Supételek6/60, (matrix volume 120ml)
was used. Protein samples were loaded via theijedtion loop at a constant flow
rate of 2 ml/min PBS. For protein samples of u@2%omls the Superdex 75, 25/60
column (matrix volume 500 mls) was used. Proteimsas were loaded onto the
column at a flow rate of 5 ml/min PBS. Fractionsreveollected and peak fractions
were pooled. One millilitre aliquots were made aathples stored at -80 ready for

further analysis.
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For separation of larger molecules such as magpatiicles, a Sephacryl 300 high
resolution SEC column 16/25 (30 ml) and 16/60 (12) (GE-Healthcare) were
used. Magnetic particles and protein samples weected onto the column at a
constant flow rate of 0.5 ml/min PBS. Magnetic et fraction was collected
throughout the void volume; peak fractions werelpd@nd stored at’@ ready for

further analysis.

For calibration, the Gel Filtration Standard kiigBrRad) was prepared and applied to

columns as directed by manufacturers.

2.2.3 Protein characterisation

2.2.3.1 Protein quantification

The concentration of proteins was determined spphttometrically using the

following equation:

Aog=€rgo X C X | (Equation 2.1)

Where Ago is the absorbance at 280 nm of protein samplessune@ in quartz
cuvettes on a Cecil CE2041 2000 series spectroptetes, ;g0 is the extinction
coefficient (0.1%, 280 nm, 1 cm path length) of gietein calculated based on the

protein primary amino acid sequence using the BxpBsotparam web tool

(http://www.expasy.ch/tools/protparam.hjlne is the protein concentratiohjs the

path length of the cuvette (cm). For MFE-23, = 1.9; for Sm3Eg,g = 1.9

2.2.3.2 Sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE)

Electrophoresis of proteins was performed undeunaied) conditions. Samples were
prepared by the addition of 2X SDS-PAGE reducinffesuTable 2.1.3) followed
by denaturation at 96 for 5 min. Samples were loaded onto 12% Tris-Blypre-
cast mini-gels (Invitrogen) and separated on an IX@é&l Mini-Cell system
(Invitrogen) in 1x SDS-PAGE Running buffer (Tablel3) on an automated
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program of 90 min at 35 mA (125 V, 5 W) using a Rdizas® 500 power supply
(Invitrogen). Following electrophoresis, proteinere either stained with coomassie
blue (Table 2.1.3) or subjected to Western blot{sertion 2.2.4.3).

Gels were stained with Coomassie blue stain fortstat room temperature. To
enable visualisation of proteins the gels weretdasd with de-stain solution (Table
2.1.3) for 2-4 hrs with repeated de-stain solutthanges. Gels were rinsed in A+
followed by 15 min incubation in Gel drying solutidinvitrogen) in preparation for
drying using the Invitrogen Gel drying kit. Two gilying plastic sheets (Invitrogen)
were soaked in the Gel drying solution, the gel sasdwich between them and left

to dry in a drying rack overnight at room temperetu

2.2.3.3 Western blot analysis

Following electrophoresis proteins were transfertedpolyvinylidene difluoride
(PVDF) membrane (Bio-Rad Laboratories Ltd), preted by soaking in methanol
for 10 min. Gels were sandwiched with the PVDF meamb between several sheets
of pre-wetted chromatography filter paper (Whatnmdajdstone, UK) and sponges.
This was submerged in an XCell Il Blot Module (lmagen) filled with 1x Transfer
buffer (Table 2.1.3). Proteins were transferredigisin automated program of 90 min
at 125 mA (25 V, 17 W).

Following electro-transfer, PVDF membranes wereckdal in 5% (w/v) Marvel
skimmed milk powder (Marvel, UK) in PBS for at I€dshr. The blocked blots were
washed in PBS and incubated on a rocker at roonpdeature for 1 hr in the
appropriate primary antibody diluted in 1% (w/v) Mal/PBS. The blots were then
washed with 3x 0.1% (v/v) Tween-20 in PBS, thenPBS followed by incubation
on a rocker at room temperature for 1 hr in thergypate secondary horseradish
peroxidase (HRP)-conjugate antibody diluted in Mv] Marvel/PBS. Following
incubation, the blots were washed as before andeips visualised with DAB
substrate solution (0.25 mg/ml 3, 3’-Diaminobenaeietrahydrochloride, 0.5 pl/ml
H,0, in dH,0). The reaction was stopped by rinsing the mengiandHO. The

membrane was left to dry at room temperature.
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Table 2.13 Antibody dilutions

Primary Antibody (dilutions) Secondary Antibody (dilutions)

Tetra His 1/1000 (Qiagen) Sheep anti-mouse-HRP 1/500 (GE-
Healthcare)

Anti-MFE-23 rabbit sera 1/1000 Goat anti-rabbit-HRP 1/1000 (Sigma-

(Laboratory generated stock) Aldrich)

Anti-dextran 1/1000 (Stemcell) Sheep anti-mouse-HRP 1/500 (GE-
Healthcare)

2.2.3.4 Enzyme-linked immunosorbent assay (ELISA)

ELISAs were performed on 96-well micro-titre plai€osta, High Wycombe, UK)
coated for 1-2 hr with 100 pl 1 pg/ml CEA in PBSRBS. Wells were washed 2x
with PBS and blocked with 200 pl 5% (w/v) Marvel®®Bor 2-16 hrs. Fifty to one
hundred micro-litres of samples (neat supernataptiofied proteins diluted in PBS)
were applied to CEA or PBS coated wells in trigiicand incubated for 1 hr. After
incubation the wells were washed 3x with PBS. We#se then incubated for 1 hr
with 100 ul primary antibody diluted in 1% (w/v) Mel/PBS. Following incubation
wells were washed 3x in PBS/0.1% (v/v) Tween-20ofeéd by 3x PBS, then
incubated for 1 hr with 100 ul HRP-conjugated seleon antibody diluted in 1%
(w/v) Marvel/PBS. Wells were washed as before ar@gd ul OPD (O-
phenylenediamine dihydrochloride; 0.4 mg/ml dissdiin phosphate citrate buffer,
pH 5.0) was added. Reactions were stopped with bG M HCL and the
absorbances were measured at 490 nm using Opsis MiRroplate Reader (Dynex
Technologies). See Table 2.2.2 for antibody dihgio
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2.2.4 Antibody-SPION conjugation chemistry

2.2.4.1 Sodium periodate conjugation

Conjugation of the available OH groups on the d&@ the available Nfgroups
on the scFvs was achieved by adaptation of theisogeriodate method (Moldagy
al., 1982). Briefly, 5 mg/ml of the dSPION (1 ml) wadded to 1 ml 10 mM sodium
periodate (Sigma-Aldrich) and incubated at roomgerature for 1 hr in the dark on
a rotating shaker to allow partial oxidation of ttextran. The oxidation reaction was
terminated by application to a PD-10 desalting col(GE-Healthcare) equilibrated
with 10 mM sodium acetate buffer pH 4. The samddowiias used for elution of the
SPIONSs. Conjugation was achieved by addition ofetluted oxidised dSPION (3 ml
at 3 mg/ml) to the scFv (1 ml of 0.1 mg/ml in 10 ndddium acetate buffer pH 4)
and incubation on a rotating shaker for 24 hroatir temperature. Subsequently the
mixture was reduced by addition of 0.5 ml at 0.1sbtlium borohydride (Sigma-
Aldrich) for 15 min at room temperature. The reactivas terminated by application
to a PD-10 desalting column as described abovth@®oxidation reaction. The scFv-
dSPION conjugate (7 ml) was concentrated to 2 mhgusVivaspin 15R
concentrators with a 5000 MW cut off (Sartoriosdste Biotech GmbH, Germany)
at 3082 g and purified by size exclusion chromaipgy (SEC) using Sephacryl
300HR (GE Healthcare) in PBS buffer (Sectka3.2.).

2.2.4.2 Carbodiimide conjugation.

Conjugation of the available COOH groups on the RIBSRIONs to the available
NH3; groups on the scFvs was achieved using a moddicaif the carbodiimide
method (DeNardet al., 2005). Briefly, 5 mg/ml of PEG-dSPION were mated by
incubation with EDC/NHS activation buffer (Tablel2) for 1 hr at room
temperature on a rotating shaker. The reactionterasinated by application to PD-
10 desalting columns equilibrated with 0.1 M MESféupH6.3. The same buffer
was used for elution of the SPIONs. The activatEGRISPIONS (2 ml at 2 mg/ml)
was added tdhe scFv (1 ml of 0.1 mg/ml in 0.1 M MES buffer pdp and the
conjugation reaction was achieved by incubationZérhrs on a rotating shaker at
room temperature. After 24 hr, 0.1 ml of 25 mM Giycin PBS was added to the
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conjugation reaction and the mixture was incubdteda further 30 min at room
temperature on the shaker to block remaining readiites. The resulting scFv-PEG-
dSPION conjugates (3ml) were concentrated to 2mingusVivaspin 15R
concentrators with a 5000 MW cut off at 3082 g dahdn purified by SEC on
Sephacryl 300HR in PBS (Section 2.2.3.2.).

2.2.4.3. Cyanogen bromide conjugation

Conjugation of the available OH groups on the AMAG-DX SPIONs (DX-
SPION) to the available Nfgroups on the scFvs was achieved by adaptatitimeof
cyanogen bromide conjugation chemistry from the ralbell GMbH website.
Briefly, 10 mg/ml DX-SPIONs diluted in activationuffer (Table 2.1.6) was
activated by incubation with 0.05 ml of CNBr (SigiAldrich). The solution was
vortexed and incubated on ice for 10 min. The feacvas stopped by running the
particles through a PD-10 desalting column equaliéd with PBS; the same buffer
was used for elution of the SPIONs. The activatedIPIONs (2 ml at 4.5 mg/ml)
were added tthe scFv (1 ml of 0.1 mg/ml in PBS) and the conjiggareaction was
achieved by incubation for 24 hr on a rotating sinak room temperature. After 24
hr, 0.1 ml of 25 mM glycine in PBS was added to ¢bajugation reaction and the
mixture was incubated for a further 30 min at rotamperature on the shaker to
block remaining reactive sites. To remove unbowte/sand glycine, four overnight
magnetic washes with PBS were performed. The scl8BION conjugate sample
was diluted to 6 ml with PBS and placed in 6 x 1huolders on the DynalMagnet
(Millipore). After the final magnetic wash the peth were resuspended to 1 ml in
PBS and pooled.

2.2.5 ScFv-SPION conjugation analysis

2.2.5.1 Ratio of scFv-SPION in conjugate solution

The protein concentration of the scFv-SPION corjeigaas estimated using the
Bradford assay. Firstly, (non-conjugated) scFv girotoncentration standards were
prepared in PBS buffer at concentration 0, 2.5/.5,and 10 pg/ml. To 500 pl of
each standard 500 pl of Bradford reagent (Sigmaiétiyl was added and mixed
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gently by hand. The samples were left to incub&at®am temperature for 15 min.
The absorbance of each standard was measured atn®95 quartz cuvettes on a
Cecil CE2041 2000 series spectrophotometer. Therlaésce vs. the protein

concentration for each standard was plotted.

Subsequently, the concentration of conjugated soFthe purified scFv-SPION
conjugate solutions was determined using the Brddfassay above and the
absorbance was measured at 595 nm on the spedivapter which was blanked
against non-functionalised SPIONs. The absorbaralaevwas then referenced

against the standard curve of Bradford assayedl sBiutions of the scFv.

The number of scFv molecules in the scFv-SPION umate solution was then
calculated following the equations 2.2 and 2.3 Wwelavhere nSm3E equals the

number of Sm3E molecules and Bquals Avogadro’s constant 6.022 X310

moles = M Equation 2.2
MW/[kDa]
NSMBE/ml = molesx Na Equation 2.3

Absorbance readings at 490 nm were performed imat& the concentration of the
SPIONSs in scFv-SPION conjugate solutions. FirsHJON concentration standards
were prepared in PBS buffer at concentrations I29).0.25, 0.375 and 0.5 mg/ml.
The absorbance of each standard was measure a@@DBrd in quartz cuvettes on a
Cecil CE2041 2000 series spectrophotometer. Therhdsce vs. the SPION

concentration for each standard was plotted.
The absorbance of the purified scFv-SPION conjigyatet90 nm was subsequently

referenced against the standard curve of theireste serial diluted SPIONs,

allowing the concentration of the SPIONs to be aeteed. Following equation 2.4
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the number of SPIONs in the conjugate solutionlmamalculated. See section 2.1.5
for the number of SPIONs per nigSPION) as stated by the manufacturer.

nSPION/ mi = [SPION]mg/ mi]x nSPION/mg Equation 2.4

Finally, the number of Sm3E scFvs bound per SPIC&$ walculated following
equation 2.5.

nSM3E/ml

nSM3E/NSPION =
nSPION/ml

Equation 2.5

2.2.5.2 Ferrozine assay to estimate iron concentration

To quantify the concentration of £ein the SPIONs, Fegbktandards were firstly
prepared. One hundred microlitre Fe§&thndards at concentrations 0, 0.05, 0.1, 0.25,
0.5, 1, 25,5, 7.5 and 1@/ml in 10 mM HCL were incubated in 10 50 mM
NaOH and 10Qul iron releasing buffer (Table 2.1.9) at°&0on a heat block for 2
hrs. After incubation the samples were cooled tor@aemperature for 10 min, 30
iron detection buffer (Table 2.1.9) was subseqyeadded to all the samples. The
iron detection buffer forms a complex with ferrauen that absorbs strongly at 550
nm. The samples were mixed and incubated for 30ton&dlow for maximum colour
change. Following incubation the absorbance ofstia@dards was read at 550 nm
using Opsys MR Microplate Reader (Dynex Technologies). The aleock vs. the
Fe?* concentration for each standard was plotted. &y was then performed for
all the SPIONs at concentrations 0, 0.5, 1, 2.3052.5, 5, 10, 25, 50 and 1p6/ml

in 10 mM HCL. The absorbance vs. the SPION comaéoh for each standard was
plotted. The SPION concentration was then plottgdirest its corresponding Fe
concentration.

2.2.5.3 Magnetic resonance imaging (MRI) potential of SPIONs

To determine the MRI potential of the SPIONSs, dedilutions of the SPIONs were
prepared in PBS at concentrations 0, 7.5, 37.5 #nhgg/ml. The samples were
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aliquoted into 25@I MRI eppendorf tubes and placed in a rack insi&@ anl falcon
tube containing 2.5 g/L CuSOThe samples were then scanned using a 2.35T
horizontal bore SMIS system (3 cm coil, 128 x 128tnm, 2mm slice along the
eppendorf cross section, 2 averages, FOV 40mm, TE at multiple TEs). T2

values were determined.

2.2.5.4 Alternating magnetic field (AMF) heating potential of SPIONs

To determine the AMF heating potential of the SP$OMN range of SPION
concentrations were prepared in water and placedtire coil of the AMF heating
apparatus. Two AMF heating systems were used, eygpdy field strength of 300V,
0.62 A and 139.8 Hz or 150 V, 0.74 A and 1 MHz. Témperature increase over 20

min was measured using a Luxtron thermometer pptded in the SPION solution.

2.2.5.5 Zeta Potential of SPIONs

The SPION zeta potential measurements were pertbrmiéh the help of Dr.

Khuloud Al-Jamal (Nanomedicine lab, The school b&pnacy). The hydrodynamic
Z-average diameters and zeta potentials of the S®l@ere measured using a
Zetasizer Nano ZS (Malvern Instruments, Malvernt@tcentration range of 0.01-
1mg/ml in deionised water or at pH 7.4. The avergbree measurements provided

results expressed as zeta potential (mV) = S.D.

2.2.6 Cdl culture

Following standard tissue culture techniques, @dlure procedures were carried out
in a class Il Hood. Culture medium (see Table 2,PBS and Trypsin/EDTA were
pre-warmed to 3 before use. All cell cultures were incubated ZC3in a tissue
culture incubator humidified with a G@oncentration of 5%.

2.2.6.1Taking cell linesinto culture

Cell lines were purchase and stored in frozen atgjuo bring them into culture the

aliquots were thawed at 37 and resuspended by drop wise addition of 10 hlieu
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medium (Table 2.1.7). The cells were pelleted &FPM for 3 min in a bench top
centrifuge. The cells were resuspended in 5 mluttuce medium and seeded into

T25 culture flasks until confluent.
2.2.6.2 Propagation of adherent cell lines CEA+ve LS174T and CEA-ve A375M

Once confluent, cells were sub-cultured routinelicé weekly in a split ratio of 1:5.
Culture medium was poured off and cells washed amd® ml PBS. The PBS wash
was poured off and cells were released from thekflay incubation in 5 ml
trypsin/EDTA for 5 min at 37 (Trypsinisation). For complete release of cdils t
flasks were whacked twice and an equal volumeeastfrculture medium was added
to resuspend the released cells. Two millilitresesfuspended cells was pelleted at
1300 g for 3 min. The cells were resuspened in 2fredh culture medium and

seeded into T75 flasks containing 13 ml fresh caltaedium.
2.2.6.3 Cryogenic storage

Once cells were confluent, culture medium was pbwfé and cells washed once in
10 ml PBS. The PBS wash was poured off and celte wedeases from the flask by
trypsinisation (Sectio2.2.7.1). Equal volume of fresh culture medium was added to
resuspend the released cells. Resuspended cekspsieted at 1300 g for 3 min.
The cells were resuspened in 5 ml freezing medisge Table 2.1.7) and aliquoted

into 1 ml cryoviall (Nalgene). The cryovials were stored at’@&0

2.2.7 In-vitro analysis of scFv-SPIONs

2.2.7.1. Ferrozine assay to measure cell SPION uptake.

Cellular uptake of the scFv functionalised and rionctionalised SPIONs were
quantified following the adapted ferrozine assageoamethod (Riemett al., 2004).
Briefly exponentially growing cells were trypsonisand seeded at a density of
5x10 cells/ml, 2 ml/well in 24 well plates and incubatiedculture medium (Table

2.1.7) for 5 days. On thé"5lay, the culture media was removed and replacéd Wi
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ml filter sterilised scFv functionalised and nométionalised SPIONs at 0.1 mg/ml
in culture media. Cells were incubated overnighlofeed by 3 x washes in cold
PBS. After completely removing the PBS, the celisthree of the media control
wells were trypsonised and counted to determinentimaber of cells per well. The
cells in the rest of the wells were frozen andesdoat -20C. Cells were lysed with
300 ul 50 mM NaOH for 2 hrs on a shaker at room tempeeatThe cell lysates
were subsequently transferred to 1.5 ml eppendatfraixed with 30Qul of 10 mM
HCL and 300ul of the iron releasing reagent (Table 2.1.9), Hanples were
incubated for 2 hrs at 80 on a heating block. After incubation the samplese
cooled to room temperature, 30 pl iron detectiofieoTable 2.1.9) was then added
to all the samples. After gentle mixing by hand saenples were incubated at room
temperature for a further 30 min to allow for mawim colour change. Absorbance
readings at 550 nm were performed using the Opsig]MMicroplate Reader
(Dynex Technologies), values were referenced agatasidard curve of ferrozine
assayed SPIONs at known concentrations (Sectiab.2)2 The SPION uptake per

cell was calculated following equation 2.6, whe@eh equals the number of cells.

[SPION][ g/ well] :
SPION/cell[g] = Equation 2.6
feellua] nCell/well auation
2.2.7.2 MTT toxicity assay

Toxicity of the SPIONs was investigated using d ebility assay based on 3-(4,5-
Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium brodda (MTT) (Sigma-Aldrich)
(Mosmann 1983). Briefly, exponentially growing sellere trypsonised and seeded
at a density of 1xT0cells/ml, 200ul/well in 96 well plates. The platesre
incubated in a humidified incubator with a £€&ncentration of 5% for a minimum
of 16 hours to allow adherence of the cells. Ordigeeed the cells were incubated
overnight 0.1ml with culture medium containing nfomctionalised SPIONs at
particle concentrations of 1mg/ml, 0.5mg/ml andnfigdml! or functionalised scFv-
SPIONSs at a particle concentration of 0.1mg/ml. Te#s were then washed and
incubated a further 96 hours in fresh culture met&8T (20ul; 5mg/ml) was

subsequently added to each well and incubatiorwalfoto proceed for a further
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4hrs. Media was then carefully removed and th@lpuibrmazan crystals (indicating
cell viability) were solubilised using 100ul/welf ®MSO. Absorbance at 550nm
was measured using the Opsys MRicroplate Reader (Dynex Technologies). The
percentage cell survival was determined by compangith untreated control wells.

