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Abstract 

Antisense oligodeoxynucleotides (asODNs) show strong binding and high 

selectivity and can be constructed to recognize specific cellular targets such as 

gene regulated mRNA. Radiolabelled asODNs have the potential to image gene 

expression through mRNA targeting and could be a valuable tool in the early 

assessment of outcome to cancer treatment. We have explored the potential of in 

vivo imaging of p21 gene expression, using fluorine-18 labelled asODNs 

([18F]asODNs) and in vitro techniques, recognizing the relationship between the 

expression of this gene and resistance of cancer cells to radiation therapy.  

Radiolabelling of fully phosphorothioated, 20-mer ODNs was performed using 

the [18F]-labelled prosthetic group, 4-N-[18F]fluorobenzyl-2-bromoacetamide 

([18F]FBBA).  [18F]FBBA was first synthesized in an automated synthesis unit, 

resulting in a modest radiochemical yield.  Methods to improve the yield were 

investigated using a metal catalyst-assisted borohydride exchange resin.  

Alkylation of [18F]FBBA to ODN resulted in radiochemical yields of 40%. 

Cellular uptake and retention studies were performed in human carcinoma cells 

expressing p21+/+ (HCT116) and the p21 knock-out cell line, 80S4, using both 

[18F]-labelled antisense and random sequence ODNs.  Nonradioactive FBBA-

labelled ODNs were used to evaluate the antisense effectiveness and distribution 

of the FBBA-modified ODNs.  In vitro studies demonstrated that FBBA did not 

interfere with the antisense effect of ODNs against p21 mRNA; however, the 

probes required a transfection agent to observe an antisense effect. Cell 

fractionation studies with [18F]ODNs revealed increasing accumulation of 



 

 

liposome-transfected [18F]asODN in the cytoplasm of HCT116 cells over time.  A 

biocompatible spermine-grafted block copolymer (SP) was subsequently 

evaluated as a potential vector to improve the delivery of [18F]asODN into cells.  

SP was shown to direct [F]-labelled ODNs to the cytoplasm, whereas naked 

[F]ODNs remained sequestered in vesicles, and liposome-transfected [F]ODNs 

localized mostly in the nucleus.  Selective uptake and retention of [18F]asODN 

was observed in p21+/+ cells only when the probe was transfected with SP.    

Based on these studies, it can be concluded that [18F]asODNs have the potential to 

image gene expression, however the focus may need to be directed to find an 

appropriate vector which can rapidly deliver [18F]-labelled asODNs to the target 

tissue in vivo.  
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CHAPTER 1  
 

The Development of Radiolabelled Antisense Oligonucleotides for 
Imaging Gene Expression 

1.1 Introduction 

The significant advances in imaging technology, exemplified by positron 

emission tomography (PET), have enabled the diagnostic imaging community to 

observe molecular/biochemical processes in vivo using noninvasive techniques.  

Molecular imaging with PET provides a sensitive means to identify, study, and 

diagnose the biological nature of disease early in and throughout its evolution, as 

well as providing information for development and assessment of therapies (1,2).  

Due to its superior sensitivity and resolving power PET imaging offers the 

potential to quantify biochemical/biomolecular disease processes in vivo.  As the 

basis of disease ultimately lies in its genetic profile, imaging altered patterns of 

gene expression before, during, and/or after treatment with drug or radiation 

therapy can provide clues to the outcome of treatment well before changes are 

observed clinically.  Central to this approach is messenger ribonucleic acid 

(mRNA), which is the critical intermediate molecule formed after a gene is 

activated, or ‘expressed’, and subsequently encodes a variety of proteins whose 

interactions in other biochemical pathways eventually manifest as clinical 

symptoms.  Therefore, detection and quantification of mRNA is an important step 

in monitoring biochemical processes underlying specific diseases.  Currently, 

gene expression profiling can be performed in vitro through the use of molecular 

biology tools which detect alterations in mRNA transcription (Northern blot, in 
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situ hybridization, microarrays, reverse transcriptase polymerase chain reaction) 

or translation/post-translational modification (Western blot, protein 

immunochemistry).  However in vitro techniques require tissue samples, either 

obtained by biopsy or surgery.  A noninvasive method for detecting changes in 

gene expression in vivo would be a welcome diagnostic tool to assist in effective 

chemo- and/or radiotherapeutic outcomes.  

1.2 Oligonucleotides 

1.2.1 Structure and Properties 
Probes used in molecular biology to detect mRNA include antisense 

oligonucleotides that bind with high affinity and specificity to the target mRNA.  

Oligonucleotides (ODNs) are small, linear chains of nucleotides (or nucleobases), 

each unit consisting of a sugar molecule such as ribose (in RNA) or deoxyribose 

(in DNA), a phosphate group and one of four different nucleobases:  cytosine (C), 

adenine (A), guanine (G), or thymine (T) (3).  For RNA, the thymine is replaced 

with uracil (U).  The backbone of the ODN consists of phosphodiester groups 

which form bridges between the 3′ and the 5′ carbons of the adjacent sugars 

conferring a 5′ → 3′ direction to the ODN chain (Figure 1-1).  

The nucleobase is attached to carbon 1′ of the sugar.  According to the Watson -

Crick model, information that is coded by the sequence of nucleobases can be 

duplicated and read via a hybridization mechanism through the creation of 3 

reversible hydrogen bonds between G and C, and 2 bonds between A and T (or 

U).  Therefore two chains can hybridize with one another if their base sequences 

are complementary, i.e., a G on one chain faces a C on the opposite direction, or 
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an A faces a T (or U).  Hybridization duplexes can be formed between two DNA 

chains, a DNA and RNA chain, two RNA chains or between oligonucleotides and 

DNA or RNA.  Hybridization is a precise mechanism for the conservation and 

duplication of genetic information and transfer of this information via the 

transcription of DNA into messenger RNA (mRNA). 

 
Figure 1-1  Structure of DNA (4) 
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1.2.2 Antisense oligonucleotides 
ODNs that undergo Watson-Crick hybridization to the complementary or ‘sense’ 

portion of mRNA are termed ‘antisense’ oligonucleotides (asODNs).  Successful 

hybridization within a cell leads to the inactivation of the mRNA by steric 

blockade or by RNase H activation and thus inhibits the translation into protein 

(Figure 1-2) (3).  The minimum length of an asODN necessary to confer 

specificity to a particular mRNA has been estimated to be 13 nucleobases (13-

mer) (5).  The usual length of an ODN ranges from 13 to 25 nucleotides.  Longer 

sequences are more difficult to import into the cells due to their size and their 

tendency to self-hybridize (6). 

A variety of antisense probes have been synthesized and studied (6).  Ribozymes 

are RNA molecules capable of cleaving mRNA molecules in a sequence-specific 

manner and have been studied for therapeutic applications.  DNA-zymes are, 

generally, analogous to ribozymes in their ability to suppress translation of 

mRNA into protein, but are more biologically stable.  Small interfering RNAs 

(siRNAs) are short, double-stranded RNA segments which become incorporated 

into RNA-induced silencing complexes and bind to the mRNA of interest.  This 

causes mRNA degradation and leads to specific ‘gene silencing’.  ODNs have 

been designed to recognize double-stranded DNA through Hoogsten-base pairing 

leading to the formation of a triple helix  (7).  In addition, ODNs have been 

investigated to modify aberrant expression patterns of alternatively spliced 

mRNAs, which have been implicated in the development and progression of 

numerous diseases (8). 
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Figure 1-2 Antisense mechanism of oligonucleotides.  The antisense 
oligonucleotide hybridizes with its complementary mRNA thus blocking mRNA 
translation into protein (3) 

1.2.3 Chemical modification of oligonucleotides 
The use of ‘natural’ ODNs, i.e., those ODNs with the phosphodiester-deoxyribose 

backbone found in native DNA, would be the most desirable molecules for 

targeting mRNA as they are designed to optimize duplex formation between the 

antisense molecule and the RNA.  Unfortunately, the phosphodiester (PO) linkage 

is rapidly degraded by exo-and endonucleases in serum, resulting in a plasma 

half-life of less than 20 minutes (9).  In an attempt to decrease the rate and extent 

of degradation, a large number of ODNs have been synthesized which introduce 

changes to the sugar-phosphate backbone, or the nucleobases.  These 

modifications have been extensively reviewed in the literature (5,10-13).  

Examples of ODN modifications are illustrated in Figure 1-3 (13). 
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Figure 1-3  Modifications of oligonucleotide analogues.  ‘B’ represents any one of 
the bases cytosine, adenine, thymine, or guanine (13) 

1.2.3.1 Phosphorothioated oligonucleotides:  1st generation oligonucleotides 
The most common modification of the native phosphodiester ODN is the 

replacement of the non-bridging oxygen with a sulfur atom and is referred to as a 

phosphorothioate (PS) linkage.  PS-ODNs are considered ‘first generation ODNs’ 

and are the most widely studied asODNs because of their nuclease stability and 

ease of synthesis (10). 
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PS-ODNs are anionic complexes:  the negative charge can hinder the passage of 

the ODN through the plasma membrane of the cell due to the electrostatic 

repulsion from the negatively charged cell surface.  However they display a high 

affinity for certain cell surface proteins, particularly heparin-binding proteins 

including platelet-derived growth factor, vascular endothelial growth factor, and 

epidermal growth factor (EGF) receptor which are expressed on the cell surface 

membrane (14).  The negatively charged PS-ODNs also bind to plasma proteins 

in vivo resulting in reduced plasma clearance as observed in pharmacokinetic 

studies (15).  Binding to extracellular plasma proteins could, however, contribute 

to toxicity, especially if delivered in doses intended to provide a therapeutic 

effect. 

1.2.3.2 Modified oligonucleotides:  2nd and 3rd generation oligonucleotides 
The need to improve stability, decrease protein binding, and improve intracellular 

access of antisense probes has produced second and third generation ODNs 

(Figure 1-3).  Modifications to the ODN typically involve the backbone of the 

oligonucleotide resulting in anionic internucleoside linkages (e.g. 

phosphoroamidate), uncharged linkages (e.g. methylphosphonate), and isosteric 

moieties (e.g. guanidine bridge) (5,13).  Synthetic DNA-analogues with 

modifications in the sugar backbone have also been synthesized, such as 2′-O-

methyl (OMe) RNA and locked nucleic acids (LNA).  Radical structural changes 

have resulted in the development of peptide-nucleic acids (PNA) where the entire 

sugar-phosphate backbone of the DNA is replaced by a 2-aminoethylglycine 

based polyamide structure.  Morpholine can also replace the backbone resulting in 
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the chiral ‘morpholinos’ (MORF) (5,13).  These alterations significantly impact 

the pharmacokinetics and stability of the ODN.  For example, the neutrally 

charged ODNs, such as PNAs and MORFs, exhibit lower protein binding, faster 

plasma clearance and higher renal elimination, as opposed to that observed with 

PS-ODNs, which demonstrate both renal and hepatic clearance.  However cellular 

accumulation remains low with neutrally charged ODNs and they demonstrate 

less ability to cross the plasma membrane than PS-ODNs (16). 

1.3 Radiolabelled probes developed for antisense imaging 

Molecular imaging using PET or single photon emission computed tomography 

(SPECT) requires additional modifications to the ODN to link the radionuclide in 

such a manner that the radiolabelled ODN retains its antisense activity and 

remains stable in vivo.  An abundant array of radiolabelled ODNs have been 

studied in cell culture and in vivo, and generally fall into 2 categories: chelation of 

a radiometal (e.g. 99mTc, 111In, 68Ga, 64Cu) to the antisense ODN, usually via a 6-

carbon linker; or labelling with a prosthetic group carrying a radiohalogen (e.g. 

125I, 123I,  76Br, 18F) (17).  Tables 1-1 and 1-2 contain a representation of 

radiolabelled, modified ODNs which have been developed and studied in vitro 

and in vivo, respectively.  The Hnatowich group have exhaustively investigated 

the potential of antisense imaging using 99mTc-labelled hydrazino nicotinamide 

(HYNIC), mercaptoacetylglycine (MAG3), or N-hydroxysuccinimide (NHS) 

conjugated to PS-ODNs, MORFs, and LNAs, and have demonstrated specificity 

of the 99mTc-labelled asODNs to the selected mRNA target (18-22).  111In-labelled 

ODNs are synthesized through chelation with diethylenetriaminepentaacetic acid 
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(DTPA) (or similar chelate), which has been previously conjugated to the ODN 

(23).  Using this approach, Dewanjee et al (24) and Wang et al (25) each 

visualized uptake of 111In-labelled asODNs in animal tumour models 24 h after 

i.v. injection using SPECT imaging. 

Chelation chemistry has also been employed for labelling ODNs with PET 

radionuclides such as 68Ga and 64Cu.  For example, Tian et al reported positive 

tumour uptake with PET imaging after injection of 64Cu-labelled PNA directed 

toward K-ras mRNA in AsPC1 pancreatic xenografts (26) and CCND1 mRNA in 

human MCF7 estrogen receptor positive breast cancer xenografts (27).  Roivainan 

et al (28) and Lendvai et al (29) have used 68Ga to label PO-, mono PS-, and 

mono OMe-asODNs directed to mRNA expressed by the K-ras oncogene.  The 

modifications did not interfere with sense:antisense hybridization in vitro.  