All tests were performed in triplicate.

2.2.7.3 Immunostaining of adherent cellsincubated in scFv-SPIONS.

The specificity and cellular uptake of scFv funontiised and non functionalised
SPIONSs to the CEA+ve LS174T or CEA-ve A375M cellsrevexamined by indirect
immunofluorescence confocal microscopy. Brieflyllcavere seeded onto 13 mm
circular coverslips (VWR) in 24 well plates at andity of 1x1G6 cells/ml, 500
ul/coverslip. The cells were incubated overnighB#IC in a humidified incubator
with a CQ concentration of 5%, to allow adherence of thelsceFollowing
adherence the cell medium was removed and the coalted coverslips were
incubated overnight with 500 pl of culture mediatedning i) no SPIONS i) filter
sterilised non functionalised SPIONs at 0.1 mgSR@INr iii) filter sterilised scFv-
SPIONs at 0.1 mgSPION/ml. Following incubation sellere washed in PBS and
fixed in 4% paraformaldehyde for 20 min. To quenesidual paraformaldehyde the
cells were washed 3x in PBS followed by incubaiiori0 mM Tris/HCL pH 7 for
10 min at room temperature. After incubation thiésogere again washed 3x in PBS
then blocked in 50Ql blocking buffer (Table 2.1.8) for 20 min at rodemperature.
The cell coated coverslips were again washed 3PRBS, the coverslips were
removed from the 24 well tissue culture plate usimgezers and incubated cell face
down in 50ul mouse anti-dextran antibody 1/100, on parafilm46 min at room
temperature. After incubation the coverslips weeshed 3x in PBS, placed cell face
up in 12 well plates and further incubated with 500goat anti-mouse antibody
labelled with Alexa Fluor 564 1/500 (Molecular Pesh and counterstained with
nuclei stain Hoechst 1/5000 (Molecular Probes)30rmin, in the dark, at room
temperature, on a rocker. To remove unbound secpndatibody cell coated
coverslips were washed 3x in PBS followed by 1 R&Sh on the rocker for 1 min

and 1 wash in dkD. The coverslips were mounted cell face down orersdides in
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ProLong antifade (GE-Healthcare) imaged by usigias LSM 510 meta confocal

microscope.

For the endosomal co-localisation study the mouasel&AMP1 1gG2b antibody was
incubated together with the mouse anti-dextran g@iowing PBS washes, the cells
were incubation with the goat anti mouse IgGtelled with Alexa Fluor 488 1/500
(Molecular Probes) in addition to the goat anti s®igG1 labelled with Alexa Fluor
564 and the nuclei stain Hoechst 33342. Coversigre mounted and imaged as

before.

2.2.7.4 Magnetic resonance imaging (MRI) of adherent cells incubated in scFv-
SPIONs

The MRI imaging and specificity of scFv functiorssld and non-functionalised
SPIONs to the CEA+ve LS174T or CE-ve A375M cellsravexamined. Cells
cultured in a T75 flask were incubated overnight1® ml of medium containing i)
no SPIONSs ii) filter sterilised non-functionalis&PIONs at 0.1 mgSPION/ml or iii)
filter sterilised scFv-SPION at 0.1 mgSPION/ml undell culture conditions. After
incubation the cells were washed in PBS, releasem the flask with Versemé
followed by 2x PBS washes by centrifugation anedixn 4% paraformaldehyde for
20 min. Following fixation the cells were washedRBS and pelleted into 250
MRI eppendorf tubes and subsequently placed ircla irsside a 50 ml falcon tube
containing 2.5 g/L CuSf The samples were then scanned agpvdighted images
were acquired with a 2DFT spin-echo sequence uaing 35T horizontal bore
scanner interfaced to a SMIS console (3cm RF 266x256 matrix, 1 mm slice, 2
averages, FOV 60 mm, TR=1s, TE=80 ms).

2.2.8 Hyperthermic in vitro studies

2.2.8.1 Incubator heating of adherent cells: viable cell counts

To determine at which temperature cell viabilitycbmes affected cell viability

counts were performed after heat treatment. The €EALS174T cells were
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cultured to 75% confluency in T25 flasks and indedan triplicate at temperatures
of 37°C, 40°C, 43C and 47C for 30 min. Following treatment the cells wer# te
recover for 1 hr at 3T. The viability of the cells was determined byl céhbility
counts using trypan blue stain. Briefly, the trdatells were washed 3 x in PBS and
released from the flask by trypsonisation (Secti®2.6.2). The cells were
subsequently centrifuged and the cell pellet wasigpended in 10 ml culture
medium, 100ul of resuspended cells was added to 100 pl Trypae Btain and
mixed by pipetting. Viable cells were counted usadiaemocytometer, under an
inverted phase contrast microscope; the total giabll number was calculated using
equation 2.7, whereCell equal the average number of viable cells, 2 isdihgion

factor when using trypan blue afdol is the total volume of resuspended cells

nCell = 2x1x10%cells/ mi]xTvol[mi]
Equation 2.7

2.2.8.2 Incubator heating of adherent cells: MTT assay

To determine at which temperature cell viabilityctnes affected MTT viability
assay was performed after heat treatment. The CEABL74T cells were seeded at
a density of 1 x 10cells/ml, 200 pl/iwell into 96 well plates. The t@a were
incubated for a minimum of 16 hours to allow thésce adhere to the wells. Once
cells had adhered the plates were incubated atdsirg temperatures of 32, 38
°C, 39°C, 40°C, 41°C, 42°C, 43°C, 44°C, 45°C, 46°C and 47°C for 1 hr.
Following treatment the plates were returned to°G7and left to incubate for a
further 96 hr in a tissue culture incubator hunmédifwith a CQ concentration of
5%. MTT (20 pl; 5 mg/ml) was subsequently addeceach well and incubation
allowed to proceed for a further 4 hr. Media wlaent carefully removed and the
purple formazan crystals (indicating cell viabi)ityere solubilised using 100 pl/well
of DMSO. Absorbance at 550 nm was measured uba@psys MRl Microplate
Reader (Dynex Technologies). The percentage cellival was determined by

comparison with untreated control wells. was deteech from the control wells.
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2.28.3 Incubator heating of adherent cellss heat shock protein 70
immunocytochemistry Staining

To determine at which temperature the heat shoatejpr 70 (HSP70) is expressed,
the CEA+ve LS174T cells were heat treated in anbator and stained for HSP70
expression. Briefly, cells were seeded at a demsifyi1C cells/ml, 500 pl/well onto
sterile 13 mm circular coverslips (VWR) placed #\&ell tissue culture plates. Cells
were incubated 2 days at°87in a tissue culture incubator humidified with &L
concentration of 5%. In triplicate the cell coatedver-slips were incubated at
temperatures of 3, 38C, 39C, 40C, 41°C, 42C, 43C, 44C, 45C, 46C and
47°C for 30 min then left to recover for 1 hr at €7 Following treatment cells were
washed 3x in PBS, then fixed in 500 ul 4% parafédetayde for 20 minutes at room
temperature. To quench residual paraformaldehyele¢hs were washed 3x in PBS
followed by incubation in 10 mM Tris/HCL pH 7 fol01min at room temperature.
After incubation the cells were again washed 3¥°BS then blocked in 500l
blocking buffer (Table 2.1.8) for 20 min at roommigerature. The cell coated
coverslips were again washed 3x in PBS, the capsrsiere removed from the 24
well tissue culture plate using tweezers and intedaell face down in 501 mouse
anti-HSP70 antibody 1/100, on parafiim for 45 minraom temperature. After
incubation the coverslips were washed 3x in PB&ced cell face up in 12 well
plates and further incubated with 500 goat anti-mouse antibody labelled with
Alexa Fluor 564 1/500 (Molecular Probes) and corstéened with nuclei stain
Hoechst 1/5000 (Molecular Probes) for 30 min, ia tlark, at room temperature, on
a rocker. To remove unbound secondary antibodycoelled coverslips were washed
3x in PBS followed by 1 PBS wash on the rockerlfonin and 1 wash in di®. The
coverslips were mounted cell face down on covesslith ProLong antifade (GE-

Healthcare) imaged by using a Zeiss LSM 510 metdemal microscope.

2.2.8.4. AMF Heating of Adherent Cells Incubated in SPIONs: Viable Cell Counts

Viability cell counts were performed to determinbether AMF activated SPIONs
and scFv-SPION conjugates can induce a hyperthereticeath. Briefly; CEA+ve
LS174T cells were grown to 75% confluency in a T2k culture medium. The

cells were then washed 3 times in PBS and relelagéd/sonisation. The cells were

56



centrifuged and cell pellet resuspended well in tolture medium containing no
SPIONs, 1 mg/ml, 5 mg/ml, 10 mg/ml or 25 mg/ml SRED The samples were
placed into AMF system 1. An alternating magnetsldf of 300V, 0.62A and
139.8Hz was applied for 20min.

To determine cell viability the cells was centridd washed 3x in PBS and
resuspended in 10ml culture medium. One hundredolitres of resuspended cells
was mixed with 100ul Tryphan Blue stain which ssamon-viable cells. The cells
were counted x3 using a haemocytometer, under aerted phase contrast

microscope. Total viable cell number of was cal®dausing equation 2.7.

2.2.8.5 AMF heating of adherent cells incubated in SPIONs: MTT assay

MTT viability assay was performed to determine wieetAMF activated SPIONs
and scFv-SPION conjugates can induce a hypertharatiicleath. Briefly, cells were
seeded at a density of 1XIf@lls/ml, 200 pl/well into 4 wells of sterile stripells (1

stripwell per test). The strip-wells were placetbia 96 well frame.

The cells to be treated with the scFv-SPION cortega/- AMF were incubated for
1 day at 37C in a tissue culture incubator; media was thetaogal with 100 pl of
filtered sterilised scFv-SPION at 0.1 mgSPION/micuture media and incubated
for a further 24 hr at 3T in a tissue culture incubator. After incubatitve tvells

were washed 3x PBS and 10i0of fresh media was added to each well.

The cells to be treated with non functionalisedG@¥s +/-AMF were incubated for 2

days at 37C in a tissue culture incubator. Following incubatithe medium was

removed and replaced with 1QOfilter sterilised medium containing 5 mg/ml, 2.5
mg/ml, 1 mg/ml 0.5 mg/ml or 0.1 mg/ml SPIONs, 2Kstvells per concentration,

one to be AMF control and the other to be treatét the AMF.

One strip-well at a time was exposed to the AMES0 V, 0.74 A and 1 MHz for 30
min. To remain sterile the cell coated strip-welias placed into a 15 ml test tube,
with the lid screwed loosely on, this was then pthinside the AMF heating coil.

Ambient temperature was maintained af@7using the Air-Therm. After AMF
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treatment the strip-wells were placed back into 96ewell frames, the cells were
then washed and incubated a further 96 hr in frestlia. MTT (20 pl; 5 mg/ml) was
subsequently added to each well and incubationvaliicto proceed for a further 4 hr.
Media was then carefully removed and the purplenéman crystals were solubilised
using 100 pl/well of DMSO. Absorbance at 550 nnswseasured using the Opsys
MRO Microplate Reader (Dynex Technologies). The pewsgn cell survival was

determined by comparison with untreated controlsvel

2.2.8.6 AMF heating of adherent cells incubated in SPIONs: heat shock protein 70

immunocytochemistry staining

Confocal microscopy was performed to determine héetAMF treated cells
incubated in scFv functionalised or non-functiosedi SPION can induce HSP70
expression. Briefly, cells were seeded at a demsityi1C cells/ml, 500 pl/well onto
sterile 13 mm circular coverslips (VWR) placed #\&ell tissue culture plates. Cells
were incubated 2 days at°87in a tissue culture incubator humidified with &L

concentration of 5%.

In triplicate the cell coated cover-slips were ibated with either filter sterilised
media containing scFv-SPIONs (0.1 mgSPION/ml) omgpy followed by PBS
washed to remove unbound SPION and incubated inub@@sh medium or filter
sterilised media containing 1 mg/ml SPION before RAMeatment. Cell coated
cover-slips were exposed to the AMF of 300 V, 02nd 139.8 Hz for 30 min
using AMF system 1. To remain sterile the cell edattrip-wells was placed into the
lid of a 7 ml bijou tube, immersed in either mediaSPIONSs, with the tube screwed
tightly on, the tube was placed inside the AMF megptoil. The ambient temperature
was maintained at 8C using an Air-Therm. Following AMF treatment thellc
coated coverslips were placed into 24 well platessashed 3x in PBS followed by
further incubated in fresh medium for 4 hr in tisgwlture conditions. The cells were
again washed 3x in PBS, then fixed in 500 pl 4%afeamaldehyde for 20 min at
room temperature. To quench residual paraformaldieliye cells were washed 3x in
PBS followed by incubation in 10 mM Tris/HCL pH %rf 10 min at room

temperature. After incubation the cells were ageashed 3x in PBS then blocked in
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500 ul blocking buffer (Table 2.1.8) for 20 min at rodemperature. Once blocked
the cell coated cover-slips were washed 3x in RBB)g tweezers the cover-slips
were removed and incubated cell face down inub@house anti-HSP70 antibody
1/100, on parafilm for 45 min at room temperatukier incubation the cover-slips
were washed 3x in PBS, placed cell face up in 12 plates and further incubated
with 500 pl goat anti-mouse antibody labelled with Alexa Flub64 1/500

(Molecular Probes) and counterstained with nudiginsHoechst 1/5000 (Molecular
Probes) for 30 min, in the dark, at room tempemstwun a rocker. To remove
unbound secondary antibody cell coated cover-sligse washed 3x in PBS
followed by 1 PBS wash on the rocker for 1 min dnglash in dHO. The coverslips

were mounted cell face down on coverslides in PngLantifade (GE-Healthcare)

imaged by using a Zeiss LSM 510 meta-confocal nsimope.

2.2.9 In vivo biodistribution study

All animal work was carried out according to honifice license with the help of Mr
Matthew Robson (Department of Oncology) in the Carapive Biology Unit at the
Royal Free Hospital.

2.2.9.1 LS174T colorectal tumour xenogr afts

The CEA+ve LS174T cell line was used to develop enograft model by
subcutaneous implantation of small tumour piecdsn®) in the left flank of male
nude mice and were used at 2-3months old weighlv§@32g at the start of the
experiment. Subsequent passaging was performed Unadiethane anaesthesia by
continuous subcutaneous implantation of the orlgkemograft. Mice were used 3

weeks after passaging when the mean tumour voluaseaywprox 0.5-1 cfn

2.2.9.2 Biodistribution of Sm3E-SPION conjugates

Biodistribution study of the functionalised SPIOM&s performed into mice to
determine the biodistribution of the SPIONs follagi systemic injection. Two
hundred microlitre of Sm3E functionalised and namctionalised SPIONs were

injected intravenously via tail vein in mice bearifCEA+ve LS174T tumour
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xenografts. Two mice were used per time point. A, 1 hr, and 24 hr post
administration, mice were sacrificed, the tumoliker and spleen were removed

and snap frozen in liquid nitrogen and stored 8iG&eady for cryo-sectioning.

2.2.9.3 Prussian blue staining of frozen tissue sections

Prussian blue staining was used to stain the SPi@MNssue section. Using Coplin
jars, cryo-sectioned tissue on slides were subrdeagd fixed in acetone for 10 min.
The slides were air dried for 1 min then rehydratedistilled water for 1 min. To
detect the iron of the SPIONSs the hydrated tissvese submerged in 25 ml Prussian
blue staining solution (see Table 2.10) for 30 thien washed 3x in distilled water.
The slides were placed on a tray and covered iflo(Nlclear fast red for 5 min
following this the cells were washed 3x in distillevater. Once washed the slides
were dehydrated in alcohol then washed in histarcl8lides were mounted onto

coverslips coated with a drop of DPX resin and iethgnder light microscope.
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Chapter 3

Conjugation of Anti CEA ScFvs to
SPIONSs
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3.1 Introduction

The overall aim of the work in this thesis was emerate antibody targeted SPION
conjugates for imaging and therapy. The first aifnthe work described in this
chapter was to develop a system to chemically gat@irecombinant scFv antibody

fragments in functional form to SPIONSs.

The targeting antibodies used were the anti CEA/SAAFE-23 and Sm3E. The
murine scFv MFE-23 was tested as it has been exenharacterised (Chester
al., 2000), the humanised high affinity version Sm&ks tested as it is thought to be
more applicable for the clinic, minimising the chanof HAMA responses. The
scFvs were conjugated to SPIONS via free aminesepted on lysine groups. Amine
coupling reactions are one of the most common gatjon methods, generally easy

to perform, resulting in good conjugation yieldsa(iglandet al., 2001).

Nine different SPIONs were testesbd section: 2.1.5 Superparamagnetic iron oxide
nanoparticles). These had different compositiore,sand surface chemistry, which
could influence the chemistry used for scFv funwication. Three conjugation
chemistries were evaluated: 1) sodium periodatéatiin, 2) carbodiimide and 3)
cyanogen bromide. The stability during purificatemd storage was investigated and

immunoreactivity of the scFv-SPION conjugates toAGkas tested.

62



3.2 Objectives

The objectives of the research described in thagptdr were to:

1. Generate anti CEA scFvs

2. Select suitable SPIONSs for this study

3. Establish and optimise conjugation chemistriesSiBIONs

4. Establish ELISA method to test immunoreactivity tife scFv-SPION
conjugates to CEA
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3.3 Results

3.3.1 Generation of anti CEA scFv
3.3.2.1 MFE-23
MFE-23 was kindly donated by Dr Berend Tolner (Ganinstitute UCL) and had

been generated using tRechia pastoris expression system. SDS-PAGE/Coomassie

and ELISA confirms purity, size and immunoreactivof MFE-23 (Fig. 3.1).

A B 0.8
M MFE-23
148 kDa = 0.6
E T
98KkDa = =
S 0.4
S 0.
50kDa - 3
36kDa >
— 0.2
2KDa >
BkDa - == 0 [

MFE-23 PBS

Fig. 3.1. Pooled MFE-23 was tested for purity and CEA binding. A) Coomassie stained 12%
Tris glycine SDS-PAGE gel, shows purity of MFE-23. Lane M contains the molecular weight
marker. B) CEA ELISA of MFE-23. Detection of binding was performed with a mouse anti-
His primary antibody, followed by a sheep anti-mouse HRP. PBS was used as a negative

control.

3.3.1.2Sm3E

Sm3E was expressed and purified from the yé&ashia pastoris in a 10 litre
fermenter (see section: 2.2.1 Protein expression and 2.2.2 Protein putitioy
Following EBA-IMAC purification, SDS-PAGE/coomassgel analysis shows the
majority of Sm3E to elute in the 200 mM imidazoladtions 10-15 (Fig. 3.2).
Fractions 10-15 were pooled to give a 300 ml Sm3&tem fraction. From
absorbance readings at 280 nm the concentrati8m@E at this point was estimated

to be 0.7 mg/ml.
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Fig. 3.2. Coomassie stained 12% Tris/glycine gel containing fractions from EBA-IMAC
purification of Sm3E. Lane M contains the molecular weight marker. Fractions taken at each
purification are shown: lane 1-4, product present in bioreactor at elapsed fermentation times
(EFT) of 46, 50, 54 and 72 hrs; lane 5 and 6, wash steps with 40 mM imidazole; lanes 7-20,
successive 200 mM imidazole elution fractions; lane 21, pooled fractions 10-15; lane 22,
EDTA fraction. There is very little Sm3E in the 40 mM wash and EDTA wash, most of the
scFv is in the 200 mM fractions.