However the modifications to the ODN dramatically influenced its 

pharmacokinetics with rapid and complete degradation of the native ODN within 

2 h, rapid plasma clearance and high renal uptake of the OMe-modified ODN, and 

prolonged plasma clearance, with high kidney and moderate liver uptake with the 

PS-ODNs (28,29). 

None of the available PET radiometals has optimal radionuclide characteristics 

for routine clinical PET imaging, due to short half-lives, and high β+ energy 

(Table 1-3) (30).  Some emit additional γ-radiation and β- energy as well (e.g. 

64Cu), all of which results in increased radiation doses for human clinical 

application.   
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1.4 [18F]Fluoride 

Of the 4 most common positron emitting radionuclides produced in a cyclotron 

(15O, 13N, 11C, 18F), 18F is the only radionuclide suitable for labelling ODNs.  The 

most obvious reason is its physical half life:  18F has a half-life of 110 min which 

is of sufficient length to perform radiochemical syntheses of moderate complexity 

before the radionuclide decays.  As a positron emitter, 18F emits a β+ particle with 

a maximum energy (Emax) of 0.635 MeV.  This is the lowest energy exhibited by 

the positron emitting radionuclides typically used in molecular imaging 

(Table 1-3).  18F is a pure β+ emitter, i.e., 18F does not emit other particulate or 

electromagnetic radiation, a characteristic common with other positron emitting 

radionuclides.  Radiation emitted through other forms of decay degrades the 

resolution of the image and contribute to the radiation dose to the patient.  A pure 

positron emitter, such as 18F, with a lower β+ energy allows imaging studies to be 

repeated without an unacceptable radiation dose to the patient.  

The technology for producing and isolating 18F and providing it in a form suitable 

for organic radiosynthesis is now well developed. Typically production of 18F is 

via proton bombardment of stable [18O]-enriched water by the nuclear reaction 

18O(p,n)18F using a medical cyclotron.  The [18F]fluoride anion-containing water 

is transferred to a quaternary methylammonium column previously conditioned 

with potassium carbonate.  Pre-conditioning of the column is necessary to replace 

the chloride anion with the more weakly bound carbonate anion.  Subsequent 

application of fluorinated 18O-water to the column traps the fluoride ion by 

displacement of the carbonate ion.  The fluoride ion is eluted from the cartridge 
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with a solution containing both potassium carbonate and the cryptand, Kryptofix-

222 (K222).  K222 acts as a phase transfer catalyst which sequesters the potassium 

cation inside its core leaving the ‘naked’ fluoride ion outside the core and in a 

reactive state (31). Thus, K222 enhances the solubility and nucleophilicity of 18F in 

organic solvents. To improve reactivity of the fluoride ion, residual water 

molecules are removed with successive azeotropic evaporations using anhydrous 

acetonitrile (32). 

1.5 [18F]-labelled prosthetic groups for labelling oligonucleotides 

A wide variety of [18F]-labelled prosthetic groups have been developed for the 

labelling of biomolecules, and several reviews on the topic have been published 

(33-35).  Most [18F]-prosthetic groups, that are compatible for conjugation with 

ODNs and have been produced in high yields with high specific activity, are 

prepared via nucleophilic substitution of small aromatic compounds containing a 

strong electron withdrawing group such as a nitro or halogen, or sulphonic acid 

ester such as mesylate, tosylate, or trimethylammonium triflate in the ortho or 

para position (31-33).  These [18F]fluorophenyl intermediates can be synthesized 

in high yield  (31) and can be further derivatized to form a large variety of 

synthons capable of reacting with biomolecules carrying a protic function such as 

a thiol, amino or hydroxyl group (33).  For example, the synthesis of the [18F]-

prosthetic group,  4-N-[18F]fluorobenzyl-2-bromoacetamide ([18F]FBBA) is a 4-

step reaction involving (a) preparation of  the K[18F]-cryptand, (b) labelling of the 

benzonitrile triflate, (c) reduction of the nitrile to the radiofluorinated 

benzylamine, and (d) condensation with  bromoacetyl bromide (Figure 1-4A).  
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Using automated synthesis, typical decay-corrected yields of 20 to 30% have been 

reported (36,37).  Purified [18F]FBBA is subsequently conjugated to the modified 

ODN containing a thiol group on either the 3′- or 5′-end (Figure 1-4B). 

de Vries et al recently compared the synthesis of various alkyl and aromatic [18F]-

labelled prosthetic groups, including [18F]FBBA, and their efficacy in labelling 

ODNs (36).  Although the alkyl groups could be produced in relatively high 

yields, the highest yield of radiolabelled ODNs was found with the [18F]-labelled 

aromatic synthons. 

 
A 

 
B 

 
Figure 1-4  Schema for the radiolabelling of oligonucleotides (ODN) with the 
prosthetic group [18F]FBBA:  (A) synthesis of [18F]FBBA from the triflate 
precursor;  (B) radiolabelling of ODN with [18F]FBBA 
 
The group from Orsay, France has been, by far, the most prolific in reporting the 

radiolabelling and in vivo pharmacokinetics of [18F]-labelled ODNs using 

[18F]FBBA.   [18F]FBBA has been used to label the 3′ -monophosphorothioated 

end of a native phosphodiester ODN (17), a fully phosphorothioated ODN, 2′ -O-

methyl-modified RNA, or hybrid phosphodiester methylphosphonate ODN 
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(15,37), the 5′ -phosphorothioated 2′ -O-methyl-modified RNA (38), 3′- or 5′ -

labelled RNA and DNA spiegelmers (39,40), and PNAs  (41,42).  Typical 

uncorrected (i.e. not decay-corrected) yields of approximately 4 to 5% of 

[18F]FBBA-labelled ODNs were obtained.  A related bromoacetamide, N-[3-(2-

[18F]fluoropyridin-3-yloxy)-propyl]-2-bromoacetamide, has also been used to 

label monophosphorothioated ODNs, modified RNAs (43), as well as siRNAs  

(44,45). 

 Pharmacokinetic studies of [18F]FBBA-labelled ODNs in healthy male baboons 

demonstrated differences in the biodistribution and clearance between the various 

modified ODNs (15).  Competitive hybridization assays were performed to 

demonstrate that the [18F]-labelled synthon did not affect the ODN’s capacity to 

hybridize with its complementary sequence.  However, these studies did not 

include an in vivo tumour model to confirm targeting ability of the injected [18F]-

labelled ODNs.   

Very few reports exist describing cellular accumulation and efflux studies with 

[18F]-labelled asODNs.  In 2004, de Vries et al reported the synthesis and 

evaluation of an [18F]asODN directed against the enzyme nitric oxide synthase 

(iNOS) mRNA in cytokine stimulated DLD-1 colon carcinoma cells (46).  

Overexpression of iNOS mRNA stimulates overproduction of NO which 

contributes to the deleterious effects observed in chronic bowel inflammation.  

The fully phosphorothioated asODN was radiolabelled with [18F]FBBA via a 

hexylthiol linker at 120°C for 30 minutes at pH 8.0 with a resulting specific 

activity of 1 to 13 GBq/µmol.  Cellular accumulation studies with naked and 
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liposome-transfected [18F]asODNs demonstrated no statistically significant 

difference in uptake or efflux of the [18F]asODN between cytokine stimulated and 

control cells.  iNOS expression also did not influence the efflux of the 

radiolabelled ODNs within the 2 h time period studied.  The authors suggested 

that the long length of the ODNs selected (20 to 24 nucleobases) allowed 

hybridization to mismatched sequences in the PCR assay.  As yet, no reports of in 

vivo imaging with [18F]asODN directed to a specific target in an animal tumour 

model have been described in the literature.   

1.6 Mechanism of uptake of oligonucleotides 

There are no ODN specific binding sites on the cell surface, and therefore    

ODNs generally have difficulty traversing the cell membrane.  Internalization 

probably follows non-specific binding to one or more cell-surface proteins 

followed by active transport into the cell (47).  In cell culture, cells internalize the 

ODN in a saturable, size-dependent manner, which in turn depends on 

environmental conditions, such as temperature, the structure and concentration of 

the ODN, and the cell line (48).  Both energy-dependent (receptor-mediated 

endocytosis (RME) and adsorptive pinocytosis), and energy-independent 

mechanisms (fluid phase pinocytosis) have been documented in various cell 

cultures (49).  RME involves internalization of an ODN which has become bound 

to a receptor via a ligand, whereas adsorptive pinocytosis implies direct, but 

nonspecific binding to the cell surface membrane.  According to Lebedeva et al, 

adsorptive pinocytosis is the major mechanism by which naked ODNs are 

internalized (50).  Endocytosis involves the inward folding of the plasma 
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membrane around the ODN-membrane complex (51).  The plasma membrane is 

pinched off to form ‘early endosomes’ whose internal pH is ~6.  Two sets of 

endosomes can be distinguished:  early endosomes are located near the plasma 

membrane whereas late endosomes, with an internal pH of ~5.5, are found near 

the nucleus.  Acidification is the major energy-driven event during endocytosis 

with the gradual shift in pH triggering specific processes.  The late endosomes 

fuse with lysosomes to form secondary lysosomes.  This is followed by hydrolysis 

of the contents.     

Clathrin-coated vesicles play a major role in the uptake of macromolecules which 

can bind to receptors such as the transferrin receptor (TfR), the EGF receptor, and 

the platelet-derived growth factor receptor (51).  In this form of endocytosis the 

vesicles shed their clathrin coat and fuse with early endosomes.  This form of 

uptake usually results in intra-lysosomal hydrolysis of the endocytosed material. 

A clathrin-independent mechanism also exists via uptake by the caveolae which 

are flask-shaped, non-coated plasma membrane invaginations.  They are 

implicated in transcytosis and endocytosis of blood components and are especially 

abundant in endothelial and epithelial cells.  Since endocytosis via caveolae often 

circumvents intra-lysosomal destruction, the exploration of ligands for this 

transcytosis could lead to new drug delivery strategies.  Rejman et al have 

reported that the type of endocytosis employed by the cell is dependent on the size 

of the complex with smaller particles (< 200 nm) being taken up by the clathrin-

dependent method and larger particles (> 500 nm) by the caveolae method (52).  
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Thus, larger ODN particles may avoid lysosomal degradation if targeted to this 

pathway. 

Both adsorptive and fluid-phase pinocytosis are unspecific in the substances that 

are transported i.e. the cell takes in surrounding fluids, including all solutes 

present.  Uptake of ODNs appears to be related to the ODN concentration: at low 

concentrations, internalization occurs via energy-dependent mechanisms whereas 

at high ODN concentrations the non-specific pinocytotic processes take 

precedence (49).   

1.7 Vehicles for delivery of radiolabelled oligonucleotides 

Many studying the delivery of ODNs for therapeutic use argue that a delivery 

vehicle is not needed for the asODN to exert its antisense effect.  Lebedeva refers 

to several studies providing positive results with naked ODNs in the treatment of 

colitis, leukemia, melanoma, hepatocellular carcinoma and hepatitis B in murine 

and duck animal models (50).  Studies to evaluate therapeutic efficacy employ 

higher doses of asODN, and often the injection of asODNs is repeated over a 

series of days.  The higher amounts of antisense ODN saturate both the energy 

dependent and independent plasma membrane binding sites with some probe 

escaping degradation.  Also, the mode of systemic delivery may differ for 

therapeutic administrations of asODNs.   

For diagnostic imaging studies, picomolar amounts of radiolabelled asODN are 

administered in a single i.v. injection.  The probe generally needs to reach the 

target tissue rapidly, with high plasma clearance to reduce background radiation.  

Upon reaching the target cell membrane, the radiolabelled asODNs would likely 
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be transported across the membrane by adsorptive pinocytosis with only a few 

ODNs escaping endosomal encapsulation.  Indeed, most cell culture studies have 

demonstrated low and slow accumulation of probe in the cell.  For example, 

Zhang et al showed that naked 99mTc-labelled asODNs selectively accumulated in 

ACHN cells (a human renal adenocarcinoma cell line) over 24 h as compared 

with the radiolabelled control ODN (53).  While the in vitro results are promising, 

Hnatowich and others maintain that for radiolabelled asODNs to become useful 

probes of gene expression, an improvement in cellular delivery is required 

(18,54,55). 

Most evaluations of radiolabelled asODNs in cell culture have utilized a 

liposomal vector, not to evaluate the liposome as a potential transfection agent, 

but to ascertain the probe’s targeting ability in an ideal environment.  However, 

the conditions that prevail in an in vitro environment (serum-free media, short 

incubation times, lack of scavengers such as macrophages, single cell colonies) 

differ greatly from those in an in vivo environment (51).  Few reports exist which 

evaluate transfection agents for the in vivo delivery of radiolabelled ODNs for 

diagnostic purposes.  Vectors that have been investigated for the delivery of 

radiolabelled ODNs include lipid formulations, polycations, bispecific 

monoclonal antibodies, and cell penetrating peptides.  Table 1-4 contains a list 

delivery vectors which have been assessed as potential asODN transfection agents 

in vivo. 
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1.7.1 Liposomes 
One of the most common vectors used for drug delivery are the first generation of 

vectors:  liposomes.  Liposomes are colloid vesicles consisting of an aqueous 

compartment enclosed in a bilayer of phospholipids and cholesterol (6) and can be 

engineered to yield a specific size, surface charge, and composition.  Liposomes 

transport ODNs by entrapping the ODN inside the aqueous core, or complexing 

the ODN to the phospholipid lamellae.  Entry into the cell has been shown to 

occur through the clathrin-mediated endocytosis (56). 