Further purification of the Sm3E scFv by SEC usBuperdex 75 matrix revealed
two peaks (Fig. 3.3). Western blot results (Figt) 3howed the proteins in both
peaks to be reactive to the mouse anti His mAbs Tésult indicates Sm3E is eluted
in both peaks. From reference to MW standards asechlibrants on the Superdex
75 column, Sm3E is presumably in dimer and mondoren. From the amino acid
sequence of Sm3E-His, the MW of Sm3E is 27 kDardfoee, the Sm3E fractions
eluted in the ¥ peak, close to the 27 kDa mark, were pooled asdmasd to be the
monomeric form of the protein. SDS/PAGE/coomassis ghows the fractions to be
pure, giving a single band of approx 27 kDa (Fig).3From absorbance readings at
280 nm the concentration of the Sm3E was estintatéeé 0.3 mg/ml. ELISA of the

pooled Sm3E fractions confirms its immunoreactiv@yCEA (Fig. 3.5).
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Fig. 3.3 Size exclusion chromatography of P.pastoris expressed Sm3E. 25 ml of Sm3E
purified from streamline was applied to the 500 ml Superdex 75 column at flow rate 4 ml/min
in PBS buffer. Two peaks corresponding to monomeric (M) and dimeric (D) are present with
the majority of Sm3E being in the monomeric form. The elution volumes of MW standards

are shown.
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Fig. 3.4. SDS-PAGE of SEC purified Sm3E. Coomassie stained 12% Tris glycine SDS-
PAGE gels and Western blot containing fractions from SEC purification. Lane M contains the
MW marker. Fractions taken across the 2 elution peaks are shown: lane 1-18 contain
fractions 8, 10, 12, 14, 16, 18, 20, 22, 24, 26, 28, 30, 32, 34, 36, 38, 40 and 42. Fraction 14-
30 contained majority of monomeric Sm3E and were pooled. The blots were developed with

a mouse anti-His mAb as a primary antibody, followed by sheep anti-mouse mAb HRP.
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Fig. 3.5 CEA binding analysis of purified P. pastoris expressed Sm3E. Pooled Sm3E fraction
was tested for binding to CEA by ELISA. Detection of binding was performed with a mouse
anti-His as primary antibody, followed by sheep anti-mouse HRP. PBS was used as a

negative control.

3.3.2 SPION stability

The stability and solubility of the SPIONs in phylsigical buffers are important
parameters for handling and purification when deprlg scFv-SPION conjugates.
Therefore, the stability and solubility of the SRI® after three commonly used
purification methods, centrifugation, magnetic sefian and size exclusion
chromatography were assessed prior to attachmeetriexents. Briefly, SPIONs at
1mg/ml were either centrifuged at 13000 RPM forr8id, placed on a high field
magnet overnight or applied to SEC column. Appiaratto the SEC column was
either by gravity, in the case of Sephadex —G2byoperistaltic pump at a flow rate
of 1 ml/min for the Sephacryl 300HR. The solubility the SPIONs following

resuspension or elution was assessed visually.

Results showed that, the d100, d50, PEG-d50, PEGatad CMX50 remained in
solution following centrifugation and magnetic sej@n. In comparison, the
DX200, DX100, CMX200 and CMX100 were successfukyparated from solution
by centrifugal and magnetic force (Fig. 3.6). Hoegvonly DX200, DX100,
CMX200 and CMX100 SPIONSs that were separated ounhgnetic force could be

resuspended. The SPIONs separated out by centidngamained insoluble.
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Fig. 3.6. Magnetic separation of SPIONs. From left to right, DX200, DX100, CMX200,
CMX100 and CMX50. All SPIONs were successfully pulled out of solution, except the
CMX50.

Purification of the SPIONs by size exclusion chreogeaphy (SEC) was
investigated with two matrixes, the Sephadex-Gabtar Sephacryl 300HR.

All the SPIONSs tested (d50, d100, PEG-d50, PEG-d20100, DX200, CMX50,
CMX100, CMX200) moved freely through the Sephade38zand remained soluble
after elution. However, due to the low moleculaigheé filtration threshold (<5kDa)

of Sephadex G-25, the matrix appeared to be uhdeitmr separating unbound
scFvs (27kDa) from the scFv-SPION conjugate sahytas both the unbound scFv
and conjugate would appear in the void volume. $&phacryl 300HR matrix with a
filtration threshold of 1.5xI®Da is more appropriate for separation of unbound

scFvs from the scFv-SPION conjugates.

Size exclusion chromatography using the Sepha@9HR matrix was successful
for the d50 (Fig. 3.7), d100, PEG-d20, PEG-d50 thedD X100 (Fig. 3.8). However,
the CMX50 appeared to interact with the column laseoved by the late elution and
retention of the SPIONs on the column. From thei@iuprofile the CMX50 can
therefore, not be separated from unbound scFv.I&imgsults were also found with
all other CMX-SPIONSs.
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Fig. 3.7 Size exclusion chromatography profile of A) d50, B) DX100 and C) CMX50. 2 ml of 1
mg/ml sample was loaded onto a Sephacryl 300HR 30 ml column at flow rate 1 ml/min in
PBS elution buffer. Profile shows the d50 and DX100 to elute off in the void volume, whereas
the CMX50 eluted late off the column.
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From these results, all the SPIONs except the CMX¥&i@ taken forward to the next
stage of scFv functionalisation. See Table 3.Istonmary of results.

Table 3.1. Summary of successful purification procedures and SPIONs taken forward for

scFv functionalisation. SPION shaded in red was not taken forward for further investigation.

SPIONs Successful separation | SPIONs taken
procedures Forward
ds0 Sephadex G-25 SEC YES

Sephacryl 300HR SEC

d100 Sephadex G-25 SEC YES
Sephacryl 300HR SEC

PEG-d20 Sephadex G-25 SEC YES
Sephacryl 300HR SEC

PEG-d50 Sephadex G-25 SEC YES
Sephacryl 300HR SEC

DX200 Sephadex G-25 SEC YES

Magnetic separation

DX100 Sephadex G-25 SEC YES
Sephacryl 300HR SEC

Magnetic separation

CMX200 Sephadex G-25 SEC YES

Magnetic separation

CMX100 Sephadex G-25 SEC YES

Magnetic separation

CMX50 Sephadex G-25 SEC NO
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3.3.3 SPION iron content

For comparability and consistency the SPION comeginh (iron oxide plus coating)
and the iron oxide, content for all the SPIONs weeasured. The SPION (iron oxide
plus coating) concentration was measured at arrfadrsce reading of 490nm and the
iron oxide content of the SPIONs was measured ufiiegferrozine assaysde
section: 2.2.5.2). Results found the PEG-dSPIONs contaimegroximately 40%
iron oxide (Fig. 3.8), indicating the other 60% lie the dextran-PEG coating. In
comparison, the dSPIONs at the same SPION contientintained approximately
14% iron oxide, under half the amount of iron comeplato the PEG-dSPIONs (Fig.
3.8). The concentration of the PEG-dSPIONs and @SIBIwas further analysed by
spectrophotometric absorbance readings at 490 nesul® revealed the PEG-
dSPIONs to be twice as concentrated as the dSPIBNs 3.9). These results
therefore, suggest that the dSPIONs were suppti¢heasame concentration as the
PEG-dSPIONs, 5 mg/ml instead of the stated 10 mgFal comparability, the
dSPION concentration was assumed to be 5 mg/ml.

Ferrozine assay analysis showed the DX-SPIONs tigispbof 60% iron oxide (Fig.
3.10), suggesting the other 40% to be dextran.

16]

i Linear (PEG-d50)
14 Linear (PEG-d20 )
~Linear (DX100)
121 ~Linear (d50)
~Linear (d100)

107

Fe concentration (ug/ml)

0 5 10 15 20 25 30
SPION concentration (ug/ml)
Fig. 3.8. Iron concentration of serial diluted SPIONs as measured by the ferrozine based iron

assay. Detection of Fe?* was performed at absorbance of 550 nm. Values were compared

against a calibration curve of FeCl; standards.
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Fig. 3.9. Absorbance readings at 490 nm of serial diluted SPIONs. Absorbance values were

used as reference to determine the concentration of the SPIONSs in the conjugate solution.

3.3.4 Sodium periodate conjugation of MFE-23 to SPIONs

The feasibility of successfully conjugating scFesSPIONs was first investigated
using the MFE-23 scFv and the d50 SPION.

The sodium periodate oxidation chemistry, scheraliyiaepresented in Fig. 3.10
and detailed in section 2.2.4.1 was used to cotgufdFE-23 to the d50. This
chemistry was chosen due to the available hydrgxglps on the d50’s dextran

coat.
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Fig. 3.10. Schematic representation of sodium periodate conjugation chemistry. The
available OH groups on the dextran coat are oxidised by sodium periodate creating reactive
aldehyde functions, which react with free amine groups on lysines or unblocked N-terminus
found in the protein structure of MFE-23. The bond is reduced with sodium borohydride to
create a stable covalent bond.

To establish the chemistry, 5 mg/ml of oxidised & incubated with 0.5 mg/ml
MFE-23 for 3 hrs. Isolation of MFE-23-d50 conjugafeom unbound MFE-23 was
performed by SEC using the Sephadex-G25 and Seph3@®HR matrix. The
elution profile from the Sephacryl 300HR purifiaati (Fig. 3.11) shows two peaks
one in the void volume and the other at 27 kDa. fiise peak was assumed to be the
SPIONSs, as the eluate was brown in colour. Frastiwere collected and analysed
by ELISA (Fig. 3.12) and Western blot (Fig. 3.13ing mouse anti His mAbD.
Results revealed both peaks to contain MFE-23. fidsslt indicates that the MFE-
23 eluted in the first peak was bound to the d508B and the protein in thé'®
peak was free MFE-23. This is further supportedhsy fact the 2 peak is in the
area MFE-23 would elute. These results therefoemnahstrate the feasibility of
conjugating MFE-23 to the dextran coated SPIONsarmane conjugation, whilst
retaining its immunoreactivity to CEA (Fig. 3.13).
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Fig. 3.11. Size exclusion chromatography of MFE-23-d50 at concentration 0.5 mg: 5 mg. 2
ml of the conjugated MFE-d50 were applied to Sephacryl 300HR 30 ml column at flow rate 1
ml/min in PBS elution buffer. The first peak is in the void volume corresponding to the d50. A
small peak is seen where unbound MFE-23 has eluted. The elution volumes of MW
standards are show.
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Fig. 3.12. CEA protein ELISA of SEC purified MFE-23-d50. Detection of binding was
performed with a mouse anti His primary antibody, followed by a sheep anti mouse HRP.
MFE-23 was used as positive control and un-conjugate dSPION and PBS as negative
controls. Symbols used: B.S: before separation by SEC; A.S: after separation by SEC.
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Fig. 3.13. SDS-PAGE of MFE-23-d50 before and after SEC purification. Western blot
transferred from 12% Tris glycine SDS-PAGE gel containing fractions from SEC purification.
Lane M contains the MW marker. Lane 1: non-functionalised d50, lane 2: MFE-23
functionalised d50 before separation, lane 3-7: Peak fractions at 11-14 mls from SEC elution
profile of MFE-23-d50, lanes 8-10: SEC fractions taken at 15-18 mls and lanes 11-16: SEC
fractions taken at 19-24 mls showing presence unbound MFE-23. Lane 17: MFE-23 control.
The Western blots were developed with a mouse anti-His mAb as a primary antibody,

followed by sheep anti-mouse mAb HRP.

3.3.5 Optimisation of M FE-23-SPION conjugation

Results from the MFE-23-d50 conjugation showed thasubstantial amount of
MFE-23 remained unattached to the SPIONs. Optimisaif the sodium periodate
procedure to reduce the amount of unbound MFE-28 peaformed. The excess of
unbound MFE-23 maybe due to the reactive siteh@f60 being exhausted. It was
postulated this could be improved by increasing rlnenber of reactive sites by
further oxidation with sodium periodate. Howeveid|dwing incubation with sodium

periodate at a concentration of 20 mM the d50 pitated.

Since it was not possible to increase the numbereattive sites an alternative
approach was taken to reduce the loss of MFE-B8.ra&tio of MFE-23 to d50 was
reduced from 0.5 mg: 5 mg to 0.1 mg: 5 mg. Follaypurification by SEC on the
Sephacryl 300HR the elution profile revealed 1 peathe void volume (Fig. 3.14).
The fraction eluted at this peak was brown in colberefore, was assumed the d50.
The fraction was analysed by Western blot using secanti His mAb (Fig. 3.15).
Results revealed the fraction to contain MFE-28jdating MFE-23 was attached to

75



the d50. No peak was seen at the point where umb®lFE-23 would elute,
suggesting majority of the MFE-23 to have boundhe d50. However, a small
amount of unbound MFE-23 was detected by Westamn(blg. 3.15).

To test whether increasing the incubation time wodlirther improve the
scFv:SPION binding ratio the time for conjugatioassncreased from 3 hrs to 24
hrs. Following purification, the MFE-23-d50 (24 hiractions were analysed in
parallel with MFE-23-d50 (3 hr) by CEA ELISA usimgouse anti His mAb (Fig.
3.16). The results show the MFE-23-d50 (24 hr) &weha small but significant
(p<0.001) increase in binding on the ELISA assaypared to the MFE-23-d50 (3

hrs), suggesting 24hr incubation time and a scFd50 ratio of 1:50 to be more

favourable.
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Fig. 3.14. Size exclusion chromatography profile of MFE-23-d50 (0.1 mg: 5 mg), after 3 hr
incubation. 2 ml of the conjugated MFE-23-d50 was applied to Sephacryl 300HR 30 ml
column at flow rate 1 ml/min in PBS elution buffer. The peak in the void volume corresponds
to MFE-23-d50. No peak is seen where unbound MFE-23 should elute. The elution volumes

of MW standards are shown.
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Fig. 3.15. Western Blot analysis of MFE-23-d50 (0.1 mg: 5 mg) after incubation for 3hrs.
Western blot transferred from 12% Tris glycine SDS-PAGE gel containing fractions from
SEC purification. Lane M contains the MW marker. Lane 1: MFE-23 control, lane 2: Non-
functionalised d50, lane 3: MFE-23-d50 before separation, lane 4: MFE-23-d50 pooled SEC
fractions and lane 5: unbound MFE-23 pooled SEC fractions. The Western blots were
developed with a mouse anti-His mAb primary antibody, followed a sheep anti-mouse mAb
HRP.
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Fig. 3.16. CEA ELISA of the MFE-23-d50 conjugate after SEC purification. Detection of
binding was performed with a mouse anti-His primary antibody, followed by a sheep anti-
mouse HRP. MFE-23 was used as a positive control and non-functionalised d50 and PBS
were used as negative controls * p= <0.001 by T-test analysis.
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These results show that for minimal loss of MFEH28 optimal ratio scFv to d50 is
0.1 mg: 5 mg. To allow for maximal binding of theFss to d50 an incubation time
of 24 hrs at room temperature was favourable. Toerea ratio 1:50 for scFv to

SPION and a 24 hr incubation time was used foswdsequent conjugations.

3.3.6. Application of optimised conjugation chemistry to the Sm3E scFv

The feasibility of conjugating Sm3E to the DX100X2D0, d100 and d50 using the
optimised sodium periodate conjugation chemistrys vedso tested. Results are

shown below.

3.3.6.1 DX-SPIONs

Oxidation of both the DX100 and DX200 by 10 mM sodi periodate caused the
SPIONSs to become unstable and precipitate. Even tgotucing the concentration of
sodium periodate to 5 mM, destabilisation of the-BRIONs was still visually

evident. The DX-SPIONSs therefore, were unable tedigugated to the Sm3E scFv

via the sodium periodate conjugation chemistry.

3.3.6.2 dSPIONs

The d100 and d50 remained soluble throughout tleuso periodate conjugation
procedure. The SEC elution profile showed thahtlibe Sm3E-d100 and Sm3E-d50
eluted in the void volume and that no peak indietf unbound Sm3E was detected
(Fig. 3.17). The SPION elution fraction was anatybg ELISA using anti His mAb
and anti dextran mADb (Fig. 3.18). Results confirntleel eluate to contain immuno-
reactive Sm3E, assumed to be bound to the dSPIEINSA results also show no
detectable binding of non-functionalised SPIONEEA. These results indicate that
binding of both the Sm3E-d100 and Sm3E-d50 to CE#s wia the conjugated
Sm3E.
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Fig. 3.17 Size exclusion chromatography of A) Sm3E-d100 and B) Sm3E-d50. 2 ml of the
Sm3E-dSPION conjugate solution was applied to the Sephacryl 300HR column at a flow rate

1 ml/min in PBS elution buffer. The peak in the void volume corresponds to the Sm3E-

dSPIONs, no peak is seen where unbound Sm3E should elute. The elution volumes of

molecular weight standards are shown.
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Fig. 3.18. The Sm3E-d100 and Sm3E-d50 conjugates after SEC purification were tested for
binding to CEA by ELISA. ELISA A) detected with a mouse anti-His primary antibody,
followed by a sheep anti-mouse HRP. Positive control was Sm3E, negative controls were
non-functionalised d100 and d50 and PBS. ELISA B) detected with a mouse anti-dextran
primary antibody, followed by a sheep anti-mouse HRP. Negative controls were Sm3E, non-
functionalised d100 and d50 and PBS.
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To further confirm and quantify the attachment oh3& to the d100 and d50
SPIONSs, the conjugate solutions were analysed bgdfBrd protein assay and
spectrophotometric readings, results were caladlateing equation 2.2-2.5see
section: 2.2.5 scFv-SPION conjugation analysis). Resuitsaed approximately 120
and 28 Sm3E scFvs to bind per d100 and d50 (TaB)e 3

One limitation with SEC is the dilution of the eddt fractions. To increase the
concentration of the conjugate solutions centrifioga using the Vivaspin 15R
concentration tubes was tested. The Sm3E-dSPIONiti®ol concentrated
successfully, minimal destabilisation was obsensd loss was negligible as

measured by absorbance at 490nm.

3.3.7 Cyanogen bromide conjugation of Sm3E to DX-SPIONs

The cyanogen bromide (CNBr) conjugation chemisapresented schematically in

Fig. 3.19 and detailed in section 2.2.4.3 was itigated as an alternative method for
conjugation of the DX100 and DX200 to Sm3E.

H\
/N_
OH 0—C=N 0—C
cH” cH” Sm3E scFv cH” \\NH .
l + Br—C=EN —» ’ ‘\ HN I \ ’
CH<on CH<on ~ CH< o

Fig. 3.19. Schematic representation of the cyanogen bromide conjugation chemistry. The
available OH groups on the dextran coat are activated by cyanogen bromide, forming
cyanate ester groups which react with free amine groups on lysines or unblocked N-terminus

found in the protein structure of Sm3E.
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Incubation of the DX-SPIONs with CNBr causes adtora of the hydroxyl groups
on the dextran coat, allowing it to react with feeaine groups on Sm3E. SEC using
the Sephadex-G25 was used to purify the activattdSBIONs from CNBr.
Following elution from the Sephadex-G25 column, B¥%-SPIONs were found to
remain in solution. Isolation of the Sm3E-DX-SPI@bhjugates was performed by
several magnetic washes. Following conjugationSta3E, the Sm3E-DX200
became unstable and precipitated. In contrast,Stn@E-DX100 remained stable
upon subjection to this procedure (Fig. 3.20). #us reason, the DX200 was not

taken forward for further investigation.

Fig. 3.20. Stability of the Sm3E-DX100 and Sm3E-DX200 following conjugation. A) Sm3E-
DX200 showed complete precipitation, B) Sm3E-DX100, the majority remains soluble in
PBS.

The supernatant from the magnetic washes and thiespended Sm3E-DX100
conjugates were analysed by CEA ELISA using ansi tHAb and anti dextran mAb
(Fig. 3.21). Results showed the Sm3E-DX100 to redtt CEA, confirming the
presence of immuno-reactive Sm3E. Only a minimabam of unbound Sm3E was
present in the magnetic washes, indicating the ntwajof the Sm3E to be chemically
coupled to the DX100.
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Fig. 3.21. CEA ELISA of the Sm3E-DX100 conjugate ELISA A) also contains magnetic
washes 1-4. Binding was detected with a mouse anti-His primary antibody, followed by a
sheep anti-mouse HRP. Sm3E was used as positive control, non-functionalised DX100 and
PBS were used as negative controls. ELISA B) binding was detected with a mouse anti-
dextran primary antibody, followed by a sheep anti-mouse HRP. Negative controls used
were Sm3E, non-functionalised DX100 and PBS.
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To quantify the attachment of Sm3E to the DX10@ donjugate solutions were
analysed by Bradford protein assay and spectropteitic readings. Results
however, were inconclusive because the colour chafgthe sample due to the
Bradford reagents, appeared to be minimal relatvée colour of the actual SPION

solution.