Cationic lipids have been shown to enhance encapsulation efficiency of ODNs 

due to their ability to cause condensation of a polyanionic ODN by electrostatic 

interaction with the liposome (51).  Due to their positive charge the cationic 

liposomes have a high affinity for cell membranes.  The addition of a ‘helper 

molecule’, such as DOPE (1,2-dioleoyl-sn-glycero-3-phosphatidylethanolamine), 

assists in membrane perturbation and fusion.  The endosomal membrane 

destabilization allows ODNs to escape from the endosomes by leaking into the 

cytoplasm (57).  Unfortunately, the positive global charge of the nucleic acid-lipid 

complex (lipoplex) may result in its inactivation due to non-specific binding with 

anionic serum proteins.  Another drawback is that lipoplexes tend to aggregate in 

vivo and are rapidly engulfed by macrophages resulting in uptake of the materials 

in the lung and liver.  This could lead to pulmonary toxicity and cytotoxicity to 

phagocytic macrophages (6). 

The commercially available cationic liposome Lipofectamine™ has been 

investigated as a transfection agent for the in vivo delivery of an antisense ODN 

directed against c-myc-mRNA, which is over-expressed in colon carcinoma.  
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Zheng et al reported an uptake of 13.5% liposome-entrapped 99mTc-labelled 

asODN in the tumour 2 hours post injection in biodistribution studies (58).  In 

addition to higher uptake in the liver and lungs, significant uptake was observed 

in the stomach.  An approximate 2-fold increase in radioactivity was observed in 

the tumour versus the contralateral side of the abdomen.  Unfortunately, no 

control asODN or tumour model was used in this experiment to confirm 

specificity of the 99mTc-labelled asODN to the target. 

A negatively charged liposome may prove to be an attractive alternative to the 

cationic liposome as safety of these lipids has been demonstrated (6).  Tavitian et 

al have described the use of an anionic lipid for the delivery of 18F-labelled ODNs 

(59).  The liposome was prepared by mixing three molecules of different charge:  

DOPE (neutral), cardiolipin (anionic) and GLB43, a monocationic phospholipid.  

The mixture was dissolved in ethanol and water.  Immediately prior to i.v. 

injection into baboons, the vesicles were mixed with an 18F-labelled ODN.  The 

level of ODN incorporation was 94%.  Radio-HPLC analysis of the plasma 

showed that 5 to 10% of the lipoplex injected was detected unchanged in plasma 

up to 60 minutes after injection.  In comparison, only radioactive metabolites 

could be detected 30 minutes after ‘naked’ ODN was injected, i.e., no intact 18F-

labelled ODN was observed  Although the ‘area under the curve’ (AUC) and 

clearance rate of the naked ODN and the anionic lipoplex did not differ, the 

volume of distribution and terminal half-life of the anionic lipoplex increased 

significantly suggesting that the lipoplex was able to penetrate the tissues.  PET 

images showed higher accumulation in the lungs, spleen, and brain as compared 
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to the naked ODN or the cationic lipoplex.  The use of this anionic vector in cell 

culture or in an in vivo tumour model has yet to be reported. 

1.7.2 Bispecific monoclonal antibodies 
Another approach for delivery of antisense molecules into the cell is to use 

vectors which can be targeted to specific proteins on the cell surface.  An example 

is the use of a monoclonal antibody (mAb) as a transport vector.  Lee et al used 

this method to view gene expression in vivo in a transgenic mouse model of 

Huntington’s disease (HD) (60).  A PNA targeting the HD gene was modified by 

the attachment of a biotin molecule on the amino terminus, with the radioiodine 

(125I) attached to a tyrosine molecule on the carboxyl terminus.  The targeting 

vector was composed of a conjugate of recombinant streptavidin and an anti-

mouse mAb to the TfR receptor.  Binding of the mAb-streptavidin-biotin-125I-

PNA complex to TfR, which is expressed on the membranes of the blood brain 

barrier and the brain cell, resulted in the transcytosis of the complex across both 

membranes.  The results provided evidence of selective sequestration of the 

sequence-specific HD-PNA in the brains of the transgenic mice relative to the 

brain uptake in mice of a control PNA.  Conjugation of the 125I-PNA to the 

targeting vector did not affect hybridization of the PNA to the target HD mRNA 

even though conjugation dramatically increased the molecular size of the imaging 

agent. 

1.7.3 Polycations 
Polycations such as polyethyleneimine (PEI) are promising carriers due to their 

ability to increase the transfection efficiency of lipid-based polynucleotide 
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carriers and to protect DNA and RNA against degradation.  Rejman et al showed 

that polycations utilize caveolae-mediated endocytosis to gain entry into the cell, 

and are released from endosomes through intrinsic endosomolytic activity often 

referred to as the ‘proton-sponge’ mechanism (56).  The amino groups of the 

polycation become protonated as the proton pump in the endosomal membrane 

transports protons into the endosome.  This is followed by the passive influx of 

counterions, such as chloride ions, which leads to water influx and vesicle 

destabilization, with subsequent release of the endocytosed material into the 

cytoplasm.  As polycations are very efficient DNA-condensing agents, the ODN-

PEI complex remains protected:  there is evidence that these complexes can enter 

the nucleus (61).   

Two transfectors, jetPEI™ (a linear PEI polymer) and Neophectin™ (a liposome 

containing a modified cationic cardiolipin) were recently compared in their ability 

to target mdr1 mRNA using an antisense PS-ODN (62).  The transfectors were 

chosen based on earlier in vitro studies which demonstrated that these agents were 

non-toxic and exhibited rapid pharmacokinetics with no evidence of entrapment 

in vesicles.  Biodistribution studies in KB-G2 tumour-bearing mice exhibited 

higher blood levels with the 99mTc-labelled asODN when transfected with either 

transfection agent as compared with the naked radiolabelled asODN.  However, 

tumour-to-blood ratios were 2 to 3 times higher with the naked asODN versus the 

liposome or PEI transfected ODNs at 6 and 24 hours post injection.  The liver, 

spleen, and lung uptake were significantly higher with the transfected agents.  The 
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authors proposed that the transfector-to-ODN ratio may not have been optimized 

for in vivo use resulting in suboptimal tumour uptake. 

A disadvantage of PEIs is that the polymer can be cytotoxic and can induce 

apoptosis in cells (6).  The toxicity and transfection efficiency appear to be related 

to its molecular weight.  Attempts to reduce the cytotoxicity include the use of 

low-molecular weight PEI, or the synthesis of PEI with copolymers such as linear 

poly(ethylene glycol) (PEG).  PEG has been used for the formulation of stealth 

liposomes.  PEGylation prevents the opsonization and recognition of the vesicles 

by the phagocytic cells of the reticuloendothelial system (RES) (6), thus reducing 

nonspecific interactions of the complexes in the blood.  In addition, modification 

of the complex surface with appropriate amounts of PEG does not block ligand 

mediated internalization (63). 

Copolymers of PEI and hydrophilic PEG have been synthesized by Fischer et al 

to compare the in vivo distribution and pharmacokinetics of a naked 20-mer 

double-stranded ODN with the ODN complexed to a 25-kDa PEI, a low 

molecular weight 2.7-kDa PEI, or a PEGylated high molecular weight PEI in 

BALB/c mice (64). A double-labelling technique was employed to simultaneously 

follow the distribution of both complex components. The polymers were 

radioactively labelled with 125I and the ODNs with [γ-32P]ATP. Complexation 

with the low and high molecular weight PEI polymers increased the uptake into 

the liver and spleen as compared with the naked ODN, which was rapidly 

excreted through the kidneys.  Similar organ distribution profiles for 125I and 32P 

were observed suggesting that the ODN-polymer complex remained intact.  In 



 

  23 

contrast, the PEGylated compound exhibited slower uptake into the RES system.  

However dissociation between the PEGylated PEI and ODN was evident.  The 

authors suggested that modification of the PEG shell to stabilize the complex 

could result in improved pharmacokinetics. 

The use of PEG has been studied to modify the uptake of aptamers into tumours.  

Hicke et al compared the distribution of a 99mTc-labelled aptamer, with and 

without PEG as a linker, to a target protein, tenascin-C (65).   Tenascin-C is a 

large molecular weight protein that is over-expressed in many types of cancers 

and has been linked to angiogenesis.  They hypothesized that inserting PEG 

between the chelate and the aptamer might increase the hydrophilicity of the 

metabolic product and thus alter the biodistribution.  Biodistribution studies in 

nu/nu mice bearing human glioblastoma tumours demonstrated that addition of a 

PEG3,400
 linker dramatically reduced hepatobiliary clearance and increased renal 

clearance.  However, tumour uptake of the PEGylated aptamer was slightly less 

than with the non-PEGylated compound. 

1.7.4 Cell Penetrating Peptides 
Another interesting development in the search for an efficient in vivo transfector 

is the discovery of the Tat protein.  An 11 amino acid arginine-rich peptide 

belonging to the RNA binding domain of Tat has been shown to cross plasma 

membranes (66).  Thus it is possible that antisense ODNs could be internalized 

when conjugated to Tat.  Zhang et al investigated the influence of Tat on the 

accumulation of 99mTc-labelled antisense ODNs in cell culture (67).  The addition 

of Tat significantly increased the accumulation of antisense ODN, and an 
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antisense effect was suggested through the ODNs ability to hybridize with 

mRNA.  Cellular accumulation was attributed solely to its function as a cationic 

carrier as no difference in uptake between scrambled and antisense ODNs was 

observed. 

More recently, Nakamura et al compared the cellular uptake of 99mTc-labelled 

PO- and PS-ODNs in vitro and in vivo, using 3 biotinylated carriers: Tat peptide, 

a polyarginine peptide and cholesterol.  Streptavidin acted as a linker between the 

carrier and 3′ -biotin labelled ODN (68).  The cellular accumulation of 99mTc-

labelled PS-ODN was more than an order of magnitude higher than with the 

99mTc-labelled PO-ODN regardless of the carrier used.  Between 30 and 40% of 

the Tat and cholesterol 99mTc-PS-ODNs accumulated in the cell by 23 h, as 

compared with carrier free 99mTc-PS-ODN which demonstrated an uptake of 

approximately 25% over the same time period.  In vivo biodistribution studies 

demonstrated higher uptake of the 99mTc-PS-ODN streptavidin-Tat and 99mTc-PS-

ODN streptavidin-cholesterol at 6 h but no difference at 18 h.  The higher uptake 

of 99mTc-PS-ODN versus 99mTc-PO-ODN in vivo was attributed to plasma protein 

binding rather than the presence of streptavidin in the nanoparticles (69). 

Other cell penetrating peptides have been designed for the delivery of drugs.  Tian 

et al designed a 99mTc-peptide-PNA-peptide chimera to bind to the MYC mRNA 

in the MCF7 breast cancer cell line (70), ,in which elevated levels of Myc protein 

are observed due to overexpression of MYC mRNA,  The antisense PNA probe 

showed a higher tumour-to-blood and tumour-to-muscle ratio than the 

mismatched probe or the PNA-free probe.  In vivo images in mice implanted with 
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the MCF7 estrogen receptor positive tumour cell line, clearly show uptake of 

radioactivity in the flank containing the tumour, with the maximum intensity 

observed 12 h post injection.  In contrast, the tumour was not visible with the 

mismatched and PNA-free controls.  A similar probe directed to CCND1 cancer 

gene has also been reported by the same group (71).  More recently, Zhang et al 

used a 99mTc-labelled MORF conjugated to a Tat peptide via a N2S2 linker to 

investigate uptake of the probe directed to the type-I regulatory subunit α of 

cAMP-dependent protein kinase A (RIα) mRNA in ACHN cells (72).  Within 12 

minutes, nearly 20% of the added radioactivity was associated with the cells; by 

120 min, accumulation had reached 35%.  In contrast, less than 1% of the 

radioactivity was associated with the cells when the MORF ODN without Tat was 

incubated with the cells.  In vivo studies have not yet been published using this 

particular probe and carrier. 

1.8 Use of transfectors versus delivery of naked oligonucleotides in vivo  

In vivo imaging studies have been published which have reported encouraging 

results using radiolabelled antisense ODNs without a carrier (24,25,28,65).  The 

choice of the ligand binding the radionuclide to the ODN may be an important 

determinant in the biodistribution of naked ODNs.  Zhang et al demonstrated that 

the biodistribution of ODNs in mice varied with the 99mTc chelate.  Also, the 

cellular accumulation in tissue culture of radiolabelled antisense ODN was 

strongly influenced by the chelator (73).  Therefore, modification of an ODN, by 

introduction of a linker and chelating agent, appears to confer stability to the 
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ODN complex, alter its pharmacokinetics, and protect it from endosomal 

degradation. 

Promising reports of gene expression imaging using naked 111In-labelled ODNs 

have been published.  For example, Dewanjee et al described the uptake of 111In-

labelled PS-asODNs directed to c-myc oncogene in mammary tumour-bearing 

BALB/C mice (24).  A tumour-to-blood ratio of 2.5 to 3 was observed at all time 

points up to 72 h post injection.  In contrast, the sense probe showed very little 

uptake in the tumour over the same time period.  The images were obtained 24 to 

48 h after i.v. injection.  Wang et al also demonstrated uptake of 111In-labelled 

PS-asODN in EGF induced MDA-MB-468 cells 48 h after i.v. injection (25).  

However with evidence of endosomal entrapment of naked ODNs in cell culture 

studies, it is unclear how radiolabelled asODNs in an animal model could avoid 

similar entrapment. 

1.9 Cellular senescence and its role in cancer 

The gene, p21, is located on chromosome 6 at location 6p21.2, and is also referred 

to as cyclin-dependent kinase inhibitor 1A (CDKN1A), wild-type p53 activated 

fragment 1 (WAF1), cyclin-dependent kinase (CDK)-interacting protein 1 (CIP1), 

or senescent cell-derived inhibitor 1 (SDI1).  This 21-kDa protein controls the cell 

cycle checkpoints cyclin A/CDK-2, cyclin B/CDK-1, cyclin D1, and cyclin E, all 

of which have been implicated in the control of the G1/S and G2/M transition in 

mammals (74-76) .  It is responsible for cell growth arrest when a cell is damaged, 

and allows time for the cell to repair itself prior to returning to the cell cycle.  

Exposure to ionizing radiation causes the upregulation or expression of p21 via 



 

  27 

the ataxia telengiectasia mutant (ATM) protein which activates p53, often referred 

to as the tumour suppressor or apoptosis gene (Figure 1-5), via phosphorylation.  

Phosphorylation of p53 subsequently induces transcriptional activation of a 

number of p53–responsive genes.  Depending on the state of the genotoxic injury, 

activation of the p53 pathway promotes (a) survival by coordinating DNA repair 

with activation of the G1/S and G2/M checkpoints, (b) apoptosis, or (c) p21-

directed premature cellular senescence, or ‘accelerated’ senescence (76-80). 

 

  
Figure 1-5  Responses triggered by ionizing radiation in human cells with a 
functional p53 signaling pathway.  Arrows indicate stimulation and T-shaped 
lines indicate inhibition (75).  

 

It is unclear whether the induction of accelerated senescence in cancerous tissue 

after radiation therapy translates, clinically, to a beneficial treatment outcome. 

Induction of a senescent phenotype by anticancer drugs has been shown to 

contribute to successful treatment (81).  However, a critical feature of senescent 
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cells is that they remain metabolically active, and can act as ‘feeder’ cells by 

communicating with neighbouring surviving and arrested cells through the 

secretion of tumour-promoting factors, such as proinflammatory cytokines (82).  

It has been proposed that senescent cells can, through this chemical 

communication, stimulate and protect the proliferation of surviving tumour cells 

(83,84).  In addition, senescent cells with unrepaired DNA may escape arrest by 

forming multi-nucleated/polyploid giant cells which can proliferate via the 

nuclear budding process, neosis.  These progeny can eventually develop into 

highly metastatic cells (85,86).  Blocking p21 expression has been shown to 

increase radiosensitivity of some cell lines as opposed to those cells with intact 

p21 expression (87).  Based on these observations, it is plausible that cellular 

senescence could be considered a negative predictor of treatment outcome. 

1.10 p21 and antisense oligonucleotides 

The use of asODNs as molecular probes to explore the relationship between 

premature senescence and p21 expression in cell culture has been reported by a 

number of groups (87-91).  Poluha et al showed that PS-asODNs directed to the 

3′-end, the initiation codon, or the middle of the coding region of p21 mRNA, 

exhibited an equally effective ability to inhibit cell cycle arrest in the 

neuroblastoma cell line, SH-SY5Y (90).  Ohtsuba et al witnessed continuous 

growth in A431 cells upon incubation of the cells with an asODN directed to the 

5′-region of p21 mRNA in human squamous carcinoma cell line, A431 (89).  Sak 

et al demonstrated that radiation-induced G2 arrest was decreased, and radiation-

induced apoptosis was increased in NSCLC cells when p53-responsive pathways 
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were blocked via PS-asODNs targeting p53 or p21 mRNA (87).  Tian et al 

demonstrated an antisense dose dependent inhibition of p21 protein expression in 

p21+/+ human colon carcinoma (HCT116) cells which had previously been 

exposed to 10 Gy of γ-radiation (91).  Kokunai et al also demonstrated increased 

apoptosis in radioresistant glioma cells after treatment of the cells with p21-

directed asODNs (92).  Thus asODNs directed toward p21 appear to be effective 

inhibitors of cellular senescence in a variety of tumour cell lines.   

The potential of p21 asODN as an imaging agent of p21 mRNA  was described by 

Wang et al in 2003 who evaluated an 111In-labelled PS-asODN for imaging EGF-

induced p21 expression in MDA-MB-468 breast cancer xenografts (25).  In this 

study, in vivo SPECT imaging of tumour-bearing mice were obtained 48 h post 

i.v. injection of the 111In-labelled probe.  Localization of radioactivity was clearly 

observed in EGF-induced tumours.  No tumour uptake was observed in the 

control tumours (i.e. no EGF induction).  The tumour-to-blood ratio of the 

antisense probe reached 4.9 as opposed to the 2.1 for the random sequence probe 

in EGF induced tumours or the antisense probe in non-EGF induced tumours.  

Biodistribution studies demonstrated a 2-fold higher tumour:blood ratio of 111In-

labelled asODNs in EGF-induced cells versus controls; however, the actual 

uptake was modest at 0.32% of the injected dose per gram tumour (as compared 

with uptake of the random sequence of 0.21%).  Although the in vivo data imply 

specificity of the probe for the target tissue, doubt remains as to whether the 

naked radiolabelled asODNs truly reflect antisense hybridization, or merely 

sequestration in endosomal vesicles. 
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1.11 Hypothesis 

Radiofluorinated antisense oligonucleotides, due to their specificity towards 

mRNA targets, can be used to noninvasively visualize and quantitatively evaluate 

upregulated p21 expression with PET in patients undergoing radiation therapy. 

1.12 Objectives 

The objectives of this thesis are: 

• to prepare a radiofluorinated asODN directed to p21 mRNA; 

• to demonstrate that the addition of the [18F]-labelled prosthetic group does not 

interfere with the ability of the asODN to bind with p21 mRNA; 

• to evaluate the cellular accumulation of [18F]asODN in vitro using a tumour 

cell line which is known to express p21 (p21+/+) upon induction with ionizing 

radiation against two controls:  a radiolabelled random sequence ODN, and a  

p21 deficient cell line (p21-/-); and 

• to evaluate a polyamide block copolymer as a potential delivery vector of 

[18F]ODNs in vitro.  

1.13 Experimental Overview 

[18F]FBBA was synthesized, based on previously described methods, using an 

automated synthesis unit.  The prosthetic group was subsequently conjugated to 

20-mer fully phosphorothioated antisense ODN, directed to p21 mRNA, and a 

random sequence ODN.  Both [18F]-labelled and nonradioactive [F]-labelled 

probes were used to evaluate the specificity and localization of the 

(radio)fluorinated asODN to p21 mRNA  in cell culture. The nonradioactive 
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[F]asODN was evaluated for its antisense ability to confirm that addition of a 

prosthetic group did not interfere with hybridization to p21 mRNA .  The probes 

were transfected into cells as naked and liposome-transfected probes to evaluate 

their ability to accumulate in p21+/+-expressing cells over time.  The cellular 

accumulation, localization, and specificity of (radio)fluorinated ODNs was further 

evaluated in both p21+/+ and p21-/--expressing cell lines using ODNs transfected 

with a polyamine block copolymer. 
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Table 1-1  Cell culture studies with modified radiolabelled oligonucleotides 
 

ODN Radiolabelled  chelate 
or prosthetic group 

mRNA 
target 

Cell culture Method of transfection Ref 

15-mer PS antisense and 
sense 

111In-DTPA Mdr1 P388S 
P388R 

naked; liposome (23) 

24-mer PS antisense [18F]FBBA iNOS DLD-1 naked; liposome (46) 
20-mer PS 
antisense and sense  

99mTc-MAG3 Mdr1 KB-G2 
KB-G1 
KB-31 

naked; liposome (93) 

28-mer PS antisense, 
sense, and random 

99mTc-MAG3 RIα ACHN naked (53) 

15-mer PS antisense and 
sense 

99mTc-MAG3 RIα; 
 

c-myc 

ACHN 
 

MDA-MB-231 

naked; cationic liposome  (94) 

18-mer PS antisense and 
sense 

99mTc-HYNIC RIα ACHN naked; Tat peptide 
 

(67) 

15-mer LNA 
antisense and sense 

99mTc-MAG3 RIα ACHN naked; liposome (20) 

18-mer MORF antisense 
and sense 

99mTc-N2S2 RIα ACHN naked; Tat peptide 
 

(72) 

25-mer MORF antisense 
and sense 

99mTc-MAG3 Survivin MCF7 HIV-Tat peptide; polyA; 
cholesterol; 
+ streptavidin nanoparticles 

(69) 

15-mer PO 
antisense and sense 

99mTc-HYNIC c-myc TGR-1 
HO15.19 

naked (95) 
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Table 1-2  In vivo studies with naked radiolabelled oligonucleotides 
 

mRNA target ODN Radiolabelled  chelate or 
prosthetic group 

Tumour Cell 
line 

Animal model In vivo studies Ref 

no specific target 25-mer 3′-mono-PS 
spiegelmers of RNA and DNA 

[18F]FBBA  rat 
baboon 

autoradiography 
PET  

(40) 

SFFV (Friend 
erythroleukemia virus) 

18-mer PO, PS, OMe  [18F]FBBA  baboon PET (15) 

c-myc 15-mer PO and mono PS; 
antisense, sense  

111In-DTPA-isothiocyanate  P388 mouse SPECT (24) 

asialo-glycoprotein 
receptor 

10-mer PNA [18F]FBBA   rat biodistribution (42) 

no specific target 22-mer PO, PS, mixed PO-PS 99mTc-HYNIC  mouse SPECT (96) 
GFAP 25-mer PS; 

antisense, mismatch, sense 
[11C]ethylketene  C6-glioma rat autoradiography (97) 

Streptavidin-mAB-TfR Biotinylated PNA 125I  mouse autoradiography (60) 
K-ras 17-mer PO, PS, and OMe; 

antisense and sense 
68Ga-DOTA   

A549 BxPC-3 
rat 

 
autoradiography  
PET 

(29) 
(28) 

Chromogranin A 6, 12, 20, 30-mer; PS; 
30-mer; PS , PO 

N-succinimidyl 4-
[76Br]bromobenzoate 

 rat autoradiography; 
biodistribution 

(98) 
(99) 

Chromogranin A 20-mer LNA-DNA mixmer; 
antisense, mismatched, sense 

68Ga-DOTA  rat autoradiography; 
biodistribution 

(100) 

hTERT 18-mer PS ; antisense, sense 99mTc-MAG3 MCF-7 mouse SPECT (101) 
c-myc 15- and 18-mer PO; antisense, 

sense 
99mTc-MAG3  rabbit SPECT; 

biodistribution 
(102) 

cMORF-coupled beads 15-mer MORF, PNA 99mTc-MAG3  mouse SPECT (103) 
‘sense’ PNA-coupled 

beads 
15-mer PNA 99mTc-MAG3   mouse SPECT  (104) 

p21 18-mer PS antisense 111In-DTPA MDA-MB-468 mouse SPECT (25) 
RIα 18-mer PS 99mTc HYNIC 

99mTc MAG3 
99mTc DTPA 

ACHN mouse biodistribution (73) 
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Table 1-3  Physical characteristics of radionuclides used for positron emission 
tomography (30,105) 
 

Radioisotope Half-life β+ Emax 
(MeV) 

Max range in 
water (mm) 

 
Remarks 

 

Carbon-11 20.4 min 0.960 3.9  

Nitrogen-13 10.0 min 1.20 5.1  

Oxygen-15 2.03 min 1.73 8.0  

Fluorine-18 109.8 min 0.634 2.3  

Gallium-68 68 min 1.90 8.9 88% β+ decay 
22% EC* 

Copper-61 3.3 h 1.215 
(52%) 5.1 62% β+  

38% EC 

Copper-64 12.7 h 0.653 2.4 

18% β+ 
42% EC  
40% β- 

 

Iodine-124 4.2 days 

1.54 
(50%) 

2.14 
(50%) 

6.9 

10 

23% β+ 
77% EC 

High energy γ-
rays: 

602, 772, 1691 
keV 

Bromine-76 16.2 h 

 

3.94 

 