3.3.8 Carbodiimide conjugation of Sm3E scFv to SPIONs

Unlike the dSPIONs and DX-SPIONSs, which present @®thinal groups the PEG-
dSPIONs and CMX-SPIONs present terminal COOH groups facilitate the
conjugation of Sm3E to the COOH groups presented thy SPIONs the
carbodiiminde conjugation chemistry, schematicgihesented in Fig. 3.22 and

detailed in section 2.2.4.2, was investigated.

Sm3E scFv

C// EDC/NHS ﬁ c//j2N O\Q ﬁ O\Q

Fig. 3.22. Schematic representation of the carbodiimide conjugation chemistry. The available
COOH groups on the PEG and carboxymethylated dextran coat are activated by EDC/NHS
to form an ester group which reacts with free amine groups on lysines or unblocked N-

terminus found within the protein structure of Sm3E.
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3.3.8.1 CMX-SPIONs

Purification of the EDC/NHS activated CMX-SPIONs swvachieved by SEC using
the Sephadex-G25. Following elution, the CMX-SPIONere found to remain
soluble in solution. Isolation of the Sm3E-CMX-SR@onjugates was performed
by several magnetic washes. However, throughcaitntagnetic washes both the
Sm3E-CMX100 and Sm3E-CMX200 precipitated. Due splability, the CMX100
and CMX200 SPIONs were not taken forward for furtineestigation.

3.3.8.2 PEG-dSPIONs

Isolation of Sm3E-PEG-dSPION conjugates from unlblo8m3E was performed by
SEC using the Sephadex-G25 and Sephacryl 300HRxmBire elution profile from
the Sephacryl 300HR purification shows Sm3E-PEG-dA@ Sm3E-PEG-d50 to
elute off cleanly in the void volume, no free SmB&s evident from the SEC profile
(Fig. 3.23). The SPION elution fraction was anatiybg ELISA using anti His mAb
and anti dextran mAb (Fig 3.24). From the resufis éluted fractions react with
CEA confirming, Sm3E has been successful coupldubth the PEG-d20 and PEG-
d50 SPIONSs and retained its immunoreactivity to CEA

To determine whether the incubation time of thévatéd PEG-dSPIONs with Sm3E
affects the number of scFv binding to the PEG-d$RI@cubation times of 3 hrs

and 24 hrs were compared. Quantification of the lmemof Sm3E scFvs bound to the
PEG-d20, PEG-d50, following incubation for 3 hrald¥ hrs, was determined by
Bradford protein assay, and spectrophotometric ingad and calculated using
equation 2.2-2.5. Results showed, after 3 hr inttabaapprox 0.5 and 10 Sm3E
scFvs had bound per PEG-d20 and PEG-d50. Howeyeéncbeasing the incubation

time to 24 hrs approx 2 and 29 Sm3E scFvs boun®B&-d20 and PEG-d50 (Table
3.2).

85



4500
4000 W ’
3500 .
3000 .

2500 :

mAU

334 7495 7655 7815 7976 8L ae 8296 8457 8617 878 8938

2000

Sm3E27Kda
1500
158Kda

670Kda 44Kd 17Kda
1000 | [

J

0 8 16 24 32 40 48 56 64 72 80 88 96 104 112 120
mls

500

4500

4000 r © \

3500 z

3000 ‘

2500

2000
Sm3E
1500 7Kda

| |

mAU

500

0 10 20 30 40 50 60 70 8 90 100 110 120

mls
Fig. 3.23 Size exclusion chromatography purification of A) Sm3E-PEG-d20 and B) Sm3E-
PEG-d50. 2 ml of the Sm3E-PEG-dSPION conjugates were applied to Sephacryl 300HR
column at flow rate 1 ml/min in PBS elution buffer. The peak in the void volume corresponds

to the Sm3E-PEG-dSPION conjugates. No peak is seen where unbound Sm3E should elute.
The elution volumes of MW standards are shown.
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Fig. 3.24. CEA ELISA of SEC purified Sm3E-PEG-d20 and Sm3E-PEG-d50 conjugates.
ELISA A) binding was detected with a mouse anti-His, primary antibody, followed by a sheep
anti-mouse HRP. Sm3E was used as a positive control, non functionalised PEG-dSPION
and PBS were used as negative controls. ELISA B) binding was detected with a mouse anti-
dextran primary antibody, followed by a sheep anti-mouse HRP. Sm3E, non-functionalised

PEG-dSPION and PBS were used as negative controls.
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Table 3.2 Details the concentration of Sm3E as determined by Bradford protein assay and
the concentration of d100, d50, PEG-d20 and PEG-d50 as determined by
spectrophotometric readings. The number of Sm3E binding per SPION was estimated from

these results.

SAMPLE SPION | Number Sm3E Number scFv/ | % bound
(mg/ml) | SPIONs/mg (ug/ml) scFv SPION | Sm3E
(total vol
7mis)
Sm3E-d100 0.375 0.25x 10*12 14 3x10*13 120 10%

(24hr incubation)

Sm3E-d50 0.35 7x10*12 5 1x10 *14 28 35%
(24hr incubation)

Sm3E-PEG-d50 | 0.28 2.8x10*12 1.4 3x10 *13 10 10%
(3hr incubation)

Sm3E- PEG-d50 | 0.3 3x 10*12 4 8.9x10*13 | 29 29%
(24hr incubation)

Sm3E- PEG-d20 | 0.275 0.43 x10*14 | 0.6 1x10 *13 0.5 4%
(3hr incubation)

Sm3E- PEG-d20 | 0.38 0.6 x 10*14 6 1.3x10*14 | 2 42%
(24hr incubation)

Results presented in this chapter for the developnod MFE-23 and Sm3E
functionalised SPIONs are summarised in Table 3.3.
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Table 3.3. Summary of results presented in this chapter regarding the preferred washing

procedures, conjugation chemistry, stability of the scFv-SPION conjugates and CEA

reactivity. The SPIONs shaded in read were not taken forward for further investigation.

SPIONs Separation | Conjugation | Stable CEA
method chemistry reactive
Sm3E-d50 SEC Sodium YES YES
periodate
Sm3E-d100 SEC Sodium YES YES
periodate
Sm3E-PEG-d20 | SEC Carbodiimide YES YES
(EDCINHS)
Sm3E-PEG-d50 | SEC Carbodiimide YES YES
(EDC/NHS)
Sm3E-DX200 Centrifuge Cyanogen NO Not tested
Magnetic bromide
Sm3E-DX100 Centrifuge Cyanogen YES YES
Magnetic Bromide
Sm3E-CMX200 | Centrifuge Carbodiimide NO Not tested
Magnetic (EDC/NHS)
Sm3E-CMX100 | Centrifuge Carbodiimide NO Not tested
Magnetic (EDC/NHS)
Sm3E-CMX50 None Not tested Not tested | Not tested
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3.4 Discussion

The work presented in this chapter has examined fdssibility of stably
functionalising SPIONs with anti CEA scFvs. The w&PION conjugates were
subsequently used to test the hypothesis that &ofationalised SPIONs can be
targeted and bind specifically to CEA.

The nine SPIONs tested had different charactesistigshich can affect their
behaviour throughout the conjugation reaction. Funental to the conjugation
protocol is the development of suitable handlind arashing procedures to enable
stopping of reactions, removal of excess chemiaat$ purification of scFv-SPION
conjugates whilst maintaining solubility. Therefpreprior to attempting
functionalisation the SPIONs solubility, followingcentrifugation, magnetic

separation and SEC was visually assessed.

Due to the solubility of the dSPIONs and PEG-dSPdQNentrifugation and
magnetic separation were unsuitable for separatfaimese SPIONs from solution
and therefore were not used as a method to puciy-8SPION and scFv-PEG-
dSPION conjugates. The dSPIONs and PEG-dSPIONs esywevere successfully
purified following SEC with both the Sephadex-G2&dathe Sephacryl 300HR
matrix. The most likely explanation for the SPIO8tHubility is that the dSPIONs
and PEG-dSPIONs are ferrofluids. Due to the dSPI@N$ PEG-dSPIONSs thick
dextran coating and small size, Brownian motionbés these SPIONs to stay
suspended, therefore preventing the SPIONs settlirigof solution (Guptat al.,
2005b). A number of groups (Duttehal., 1979; Tiefenauegt al., 1993; Maruyama
et al.; 1995, Kresset al., 1998; Funovicst al., 2004; Tomeet al., 2005) have also
reported the suitability of using SEC as a mettwopurify SPION-conjugates.

The DX-SPIONs were also found to separated welSB{. However, purification
of the CMX-SPIONs by SEC, proved unsuccessful, witle CMX-SPIONs
interacting or agglomerating within the Sephacil@0BR matrix of the column. The
main difference between the DX-SPIONs and CMX-SPION their surface
chemistry. The CMX-SPIONs consist of negatively rgeal carboxyl groups.
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Electrostatic interaction of the CMX-SPIONSs to thatrix may be a reason for the
delay in elution time. In addition, the terminal OB groups could also be
interacting with the N-group of the acrylamide cament of the matrix
(communication with Dr Nevil Deane GE Healthcarey&sham, UK), which would

cause the retention of the CMX-SPIONs on the column

Furthermore, purification of the CMX-SPIONs by a&ngation was unsuitable, this
was also observed for the DX-SPIONs. Although theIXCand DX-SPIONs
separated out of solution, resuspension provedertzahg. The likely reason for this
behaviour could be due to the harsh conditionseatrdugation. The procedure can
cause separation of the adsorbed dextran coatimy fine denser iron oxide cores,
ultimately causing the particles to agglomeratem(cwnication with Dr Cordula
Gruettner; Micromod Partikeltechnologie GMbH, Genyj as evident with the
CMX-SPIONs and DX-SPIONSs. Even so, this may nothgecase for all SPIONs as
a number of groups (Cerden, 1989; Tiefenaiei., 1993; Suwaet al., 1998; Toma
et al., 2005) have successfully used centrifugation asethod to separate SPION

conjugates, reporting no instability of the SPIONSs.

Purification using a high magnetic field succedgfueparated the CMX100,
CMX200, DX100 and DX200 SPIONSs from their surrourgimedia. The feasibility
of using magnetic separation as a procedure fdatiea of SPION conjugates has
been previously reported (Meh#hal., 1997; Konerackét al., 1999; DeNardet al.,

2005). Magnetic separation however, was not suthdyl separation of the CMX50.

From these results, all the SPIONs were taken fahvi@ar conjugation to the anti
CEA scFvs except the CMX-50, due to its inabildyundergo any of the purification

procedures tested.

Although the DX100 and d100 are of the same hydnadvc size, their level of
solubility was different. A possible explanationutw be the composition of the
SPIONSs. From iron content analysis, the DX100 csiessf more iron than the d100
and in turn, consists of less dextran. The dSPIQidseased solubility during

purification may therefore, be due to the highextdm content. This finding

91



supports evidence that SPIONs embedded in thicketrah coat exhibit improved
stability (Gupteet al., 2005; Mornett al., 2004).

Functionalisation of d50 with MFE-23 was succesgfperformed using the sodium
periodate chemistry (Dutton, 1979; Moldayal., 1982). The hydroxyl groups of
dextran have been reported to be poorly reactivebi§g, 1956; Rothfus & Smith
1963). Therefore, to facilitate coupling of the ttar coated SPIONs to the free
amine groups present on the MFE-23, the dSPIONsine@xidation with sodium
periodate this in turn oxidises the OH groups teatg highly reactive aldehyde
functions (Bobbit, 1956; Rothfus & Smith 1963). IBaling conjugation an excess
amount of free MFE-23 was found, possibly due ttursgéion of the reactive
aldehyde functions. The oxidation of the dextrardrbyyl groups with sodium
periodate affects how many C-C bonds are cleavefltbms how many reactive
aldehyde functions are generated (Van Lenten & Adh¥971; Lotaret al., 1975).
Attempts to increase the number of reactive aldelyups per d50 by increasing
the concentration of sodium periodate however, gdounsuccessful with the d50
SPIONSs precipitating. It is reported that oxidatsteess can lead to instability of the
dextran polymer (Gardesat al., 2006), causing unravelling of the dextran matrix
from the SPION cores, leading to SPION agglomenatlb was therefore decided
that the concentration of sodium periodate was nogdtiat 10 mM. Further
optimisation of the sodium periodate protocol bglugng the ratio of MFE-23 to
d50 and increasing the incubation time to 24 hdspibve successful. The results
presented confirm the feasibility of generating Cieactive MFE-23-d50 conjugates
using the sodium periodate chemistry. Furthermareymber of other groups have
also reported success using the sodium periodat@gation chemistry (Kresset
al., 1998; Funovicst al., 2004; Tomat al., 2005).

For clinical application of scFv-SPION conjugatetaeghment of SPIONs to the
humanised Sm3E is preferable. Using the optimisetiusn periodate protocol the
Sm3E, expressed and purified from the yeRishia pastoris, was successfully
attached to the d50 and d100. The ratio of scFvsIBION is exceptionally good,
with approx 28 Sm3E scFvs binding per d50 and 123E scFvs to binding per
d100. In comparison, Funoviesal., reported a binding ratio of 2 mAbs to 1 SPION
(Funovicset al., 2004).
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The sodium periodate conjugation method howeveas wot suitable for the
conjugation of scFv to the DX-SPIONs. Oxidationtioé DX-SPIONSs, even at low
concentrations of sodium periodate, caused pretipit of the SPIONS. A possible
reason for the DX-SPIONSs reduced solubility follogrioxidation, could be the DX-
SPIONSs low dextran content compared to the dSPI&Nmnentioned previously the
degree of oxidation of the OH groups can cause gdg®gim the structure of dextran,
causing it to unravel from the SPION.

The cyanogen bromide conjugation chemistry wassdtigated as an alternative to
the sodium periodate chemistry. Activation of OHhWCNBr is a more sensitive
method and leads to the conversion of hydroxyl gsaio cyanate ester groups, these
subsequently react and bind with free amine grq@dpgen et al., 1967). Activation

of the DX-SPIONs with CNBr proved successful withetSPIONs remaining
soluble. However, following purification of the gagates, resuspension of the
Sm3E functionalised DX200 proved challenging. Fis teason, the DX200 was not
investigated further. In comparison, the Sm3E fiometlised DX100 remained in

solution and showed reactivity to CEA.

Due to the availability of free COOH groups on #EG-dSPIONs and the CMX-
SPIONSs the carbodiimide conjugation chemistry wasestigated to facilitate the
coupling of free amines to the carboxyl groups. ddea with EDC and NHS

converts COOH groups to stable esters enablingcdingugation to amines (Hoare
and Koshland 1967; Staresal., 1986; Gillest al., 1990).

Conjugation via the carbodiimide chemistry, prowatuccessful for the CMX100
and CMX200. In comparison, attachment of Sm3E ® RiEG-d20 and PEG-d50
resulted in soluble SmM3E-PEG-dSPION conjugatestiveawith CEA. Attachment
via the carbodiimide chemistry allows proteins sodonjugated to the distal end of
the PEG chains, thus minimising the effect of st&indrance caused by the PEG
chains (Maruyamat al., 1995).

The ratio of scFv binding to PEG-dSPION was depehdm incubation time.
Following incubation for 3hrs, 0.5 scFvs bound PEIG-d20 and 10 scFvs bound per
PEG-d50. After 24hrs, this increased to 2 scFvEigB-d20 and 29 scFvs per PEG-
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d50. The binding of two scFvs per PEG-d20 is caestswith DeNardcet al, who
reported conjugation of two ChL6 mAbs to the PE®-dBy carbodiimide
conjugation chemistry (DeNard al., 2005).

The scFv binding yield also appeared to be depdndenSPION hydrodynamic
radius for example, as SPION size increased fromr@Go 100 nm the number of
scFvs bound increased from 2 to 120. This is aga@rd, as the more surface area
available the higher the number of sites for sdbJsind. Increased multivalency can
increase the avidity to target antigens, thus imipigp uptake and retention by the
tumour (Plunkthuret al., 1997). This would suggest the larger SPIONs dueh
higher binding avidity for CEA, assuming all Sm3&Fgs bound are functional.
However, the total percentage of scFv bound tdSREONs actually decreased with
hydrodynamic size. For example in 1mg/ml there wdsgher number of scFvs in
the Sm3E-PEG-d20 sample this is most likely du¢htye being 10x more 20nm
SPIONSs in 1mg/ml compared to the 50nm SPIONs andr20re than the 100nm
SPIONs. On the other hand, the SPION coating angugation chemistry had little
effect on the number of scFvs binding per SPION.&@mple, the 50 nm SPIONS,
whether stabilised in dextran or PEG-dextran baitinidl approx 28 and 29 Sm3E

scFvs respectively.

The advantage of all the chemistries investigagettiat no prior ligand modification

or activation of the scFv is required, reducing tigk of affecting MFE-23 and

Sm3E reactivity to CEA. In conclusion this chapteas shown firstly, that

conjugation of dextran and PEG coated SPIONSs th thet MFE-23 and Sm3E scFv
through different chemistries is possible and sdbgnthat these scFv-SPION
conjugates can effectively target and bind spedlifido the target antigen CEA.

3.5. Summary

The aim of this chapter was to establish and opemsuitable conjugation

chemistries to attach biocompatible SPIONS to tite@GEA scFvs.

A number of commercially available SPIONs were aesked these include,
dSPION, PEG-dSPION, DX-SPION and CMX-SPION with foglynamic diameter
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of 20 nm to 200 nm. Stability of the SPIONs waseased by magnetic,
centrifugation and size exclusion chromatograpipastion methods. All SPIONs
except the CMX50 were able to undergo at leastainthe separation procedures

used throughout the conjugation chemistry.

The sodium periodate conjugation chemistry, reduiteapprox 28 and 120 scFv
binding per d50 and d100, respectively. For covatamjugation of Sm3E to the
PEG-d20 and PEG-d50 the carbodiimide EDC/NHS catjag chemistry was

successfully employed, binding approx 2 and 29 scper particle respectively.
These two chemistries caused stability issues vdtching the Sm3E scFv to the
DX-SPION and CMX-SPION. This stability issue coutdt be resolved for the

CMX-SPIONs. Conjugation however, by the cyanogeontde method proved

successful for conjugation of Sm3E to the DX100l 8in3E-SPION conjugates
retained reactivity to the target antigen CEA by EA.
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Chapter 4

Interaction of Functionalised
SPIONSs with Cancer Cells
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4.1 Introduction

Having established methods to functionalise SPI@#ls scFvs and shown binding
on ELISA, | next investigated whether the scFv-SRInjugates could specifically

target and bind cancer cells.

The aim of the work presented in this chapter veaguantify and characterise the
interaction of the Sm3E functionalised SPIONs walget CEA expressing cancer

cells.

Previous reports have shown functionalisation ofCh3 to encourage specific
uptake into target cells (Mailandet al., 2008; Villanuevaet al., 2009), in turn
improving their therapeutic and diagnostic potdniiie SPIONs surface properties
and hydrodynamic radii however, can affect how thegract with the target cells,
for example internalisation and their relative sfieity (Lentz et al., 1999; Zhangt
al., 2002; Mailandeet al., 2008; Wilhelmet al., 2008; Villanueveet al., 2009). To
test the influence of surface coatings and size,Sm3E functionalised d100, d50,
PEG-d50 and PEG-d20 were investigated.