20.2 

55% β+ 
45% EC 

Multiple β+ 
branching 

*EC:  electron capture decay  
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Table 1-4  In vivo studies of carrier-mediated radiolabelled oligonucleotides 
 
mRNA 
target 

 
ODN 

Radiolabelled  
chelate or 

prosthetic group 

 
Tumour 
Cell line 

 
Delivery vector 

 
Animal 
model 

 
In vivo study 

 
Ref 

c-myc 15-mer mono-PS; 
antisense 

99mTc-HYNIC LS-174-T 
 

liposome mouse SPECT 
biodistribution 

(58) 

mdr1 20-mer PS; antisense 99mTc-MAG3 KB-G2 linear PEI; 
cationic liposome 

mouse biodistribution (62) 

mdr1 18-mer PO, PS; 
antisense 

99mTc-MAG3 KB-G2 
KB-G1 
TCO-1 

Tat peptide; 
polyA; 
biotinylated cholesterol 

mouse biodistribution (68) 

RIα 25-mer MORF; 
antisense and sense 

99mTc-MAG3 SUM179 biotinylated Tat peptide; 
polyA; 
 

mouse biodistribution (106) 

c-myc 
CCND1 

K-ras 

12-mer PNA antisense: 
PNA-peptide control: 
PNA mismatch 

99mTc-peptide 
64Cu –N2S2 
64Cu-DO3A 

MCF-7 
AsPC1 

IGF1 peptide; 
peptide mismatch 

mouse 
 
 

SPECT 
PET  
biodistribution 

(26,27) 

unr 18-mer PNA; antisense, 
mismatch 

64Cu-DOTA MCF-7 4-lysine permeation 
peptide 

mouse PET (107) 

GFAP; 
CAV 

Biotinyl-lysine PNA 
 

111In-DTPA RG2 Streptavidin-mAB to 
TfR receptor 

rat biodistribution (108) 

HIV 18-mer PO [18F]FBBA  anionic and cationic 
liposomes 

baboon PET (59) 
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CHAPTER 2  
 

 Automated Radiosynthesis  of N-(4-[18F]Fluorobenzyl)-2-
Bromoacetamide:  an F-18-Labelled Reagent for the Prosthetic 

Radiolabelling of Oligonucleotides 
 

 

A version of this chapter has been published in the Journal of Labelled 

Compounds and Radiopharmaceuticals, August 2008, by I. Koslowsky, S. 

Shahhosseini, J. Wilson, and J. Mercer.  

 
The work presented in this chapter was carried out by I. Koslowsky with technical 

assistance from S. Shahhosseini. 
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2.1 Introduction 

Following the first reported radiolabelling of an antisense oligonucleotide 

(asODN) in 1994 (1), there has been active interest in radiolabelling these 

biological molecules for imaging gene expression.  asODNs are short pieces of 

single stranded DNA or RNA, typically 13 to 25 nucleobases in length, with a 

sugar-phosphate backbone.  The native phosphodiester backbone can be modified 

with various functional groups to increase the stability of the ODNs in vivo (2).  

An asODN with a specific nucleotide sequence has the ability to hybridize with 

its complementary ‘sense’ mRNA which, in therapeutic concentrations, can 

inhibit specific gene expression.  From a diagnostic/clinical perspective, ODNs 

can be tagged with a radioactive probe in order to detect upregulated gene 

expression in various diseases, such as cancer.  Our specific interest is to use 

ODNs as probes to measure early cellular response to drug or radiation treatment.  

This would be an invaluable tool for clinicians as it offers prognostic information 

regarding the success (or failure) of treatment, and ultimately, on patient outcome. 

The enhanced detection and resolution that is available with positron emission 

tomography (PET) has encouraged the development of PET labelled 

oligonucleotides.  A variety of synthetic methods have been described for the 

labelling of ODNs with [18F]fluoride.  Pan et al (3) reported the direct labelling of 

a native (phosphodiester) ODN with 5′-deoxy-5′-[18F]-O-methylthymidine.  Using 

a hexylamine linker ODNs have also been labelled with 

4-([18F]]fluoromethyl)phenyl isothiocyanate (4), N-succinimidyl 

4-[18F]fluorobenzoate (5,6), and the photosensitive compound, 3-azido-5-
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nitrobenzyl-[18F]fluoride (7).  Toyokuni et al (8) synthesized an [18F]-labelled 

maleimide agent for conjugation to ODNs containing a 5′-hexylthiol linker.  de 

Vries et al (9,10) investigated a number of 18F-labelled alkylating agents for their 

ability to radiolabel a monophosphorothioated nucleotide and a hexylthiol-

reactive ODN.  Their investigations included the alkylating agent N-(4-

[18F]fluorobenzyl)-2-bromoacetamide, the synthesis of which was originally 

described by Dollé et al in 1997 (11).  Use of N-(4-[18F]fluorobenzyl)-2-

bromoacetamide has since been extensively reported by the Orsay group and has 

been used to label the 3′-monophosphorothioated end of a native phosphodiester 

ODN (12), a fully phosphorothioated ODN, 2′O-methyl-modified RNA, or hybrid 

phosphodiester methylphosphonate ODN (13,14); the 5′ -phosphorothioated 2′O -

methyl-modified RNA (15); 3′- or 5′ labelled RNA and DNA spiegelmers (16,17); 

and peptide nucleic acids (18-20).  A related bromoacetamide reagent has also 

been described by this group for the labelling of monophosphorothioated ODNs, 

modified RNAs (21), and small interfering RNAs (22). 

The first step in the synthesis of N-(4-[18F]fluorobenzyl)-2-bromoacetamide is the 

nucleophilic substitution reaction of [18F]fluoride anion with a trimethylanilinium 

precursor.  Thus all reactions in this multi-step synthesis require the manipulation 

of radioactivity. High activities of [18F]fluoride must be employed at the start of 

the synthesis in order to obtain a sufficient amount of radiolabelled 

oligonucleotide for biological studies.  The issues of radiation safety and the 

complexity of the synthesis make it an ideal candidate for remote automated 

preparation using robotic systems or automated synthesis units (ASUs).  The 
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intent of this work was to modify a commercially available ASU (General Electric 

TRACERlab FxFDG) for the synthesis of N-(4-[18F]fluorobenzyl)-2-

bromoacetamide as described in the literature. 

2.2 Materials and Methods 

2.2.1 General 
Chemicals. Chemicals were purchased from Sigma-Aldrich (St. Louis, MO, USA) 

or Caledon Lab (Georgetown, ON, Canada) and were used without further 

purification. [18F]fluoride was produced in-house using the Edmonton PET Center 

Cyclotron Facility.  

Fully phosphorothioated, 20-mer oligonucleotides were purchased from the 

University Core DNA Services, Calgary, Canada:  an antisense oligonucleotide 

complementary to the 3′ -untranslated region of human p21WAF1 mRNA with the 

sequence 5′-TGT.CAT.GCT.GGT.CTG.CCG.CC-3′ (23) and a random sequence 

oligonucleotide sequence (5′-CCG.GTG.AAC.GAG.CGA.GCA.CA-3′) (24).  The 

above oligonucleotides, with N-(4-fluorobenzyl)-2-bromoacetamide substituted in 

the 5′ position, were synthesized by the University Core DNA Services for use as 

reference compounds.  Mass spectra and HPLC retention times for fluorinated and 

nonfluorinated ODNs are provide in Table 2-1. 

Analytical methods.  Thin layer chromatography (TLC) was performed using 

MK6F Silica Gel 60Å, 250 µm plates (Whatman, UK) and visualized under u.v. 

illumination at 254 nm.  Heptane:ethyl acetate, 50:50 was used as the mobile 

phase for all TLC analyses.  Radio-TLC was performed with an AR-2000 

imaging scanner (Bioscan Inc, Washington, DC).  Radio-TLC results were 
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compared with corresponding TLC of nonradioactive reference compounds.  The 

concentration of ODN was determined by u.v. spectroscopy at 260 nm using a 

Beckman DU 7400 spectrophotometer.  Reverse phase high pressure liquid 

chromatography (HPLC) analyses and purifications were performed with a 

Beckman Coulter Inc system consisting of a Model 168 Diode Array u.v. module, 

254nm; a Model 126 analytical dual pump; a radioactivity detector (Ortec, TN):  

ACE Mate™ Single Channel Analyzer; and a Whatman Partisil 10 ODS-3, 9.4 x 

50 mm column (Whatman, UK) with guard column. 

2.2.2 Chemistry 
The method of Dollé et al (11) was utilized for the synthesis of the 

nonradioactive, fluorinated reference compound, N-(4-fluorobenzyl)-2-

bromoacetamide as well as synthesis of the precursor (1) with the exception that 

N-(4-fluorobenzyl)-2-bromoacetamide was recrystallized in cyclohexane (37% 

yield).  TLC and NMR spectra were in agreement with that published earlier (11). 

2.2.3 Radiochemistry 

2.2.3.1 Synthesis of N-(4-[18F]fluorobenzyl)-2-bromoacetamide ([18F]-4) 
Aqueous [18F]fluoride (4 to 15.3 GBq) was transferred to a GE TRACERlab 

FXFDG automated synthesis unit   (GE Healthcare, WS) and loaded onto a 

preconditioned Chromafix 30-PS-HCO3 cartridge, (Machery-Nagel, Germany).  

The 18F was then eluted into the reaction vessel (reactor 1) with the Kryptofix® 

eluant (Figure 2-2, V1) consisting of 16 mg of Kryptofix®222 (4,7,13,16,21,24-

hexaoxa-1,10-diazabicyclo[8.8.8]hexacosane) and 2.7 mg of potassium carbonate 

in 0.8 mL of a 77.5%/22.5% mixture of acetonitrile and water.  The solvent was 
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co-evaporated with 0.8 mL acetonitrile (Figure 2-2, V2) at 55°C over 6 minutes 

with a stream of nitrogen and reduced pressure.  The contents were then heated to 

95°C under full vacuum to remove residual water.  The precursor (Figure 2-2, V3) 

was transferred to the reaction vessel (10 mg in 0.8 mL anhydrous DMSO) and 

the reaction proceeded at 130°C for 10 minutes.  The temperature was reduced to 

40°C followed by transfer of the mixture to a preconditioned Sep-Pak Plus® C18 

cartridge (Waters Corp, MA) with 10 mL water (Figure 2-2, V5).  The cartridge 

was partially dried with nitrogen for 3 minutes.  Residual water in reactor 1 was 

azeotropically removed with 1 mL toluene (Figure 2-2, V4) at 150°C for 2 

minutes.  4-[18F]fluorobenzonitrile ([18F]-2) was then eluted from the C18 

cartridge with 6 mL of anhydrous THF (Figure 2-2, V6) through a series of drying 

columns consisting of a 2.5 g sodium sulphate cartridge (International Sorbent 

Technology Inc, UK) followed by a column containing 4 g of ground molecular 

sieves (4 Å).  The mixture was allowed to interact with the molecular sieves for 

4 to 6 minutes before transferring the material via a SepPak silica cartridge 

(Waters Corp, MA) to reactor 2 containing 1 mL of a 1 M solution of LiAlH4 in 

THF.  Reduction of the nitrile group proceeded at 100°C for 2 minutes.  The 

reaction mixture was cooled to 50°C and the solvent removed under reduced 

pressure and nitrogen.  Water (400 µL; Figure 2-2, V7) was subsequently added 

to destroy the lithium aluminum complex followed by the addition of a 1:100 

dilution of bromoacetyl bromide in methylene chloride (1 mL) (Figure 2-2, V9).  

The reaction proceeded for 2 minutes at 35°C.  Methylene chloride (5 mL) 
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(Figure 2-2, V8) was added and the soluble components were dispensed through a 

1 µm glass fibre filter (Waters, MA) into a vented, 10 mL vial.  

The clear, colourless [18F]-4 reaction mixture was concentrated to dryness under 

low heat and a stream of nitrogen.  The residue was redissolved in methanol, 

reserving an aliquot for radio-TLC analysis, and the remainder purified with the 

following HPLC gradient system:  acetonitrile 5% (aq) to 95% over 20 minutes; 

flow rate: 6 mL/min; retention time (tR): 13.3 minutes.  The centre fraction of the 

peak representing [18F]-4 was collected to avoid the collection of non radioactive 

side products formed during synthesis (tR: 15.4 min) as well as unreacted reagents 

such as bromoacetyl bromide (tR: 10 min) and concentrated to dryness using 

azeotropic distillation under a gentle stream of nitrogen. Radio-TLC of the 

reaction mixture was performed before and after purification by HPLC.  The 

occasional sample of purified [18F]-4 was analyzed by RP-HPLC to verify radio-

TLC results.  The samples were co-spotted with non-radioactive N-(4-

fluorobenzyl)-2-bromoacetamide (Rf 0.4). 

2.2.3.2 Radiolabelling of oligonucleotide (ODN) 
Lyophilized ODN (148 nmol, 1 mg) was reconstituted with 1 mL of phosphate 

buffered saline (PBS) 0.1 M, pH 8 mixed with methanol, 1:1 (v/v) and added to 

[18F]-4. The mixture was heated in a vented vial at 120°C for 30 minutes.  The 

volume of the reaction mixture was maintained by the addition of 0.5 to 1 mL of 

50% methanol midway through the reaction.  Unreacted [18F]-4 was separated 

from the radiolabelled ODN with a NAP™-10 column (GE Healthcare, UK).  The 

ODN was eluted with 1.5 mL PBS 0.01 M, pH 7.2.  No further purification was 
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performed.  The concentration of ODN in the eluate was determined by u.v. 

spectroscopy at 260 nm.  Analysis of the mixture was performed with radio-TLC 

(Rf [18F]ODN: 0.0; [18F]-4: 0.4) and by HPLC using the following gradient 

system:   Triethylammonium acetate 0.1 M, pH 7/acetonitrile, 95/5 to 90/10 over 

3 minutes, followed by 90/10 to 75/25 over 7 minutes, with a washout phase of 

50/50 for 10 minutes; flow rate:  6 mL/min; retention time: 14.6 to 14.9 minutes.  

The [18F]ODNs eluted with the same retention time as the non-radioactive, 

fluorinated ODNs (Table 2-1).    

2.3 Results  

2.3.1 Chemistry 

2.3.1.1 Synthesis of N-(4-[18F]fluorobenzyl)-2-bromoacetamide ([18F]-4) 
The multi-step synthesis of [18F]-4 reported by Dollé et al (11) (Figure 2-1) was 

adapted to permit automation using the TRACERlab FxFDG ASU.  This ASU 

incorporates two separate reaction trains, each designed for the synthesis of 2-

[18F]fluorodeoxyglucose (FDG).  Both reaction trains and reactors were required 

for the preparation of [18F]-4. A schematic diagram of the ASU modified for this 

synthesis is illustrated in Figure 2-2.   

The synthesis of 4-[18F]fluorobenzonitrile ([18F]-2) was achieved by displacement 

of the quaternary ammonium leaving group of the precursor 4-cyano-N,N,N-

trimethylanilinium trifluoromethanesulfonate (1) with [18F]fluoride at elevated 

temperature in dimethyl sulfoxide (DMSO).  Previous reports have used different 

reaction conditions for the synthesis of [18F]-2.  Dollé et al (11) heated the 

precursor for 20 minutes at 120°C resulting in a yield of 60 to 85%.  Kuhnast et al 
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(13) performed the reaction at 180°C for 20 minutes with similar yields.  As 

165°C is the maximum temperature to which the reactors in this ASU can be 

heated, the synthesis of [18F]-2 was performed at two temperatures, 130°C and 

160°C, for 10 or 20 minutes to determine the optimum temperature for this 

reaction.  As seen in Figure 2-3, no difference in radiochemical purity (RCP) as 

determined by radio-thin layer chromatography (radio-TLC) or yield was 

observed when varying the temperature or length of reaction.  Decay corrected 

radiochemical yields (with respect to [18F]fluoride ion at end of bombardment and 

prior to the transfer of [18F]-2 to the C18 Sep-Pak cartridge) varied widely but 

typically ranged between 40 and 50%.  However, fewer nonradioactive side 

products were observed by thin layer chromatography at 254 nm at the lower 

temperature (130°C) and shorter reaction time and these could be removed via 

Sep-Pak purification or ultimately by reverse phase HPLC (RP-HPLC) 

purification of [18F]-4.  Therefore the reaction conditions of 130°C for 10 minutes 

were chosen for the synthesis of [18F]-2.  Upon completion of this step, water was 

added to reactor 1 to transfer the reaction mixture containing [18F]-2 to a C18 

Sep-Pak cartridge.  The cartridge was washed with additional water (via reactor 1) 

to remove unreacted reagents and water-soluble side products. 

The following step, i.e. the conversion of the nitrile group of [18F]-2 to the amine 

of [18F]-3, utilizes lithium aluminum hydride (LiAlH4), and thus requires 

anhydrous conditions.  Reactor 1 acts as a conduit for the transfer of anhydrous 

tetrahydrofuran (THF) and is used for the elution of [18F]-2 from the C18 Sep-Pak 

cartridge to reactor 2.  Thus, toluene was used to azeotropically remove residual 
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water from reactor 1 prior to the elution of [18F]-2 with THF.  Residual water in 

the tubing and on the Sep-Pak cartridge was removed by passing the reaction 

mixture through a series of drying columns.  The transfer of activity from reactor 

1 to reactor 2 resulted in the largest loss of radioactivity (based on readings from 

radioactivity detectors located under the reactors) with approximately 17 to 38% 

of the original activity transferred to reactor 2.  Losses depended in part on the 

radiochemical yield of [18F]-2 (a higher yield reduced the amount of unreacted 

[18F]fluoride in the waste with more [18F]-2 transferred to the drying cartridges), 

and in part on product retention on the molecular sieve drying column and 

cartridges.  Decreasing the amount of molecular sieves or eliminating the sodium 

sulphate or silica cartridges increased the amount of radioactivity transferred to 

reactor 2, however residual water carried into the reactor likely consumed a 

portion of the reducing agent, LiAlH4, and ultimately resulted in a lower RCP and 

yield of [18F]-4. 

In the conversion of [18F]-2 to 4-[18F]fluorobenzylamine ([18F]-3) reaction 

temperatures of 120°C to 140°C were reported by Kuhnast et al (13,15).  In our 

system lower temperatures were used to prevent losses of volatile [18F]-2.  Trial 

reactions at longer reaction times and/or lower temperatures gave inconsistent 

results and did not improve the RCP or yield of [18F]-4.  The use of powdered, dry 

LiAlH4 was generally observed to produce lower yields of [18F]-4 versus 

commercially available LiAlH4 solution in THF.  This may be due to inefficient 

mixing of powdered LiAlH4 with the reaction mixture.  The final step, the 

condensation with 2-bromoacetyl bromide, was quantitative.  With the above 
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modifications, a mean radiochemical purity of 80% of [18F]-4 was achieved with 

decay corrected radiochemical yields (before HPLC purification) ranging from 3 

to 18% with a synthesis time of 1 hour.  The [18F]-4 reaction mixture was purified 

by RP-HPLC and a centre cut of the radioactive peak representing [18F]-4 was 

collected.  A mean decay corrected yield of 3.8% (n = 9) was achieved after 

purification.  Typically, 100 to 200 MBq of purified [18F]-4 could be obtained for 

radiolabelling ODNs from starting [18F]fluoride of 10 GBq. 

2.3.1.2 Radiolabelling of oligonucleotide (ODN) 
Preliminary experiments have resulted in radiochemical yields of 36% (as 

determined by the fraction of radioactivity in the ODN reaction mixture eluted as 

[18F]-labelled ODN) when the reaction was carried out at atmospheric pressure in 

a vented vial. Lower yields and additional side products were observed when the 

reaction was performed in a sealed vial. The use of a Sephadex G-25 DNA grade 

mini-column for purification negated the need for HPLC and provided a rapid 

purification with less loss of radioactivity.  The disadvantage of purification with 

this method, however, is that unreacted ODN is co-eluted with the radiolabelled 

product resulting in lower specific activity.  Preliminary results show similar 

yields of [18F]ODN with 0.5 to 1 mg of ODN. Reducing the amount of starting 

material would improve the specific activity assuming that the yields remain the 

same.  Currently, specific activities of 1.1 GBq/µmol (at end of synthesis) have 

been attained using the above method.  
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2.4 Discussion 

The multi-step synthesis of [18F]-4 is challenging to perform using commercial 

ASUs designed for simpler syntheses.  The synthesis of [18F]-4 as described in the 

literature cannot be performed in a single reaction vessel and synthesis units 

designed for clinically used products such as [18F]FDG typically do not have 2 

reaction trains.  Thus these units are not designed to transfer materials in and out 

of the same vessel. Nor are sufficient reagent vessels available for a multi-step 

synthesis.  A scrupulous cleaning or drying step of the reaction vessel may also be 

required between steps in a synthesis.  This complicates the possibility of reusing 

a reactor.  The TRACERlab FXFDG synthesis unit is unique in that it contains 2 

reactors which can be interconnected, with minor modifications, between the Sep-

Pak cartridge and reactor 2.  The challenge in the use of this ASU for the 

synthesis of [18F]-4 is the difficulty in eliminating water from [18F]-2 prior to its 

transfer to reactor 2 containing LiAlH4, as well as the losses of radioactivity with 

each transfer.  For example, the transfer from reactor 1 to reactor 2 often resulted 

in the loss of up 75% of the radioactivity.  Also, purification of [18F]-4 by RP-

HPLC adds time to the total synthesis as well as loss of product.  Use of a normal 

phase HPLC system could improve the yield of purified [18F]-4 simply due to the 

faster removal of the organic mobile phase solvents as compared with those used 

in RP-HPLC.  Modular research synthesis units for complex syntheses should 

allow improved flexibility in the synthetic design and allow more efficient 

transfer of solutions and reagents.  Purification with an HPLC directly attached to 

the modular ASUs also reduces loss of product.   
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2.5 Conclusion 

Regardless of the limitations stated above, sufficient N-(4-[18F]fluorobenzyl)-2-

bromoacetamide can be produced in ASUs designed for clinical products to 

permit radiolabelling of ODNs for our ongoing investigations with gene 

expression imaging in biological models. 
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Table 2-1   Mass spectrometry and HPLC analyses of 20-mer oligonucleotide 
 

Sequence 
Calc Mass 

[M] 

Major peak 

observed 

HPLC 

tR (min) 

5′-ps-TGT.CAT.GCT.GGT. CTG.CCG.CC 6477.2 6475.2 13.8 

5′-FBBA-ps-TGT.CAT.GCT.GGT. CTG.CCG.CC 6642.4 6643.7 14.6 

5’-ps-CCG.GTG.AAC.GAG.CGA.GCA.CA 6562.3 6561.2 13.7 

5’-FBBA-ps-CCG.GTG.AAC.GAG.CGA.GCA.CA 6727.5 6733.2 14.4 

*fully phosphorothioated oligonucleotides 

 

 

1

LiAlH4
100o C, 2 min

[18F]-2

[18F]-3[18F]-4

NH2

18 F

N

18 F

Br

O

H

BrCOCH2 Br

35o C, 2 min

CN

18 F

K[18 F]F-K222

DMSO
130o C, 10 minN

+

CN

CF3 SO3
-

 

Figure 2-1   Synthesis of N-(4-[18F]fluorobenzyl)-2-bromoacetamide ([18F]-4) 
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Figure 2-2  Schematic diagram of the reaction train for the synthesis of [18F]-4 
using the GE TRACERlab FXFDG  ASU.  The content of the reagent vessels is as 
follows:  V1: 0.8 mL Kryptofix eluant; V2: 0.8 mL acetonitrile; V3: 10 mg 4-
cyano-N,N,N-trimethylanilinium trifluoromethanesulfonate in 0.8 mL DMSO 
(anhydrous); V4: 1 mL toluene; V5: 10 mL water; V6: 6 mL anhydrous THF; V7: 
400 µL water; V8: 5 mL methylene chloride; V9: 10 µL bromoacetyl bromide 1.0 
M solution diluted to 1 mL of methylene chloride; A: ion exchange column for 
loading [18F]fluoride; B: C18 cartridge; C: drying columns consisting of sodium 
sulphate cartridge (top), ground molecular sieves (centre), and silica cartridge 
(bottom). 
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Figure 2-3  Effect of temperature and reaction time on the radiochemical purity 
(RCP) and yield (corrected for decay) in the synthesis of [18F]-2.  No significant 
difference in the RCP and yield was observed between syntheses performed at 
130°C or 160°C at 10 or 20 minutes. 
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CHAPTER 3    
 

Improved Synthesis of 4-[18F]Fluorobenzylamine - a Useful 
Building Block in 18F Radiochemistry 

 

This chapter is based on the manuscript ‘Synthesis and application of 4-

[18F]fluorobenzylamine: A versatile building block for the preparation of PET 

radiotracers’, accepted for publication in Org. Biomol. Chem., and authored by I. 

Koslowsky, J. Mercer, and F. Wuest 

 

The work presented in this chapter was carried out by I. Koslowsky 
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3.1 Introduction 

Technological advances in positron emission tomography (PET) have reached a 

level of sophistication that allows researchers to realize the goal of imaging 

intracellular biochemical processes (i.e. molecular imaging) in vivo.   This 

advancement has expanded the interest in developing positron-emitting [18F]-

labelled biomolecules which can be utilized in PET to observe and quantitate 

aberrant biochemical processes of disease.  [18F]-labelled asODNs, for example, 

have the potential to provide diagnostic information on the progress of a particular 

disease by visualizing and quantifying upregulated gene expression.  This can 

lead to improved clinical diagnosis and treatment planning.  

The direct radiolabelling of biological molecules with 18F is not always suitable 

because of the harsh reaction conditions, such as the use of aprotic solvents and 

high temperatures.  Therefore, small reactive [18F]-labelled prosthetic groups (or 

synthons) are first synthesized and purified prior to further reaction with the 

biomolecules.  These prosthetic groups are designed for facile labelling of 

macromolecules such as peptides, proteins, and ODNs, which have been modified 

with a hexylthiol or hexylamine linker conaining the sulphur or amine 

nucleophile, respectively.   The subsequent alkylation of the biomolecules can 

then proceed under milder reaction conditions.  