Furthermore, it has been reported that followingraicellular uptake, SPIONs
accumulate into endosomal compartments within gilecgtoplasm (Wilhelnet al.,

2008; Villanuevaet al., 2009). To determine the cellular fate of the &m3
functionalised SPIONs co-localisation studies usarmg endosomal marker were

performed.
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4.2 Objectives

The objectives of the research described in thagptdr were to:

1. Test the specificity of the different scFv-SPION ngmates to CEA

expressing cellm vitro

2. Quantify uptake of Sm3E functionalised SPIONmg an optimised ferrozine

based assay

3. Visualise uptake of Sm3E functionalised SPIONscaafocal microscopy
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4.3 Results

4.3.1 Quantification of SPION uptake

To measure the specific binding of the Sm3E fumatised SPIONs to CEA+ve
LS174T anin vitro cell uptake assay was developede(section: 2.2.7.1). Sm3E
functionalised and non-functionalised SPIONs, &FRAON concentration of at 0.1
mg/ml, were incubated with the CEA+ve cell line [Z8T. Following incubation the
cells were washed and SPION uptake measured usiegcazine based iron assay
adapted and scaled down from Rierateal., 2004.

Results showed the cellular uptake to be dependentydrodynamic radii, with

uptake increasing with SPION size. The specifiakptof the Sm3E functionalised
PEGd20 was 2.4 pgSPION/ml compared to the Sm3Bianatised d100 SPIONSs,

which gave a specific uptake of 6.6 pgSPION/mI.GyEtion however, showed no
benefit to the uptake of SPIONs at the pg rangehak the PEGylated and non
PEGylated Sm3E-d50 demonstrated comparable SPI@keipf 4.7 pgSPION/cell

and 4.4 pg/cell, respectively. Measurement of nmecHic binding was minimal for

all non-functionalised SPIONs, demonstrating uptakiess than 0.01 pgSPION/cell
(Table 4.1).

From these experiments, results demonstrate thugation of Sm3E is essential
for specific binding of the SPIONs to CEA+ve LS17edlls.
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Table. 4.1. Uptake of SPIONs by CEA+ve LS174T cells as quantified by ferrozine based
assay. The absorbance at 550 nm was referenced against standard curve of ferrozine
assayed SPIONs (Fig. 4.1) to obtain SPION uptake per well (ugSPION/mI). Concentration
per well was divided by cell number 5x10*6 per well to obtain SPION uptake per cell
(pgSPION/cell). The number of SPIONs taken up per cell was calculated using known
number of SPIONs per mg

SPION Absorbance SPION uptake Number
550nm (pgSPION/cell) Of SPIONs
d100 0.01 0.00 0
Sm3E-d100 0.21 6.63 (+/-0.38) 6.6x 10*3
d50 0.01 0.00 0
Sm3E-d50 0.14 4.43 (+/-0.11) 4.4 x 10*4
PEG-d50 0.04 0.00 0
Sm3E-PEG-d50 0.15 4,73 (+/-0.12) 4.7 x 10*4
PEG-d20 0.04 0.00 0
Sm3E-PEG-d20 0.09 2.43 (+/-0.35) 2.4 x 10%5
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Fig. 4.1. Standard curve of Ferrozine assayed SPIONs, showing absorbance against SPION

concentration.

4.3.2 Specificity of SPION uptake

To further confirm and visualise the specificitytbb Sm3E functionalised SPIONs
to the CEA expressing cells confocal laser scanmiggoscopy (CLSM) was used.
For this experiment the CEA+ve LS174T cell wereimagacubated with Sm3E
functionalised or non functionalised d50 and d1®0aaSPION concentration of
0.1mg/ml. Specific binding of the SPIONs was detdciith anti-dextran (red) to
enable visualisation by CLSM. To show the preseatecells the nuclei stain
Hoechst (blue) was used. The CEA-ve A375M cell Wiees used as a control.

The CLSM results clearly show the dextran coate@Em50 to specifically target
the CEA+ve LS174T cells, preferentially distribgtiraround the cell surface
membrane (Fig. 4.2a & 4.2b). In contrast, the namcfionalised d50 SPION showed
no binding to the CEA+ve LS174T cells (Fig. 4.26either Sm3E-d50 nor non-
functionalised d50 bound to the control CEA-ve ABI7éells (Fig. 4.2e & 4.2f).
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a) Sm3E-d50 (CEA+) b) Sm3E-d50 (CEA+)

c) d50 (CEA+) d) Media (CEA+)

€) Sm3E-d50 (CEA") f) d50 (CEAY)

Fig. 4.2. CLSM images of CEA+ve LS174T cells incubated in, a & b) Sm3E-d50, c) d50, d)
media only and CEA-ve A375M cells incubated in €) Sm3E-d50, f) d50. Detection of specific
cell binding was performed with a mouse anti-dextran primary antibody, followed by a goat
anti-mouse alexa fluor 594 antibody and nuclei were stained with Hoechst. All SPIONs were

applied at 0.1 mg/ml.
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The CLSM results also show specific targeting & 8m3E functionalised d100 to
the CEA+ve LS174T cells (Fig. 4.3a). Furthermotee Sm3E-d100 showed the
same cell membrane binding behaviour as the SmBEMN5 binding to the CEA+ve
LS174T cells was detected with non-functionalis@@@(Fig. 4.3b).

a) SM3E-d100 (CEA+) b) d100 (CEA+)

Fig. 4.3. CLSM images of CEA+ve LS174T cells incubated in a) Sm3E-d100 and b) d100.
Detection of specific cell binding was performed with a mouse anti-dextran primary antibody,

followed by a goat anti-mouse alexa fluor 594 antibody. The nuclei were stained with

Hoechst. All SPIONs were applied at 0.1 mg/ml.

4.3.3 Effect of SPION surface chemistry

The surface properties of SPIONs can affect theiake into cells. Previous reports
have suggested PEGylation as well as carboxyldatidoe involved in spontaneous
intracellular uptake (Lentet al., 1994; Mailandegt al 2008). Focusing on binding
behaviour and relative specificity, the PEG-dSPIONere investigated and
compared with the dSPIONSs.

The experiments were performed as in section 4@, binding behaviour of the
PEG-dSPIONs visualised by CLSM. Under the sensiteaditions of CLSM,

results revealed both the Sm3E functionalised amafanctionalised PEG-d50 to
associate with the CEA+ve LS174T cell line (Figdad.& 4.4b). These results
suggest that the addition of PEG-COOH chains to d5% SPIONs surface
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encouraged non-specificity. However, from quantigatanalysis the non-specific
uptake was very low <0.01 pg (Table 4.1). Furtheen®EGylation of the d50 also

appeared to promote internalisation (Fig 4.4a &%.4

a) Sm3E-PEG-d50 (CEA+) b) PEG-d50 (CEA+)

Fig. 4.4. CLSM images of CEA+ve LS174T cells incubated in a) Sm3E-PEG-d50, b) PEG-
d50 overnight. Detection of specific cell targeting was performed with a mouse anti-dextran

primary antibody, followed by a goat anti-mouse alexa fluor 594 antibody. The nuclei were

stained with Hoechst. All SPIONs were applied at 0.1 mg/ml.

In comparison, CLSM images of the smaller Sm3E tionalised PEG-d20 revealed
the SPION to specifically bind and internalise il®d&A+ve LS174T cells (Fig.
4.5a), with minimal uptake of the non-functionatiSeEG-d20 (4.5b). Furthermore,
neither Sm3E-PEG-d20 nor the non-functionalised #l2G bound to the control
CEA-ve A375M cells (Fig 4.5c & 4.5d). These resuhterefore, indicate that the
specific uptake of the functionalised PEG-d20 ie ttuthe Sm3E-CEA interaction.
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a) SM3E-PEG-d20 (CEA+) b) PEG-d20 (CEA+)

c) SM3E-PEG-d20 (CEAY) d) PEG-d20 (CEA)

Fig. 4.5. CLSM images of CEA+ve LS174T cells incubated in a) Sm3E-PEG-d20, b) PEG-
d20 and CEA-ve A375M cells incubated in ¢) SmM3E-PEG-d20 and d) PEG-d20. Detection of
specific cell binding was performed with a mouse anti-dextran primary antibody, followed by
a goat anti-mouse alexa fluor 594 antibody. The nuclei were stained with Hoechst. All

SPIONs were applied at 0.1 mg/ml.

4.3.4 Intracellular trafficking

On the CLSM images, the internalised Sm3E-PEG-dpPeared to localise to
punctate structures distributed throughout the mgism of the cells (Fig. 4.6a). To
determine whether these represent endosomal caomgrag the cells were co-
immunostained with anti-dextran (Fig. 4.6a, red) anti LAMP1 (Fig. 4.6b, green)
antibodies. Co-localisation was observed betweenatfitibodies (Fig. 4.6d, white
arrows) indicating that the Sm3E-PEG-d50 are thkéid to late endosomal

compartments.
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a) Sm3E-PEG-d50 detected b) Endosomes$ detected with mouse
with mouse anti-dextran mAb anti-LAMP1 mAb

c) Nuclei stained with Hoechst d) Co-localisation of a,b and ¢

Fig. 4.6. CLSM images of Sm3E-PEG-d50 localising in endosomal compartments (shown by
white arrows). SM3E-PEG-d50 SPIONs are shown in red (a), endosonggeen (b)

and cell nuclei in blue (c). G&ve LS174T cells were incubated in Sm3E-PEG-d50 at a

SPION concentration of 0.1 mg/ml. Co-localisation of Sm3E-PEG-d50 with endosomes was
detected with a mouse anti-dextran and mouse anti-LAMP1 followed by goat anti-mouse
IgG1 Alexa Fluor 594 and goat anti-mouse IgG2b Alexa Fluor 488, respectively. The nuclei

were stained with Hoechst.

106



4.3.5 Surface charge

Negative surface charge has been reported to eag®uron-specific electrostatic
interaction with cell membranes and facilitate ac#llular uptake (Wilhelnet al.,
2003; Patilet al., 2007). The carboxylated PEG coating of the PEBIONs may
have an affect on the SPIONs overall surface chaagel could therefore be
responsible for the internalisation and the norcjpdy observed with the PEG-d50
and PEG-d20. The surface charge of the SPIONsde&smined by zeta potential
measurements performed at pH 7 using a Zetasizeo ¥&. Results showed that,
whilst the d50 SPION had a zeta potential (eleatrstrface charge) of -1.5 mV, the
PEG-d20 and PEG-d50 had a surface charge of -4.@naV-5.0 mV, respectively.
The intracellular uptake observed with the PEG-d28 PEG-d50 may therefore, be
due to increased negative surface charge, attdbbyethe absorbed PEG-COOH
chains.

The results presented in this chapter are sumndainsgable 4.2

Table. 4.2. Summary of CLSM results presented in this chapter regarding the binding
behaviour of the Sm3E-SPION conjugates to the CEA+ LS174T cells.

SPIONs Specificity Cellular behaviour
d50 No binding N/A

Sm3E-d50 Specific Membrane bound
d100 No Binding N/A

Sm3E-d100 Specific Membrane bound
PEG-d50 Non-specific Internalised
Sm3E-PEG-d50 | Non-specific / specific Internalised

PEG-d20 No binding NA

Sm3E-PEG-d20 | Specific Internalised
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4.4 Discussion

The results described in this chapter have shovath 8m3E-SPION conjugates
specifically bind to CEA expressing tumour cells. dddition, the results indicate
that the size and surface properties of the SPI&st a substantial effect on the

labelling efficiency, specificity and binding behanr with the cell.

Specific binding to CEA expressing cells for allettsPIONs investigated was
successfully achieved by conjugation to Sm3E, assomed by iron uptake.
Furthermore, uptake of the non-functionalised SPI@Ms minimal at less than 0.01
pg/cell compared to Sm3E functionalised SPIONs d#p@/cell. These results
demonstrate that functionalisation of SPION witta@eting ligand such as scFvs is
essential for specific uptake into target cellse Tiegligible uptake of the non-
functionalised SPIONs was also observed in HelLds o@Vilhelm et al., 2003;
Mailanderet al., 2008; Villanuevaet al., 2009), CD4+ T cells (Gardest al., 2006),
CHO cells (Reynold=t al., 2006) and pancreatic MIA paCa-2 cells (Yaal.,
2009).

From iron uptake measurements, more iron was fooree in the cells incubated in
the larger scFv functionalised SPIONs. Suggestiefjular uptake of Sm3E
functionalised SPIONs to be dependent on the hydraalic size of the SPIONS,
with the larger SPIONs demonstrating higher uptakewever, calculation of the
number of SPIONs taken up per cell found cellul®iCB\N uptake to increase as
SPION size decreased. For example, SPION uptakeh®drSm3E-PEG-d20 was
approximately 2.7 x 10*5, compared to the Sm3E-1606.6 x 10 *3. Results
presented in Chapter 3 show the valency of the NPHKO increase with
hydrodynamic size, with the 20 nm, 50 nm, 100 nniCBF binding 2, 29 and 120
Sm3E scFvs, respectivelyhe increased valency of the SPIONs can improvi the
avidity to the target cells (Adanes al., 1999, 2006), which would suggest SPION
uptake to increase with SPION size as observedargddet al., and Kaittanist al.,
who reported an increased cell labelling efficien€BPIONSs with increased valence
(Gardenet al., 2006; Kaittanist al., 2009). However, this does not appear to be the

case for the conjugates investigated in this clnagiee possible explanation for the
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decrease in Sm3E functionalised SPION uptake withease SPION size could be
due to the high number of Sm3E scFvs bound to tR€ON, causing steric
inhibition. The majority of the scFvs could thenmefobe functionally block from
reacting with the target CEA, thus reducing theCB¥3 avidity to the cell compared
to if all Sm3E scFvs were functional. Another reagor the difference in SPION
uptake could be due to the binding behaviour ofdifferent Sm3E functionalised
SPIONs

Further investigation of the Sm3E-SPION conjugatesding behaviour was
performed by CLSM. Results revealed the Sm3E tadydextran coated SPIONs to
specifically localise on the extracellular membramas has been reported with
dextran coated SPIONs functionalised with whole mA&Bunovicset al., 2004). In
contrast, the functionalised PEGylated SPIONs iraksed into the cell cytoplasm,
forming localised clusters. The increase in SPIQutakie could therefore be due to
the fact the smaller Sm3E PEG-d20 SPIONs are ableetinternalised, making
available CEA binding sites for more Sm3E-PEG-dBIC8Ns and in addition are
able to fill a larger space. In comparison, the EA200 SPIONs appear to only
bind to the cell membrane and therefore may sawathtbinding sites, thus limiting
the number of SPIONs from attaching to the cellee m3E-PEG-d50 also shows a
slightly higher SPION uptake than its dextran ardynterpart Sm3E-d50.

The possible reason for the difference in bindiagaviour between the dSPION and
PEG-dSPION could be due to their surface chemif&ogh SPIONs are prepared in
the same way, except the PEG-dSPIONs have PEG-CEHakhs absorbed onto
their dextran surface (communication with Dr Coed@ruettner, Micromod). Under
physiological conditions (pH 7), the PEG-COOH clsaiare mostly in the
deprotonated form and therefore negatively chartyedontrast, dextran is generally
neutrally charged (Okoet al., 1994).

A number of groups have reported that charged SBIkdVe a higher affinity to the
cell membrane. This is thought to be due to elstate attraction, which in turn
encourages internalisation by fluid phase endocy{dgilhelmet al., 2003; Alberola

et al., 2009). Therefore, one possible cause of therebdanternalisation would be

the negative surface charge conferred by the cgta@d PEG chain terminals.

109



Indeed, the results show a reproducible decreasteatrical surface charge from -1
mV to -5 mV upon addition of PEG-COOH, suggestinmttthis is a likely
contributing factor. In line with these observaiprdextran has previously been
reported to exhibit poor internalisation (Wilhebnal., 2003), an effect attributed to
its neutral charge (Okost al., 1994; Mailandert al., 2008). Therefore, without
functionalisation to internalising targeting ligandiextran coated SPIONs are unable

to attach and internalise into cells.

The high solubility of PEG with the cell membrangid bilayer could also be a
reason for the intracellular uptake observed with PEG-dSPIONs. A number of
studies have previously reported on the internidisaproperty PEG exerts on
SPIONs (Yamazakét al., 1990: Lentzet al., 1994: Zhangt al., 2002: Wilhelmet
al., 2003). PEG can dissolve in both polar and ndafpsolvents (Zhangt al.,
2002) inducing defects in the bilayer, which isubbt to mediate cell membrane
fusion a process required in endocytosis (Legital., 1994). However, a high
concentration of PEG is required for PEG mediategimibrane fusion to occur
(Yamazakiet al., 1990), therefore it is unlikely this mechanishana attributed to
the binding behaviour seen with the PEGylated SRBION

As well as intracellular uptake, CLSM results rdedathe PEG-d50 SPIONs to
exhibit non-specific uptake however, this was & tase for the smaller PEG-d20.
A likely explanation could be their PEG-COOH corntelarom the manufacturers
data sheet the number of PEG-COOH chains per PBEGvdS estimated to be 1900,
in comparison, PEG-d20 was estimated to have 133-€80H chains per SPION.
The increase in PEG content of the PEG-d50 coe®laith the increase in negative
surface charge. Therefore, the increase in PEG-C@B&ins and furthermore,
negative charge is a probable contributing faabothe non-specificity of the PEG-
d50 SPIONSs. Despite this non-specific uptake of RE&5-d50 was minimal (<0.01

pg/cell).

Following internalisation the PEG-dSPIONs formedsstérs within the cytoplasm of
the cell. CLSM images, revealed the PEG-dSPIONsatoumulate into the
endosomal compartments within the cell, an obsenvahat is well documented
(Guptaet al., 2004; Mailandekt al., 2008; Wilhelmet al., 2008; Villanueveet al.,
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2009). Accumulation of PEG-dSPIONs within endocytampartments are subject
to the effects of hydrolytic enzymes and low pHinohtely leading to break down of
the SPIONSs into P and Fé&" ions for use towards natural Fe pathways (Odtaa.,
1994; Gupteet al., 2004; Thorelet al., 2006). This has raised questions about the
benefits of using internalising SPIONs for MRI a@mgperthermic applications, since
the SPIONs need to be in the form of magnetiteOF@r maghemiteyFeO;,.
However, magnetite metabolism is slow, reporting take between 4-7 days
(Renshawet al., 1986; Briley-Saebe@t al., 2004), giving sufficient time for MR
imaging or hyperthermia treatment. A recent repgrCartieraet al., has speculated
however, that the SPIONs incorporated into the eyiilo compartments of the cell
are capable of escaping and localising insteatlérGolgi, ER and secretory vesicles

therefore, bypassing intracellular digestion (@aetéet al., 2009).

4.5 Summary

The aim of the work presented in this chapter veaguantify and characterise the
interaction of the Sm3E functionalised SPIONs wahget CEA expressing cancer

cells.

Specific binding of SPIONs to CEA+ LS174T cells veahieved via conjugation to
with Sm3E. Size, valency and anionic charge ofSRE€ONs were demonstrated to be
important factors in the cellular uptake and bigdbehaviour of the SPIONs. The
Sm3E-d100 and Sm3E-d50 were shown to selectivehd kthe extracellular
membrane. In comparison, the Sm3E-PEG-d50 showedcellular uptake and
some non-specificity, both effects thought to beikaited to the size and anionic
charge of the PEG-d50. By conjugation to the smatlgghtly less anionic PEG-d20
intracellular uptake was still observed, whilst tlesue of non-specificity was
overcome. Upon internalisation, the PEGylated SRIC&tcumulated into the

endosomal compartments of the cell.
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Chapter 5

Imaging Potential of
Functionalised SPIONs
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5.1 Introduction

The work in the previous chapter showed that sakctionalised SPIONs could
target specifically to antigen expressing cancedis.celhe next stage was to
investigate whether these findings could be extértdeexploit scFv functionalised
SPIONs in MRI.

Reports by others have indicated the potential 8bnfunctionalised SPIONs as
targeted contrast agents (Tiefenaeteal., 1993; Suwaet al., 1998; Funovicst al.,
2004; Tomaet al., 2005). More recently, functionalisation of SPIOMith anti
EGFR scFvs has shown potential as a tumour-imaagegt (Yangt al., 2009). The
use of scFvs as targeting moieties has potentizrddges over whole antibodies.
First, the molecular diameter of a whole 1gG is ragpnately 28nm (Robertet al.,
1995),making scFvs relatively small at approximately 5finerefore, attachment of
scFvs to SPIONs should not significantly incredse $PIONs diameter. Second,
scFvs do not contain the Fc constant domain anckftve are unable to trigger
potentially harmful immune responses. Third, scFug readily available in
recombinant form and can be generated for cliniapplications using non-
mammalian expression systems (Toleerl., 2006a). To test the potential of the
scFv functionalised SPIONs developed in this thesistumour targeted contrast
agent three functionalised SPIONs i) Sm3E-d50SM3E-PEG-d50 and iii) Sm3E-
PEG-d20 were taken forward.