The radiochemistry involved in the development of such probes has a number of 

unique characteristics that provide challenges to the routine preparation of PET 

radiopharmaceuticals:  
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• Half Life considerations:  for a [18F]-labelled probe to be useful for imaging 

with PET, the probe should be synthesized rapidly before the probe decays.  

[18F] has a relatively short physical half-life of 110 min; therefore long, 

complex syntheses of [18F]-labelled prosthetic groups are not possible.   The 

synthesis of many [18F]-labelled synthons can be performed within 60 min. 

However, methods are constantly sought to shorten the length of a synthesis in 

order to reduce losses due to decay. 

• Requirement for multistep synthesis:  [18F]-labelled prosthetic groups differ in 

the complexity of their radiosynthesis and labelling yield, however their 

synthesis generally involves several steps, the first of which is preparation of a 

reactive [18F] anion, followed by heating with an alkyl or aromatic compound 

containing a good leaving group.  The intermediate radiofluorinated 

compound is further converted to the desired [18F]-labelled prosthetic group 

through an additional one or two steps, followed, typically, by HPLC 

purification.  Multi-step syntheses usually involve multiple transfers of the 

reaction mixture and separation of radioactive and nonradioactive byproducts 

between steps, which results in the loss of radioactivity and leads to a lower 

yield.   

• Need for remote handling:  the [18F]-labelled prosthetic group is performed 

under automation since relatively high amounts of radioactivity are needed at 

the start of the synthesis to allow for losses as described above.  The 

automated synthesis units are housed in lead-shielded hot cells, which reduce 

the radiation exposure from the high energy gamma emission of positron 
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emitters (511 kev) to the researcher.  All reagents (except for [18F]fluoride, 

which is loaded remotely from the cyclotron) must be preloaded into the units.  

The synthesis is followed remotely with limited capability to alter/modify the 

synthesis once it is in progress.  Therefore, all steps must be optimized and 

validated in advance to ensure a successful synthesis. 

• Stoichiometry:  in large scale synthesis a controlled stoichiometry is used with 

the purpose of providing sufficient reactants to drive the product toward a 

maximum yield.   On occasion, this requires several fold molar excess of one 

or more of the reactants relative to the final product formed.  In 

radiosynthesis, at high specific activity, the non-radioactive reactants will be 

in vast excess relative to the radioactive element or compound.  Reaction rate 

kinetics depend on reagent concentrations and thus the very low concentration 

of the radiolabelled component will generally change the reaction rate 

compared with large scale synthesis.  

Despite these challenges, a variety of [18F]-labelled prosthetic groups have been 

synthesized in reasonable yields for the labelling of proteins, peptides, and DNA-

like probes (1,2)  The [18F]fluorophenyl prosthetic groups, such as succinimido 4-

[18F]fluorobeznoate ([18F]SFB) (3-5), 3-azido-5-nitro-benzyl[18F]fluoride (6), and 

4-[18F]fluorobenzyl-2-bromoacetamide ([18F]FBBA) (7,8)  tend to be produced in 

higher yields, and have been shown to label biomolecules more efficiently than 

the radiofluorinated alkyl prosthetic groups (9).  More recently, [18F]-labelled 

pyridines, have also been shown to label ODNs readily and with high specific 

activity and reasonable yield (10-12).  
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The [18F]fluorophenyl compound, 4-[18F]fluorobenzylamine ([18F]FBA), is a 

versatile prosthetic group that is able to label biomolecules, such as ODNs.  The 

standard method of synthesis of [18F]FBA is by the initial formation and 

subsequent nitrile reduction of 4-[18F]fluorobenzonitrile ([18F]FBN) (Figure 3-1). 

Haradahira et al (13)  synthesized [18F]FBA with a reported yield of 39 to 49%. 

They were able to radiolabel prostaglandins with this prosthetic group targeting 

the glutathione S-conjugate export pump which plays a role in multi-drug tumour 

resistance.  More recently, the synthesis of [18F]-labelled folic acid using 

[18F]FBA was described for the imaging of tumours which overexpress the folate 

receptor (14).  The formation of [18F]FBA is also an important intermediate step 

in the synthesis of [18F]-labelled prosthetic groups such as [18F]FBBA.  

[18F]FBBA has been shown to successfully radiolabel DNA-type probes such as 

modified oligonucleotides and peptide nucleic acids (7,8,15-18), and automated 

synthesis of this compound has been reported, albeit with relatively low yields of 

3 to 18% (19).  

The reduction of the intermediate [18F]FBN to obtain the final [18F]FBA product 

was initially performed using borane dimethyl sulfide (13) but the superior 

reduction obtained with lithium aluminum hydride (LiAlH4) has led to the general 

adoption of this reducing agent for most syntheses of [18F]FBA. There are, 

however, 2 significant drawbacks in using LiAlH4 in these syntheses. Firstly, 

LiAlH4 effectively reduces fluoroaryl nitriles only under strict anhydrous 

conditions.  These conditions are particularly difficult to maintain in automated 

synthesis units where the transfer of reagents through common lines compromises 
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the anhydrous conditions required to ensure the quantitative reduction of the 

nitrile group.  The use of molecular sieves and sodium sulfate drying cartridges, 

and flushing the lines with drying solvents, have been attempted to improve the 

yield (9,19).  Secondly, the formation of aluminum salts during the reduction can 

create problems in a synthesis unit as transfer of the [18F]FBA reaction mixture 

can clog the transfer lines in the unit.  A more forgiving method for the reduction 

step which tolerates the presence of water would be a welcome improvement in 

the synthesis of [18F]FBA. 

Sodium borohydride (NaBH4) is a more water tolerant reducing agent, but is 

incapable of reducing nitriles when used alone.  However, it has been shown that 

in the presence of aqueous solutions of the metal catalysts nickel (Ni), cobalt 

(Co(II)) and copper (Cu(II)), sodium borohydride readily reduces nitrile groups 

through the formation of metal borides in situ followed by the release of 

hydrogen.    Using the metal catalyst cobalt (II) chloride and NaBH4, Osby et al 

reported that benzylamine could be produced in high yield from benzonitrile (20).  

More recently, Khurana et al demonstrated that high yields of benzylamine could 

be obtained in 5 min when incubated with nickel chloride and sodium 

borohydride in anhydrous ethanol at ambient temperature (21).   

In this work we report on the improved synthesis of FBA utilizing a solid-phase 

approach to nitrile reduction.  Using a NaBH4 impregnated resin, FBN is rapidly 

and quantitatively reduced in the presence of catalytic quantities of transition 

metals to form FBA within a few minutes at ambient temperature.  
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3.2  Materials and Methods 

3.2.1 Materials  
Chemicals were purchased from Sigma-Aldrich (St. Louis, MO, USA) or Caledon 

Lab (Georgetown, ON, Canada) and were used without further purification. The 

required [18F]fluoride was produced with a TR19/9 cyclotron (Advanced 

Cyclotron Systems, Burnaby, Canada) via the 18O(p,n)18F nuclear reaction using 

enriched [18O]water (Rotem Inc, Topsfield, MA, USA). The synthesis of the 

precursor, 4-cyano-N,N,N-trimethylanilinium trifluoromethanesulfonate was 

performed as described previously (22).  

3.2.2 Analytical methods   
Thin layer chromatography (TLC) was performed using MK6F Silica Gel 60Å, 

250 µm plates (Whatman, UK) visualized under u.v. illumination at 254 nm.  

Heptane:ethyl acetate, 50:50 was used as the mobile phase for all TLC analyses.  

Radio-TLC was performed with an AR-2000 imaging scanner (Bioscan Inc, 

Washington, DC).  Radio-TLC results were compared with corresponding TLC of 

nonradioactive reference compounds.  

3.2.3 Synthesis of borohydride exchange resin (BER) 
BER was prepared as reported by Sim et al (23).  To 20 g Amberlite IRA-400 

anion exchange resin was added 50 mL of aqueous 1 M NaBH4.  The mixture was 

stirred for 15 minutes at ambient temperature.  The BER was washed thoroughly 

with distilled water and dried under vacuum at 60°C for 5 hours.  The dried resin 

was stored under nitrogen atmosphere at 4°C.  The BER was assessed 

qualitatively for its ability to release hydride ion by the addition of 2 N 

hydrochloric acid (10 mL) to 1.5 g BER.  A mildly exothermic reaction (NaBH4 + 
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HCl + 3H2O → B(OH)3 + NaCl + 4H2) was observed with the release of bubbles 

of hydrogen gas which continued for approximately 20 minutes. 

3.2.4 Radiochemistry 

3.2.4.1 Synthesis of 4-[18F]fluorobenzonitrile ([18F]FBN) 
 Aqueous sodium [18F]fluoride (100 to 200 MBq) was loaded onto a Waters 

Accell QMA light cartridge which had been preconditioned with 10 mL of 0.5 M 

potassium carbonate and 10 mL of water.  The [18F]fluoride was eluted into a 

reaction vessel with an eluant consisting of 10 mg of Kryptofix®222 

(4,7,13,16,21,24-hexaoxa-1,10-diazabicyclo[8.8.8]hexacosane) and 1.7 mg of 

potassium carbonate in 0.5 mL in acetonitrile/water (77.5%/22.5%).  The solvent 

was co-evaporated with 3 aliquots of anhydrous acetonitrile (1 mL) at 93°C under 

a stream of nitrogen followed by an additional 5 min to remove residual water.  

The precursor, 4-cyano-N,N,N-trimethylanilinium trifluoromethanesulfonate (1-3 

mg) was transferred to the reaction vessel in 0.3 mL anhydrous DMSO and the 

reaction proceeded at 93°C for 15 minutes.  The mixture was transferred to a 

preconditioned Sep-Pak Plus® C18 cartridge (Waters Corp, MA, USA) with 10 

mL water followed by an additional 10 mL water.   

3.2.4.2 Synthesis of 4-[18F]fluorobenzylamine ([18F]FBA) using BER. 
The C18 Sep-Pak cartridge containing [18F]FBN was eluted with 5 mL of 

anhydrous ethanol.  BER (200 mg containing approximately 3 mmol borohydride 

anion (BH3
-)/g resin) was combined with 0.06 mmoles of cobalt acetate 

(Co(CH3CO)2·4H2O), nickel chloride (NiCl2·6H2O) or copper sulphate 

(CuSO4·5H2O) in 0.5 mL distilled, deionized water.  Upon the release of hydride 
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anion (evident by black discolouration of the resin), 0.5 mL of [18F]FBN was 

immediately added.  TLC was performed at 1, 3, and 5 minutes after addition of 

the nitrile.   Alternately, [18F]FBN was added 1, 3, 5, 10, 15, or 60 minutes after 

the addition of the metal catalyst to the resin, followed by TLC analysis.  Finally, 

0.5 mL of metal catalyst was mixed with 0.5 mL of [18F]FBN and added to the 

resin.  TLC was performed 1 and 5 minutes after addition to the BER.  

3.3 Results  

3.3.1 Synthesis of [18F]FBN 
Radio-TLC analysis of the SepPak purified reaction mixture demonstrated the 

formation of [18F]FBN with a mean radiochemical purity of 87.0% (n = 12).  The 

reaction was typically performed within 30 minutes using low amounts (1 to 3 

mg) of precursor.  A decay corrected mean yield of 47.3% was obtained starting 

with 100 to 200 MBq of [18F]fluoride. 

3.3.2 Assessment of BER/metal catalyst parameters in the synthesis of 
[18F]FBA 

All metal catalysts used in the BER study were able to activate the BER (as 

observed by the change in colour of the beads from tan to black).  Activation of 

BER was only observed with NaBH4 impregnated resin prepared in-house:  a 

commercially available borohydride resin was not reactive regardless of the metal 

catalyst or solvents used.  The cause of this failure is not known.  Perhaps the 

BH4
- anion was not accessible to the metal catalyst, or the resin was exposed to 

moisture prior to use.  The addition of nickel chloride to the BER demonstrated 

the most rapid activation (within 10 seconds), followed by cobalt acetate (60 

seconds) (Figure 3-2).  Activation of the resin was observed to occur only after a 
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prolonged incubation with copper sulphate.  The rate of conversion from 

[18F]FBN to [18F]FBA also varied with the catalyst used.  Copper sulphate 

demonstrated the slowest rate of nitrile reduction with 9.8% conversion at 5 

minutes.  In contrast 73.9% of [18F]FBN had been converted to [18F]FBA with 

cobalt acetate by 1 minute, with 92.8% reduction by 3 minutes (Table 3-1).  The 

nickel chloride catalyst demonstrated the most rapid rate of reduction with 93.4% 

of the nitrile converted to its respective amine after 1 minute of incubation with 

the BER-metal catalyst mixture (Figure 3-3). 

Once the beads were activated with NiCl2, the hydride was rapidly expended:  

conversion was quantitative if [18F]FBN in ethanol was added within 1 minute 

(Figure 3-4).  Longer wait times before the addition of the nitrile decreased the 

extent of reduction.  For example, 78% conversion to the amine was observed if 

[18F]FBN was added 3 minutes after bead activation.  Only 16% conversion was 

observed with a wait time of 5 minutes.  Combining the catalyst with [18F]FBN 

prior to addition to the BER demonstrated rapid reduction similar in rate and 

extent to that observed with sequential addition of the catalyst followed by 

[18F]FBN within 1 minute of activation.  