To evaluate the selective tumour imaging potemfaithe Sm3E functionalised
SPIONs to CEA+ve LS174T cells, ;-Weighted images and relaxometry
measurements were performed. SPION hydrodynami a&m surface properties
have shown to substantially affect binding behawisee section: 4.3 Results).

Therefore, the impact of binding behaviour on tHICBNs imaging potential was

evaluated by their JFweighted images and, Values.
To determine whether Sm3E-SPIONs can be used &mifsptumour imaging, the

targeting potential of the scFv-SPION conjugatesivo, following systemic

injection, was investigated by means of their stdution.

113



5.2 Objectives

The objectives of the research described in thagptdr were to:

1. Assess the toxicity of Sm3E functionalised SPIOiNgGtro by MTT assay

4. Show MRI potential of the SPIONs

5. Demonstrate the selective MRI potential of Sm3Ecfiomalised SPION$n
vitro using MRI

6. Investigate the biodistribution of Sm3E-SPIOMsvivo following systemic

injection
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5. 3 Results

5.3.1In vitro cytotoxicity

For SPIONs to be suitable as targeted MRI conteagints, they should show
minimal toxicity to the targeted cell. Images takey CLSM (ee section: 4.3.2
Specificity of SPION uptake) show that 24 hrs faling incubation with 0.1 mg/ml
of SPIONs the cells appeared healthy. The degreeetifsurvival was further
evaluated by means of the standard methyl thiszakblium bromide (MTT) assay.
Though the cells looked healthy at 24 hr, the SPI@MNy experience delayed cell
death. Therefore, following 24 hr incubation witPIONs at 0.1 mg/ml, the cells
were incubated for a further 96 hrs in fresh mdukéore addition of MTT. The
results from the MTT assay show 92-100% cell vigbih relation to the control
sample (Fig 5.1). This result indicates that thexeno statistically significant
evidence of SPION toxicity to CEA+ LS174T cellsaatoncentration of 0.1 mg/ml
(p = 0.36).
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Fig. 5.1. Cell viability of CEA+ve LS174T cells after overnight incubation with Sm3E
functionalised and non-functionalised SPIONs at concentrations 0.1 mg/ml. No significant

difference in cell viability was observed (ANOVA: p value 0.36)
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5.3.2 Magnetic resonance imaging potential of SPIONs

To evaluate the MRI potential of the SPIONS, solusi of increasing concentrations
were prepared and their relaxation times measuseyua 2.35 T horizontal bore
SMIS imaging system. Furthermore, to determine hérethe relaxivity of the
SPIONs was suitable for diagnostic application, $ift#ONs were imaged alongside
the clinically approved SPION contrast agent Endodteat a concentration of 0.035
mg/ml. Magnetic resonance images were obtainetgusiphantom similar to that
shown in Fig. 5.2. MRI analysis of the various cemications of SPIONs was
performed at TR 1000 msec at multiple TEs. As magmeas expected to affect
mainly T, relaxation ¢ee section: 1.7.1.Application of SPIONs in MRI), only,T
measurements were taken. Therdlaxation values of the various concentrations of
the SPIONs were calculated and are shown in FR). Bhe results show that at a
concentration of 0.035 mg/ml the d50, PEG-d50 akBG+#20 have a Jvalue of
56.2 ms, 58.3 ms and 51.8 ms, respectively. In eoispn, Endorem is only slightly
higher at 69.4 ms. These results confirm contrabiaecement capabilities of the
SPIONSs, showing their relaxivity to be comparahbetite SPION contrast agent
Endorem™. Furthermore, the results show as coratésris of the SPION increase
the T, relaxation time decreases. The best signal toen@go was found to be at
0.04 mg/ml.

Fig. 5.2. MRI phantom contains a 0.5 ml eppendorf holder placed inside a 50 ml falcon tube.
Eppendorf tubes containing samples are placed in the MRI phantom, which is filled with 2.5

g/l CuSO,4 to minimise background.
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Fig. 5.3. Magnetic Resonance Imaging of serial dilutions of d50, PEG-d50, PEG-d20 and
Endorem™ (0.035 mg/ml) on a 2.35 T on a horizontal bore SMIS system. All SPIONs are
shown to cause a decrease in the T, signal intensity with increasing concentrations of the
SPIONSs.

5.3.3In vitro MRI of Sm3E-SPIONs

To determine the selective MRI potential of the &i@nctionalised d50, PEG-d50
and PEG-d20 ann vitro MRI study was performed. For this experiment, the
CEA+ve LS174T cells and CEA-ve A375M cells were ubated with Sm3E
functionalised and non-functionalised SPIONs at@d/ml. Following incubation,
the cells were spun down, fixed and imaged. Magnedsonance images were
obtained using a phantom consisting of three twseshown in Fig. 5.2. The, T
relaxation values of each sample were calculated are shown against the
corresponding Fweighted image in Fig. 5.4.

5.3.3.1 SM3E-d50

The T,-weighted MR images of the CEA+ve LS174T cells ated with the Sm3E
functionalised d50 demonstrate a strong negatpeohtrast (Fig. 5.4), producing a
47% reduction in T values relative to the media only control. Minintatluction
(3%) in T, was detected for the CEA+ve LS174T cells incubaitednon-

functionalised d50.
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The T,-weighted images of the CEA-ve A375M cells (Figd)Sincubated in Sm3E
functionalised and non-functionalised d50 show eduction in the T signal.
However, T measurements revealed a slight reduction in theighal compared to

the media only control of 28% and 22% respecti{Ely. 5.4).

5.3.3.2 SM3E-PEG-d50

In the previous chaptersde section: 4.3.4 Intracellular uptake) it was shown that
PEGylated SPIONs can internalise, therefore, it e@ssidered that this may affect
the MRI signal (Briley-Saebet al., 2004).

The T,-weighted MR image of the CEA+ve LS174T cell limeubated with Sm3E-
PEG-d50 demonstrate a strong negatiyecdntrast of 57% (Fig. 5.4), suggesting
intracellular uptake to have no detrimental effent MRI signal. A minimal T
reduction of 11% was detected for the non-funclised PEG-d50, indicating
specificity of the Sm3E-PE@50 to the CEA+ve LS174T cells. However, MR
images of the CEA-ve A375M cells incubated with fla@ctionalised and non-
functionalised PEG-d50 produced a 51% and 49% temudn T, These results
reveal non-specific binding of the PEG-d50 with @eA-ve A375M cells.

5.3.3.3 S3E-PEG-d20

From iron uptake measuremengse(section: 4.3.1 Quantification of SPION uptake)
the specific uptake of Sm3E-PEG-d20 was two foks Ithan the Sm3E-PEG-d50.
However, the reduction in,Tvalue for the CEA+ve LS174T cells incubated with
Sm3E-PEG-d20 was 51%, only marginally lower thae ®m3E-PEG-d50. A
negligible T, reduction of 17% was detected for the non-funetised PEG-d20,
confirming specificity of the Sm3E-PEG-d20 to CEAHS174T cells.

Incubation of the PEG-d20 with the CEA-ve A375Mlegdrovided only a slight oI

reduction compared to the media only controls df2this is comparable with the
d50.
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Fig. 5.4. T, weighted spin echo images (A) and T, values (B) of CEA+ve LS174T cells and CEA-ve A375M cells incubated in 0.1 mg/ml Sm3E functionalised

and non-functionalised d50, PEG-d50 and PEG-d20. Percentage T, values were calculated and compared to media only control values.
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5.3.4 Biodistribution of Sm3E-SPIONs

The Sm3E functionalised SPIONs have shown sele&fiRé potentialin vitro. For
their use as imaging toolis vivo selective uptake into CEA expressing tumour cells,
following systemic injection is essential. To intigate the biodistribution of the
Sm3E functionalised d50, PEG-d50 and PEG-d20 SPI@Wewing systemic
injection, anin vivo study was performed. For this experiment, Sm3Etfanalised
SPIONs (0.2mg) were injected intravenously into GE®A tumour-bearing mice.
After 5 min, 1hr and 24 hr the mice were sacrificagnours, livers and spleens
collected and cryo-sectioned. The tissues wereeadaiith nuclear fast red to detect

cells and Prussian blue to detect the SPIONSs.

The biodistribution results for the Sm3E functiasedl and non-functionalised d50,
PEG-d50 and PEG-d20 appeared similar for all timiatp. Results in Fig 5.5 show
uptake for the Sm3E functionalised SPIONs after Alirthe SPIONs were found to
predominantly localise within the spleen, only aaimamount of functionalised
SPION accumulated in the tumour and liver. Thesaillte suggest that systemic
application of the Sm3E functionalised d50, PEG-@&s@ PEG-d20 may not be

feasible due to rapid clearance via the RES, ptewespecific uptake in the tumour.
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Fig 5.5 Biodistribution study of Sm3E-d50, Sm3E-PEG-d50 and Sm3E-d20 in CEA+ve
tumour bearing mice. Tumour, liver and spleen section were stained with H&E to detect cells
(red) and Prussion blue to detect SPIONs (blue). The SPIONs predominantly localised in the

spleen.
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5.4 Discussion

The results described in this chapter demonstréte potential of Sm3E
functionalised d50, PEG-d50 and PEG-d20 to deltwenour specific MRI. The
results also showed that size and surface propestiengly influence non-specific
uptake.

Administration of contrast enhancement agents iegaly intravenous, allowing the
SPIONSs to circulate in the blood until they redlit target. To avoid fast clearance
from the blood, SPION size and surface propertiesmaportant. It has been reported
that SPIONs with a hydrodynamic diameter >100 nm, r@adily cleared by the
reticuloendothelial system (RES) (Guptal., 2005b) or are unable to move through
capillary vessels to reach the tumour (Swswal., 1998). The d50, PEG-d50 and
PEG-d20 were therefore, proposed to be attractRi®Ns for systemic application
and for this reason were taken forward for invegian into their tumour specific
MRI potential.

Results from MR relaxometry show that colloidal gerssions of the d50, PEG-d20
and PEG-d50 reduce; Telaxation in a concentration dependent manngratgern
previously reported (Wangt al., 2001). In addition, SPION size and surface
properties had no effect on,,Twith all three SPIONs demonstrating similag T
relaxivity values. These results do not suppowifigs by Wanget al., who reported
MR signal intensities to depend on the composiéind size of the SPIONs (Waeg
al., 2001). The reduction inzIgenerated by all three SPIONs at 0.035 mg/ml was
almost equivalent to that generated by Endorem™hat same concentration.
Therefore, based on the fElaxivity results and their comparability with Eoxdm™,

all three SPIONs exhibited adequate characterifticapplication as MRI contrast
agents.

For use as a MRI tumour contrast agent, minimalOBPtoxicity is a requirement.
Cytotoxicity of the SPIONs was evaluated by MTT Igses. Results demonstrate no
effect on the cells proliferation or viability whencubated with the functionalised

and non-functionalised SPIONs at a concentration0.df mg/ml. These results
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therefore, show the Sm3E functionalised d50, PEG-ath PEG-d20 can safely and
specifically, label the target CEA+ve LS174T cellthe cytotoxicity results are
consistent with previous reports, where dextran d&MEGylated SPIONs at
concentrations below 0.1 mg/ml exert minimal toxicLi et al., 2009; Villanuevaet
al., 2009).

The selective MR imaging potential of the Sm3E-db@jugates was investigated
vitro using the CEA+ve LS174T cells; the CEA-ve A375MIselere used as
controls. Incubation of the Sm3E-d50 with the CEA+S174T cells resulted in a
marked T signal reduction, correlating with increase in GRIuptake $ee section:
4.3.1 Quantification of SPION uptake). These resslipport the findings that the
Sm3E functionalised d50 SPIONs specifically bindGBA+ve LS174T cells and
furthermore, induce a specific reduction gcbntrast. Incubation of the d50 with the
CEA-ve A375M cells resulted in a slight drop in fielaxivity however; this was
negligible and consistent with a recent report bytlal., who demonstrated a slight
T, reduction with control cells containing no SPIONE«t al., 2009).

The feasibility of using dextran coated SPIONs pecHic tumour contrast agents
has been previously demonstrated with differentbadies for example, anti CEA
mADb (Tiefenaueset al., 1993), anti EGFR mAb (Suweat al., 1998), anti-9.2.27 and
anti-her2/neu mAbs (Funoviesal., 2004) and anti colorectal mAb A7 (Torezal .,
2005). However, dextran coated particles may hawéeld application for tumour
targetingin vivo, due to rapid clearance by the RES. One way toeaddhis is use
PEGylated SPIONs. For this reason, the selectivd pMiRential of the PEGylated
SPIONSs was investigated.

MRI results demonstrated the Sm3E-PEG-d50 to dpeltif bind the CEA+ve
LS174T cells, resulting in a 57% reduction in Values. In contrast the non-
functionalised PEG-d50 resulted in an 11% redudtiol,, indicating only a limited
amount of non-specific interaction with the CEAH8174T cells, consistent with
iron uptake measurements. Thesgrdsult are very similar to that of the d50,
suggesting intracellular uptake has no imaging fieria vitro over the non-
internalising SPIONs. However, unlike the d50, ¢hevas an approximate 50%
reduction in §value for the CEA-ve A375M cells following incubati with both
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the Sm3E-PEG-d50 and non-functionalised PEG-d56sd hmesults strongly suggest
non-specific uptake by the CEA-ve A375M cell linadaalso support the non-
specific binding behaviour observed in the CLSM gem gee section: 4.3.3 Effect
of SPION surface chemistry)

The PEGylated SPIONs have shown to internalise laedlise in endosomal
compartments of the cellseg section: 4.3.4 Intracellular trafficking). Thus it was
postulated that if further trafficked to the lysoses the SPIONs were likely to be
digested into their Fe2+ and Fe3+ states (Gkah., 1994; Guptat al., 2004). The
disintegration of the magnetite cores has beenrtegdo cause 10 fold loss in signal
(Briley-Saebaeet al., 2004). This however, was not evident from thelvi#8ults. The
sufficient MRI potential of the PEG-dSPIONSs followi internalisation is supported
by a number of other studies (Gardstial., 2006; Liet al., 2009; Yangt al., 2009).
The fact the SPIONs are still functional could segjgthe SPIONs have escaped
from lysosomal degradation (Cartieatzal., 2009).

As demonstrated in section 4.3.3 (Effect of SPIQiNaxe chemistry) non-specific
uptake was dependent on hydrodynamic radii and &&f@ent of the PEG-dSPION.
Indeed, the smaller Sm3E-PEGd20 was readily visdnieMRI when targeted to
CEA+ve LS174T cells, resulting in a 51% reducti®his was not the case for either
the non-targeted PEG-d20 or the CEA-ve A375M cealEmonstrating the Sm3E-
PEG-d20s specificity to the CEA+ve LS174T cells.clonclusion, its small size,
PEG coating and specific MRI potential makes the3EfREGd20 an attractive

SPION for application as a specific tumour conteagnt.

It was evident from the MRI results that all thelSRs showed binding to the
A375M cells. This non-specific uptake by the A375MIl line compared to the
LS174T line may be related to the particular celtsl the size and charge of the
SPIONSs. Consistent with this, a number of groupgeheported that the rate and
extent of SPION uptake due to PEGylation (Zhahgl., 2002) and surface charge
(Villanuevaet al., 2009) can differ among cell lines (Cartietal., 2009).

The results in this chapter show the Sm3E-SPIONugattes to deliver tumour

specific MRIin vitro. However, whether this can be translatedivo is uncertain.
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From the biodistribution results the Sm3E-d50, SHFPEES-d50 and Sm3E-PEG-d20
demonstrate minimal uptake in the CEA+ve tumoulsc@redominantly clearing to
the spleen via the RES. The similar biodistributioh all the SPIONs was
unexpected, as PEGylation and small hydrodynanze are reported to improve
RES evasion, and in turn, increase blood circutatitne. Nanoparticles with
prolonged circulation time have been shown to ekhiicreased accumulation
within tumour tissues via the enhanced permealality retention effect (Moci al.,
2006) and when functionalised with a targeting ldjaare retained by the tumour
cells (Punet al., 2004). However, this was not observed with tme35-SPION
conjugates investigated, results suggest the PEGS&20N to be just as exposed to
RES uptake as the non-PEGylated and larger d5Msailple reason for poor RES
evasion shown by the PEGylated SPIONs could betaltiee density and length of
the PEG chains. The lengths of the PEG chains bedaonto the SPIONs used in
this study are approximately 300 MW. It has beeported that for PEGylated
SPIONSs to evade the RES a PEG chain MW of 2000eater is required (Oweres
al., 2006; Eret al., 2009).The longer length PEG chains form a denser pretecti
layer around the SPIONSs, effectively blocking opsation from occurring.
Therefore, it is likely that the short PEG chainme aot adequately masking the

dextran matrix from plasma protein opsonisation.

5.5 Summary

The aim of the work presented in this chapter wadest the potential of scFv

functionalised SPION for specific MR imaging of cancells.

To achieve this, SPIONs were functionalised with3&ran anti CEA scFv and
tested for their imaging potential with CEA+ve L@T7cells and CEA-ve A375M
cells. The level of SPION specificity to the targetl was illustrated by Jweighted

images and relaxometry values.

The Sm3E functionalised d50 and PEG-d20 exhibiteckléent specificity to the
target CEA+ve LS174T cells causing approximately5@duction in % relaxation,
whereas negligible reduction was seen for the otmtiThe PEG-d50 however,

caused substantial, Signal reduction of CEA-ve A375M control cells, ealing its
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non-specific binding behaviour. Intracellular uptakf SPIONs had no imaging
advantage or disadvantage over membrane bound SPI@th T, reduction for all

three SPIONs found to be similar. In addition, viagbof the cells was unaffected by
exposure to the d50, PEG-d50 and PEG-d20 at a mtaten of 0.1 mg/ml.

Biodistribution results however, demonstrated madinuptake of the Sm3E
functionalised SPION into the tumour cells, witke tmajority accumulating in the
spleen. Further optimisation of the Sm3E-SPION wgajes surface properties is

required to improve their tumour targeting potdritiavivo.
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Chapter 6

Therapeutic Potential of
Functionalised SPIONs
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6.1 Introduction

Previous work in this thesis has shown that SPIGstarget specifically to cancer
cells. The aim of the work presented in the presbapter was to test whether scFv-
targeted SPIONs could have the potential to deliwgrerthermic therapy to cancer
cells when subjected to an alternating magnetidd fieAMF) (see section:

Application of SPIONs in hyperthermia).

It has been shown by others that the hyperthermienpial of the SPIONSs is
dependent on the current and frequency parameiéne dAMF they are subjected to
(Hergt et al., 2004b). To test this and identifys#table AMF for induction of

magnetic fluid hyperthermia MFH, two AMF strengthiere investigated.

Another important factor that can affect the hyperinic potential of the SPIONSs is
the SPIONs chemical and physical characteristicany¥t al., 2005; Pankhursit
al., 2003; Fortin et al 2007; Motoyan& al., 2008). To test this six SPIONs of
different size and chemical composition were inigageéd and SPION characteristics
suitable for AMF induced SPION heating were ideetif

In addition, cell loading of SPIONSs is also repdrte be a crucial factor that can
affect their hyperthermic potential (Kalambetral., 2007; Ketteringet al., 2007).
Functionalisation of the SPIONs with Sm3E subsé#digtiincreased specific cell
uptake éee section: 4.3.1 Quantification of SPION Uptake). Furthereodepending
on their surface properties the SPIONs localisetheei extracellularly or
intracellularly. The therapeutic impact of cell dtbag and intracellular uptake for
MFH was investigated by viability measurements aaliular response of the heat
shock protein 70 (HSP70).
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6.2 Objectives
The objectives of the research described in thagptdr were to:
1. Determine whether hyperthermia can affect cell Nitgtb
2. ldentify the AMF strength for optimal SPION heating
3. Identify optimal SPION characteristics for magnétind hyperthermia
4. Measure the magnetic fluid hyperthermia cell resgoon;

a) Viability

b) Heat shock protein expression
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6.3 Results

6.3.1 Temperature effect on cell viability

To establish whether heat treatment can affecteasacells, the CEA+ve LS174T
cells were exposed to temperatures ofC3Zhrough to 47C for 20 min. To
determine cell viability, live cell numbers wereuated 30 min after heat treatment
and MTT assays were performed 96 hrs following hessttment. All results were
compared against a non-treated control. Resulta fvoth the cell viability counts
and MTT assay show that heat can lead to cell deeth both assays showing
complete cell death at 28 (Fig 6.1). Therefore, a temperature increase6f i9
enough to cause approx 95-100% cell death. A teayer increase of 5°6 was
sufficient to cause approx 50% cell death. Botragssigree that &G temperature
rise has no short term detrimental affect on cefl/isal. From comparison of cell
viability results taken at 30 min and 96 hrs foliog treatment, no significant
difference in cell viability was observed. Thessules therefore, suggest cell death
via heat is an immediate effect.
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Fig 6.1 Effect of environmental temperature on celfvival as measured by cell
viability counts (pink line) and MTT assay (bluerda
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6.3.2 Temperature effect on cellular HSP70 response

Although environmental temperatures beloW@@aused minimal cell death the low
increase in temperature may cause stress to tle @éhen cells become stressed,
they up regulate a number of proteins including H&PTo determine whether an
increase in environmental temperature can cauds telbecome stressed and
express HSP70 aim vitro assay was designede¢ section: 2.2.8.3). For this
experiment CEA+ve LS174T cells were grown on cdigssand incubated at 2,
40°C and 43C. HSP70 expression was detected using an anti 8i8R2b (red) and
visualised by CLSM.

Results from CLSM analysis show that &C3temperature rise induces HSP70
expression, as indicated by the red fluorescenég @2). Furthermore, results
reveal HSP70 expression to increase with increatngperatures, indicating the
cells to become more stressed with increasing teatyres. CLSM results also show
cell viability to reduce with temperature increass, fewer cells are observed at
43°C.

37°C 40°C 43°C

Fig. 6.2. Induced HSP70 expression in CEA+ve LS174T cells following heat treatment as
illustrated by CLSM. The CEA+ve LS174T cells were incubated at temperatures 37°C, 40°C.
and 43°C. Samples were heated for 20 min, and left for 4 hr at 37 °C to allow for HSP70
expression. Detection of induced HSP70 (red) was performed with a mouse anti HSP70

primary antibody, followed by a anti mouse alexa fluor 594 antibody. Nuclei were stained

with Hoechst (blue).
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6.3.3 Magnetic fluid hyperthermiausing AMF system 1

To investigate the MFH potential of the SPIONs &ddin this thesis the AMF
system 1 (Fig. 6.3) was used, this applies an Akiéngth of 300 V, 0.62 A and
139.8 kHz.

6.3.3.1 AMF induced heating of d100 and DX100

To test whether the AMF strength of 300 V, 0.62 i d.39.8 kHz is suitable to
induce magnetic heating of SPIONs, increasing aunagons of the d100 and
DX100 were placed in the AMF coil for 20 min. Thertperature increase over time
was measured using temperature probes. To remgvialiae heating due to the caill,
which gets hot itself, the coil was kept cool tlghuconstant cycling of cold tap

water.

AMF System 1: 300V, 0.62 A and 139.8 kHz
A) B)

AMF
s [ generator

Fig. 6.3. Image A: AMF system 1, applies a field strength of 300 V, 0.62 A and 139.8 kHz.
SPION samples at 1 ml are placed into the coil (white arrow), AMF field is applied by power
generator for 20 min (yellow arrow). Fluid temperature increase was measured using
temperature probes (red arrow). The coil was kept cool by water cooler (blue arrow). Image

B: Schematic representation of SPION sample placed into AMF heating coil.
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Following AMF treatment, results from the temperatprobes show when starting
at room temperature the d100 SPIONs to cause mease in fluid temperature at
concentrations of 1 mg/ml and 5 mg/ml, and only °® 2emperature rise at a
concentration of 25 mg/ml (Fig. 6.4). In comparistire temperature probes showed
the DX100 to cause slightly better heating whenjeibd to the AMF. At a
concentration of 5 mg/ml, the AMF treated DX100 gexted a temperature increase
of 2°C (Fig. 6.4) and at concentrations of 25 mg/ml ragerature increase of®
was measured. These results show the SPIONs aableapf generating heat when
in an AMF of 300 V, 0.62 A and 139.8 kHz. The hegtobserved was also shown to

be concentration dependent.

6
2]
3
2]
17 I
0-
25‘20‘10‘5‘1

25 ‘ 5 ‘ 1 ‘ water

Temperature Change (°C)
[9;]

d100 (mg/ml) DX100 (mg/ml)

Fig. 6.4. Temperature increase of 1 ml of water by the d100 and DX100 at concentrations 1
mg/ml to 25 mg/ml during AMF treatment (300 V, 0.62 A, 139.8 kHz). Change in temperature
was measured using probes placed into solution. Experiments were started at room

temperature.

6.3.3.2. Cell viability following magnetic fluid hyperthermia

To determine whether the temperature increase geterby the DX100 when
subjected to AMF system 1 would be enough to caedlekill, anin vitro MFH

assay was developed and cell viability determingdlive cell counts. For this
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experiment the CEA+ve LS174T cells were suspendetl ml non-functionalised
DX100 SPIONs at 1 mg/ml, 5 mg/ml, 10 mg/ml, 25 migdmd media as a control.
The samples were placed into the coil of the AM&tey. A probe was placed in the
sample and in the coil to monitor the environmertegatperature. The samples were
subjected to the AMF for 20 min. Following AMF tteeent, viable cells were

counted.

Results in Fig 6.5 show that before AMF treatmdr DX100 SPIONs exhibited
cytotoxicity. At a concentration of 10 mg/ml and 2/ml over 95% cell death was
observed and at 5 mg/ml cell death was approximai&. Following AMF
exposure, the DX100 showed no significant effect cafl viability at 1mg/ml.
Furthermore, no effect on cell viability at DX10@I®N concentrations 5mg/ml and
above following AMF treatment could be observed daetoxicity. This result
suggests that the heat generated by the DX100 SPfalldwing exposure to AMF
system 1 is not sufficient to cause MFH cell deatlimg/ml. In addition, DX100

SPIONS 'as are' are toxic to cells at concentratadrbmg/ml or higher.
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Fig. 6.5 Percentage cell survival of CEA+ve LS174T cells suspended in DX100 before and
after AMF hyperthermic treatment. Following treatment cell viability counts were performed

and the percentage cell survival determined against media only control.
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6.3.3.3 Induction of HSP by magnetic fluid hyperthermia

Although no cell death was apparent following MFHAMF system 1 using DX100
SPIONSs, the cells could be showing signs of strAssobserved is section 6.3.2, a
small temperature increase can lead to cellulasstand expression of the HSP70.
To determine whether DX100 SPIONs when subjecteiti¢cAMF can up-regulate
HSP70 expression, am vitro assay was designede¢ section: 2.2.8.5). For this
experiment, CEA+ve LS174T cells were grown on cshgs and incubated in either
1 mg/ml DX100 or 0.1mg/ml Sm3E-DX100. For targetd&H using the Sm3E-
DX100, the cells were washed to remove unboundgiestand incubated in fresh
culture media before AMF treatment. The cells waezed in the AMF for 20min.
Four controls were used i) media only, ii) mediAMF iii) 1mg/ml DX100 no AMF
and iv) 0.1mg/ml Sm3E-DX100 no AMF. The expressibthe HSP70 was detected
using mouse anti HSP70 (red) and visualised by CLSM

Results from CLSM revealed expression of HSP70eaninimal for control cells
treated in media only (Fig. 6.6a). Following expesto the AMF, the media only
controls showed a small amount of HSP70 expressasnindicated by the red
fluorescence (Fig. 6.6b); suggesting AMF aloneaose stress to the cells. The cells
also showed up-regulation of HSP70 expression allg incubation in 1 mg/ml
DX100 (Fig. 6.6c), demonstrating the DX100 SPIONsatso cause stress to the
cells. However, following exposure of the cellsubated with DX100 to the AMF, a
further increase in HSP70 expression was obser¥g. 6.6d). Furthermore,
following AMF treatment of cells bound to the SmBE-100, a substantial increase
in HSP70 was evident. These results therefore dstraia that even when MFH
does not cause cell death the cells do experiemesss as shown by induction of
HSP70 expression. In addition, cellular stress banfurther enhanced by AMF
treatment of CEA+ve LS174T cells specifically ldbdlwith Sm3E functionalised
SPIONSs.
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a) Media only b) Media + AMF

c) 1mg/mi DX100 d) 1mg/mi DX100 + AMF

€) 0.1 mg/ml Sm3E-DX100 f) 0.1 mg/mi Sm3E-DX100 + AMF

Fig. 6.6. CLSM images showing induced expression of the HSP70 following MFH. The
CEA+ve LS174T cells were incubated in a) media only, b) media only plus AMF treatment,
¢) 1 mg/ml DX100, d) 1 mg/ml DX100 plus AMF treatment, e) 0.1mg/ml Sm3E-DX100 and f)
0.1mg/ml Sm3E-DX100 plus AMF.. Samples were incubated for a further 4hrs following AMF
treatment at 37°C. Detection of induced HSP70 was performed with a mouse anti-HSP70
primary antibody, followed with an anti-mouse alexa fluor 594. Nuclei were stained with

Hoechst.
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6.3.4 Magnetic fluid hyperthermiausing AMF system 2

To investigate if the heating potential of the SR#Ocould be improved using a
larger AMF, a second system was developed in coi&tion with Professor Quentin
Pankhurst (The Royal Institution of Great Britaiihe AMF system 2 (Fig 6.7)
applies a higher field strength of 150 V, 0.74 AViHz. In addition, AMF system 2
also has an Air-Therm ATX attached, which pumpsoastant air-flow of 37C

through the coil area, allowing the surroundingpenature to be maintained at’87

The application of the Air-Therm ATX was a crudeywa represent how blood flow
may affect the heating potential of the SPIONSs, alesirating the effect dissipation

of heat would have on the overall rise in fluid parature.

AMF System 2: 150V, 0.74 A and 1 MHz

Air Therm ATX

.

J g
(A

Air-Therm ATX
tubing

Water pipe for cooling
connected to water tap

Temperature probe

AMF power
supply

Fig. 6.7. Image of AMF system 2, applies AMF strength 150 V, 0.74 A, 1 MHz. 0.5-1 ml
SPION samples are placed into the coil, the environmental temperature was maintained at
37°C by Air-Therm ATX and the AMF coil was kept cool by connection to water supply. The
AMF was applied for 20 min and temperature increase was measured by Luxtron

thermometer probes.
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6.3.4.1 AMF induced heating of d100

The heating potential of the d100 was tested in Adyi§tem 2 and the effect of the
Air-Therm ATX was evaluated. Colloidal suspensiofshe d100 at 0.05 - 5 mg/ml
were placed in AMF system 2 and subjected to AMF2© min. This experiment

was performed with and without the Air-Therm ATX.

Results showed that without the°@7Air-Therm ATX, the d100 at 5 mg/ml caused a
fluid temperature increase of ®5when subjected to AMF 2 (Fig 6.8). Furthermore,
a temperature increase diClwas recorded at a d100 concentration of 0.1 mg/ml
These results demonstrate that application of thbkeln AMF strength, using AMF
system 2, vastly improves the heating potentiathef d100. However, following
application of the Air-Therm ATX, the fluid tempéwae increase generated by d100
at 5 mg/ml reduced by 50% to°t The 50% drop in temperature rise is most likely
due to the 3T airflow, generated by the AIR-Therm ATX. Thoudte ttemperature
increase of the SPION fluid was less when the Aierin ATX was applied, the
temperature increase measured was still bettentithPAMF system 1.
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= Air-Therm ON
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Fig. 6.8. Temperature rise of 0.5 ml of water in 1.5 ml eppendorf tubes by d100 at
concentrations 0.1 mg/ml to 5 mg/ml when place in AMF (150 V, 0.74 A, 1M Hz). Change in
temperature measured (relative to the starting temperature of 37C) using Luxtron probes

placed into solution.
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6.3.4.2 AMF induced heating of d50, PEG-d50 and PEG-d20

Following on from the d100, the heating potentiah® d50, PEG-d50 and PEG-d20
were also tested using AMF system 2 plus Air-ThekxmX. Results showed a
dramatic difference in the heat generated betwkerdifferent sized SPIONs (Fig.
6.9). In comparison to d100, which at 5 mg/ml causdluid temperature increase of
approximately 12C when exposed to AMF 2, the d50, PEG-d50 and PEGat 5
mg/ml caused only a°@ - £C temperature rise. Results also show the heating
potential of the d50 and PEG-d50 to be similarjdating the adsorption of PEG has
little effect on the heat generated.
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Fig. 6.9. Temperature rise of 0.5 ml of water induced by AMF treatment of the d100, d50,
PEG-d50 and PEG-d20 at concentrations 0.1-5 mg/ml. Environmental temperature was
maintained at 37°C with the Air-Therm ATX. The Change in fluid temperature was measured

(relative to the starting temperature of 37 °C ) using Luxtron probes placed in solution.

6.3.4.3 AMF induced heating of DX100

The heating potential of the DX100 using AMF systBrwas also tested. Results
showed AMF system 2 to substantially improve thating potential of the DX100.
Results presented in Fig. 6.10 demonstrate evdmthvt Air-Therm ATX attached,
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the DX100 at a concentration of 5 mg/ml causediia iemperature increase of°25
when exposed to AMF 2. Furthermore, the DX100 ebracentration of 0.25 mg/mi
and 0.05 mg/ml caused a temperature increas€®fadd 0.8C (Fig 6.5). From

comparing the heating profiles of all the SPIONeddsthe DX100 was found to be
the superior heater.

257
201
157

107

Temperature Change (°C)

25

Bl = _
| os |

0.25 ‘ 0.05 0.025

DX100 (mg/ml)

Fig. 6.10. Temperature rise of 0.5 ml of water in 1.5 ml eppendorf tube by DX100 at
concentrations 0.025 mg/ml to 5 mg/ml during exposure to AMF of 150 V, 0.74 A, 1 MHz.
Temperature of solution started at 37°C using Air-Therm ATX. Change in temperature
measured using Luxtron probes placed into solution. Water was used as control sample.

6.3.4.3. Cell viability following magnetic fluid hyperthermia

To determine whether the temperature increase geteby the d100, DX100, d50,
PEG-d50 and PEG-d20 when subjected to AMF 2 woaldripugh to cause cell kill
an in vitro MFH assay was developede¢ section: 2.2.8.4) and cell viability

determined by the MTT assay. For this experimeot-functionalised SPIONs at a

concentration of 0.1-5 mg/ml and Sm3E functionaliS®€10Ns at a concentration of
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0.1 mg/ml were incubated with the CEA+ve LS174Tl tak. Only for the Sm3E
functionalised SPIONs were the cells washed andbated in fresh media before
AMF treatment, this was to allow only the Sm3E-SR#bound to the cell to cause
any hyperthermic affect. The cells were subjectedAMF 2 for 20 min and cell

viability determined 96 hrs later by MTT assay.

The MTT results presented in Fig. 6.11 show the 0Xat 2.5 mg/ml caused a 25%
drop in cell viability even before exposure to #idF, suggesting cytotoxicity of the
DX100 at 2.5mg/ml this is in accordance with Fi¢ 6.which showed DX100
cytotoxicity at 5mg/ml. Cell death was further ieased when the DX100 were
subjected to AMF 2. AMF treatment of the DX100 a2.5 mg/ml was shown to
cause approx 95% cell death, most likely due to MHéwever, at a DX100
concentration <0.5 mg/ml, treatment with AMF 2 diok appear to cause cell death.
Furthermore, binding of Sm3E functionalised DX100the cells showed no effect
on cell viability before and after AMF treatmenthéBe results suggest that the
DX100 have the potential to cause cell death viddM¥hen exposed to AMF 2, but

only at concentrations above 1 mg/ml.

In comparison to the DX100, the d100 was slightlyrencytotoxic (Fig 6.11). The
MTT results show that before exposure to AMF 2 ¢i®0 at 5 mg/ml and 2.5
mg/ml caused approx 95% and 50% cell death. FaligwAMF treatment of the
remaining 50% of cells incubated in the d100 atrigyénl, complete cell kill was
observed, again most likely due to MFH. Howeverlscencubated in d100 at
concentration <1 mg/ml and when bound to Sm3E fanatised d100 showed no

cell death before or after treatment in AMF 2.

Investigation into the MFH potential of the d50,&H50 and PEG-d20 revealed all
three SPIONSs at a concentration of 5-2.5 mg/mixtaket some level of cytotoxicity
before AMF treatment (Fig. 6.12). In addition, résushowed cytotoxicity to
increase with SPION size. Following AMF treatmehthe d50, PEG-d50 and PEG-
d20 no effect on cell viability was observed. Thessults suggest that d50, PEG-d50
and PEG-d20 are not capable of inducing MFH ceditilevhen subjected to AMF

system 2.
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Fig. 6.11. Percentage Cell survival of CEA+ve LS174T cells incubated in A) DX100 and
Sm3E-DX100 and B) d100 and Sm3E-d100 before and after AMF hyperthermic treatment.
Only the cells incubated with 0.1mg/ml Sm3E functionalised SPIONs were washed and
incubated in fresh media before AMF treatment, this was to allow only the Sm3E-SPIONs
bound to the cell to cause any hyperthermic affect. Following treatment MTT assay was
performed; absorbance was read at 550 nm and percentage cell survival determined against

media only control.
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Fig. 6.12. Percentage Cell survival of CEA+ve LS174T cells incubated in A) d50 B) PEG-d50
and C) PEG-d20 before and after AMF hyperthermic treatment. Following AMF treatment
MTT assay was performed; absorbance was read at 550 nm and percentage cell survival
determined against media only control.
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6.3.5 Effect of cellular uptake of SPIONson magnetic fluid hyperthermia

6.3.5.1 Cell loading

From the previous resultseé section: 6.3.3.3) AMF treatment of CEA+ve LS174T
cells bound to Sm3E functionalised SPIONs causguession of HSP70 in AMF
system 1 but no cell kilin vitro. Furthermore, no cell kill was evident with the
Sm3E-SPION labelled cells following treatment wAMF system 2, even though
exceptional heating was observed. The lack of laélcould be due to insufficient
SPION uptake, the cells tested in section 6.3.3&8vabelled with approx 6 pg of
SPIONSs per cellsee section: 4.3.1). To increase the cell uptake of SPIONscHlks
were incubated at 8C overnight with Sm3E-DX100 or DX100 as a conttl,a
concentration of 2 mg/ml, 1 mg/ml or 0.5 mg/ml. |Baling incubation, results show
SPION uptake to be approx 250 pg/cell, 240 pg/aetl 180 pg/cell respectively
(Fig. 6.13).
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Fig. 6.13. Uptake of Sm3E-DX100 SPIONs by CEA+ LS174T cells as quantified by ferrozine
based assay. With reference against standard curve of ferrozine assayed SPIONs the
numbers of SPIONs taken up per cell were calculated following incubation in 0.5mg/ml, 1mg/ml

or 2mg/ml.
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To determine if increased SPION uptake leads to MEHdeath the SPION loaded
cells were subjected to AMF 2. From the MTT res(fig 6.14) it is apparent that
the increase in SPION uptake before AMF treatmestlted in a small amount of
cytotoxicity, causing approx 20% cell death. Howevellowing AMF treatment
only a slight decrease (10%) in cell viability walsserved, and only with the cells
containing 250 pg of SPIONs. No effect on cell vigbdue to MFH was observed
for the cells loaded with 180 pg and 240 pg of D& &fter exposure to AMF 2.
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Fig 6.14. Percentage cell survival of CEA+ LS174T loaded with Sm3E-DX100 before and

after AMF hyperthermic treatment. Following AMF treatment MTT assay was performed;

absorbance was read at 550 nm and percentage cell survival calculated against media only

control.

6.3.5.2 Heating mechanism

The lack of cell death following AMF treatment biet SPION loaded cells suggests
the SPIONs are not heating when bound to the d@l& possible reason could be
the attachment of the Sm3E-SPIONs to the cellschvinay restrict the SPIONs
movement thus its potential to heat via Browniartiom To test this, the SPIONs
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were suspended in two liquids of different viscpsitater and glycerol. Glycerol is a
high viscosity liquid, which should restrict thectironal movement of the SPIONs
and thus heating via Brownian motion. Following AMEatment of the SPIONS, no
difference in the SPION heating was observed (&if)5). These results suggest that
reducing the movement of the Sm3E-SPION conjughyeattachment to CEA+ve
cells does not affect the SPIONs heating potentien exposed to AMF 2.
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Fig. 6.15. Temperature rise of 5 mg/ml DX100 and 2.5 mg/ml d100 suspended in either
water or glycerol following exposure to AMF (150 V, 0.74 A, 1 MHz). Temperature of solution
started at 37°C using Air-Therm ATX. Change in temperature was measured using probes
placed into solution.
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6.4 Discussion

The work presented in this chapter has investig#tedheating efficiency of the
DX100, d100, d50, PEG-d50 and PEG-d20 within 2 AMHse results show that
SPION size, concentration and AMF strength are mamd factors in achieving
optimal SPION heating efficiency. Although all tH®PIONs caused a fluid
temperature increase when in the AMF, only the DX&0d d100 above 1 mg/ml
caused hyperthermic cell kill. However, AMF treatmhef cells specifically labelled
with Sm3E-functionalised SPIONs showed increase® HSexpression, indicating
even a low temperature increase can cause cefitiess and potentially sensitise

cells to treatments.

Using heat to destroy or weaken cells towards thdirapy or chemotherapy has
been a common procedure in the clinic (Samah#h., 2008). Furthermore, tumour
tissues tend to have a higher sensitivity to hieam thormal tissues (Cavaliegeal .,
1967; Shinkaiet al., 1995; Wanget al., 2005). Viability results following heat
treatment of LS174T cells found that a temperaituceease of 42-4& led to a 50%
drop in cell viability and a temperature rise 04é?C led to thermoblastation, where
over 95% cells were destroyed, a number of othengg have also reported similar
results (Jordaret al., 1999b; Mornekt al., 2004; Laoet al., 2004). Although cell
viability following a fluid temperature rise of 38 — 40C was largely unaffected,
analysis of the HSP70 revealed mild hyperthermia ctuse cellular stress.
Furthermore, the expression of the HSP70 increagtd increasing temperature,
indicating further stress to the cells. ExpressibhlSP70 could therefore, be used as
a measurement of the effect of hyperthermia orscéil addition, HSP70 has been

reported to induce anti-tumour immunit§e€ section: 1.4 Hyperthermia).

For MFH the heating potential of the SPIONs shdaddas high as possible, to allow
administration of the lowest SPION dose (Heegtl., 1998). However, from the
results the tested DX100 and d100 heating potewtal very low when exposed to
AMF system 1, resulting in an insufficient fluidnti@erature increase. In AMF
system 1, therapeutically favourable temperatuceddconly be reached at already

cytotoxic SPION concentrations. MFH induced celll Wias therefore not achievable
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using the d100 and DX100 in AMF system 1. Although MFH cell kill was
achieved using AMF system 1, expression of HSP7@ wetected, indicating
increased stress in the cells, MFH induced HSP@ession was also reported by
Suzukiet al., and Itoet al., (Suzukiet al., 2003; Itoet al., 2004). Furthermore,
LS174T cells specifically labelled with a low cont®tion of Sm3E functionalised
SPIONs (6pg/cell) and exposed to AMF system 1 skloavsubstantial increase in
HSP70 expression. This would suggest that Sm3Etituratised SPIONs when
specifically attached to CEA are more effectivagemerating MFH induced cellular

stress.

To test whether AMF strength affects the heatintgipiial of the SPIONs a higher
AMF strength was investigated. Application of AMsgem 2 (150 V, 0.74 A, 1
MHz) substantially improved the heating potentialal the SPIONs and allowed
therapeutic temperatures to be reached at non-t8RIKON concentrations. This
result indicates the heating efficiency of SPIObI®¢ highly dependent on the AMF
applied. The variation in the SPIONs heating paté¢rnwhen exposed to the two
different AMFs could be due to the heating mechanisvolved. The two heating
mechanisms, Brownian and Neéls relaxatiee (section; 1.2.2) are encouraged by
different field strengths (Hergdt al., 2004b). Brownian relaxation predominantly
occurs at 1-10 kHz, where as Neéls relaxation paaR60 kHz (Hergeét al., 2004b).
This would suggest that Neéls relaxation is thennteating mechanism for both
field strengths even so, results suggest the hifibler strength to be more suitable
for encouraging Neéls relaxation in the SPION itigesed. A number of MFH
studies have been reported all using different 8Rl@nd different AMF strengths,
and all showing substantial cell death (Yanasel., 1998; Jordaret al., 1999;
Hilger et al., 2001; Hergkt al., 2004; Matsuokat al., 2004; Kalambuet al., 2005;
Wanget al., 2005; Okawat al., 2006; Ketteringet al., 2007). Therefore, the optimal
AMF strength may depend on the characteristicsRIOSIs. Indeed, all investigated
SPIONSs showed different heating profiles when egdde AMF system 1 and 2.

Thus in addition to the applied AMF, the individUalPION characteristics such as
iron content and core size appear to influenceéndaing ability of the SPIONs when
subjected to an AMF. Among all the tested SPIONs BX100, which has the

highest iron contentsée section: 3.3.3 SPION iron content) demonstrated the best
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heating profile. This suggests the iron contertbécsignificant for optimal magnetic
heating. However, this contradicts studies by Egal., who reported that the iron
content of SPIONs has no effect on magnetic heatffigiency (Laoet al., 2004).
Instead, iron core size was identified to be cluém optimal SPION heating
(Shinkai et al., 1995; Hergtet al., 2004a; Wangt al., 2005; Okaweet al., 2006;
Fortin et al., 2007; Ketteringet al., 2007). According to Gonzales-Weimullgral.,
and Kallumadilet al., the optimal iron core size should be approx 12mith low
polydispersity (Gonzales-Weimullet al., 2009; Kallumadilet al., 2009). Indeed,
comparison of the d100, d50, PEG-d50 and PEG-d2@ Akhting profiles revealed
the d100, which contains predominantly 10-15nm ioaide cores, to have a better
heating efficiency than the PEGd20, which contaims oxide cores of 5nm
(Personnel communication: Dr Cordula Gruettner Micromod Partikelteknologie
GMbH, Germany). The superior heating potential bitéd by the DX100 may
therefore, be due to the DX100 consisting of a digtatio of optimal sized iron

oxide cores.

As well as SPION characteristics and AMF strengtiyironmental conditions can
also affect the SPIONs heating efficiency. To mamta constant temperature of
37°C (body temperature) through the coil and simutptirudely how blood flow in
the body may affect the dissipation of heat the-Fierm ATX was used.
Application of the Air Therm ATX resulted in a 50@étop in the fluid temperature
increase, most likely due to the°87airflow, quickly dissipating the heat generated.
These results suggest that the heating potenti@Pé®Ns when in the body will be
less efficient due to the cooling effect of bloddw, a finding that has been
previously reported (Andret al., 1999; Morozt al., 2002).

Even with the Air Therm ATX, the DX100 and d100 SRIs when in AMF system
2, were capable of heating their surrounding fltadtherapeutic temperatures and
therefore individually must reach extremely higmperatures. Consequently, when
in close proximity to cells, the hot SPIONs shodidectly cause intracellular cell
death, a concept proposed by Gorébal., (Gordonet al., 1979). However, frorm
vitro results only the DX100 at >1 mg/ml and the d106-26 mg/ml caused cell
death following AMF treatment. Coincidently, only taese concentrations was the

fluid temperature rise therapeutically toxic. Thessults suggest the cell death
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observed was due to heating of the surrounding #ud not directly by the heat of
the SPIONSs.

Specific attachment of Sm3E functionalised SPIONSEA+ve LS174T cells also
showed no effect on cell viability following AMFgatment in AMF system 2. The
limitations of intracellular hyperthermia have begreculated to be due to SPION
uptake (Kalambuet al., 2007), with optimal cell loading for heat tragmsfeported to
be in the range of 60-200 pg/cell (Jordenal., 1997; Ketteringet al., 2007).
However, results revealed that even with speciéit loading of 250 pg of Sm3E
functionalised DX100 SPIONs negligible cell deatiidwing AMF treatment was
observed. Though, it should be mentioned that hmaif such a high concentration
of SPIONs resulted in agglomeration. AgglomeratadnfSPIONs can decrease the
heating efficiency of SPIONs as the relaxation beha of the iron cores become
restrained due to inter-particle interactions (Weing ., 2005).

Another explanation for the poor intracellular MEEIl death could be due to loss of
Brownian relaxation when the SPIONs are immobilisedor in cells (Hergét al.,
2004b). Studies by Kalambuet al., found that suspension of SPIONs in higher
viscosity fluids, such as glycerol or collagen l¢ac reduction in the heat generated
when exposed to an AMF (Kalambetr al., 2005). This drop in heating was also
reported by Fortinet al., who encapsulated SPIONs into vesicles to simaulat
intracellular uptake (Fortiret al., 2007). These higher viscosity environments are
thought to restrict the frictional movement of BBBIONS, thus preventing Brownian
relaxation (Kalambuet al., 2005), leaving Neéls relaxation to be the preidamt
heating mechanism. However, from the findings is tthapter, resuspension of the
DX100 and d100 in glycerol caused no differencehieir heating efficiency. This
further confirms Neéls relaxation to be the maimthmg mechanism used by the
SPIONSs in AMF system 2. Therefore, heating by Brianmrelaxation mechanism in

this study is negligible.

There are a number of reports published detailihg mechanism of AMF
hyperthermia induced cell kill (Gordaat al., 1979; Rabiret al., 2002; Wangt al.,
2005; Fortinet al., 2007). Though, at present the relationship betweanoscale heat

response and macroscopic heat release is stilclear (Kalamburet al., 2005).
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Theoretical studies by Rabat al., showed for the transfer of enough heat to cause
cell death a tumour diameter of over 0.9mm fullguwm@ed with SPIONs would be
required (Rabiret al., 2002). This would enable enough SPIONSs to be abtliffuse

a large amount of heat, collectively raising tlssuie temperature above the threshold
to cause hyperthermia or thermoblastation (Radial., 2002). However, in the
presence of blood flow a larger target region pdakigh SPIONs would be required
for hyperthermic cell death to be evident (Ra#tial., 2002). The lack of cell death
following targeted MFHnN vitro may therefore, be due to the number of cells Idade
with SPIONs being too low to collectively increabeir environmental temperature
to cause hyperthermic cell kill. This confirms aspdation by Jordaret al. and
furthermore supports the results presented in thapter; that AMF induced
hyperthermic cell kill is due to fluid heating amt by intracellular heating as
speculated by Gordaat al. (Gordonet al., 1979; Jordaset al., 1999).

At present, only one group has reported succesk witibody targeted MFH
(DeNardoet al., 2005). DeNardat al. reported a decrease in tumour growth after
AMF treatment of tumours labelled with ChL6-PEG-d&fhjugate (DeNardet al.,
2005; Ivkovet al., 2005). However, results in this chapter havenshthe PEG-d20
when exposed to an AMF of 150 V, 0.74 A and 1 Mlémat generate enough heat
to cause hyperthermic cell death. Natarageal., describes the tumour growth delay
reported in DeNardet al., 2005 to be in response to Eddy currents (Natastjal .,
2008) and therefore, not due to Brownian and Nesttscation. Exposure of tissue to
the high AMF employed by DeNardabal. can cause tissues to heat up through eddy
currents. Furthermore, if the tissues such as tusncontain SPIONs the heat
generated can be further enhanced (Nataetjah, 2008), thus, delivering toxic heat
specifically to the tumour. Eddy currents howevbgve been reported to be
dangerous to healthy tissues (Heegtl., 2004) therefore, whether this approach is

clinically viable still needs to be investigated.
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6.5 Summary

The aim of the work presented in this chapter wdgdt, identify optimal conditions
and SPION characteristics for maximal SPIONs hgasind second, investigate the
MFH potential of the SPIONs and scFv-SPION conjagaivhen exposed to an
AMF.

All the SPIONSs investigated in this chapter wereveh to be effective generators of
heat when exposed to AMF system 2 (150 V, 0.74 d aMHz). However, SPION

size and concentration greatly influenced the SRI@Magnetic heating potential.
The d100 and DX100 caused a substantially highaid ftemperature increase
compared to the smaller SPIONs and in additionewiee only SPIONSs to initiate
hyperthermic cell kill though, only at concentraisoabove 1 mg/ml.

Specific targeted MFH using Sm3E functionalisedCB3¥3 exposed to AMF system
1 was found to cause increased expression of tHe7BlSindicating cellular stress.
However, increased uptake of Sm3E functionalisedO8SPand exposure to the
higher AMF strength did not lead to MFH cell kifi vitro. The benefits of Sm3E
functionalised SPIONs for MFH maybe more apparentvivo, with increased

retention of SPIONs within the tumour and anti-twmonmunity induced by HSP70

expression.
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Chapter 7

Conclusion and Future Challenges
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The work in this thesis has been designed and &@d¢a investigate the hypotheses
that scFv-targeted SPIONs would have potentiairfaging and therapy of cancer.
To test the hypotheses, a combination of nanotdabgpcand protein engineering
was applied to generate stable scFv-SPION conjagawth retained
immunoreactivity to the target CEA. Imaging potahtiof the scFv-SPION
conjugates was demonstrated by confocal microseagyMRI; therapeutic potential
was demonstrated by developing systems to genersite heat by exposure of the
targeted SPIONs to AMF. The results supported ypotheses tested and indicate
that scFv SPIONs have potential to be developedtcdmcer imaging and therapy,

where there is a great need for novel treatments.

My work has shown that SPIONs may be successfatiyeted to cancer cells using
scFv. However, for most effectiveness, in MRI opésthermia, the scFv-SPION
conjugates should be targeted systemicallyivo. This is the next challenge; in
particular to address the uptake of nanopartickegshe RES which is a widely
reported problem (Guptet al., 2007; Barry, 2008). An approach that has been
applied to this problem, with varying degrees ofcass is to coat the nanoparticles
with agents that render them relatively less vesitd the RES, a property often
referred to as ‘stealth’. A variety of materialsvik been used to achieve stealth and
the most successfully reported of these is high MBG (Owenset al., 2006).
However, although PEGylation has shown promise) witreased blood circulation
times (Zhanget al., 2002; Berryet al., 2003), complete RES evasion is yet to be
reported. Despite this limitation, systemic apgtion of targeted SPIONs has been
demonstrated in studies using mAb targeted SPI@NIRI (Tomaet al., 2005;
Reynoldset al., 2006; Yanget al., 2009). Although a strong T2 signal was also
reported in the liver and spleen, indicating cleaeaby the RES (Yang al., 2009).

For specific MR imaging, low concentrations of SREDat the tumour site are
sufficient (Pinkernellest al., 2005). Though, for MFH to be effective for ckill,

high concentrations of SPIONs are required (Ra&bial., 2002). The accumulation
of a high concentration of systemically targetedC8¥s within the tumour is not
only affected by RES uptake, but also target antigencentration and distribution
within the tumour. Targeting MFH systemically tausa cell kill may therefore, not

be a viable approach. Intra-tumoural injection BIGNs for MFH cell kill has been
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demonstrateth vivo and furthermore, has shown promising results éenclinic with

glioblastoma and prostate cancer (Thiegtead., 2008). However, possible diffusion
of the SPIONs out of the tumour due to tumour visqgoermeability could result in
an overall lower concentration of SPIONs in the dwmand unwanted toxicity thus,
affecting the efficacy of MFH treatment. Antibodgrgeting of SPIONs has been
shown to improve the retention time of SPIONs witlihe tumour via antibody-
antigen interaction (Let al., 2009). Therefore, specific attachment of scFICHP

conjugates to tumour cells would potentially reddalce diffusion of the SPIONs
through or out of the tumour, maintaining the coriaion required to cause MFH.
Furthermore, work in this thesis has shown speafiachment of scFv-SPION
conjugates to cells also increases cellular stvédssn subjected to an AMF this

would potentially enhance the potency of MFH.

Although high concentrations of SPIONs are requiedause intense heat for MFH
cell kill, lower temperature rises and thus low SRIdoses could lead to therapeutic
effects. Thus unlike MFH cell kill, mild MFH coulde achievable using systemically
targeted scFv-SPION conjugates. Small temperanomeases of 2-5 degrees have
been shown to increase tumour blood flow and vessaheability (Bichert al.,
1980; Vaupelet al., 1984; Vaupelet al., 1997) leading to increased oxygen
concentration and cytotoxic drug delivery into themour (Wuskt al., 2002; Songt
al., 2005). Consequently, systemically targeted nMBH could be used as an
adjuvant with chemotherapy and radiotherapy regirnmeteed, studies by Johannson
et al., showed combined MFH with external radiation t® $ignificantly more
effective than radiation alone (Johannsbal., 2006). Furthermore, the application
of an AMF can be localised to tumour regions, avmjdindesirable heating of RES
organs. The potential of systemically targeted rMIEBH to increase the toxicity of
chemotherapy and radiotherapy in localised areaddmberefore, allow for lower

drug dosing, reducing the often debilitating siffeas.

Mild hyperthermia can also induce expression of HB&s evident in this thesis and
by others (ltcet al., 2001, 2003, 2004). Induction of HSP70 expresbiypmild MFH
has been shown to activate cell mediated and hdmoraune responsese
section: 1.4 Hyperthermia). Mild MFH can therefore, leadaovaccination effect
resulting in anti-tumour immunity (Yanasgeal., 1998; Suzuket al., 2003). Indeed,
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Yanasest al., showed that following MFH, there was not onlgeduction in growth
for the heated tumours but also for the non-heatstburs there was a similar size
reduction (Yanaset al., 1998). In addition, Suzukt al., observed cytotoxic activity
when MFH treated mice were re-challenged with e tumour cells (Suzulet
al., 2003). The generation of anti-tumour immunitylcorevolutionise the treatment
of metastatic tumours, as once activated, the inemsystem could target and

specifically destroy the cancer cells.

To take this work forward extensive characterisatal the SPIONs is essential,
especially if these SPIONs are taken into the cliGharaterisation would include; 1.
Measurements of the iron core and overall hydrodyoasize before and after
conjugation as these properties are important énntlagnetic heating properties of
the SPION and clearance by the RES. 2. Accurateulegion of the number of
SPION in 1mg SPION solution as the values statedhendata sheet are only
estimates. 3. The surface electrical charge “zeitenpial” of all the SPIONs
investigated before, during and after conjugatiors¢Fvs should be measured, as
surface charge can dramatically affect cell bindiehaviour of the scFv-SPION

conjugates,

Furthermore, to have better control over the nundet orientation of the scFvs
attached to the SPIONs, development of site speattachments would be
advantageous. One approach could involve engirgefim cysteine group to the N
terminus of the scFv thus, enabling attachmeritteédPION via disulphide bond.

Other future work would include am vivo heating study, whereby functionalised
and non functionalised SPIONs are directly injectietb a tumour followed by
treatment with an AMF. From heating measurementishéstological analysis of cell
necrosis and HSP70 expression the adavantgeraf tishour specific SPION could
be identified along with the feasibility of usingmour specific MFH as an approach

to induce anti-tumour immunity .

In conclusion, my work has shown that scFv targeB@dONs are effective for
specific imagingin vitro by MRI. Furthermore, | have established paramef@rs
MFH therapyin vitro. My results indicate that scFv targeted SPION haotential
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for tumour specific MRl and MFH and support the tcahhypothesis for this thesis,
that antibody-targeted SPIONs can be used for dgigrand therapy of cancer. It is
envisaged that when the challenge of creatingthtgalrticles forin vivo delivery is
met, the work in this thesis will form a future fftam of understanding for further
development of SPIONSs.
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