3.4 Discussion 

BER is a quaternary ammonium resin to which the borohydride anion, BH4
-, has 

been attached.  Upon the addition of a transition metal salt, such as copper 

sulphate,  cobalt acetate or nickel chloride, metal boride complexes are formed in 

situ, strongly coordinating nitriles and activating them toward reduction by BH4
- 
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(20).  Production of a black coating of metal on the beads, followed by the release 

of hydrogen indicates the formation of the metal-boride complex.   

Metal-assisted borohydride reactions with nonradioactive nitriles are typically 

performed under controlled stoichiometric conditions between the nitrile substrate 

and catalyst, or catalyst and borohydride.  For example, Osby et al used a 

benzonitrile:catalyst ratio of 10:1 resulting in 86% conversion of FBN to FBA 

within 2 h (20). To consume all the reactant, however, a large excess of NaBH4 

was required.  Caddick et al also noted the need for a large excess of NaBH4 to 

reduce benzyl cyanide derivatives (24).   As previously mentioned, it is 

impossible to achieve a normal stoichiometric relationship between radiolabelled 

FBN and catalyst or reducing agent as only femtomolar quantities of [18F]-

labelled benzonitrile are present. Thus, the borohydride bound to the resin 

represents a very large excess relative to the radiolabelled reactant. 

The reaction solvent also plays an important role in the rate and extent of 

reduction.  Methanol, aqueous tetrahydrofuran (THF:water), and ethanol have all 

been explored as potential solvents for reduction (20,21).   When using NaBH4 

powder, methanol offers the fastest rate of reaction as a consequence of rapid 

NaBH4 decomposition.  However, with BH4
- bound to the resin, the BER 

decomposes at a much slower rate (25).  Others have successfully demonstrated 

nitrile reduction using ethanol as the reaction solvent (20,21).  Ethanol slows the 

rate of BH4
- decomposition, and is considered, by some, as the solvent of choice 

for arylnitrile reductions.  Although THF:water 2:1 has been suggested as an 

optimal solvent for reductions with NaBH4 powder and catalyst, the BER was not 
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as easily wetted as with alcohols, and the metal salts were not easily dissolved in 

this solvent combination.  

According to Caddick et al, the starting nitrile must be present in the reaction 

mixture before formation of the metal boride (24).  We found that the 

simultaneous addition of metal catalyst and [18F]FBN to BER resulted in 100% 

conversion to [18F]FBA within 1 min.  However, we also demonstrated that a 

reasonably high yield could be achieved if [18F]FBN was added within 3 minutes 

following metal catalyst activation of the resin.   

While no attempt was made to further optimize the reaction, the relatively rapid 

reaction and near-quantitative yield for the reduction step resulted in a good 

overall chemical and radiochemical yield of [18F]FBA.   Thus, the LiAlH4 method 

to reduce [18F]FBN can easily be replaced with the BER-catalyst method: the 

nitrile is rapidly, and quantitatively, converted to the amine in the presence of 

water, and a cleaner reaction improves the reaction conditions for further 

syntheses. 

3.5 Conclusion 

In conclusion, this preliminary work demonstrates the potential of using a metal-

assisted BER for the synthesis [18F]FBA.  The resin is simple to prepare and the 

reaction occurs rapidly at room temperature without regard to the presence of 

water.  The reagent and catalyst can be added sequentially or simultaneously 

through automation and allowed to react on the column.   The reaction is 

quantitative, and upon elution from the BER, the presence of metal-boride 

precipitate is avoided.  Thus, the BER-metal catalyst method of nitrile reduction 
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lends itself well for the synthesis of [18F]FBA in an automated synthesis unit and 

would have general application for the reduction of nitriles in small scale 

reactions.  
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Table 3-1  Yield of 4-[18F]fluorobenzylamine using metal-catalyst activated 
BER* 

Metal catalyst 1 min 3 min 5 min 
NiCl2  93.4 95.2 92.3 
Co(II) acetate  73.9 92.8 94.5 

 
*[18F]FBN was added immediately upon evidence of the release of hydride ion.  
Radio-TLC was performed at 1, 3, and 5 min after addition of [18F]FBN to the 
metal catalyst-activated BER 
 

 

Figure 3-1  Synthesis of 4-[18F]fluorobenzylamine ([18F]FBN) 
 

 A B  

   

Figure 3-2 Colour change of BER upon addition of metal catalyst. The black 
colour denotes activation of BER with release of hydride ion.  The left vial 
corresponds to BER wetted with water; the middle vial represents BER wetted 
with Co(II) acetate; the vial on the right represents BER wetted with NiCl2.  A:  
10 s after addition of the metal catalyst; B:  60 s after addition of the metal 
catalyst. 
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 A B 

 
Figure 3-3  Radio-TLC scans of Co(II) acetate- and NiCl2-assisted conversion of 
[18F]FBN to [18F]FBA 1 min after addition of FBN to the metal catalyst-activated 
BER 
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Figure 3-4 Radio-TLC results of the conversion to FBA following addition of the 
FBN to previously NiCl2-activated BER. FBN was added at various time points 
after activation of the resin 
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CHAPTER 4   
Validation of an 18F-labelled oligonucleotide probe for imaging 

p21WAF1 transcriptional changes in human tumour cells 
 

This chapter is based on a manuscript submitted for publication and authored by I. 

Koslowsky, S. Shahhosseini, R. Mirzayans, D. Murray,  and  J. Mercer.  

 

The work presented in this chapter was carried out by I. Koslowsky with technical 

assistance from S. Shahhosseini.  Cell cultures were prepared by Bonnie Andrais. 
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4.1 Introduction 

The ability to longitudinally image alterations in gene expression in human 

tumours during a course of radio- or chemo-therapy using sensitive techniques 

such as positron emission tomography (PET) would have major ramifications for 

monitoring early tumour responsiveness to treatment.  This would, in turn, allow 

clinicians to optimize treatments to individual patients early in the treatment 

process.  A critical determinant of the cellular response to DNA-damaging agents, 

such as ionizing radiation, is the stabilization and activation of p53 (1).  p53 is a 

multifunctional protein whose roles in the DNA damage-response pathway 

include its activity as a nuclear transcription factor that regulates the expression of 

many downstream genes, including the gene encoding the cyclin dependent 

kinase inhibitor  p21WAF1/CIP1 (hereafter called p21) (2).  For example, activation 

of the p53-p21 axis soon after irradiation may promote cell survival by transiently 

activating cell-cycle checkpoints, allowing the cell to repair DNA damage; it can 

also promote the loss of clonogenic potential, e.g., by activating p53-directed 

apoptosis.  Furthermore, in some genetic backgrounds exposure to ionizing 

radiation can cause prolonged p21 up-regulation and p21-directed “permanent” 

cell cycle arrest (i.e., premature or “accelerated” senescence) (3-7). 

Most of our understanding of these events has come from studies using cultured 

cells exposed to DNA-damaging agents in vitro, and little is known about such 

responses in vivo.  Imaging changes in p21 mRNA expression post-irradiation in 

vivo should thus provide important insight into these early tumour responses and 

their potential impact on the outcome of radio-/chemo-therapy.  The objective of 
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the present study is to develop [18F]-labelled antisense oligodeoxynucleotides 

(asODNs) that will bind to the p21 mRNA sequence in vitro that can ultimately be 

used as an imaging probe for this transcript in vivo.  Successful imaging of gene 

expression requires entry of the probe into the cell and hybridization with its 

target p21 transcript. 

asODNs have been used in a variety of tumour cell lines to explore the 

relationship between p21 expression and cell cycle arrest/apoptosis (8-12).  A 

proof-of-concept for using antisense technology to image p21 transcripts was 

provided by Wang et al (13), who reported that they were able to image the up-

regulation of p21 expression by epidermal growth factor in a MDA-MB-468 

human breast cancer xenograft using an asODN probe labelled with [111In]DTPA.  

This report, which used single-photon emission computed tomography (SPECT) 

imaging, encouraged us to investigate the potential of a [18F]-labelled asODN for 

imaging radiation-induced p21 expression with PET.  Thus, this study was 

designed to validate that an asODN, directed to p21 mRNA, retains its antisense 

behaviour after conjugation with a (radio)fluorinated prosthetic group; and to 

observe the cellular distribution of [18F]asODNs and fluorescent [F]asODNs in 

irradiated HCT116 human colon carcinoma cells, which are known to up-regulate 

their expression of p21 after irradiation.   

4.2 Materials and Methods  

4.2.1 Oligonucleotides 
A fully phosphorothioated 20-mer antisense oligodeoxynucleotide (asODN) 

targeting the 3′-untranslated region of human p21 mRNA as described by Poluha 
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et al (11) was synthesized and purified by University Core DNA Services, 

University of Calgary (Alberta, Canada).  A 20-mer random sequence 

oligonucleotide (rsODN) was used as a control.  The sequence of the asODN was 

5′-TGTCATGCTGGTCTGCCGCC-3′.  The rsODN consisted of the sequence 5′-

CCGGTGAACGAGCGAGCACA-3′.  For flow cytometry studies, ODNs were 

tagged with the fluorophore Quasar 570 CPG (Biosearch Technologies, Novato, 

CA, USA) on the 3′ -end (hereafter designated as asODN-Q or rsODN-Q).  

Confocal microscopy studies utilized the above ODNs as well as Quasar-labelled 

ODNs tagged with the nonradioactive prosthetic group N-(4-fluorobenzyl)-2-

bromoacetamide (FBBA) on the 5′-end ([F]asODN-Q or [F]rsODN-Q). 

4.2.1.1 Radiolabelling of oligodeoxynucleotide (ODN) 
The synthesis of [18F]FBBA was performed as described previously (14) using a 

TRACERlab FxFDG automated synthesis unit.  Typically, 100 to 200 MBq of 

purified [18F]FBBA could be obtained for radiolabelling ODNs from 10 GBq of 

[18F]fluoride.  Lyophilized ODN (0.5 or 1 mg) was reconstituted with 1 mL of 

phosphate buffered saline (PBS) 0.1 M, pH 8, mixed with methanol, 1/1 (v/v), and 

added to [18F]FBBA. The mixture was heated in a vented vial at 120°C for 30 

minutes.  Unreacted [18F]FBBA was separated from the radiolabelled ODN with a 

NAP™-10 column (GE Healthcare, Chalfont St Giles, UK) by elution with PBS 

0.01 M, pH 7.2.  No further purification was performed.  The concentration of 

ODN in the eluate was determined by u.v. spectroscopy at 260 nm using a DU-

7400 spectrophotometer.  Analysis of the mixture was performed with reverse-

phase HPLC using the following gradient system: triethylammonium 
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acetate/acetonitrile 95/5 to 90/10 over 3 minutes, followed by 90/10 to 75/25 over 

7 minutes, with a washout phase of 50/50 for 10 minutes; flow rate:  6 mL/min; 

retention time: 14.6 to 14.9 minutes.  The [18F]ODNs eluted with the same 

retention time as the non-radioactive, fluorinated ODNs. The final specific 

activity of the products ranged from 100 to 1000 MBq/µmol, with a mean of 380 

MBq/µmol. 

4.2.2 Cells and Cell Culture 
HCT116 colon carcinoma cells were purchased from the American Type Culture 

Collection (Rockville, MD, USA).  The cells were cultured as monolayers in 

Dulbecco’s Modified Eagle Medium (Invitrogen, Grand Island, NY, USA) with 

nutrient mixture F-12 (Ham) (1/1) (DMEM/F12) supplemented with 10% (v/v) 

fetal bovine serum (FBS), 1 mM L-glutamine, 100 IU/mL penicillin G, and 100 

µg/mL streptomycin sulphate.  Opti-Mem I Reduced Serum medium (Invitrogen, 

Grand Island, NY, USA) was used for all transfection studies.  All cell cultures 

were incubated at 37°C in 5% CO2/air.  Lipofectin (Invitrogen, Carlsbad, CA, 

USA), a liposomal formulation of the cationic lipid N-[1-(2,3-dioleyloxy)propyl]-

N,N,N-trimethylammonium chloride (DOTMA) and dioleoyl 

phosphatidylethanolamine (DOPE) (15), was employed as the liposomal 

transfection agent and prepared as per the manufacturer’s instructions.  A 10 

µg/mL concentration of Lipofectin was employed for in vitro studies. 
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4.2.3 Irradiation 
60Co γ-ray exposures were performed in a Gammacell 220 Unit (Atomic Energy 

of Canada Limited, Ottawa, ON, Canada) at a dose rate of ~5 Gy/min (total dose 

of 5 Gy).  Cells were irradiated 24 hours after seeding. 

4.2.4 Protein Immunostaining 
Approximately 105 cells per 2 mL of medium were plated in 35-mm culture 

dishes with coverslips and incubated overnight at 37°C.  Four hours prior to 

irradiation, the cells were treated with naked asODN or rsODN (400 nM) i.e. no 

transfection agent was used; or liposome-transfected asODN or rsODN (hereafter 

called ‘transfected’ ODNs).  As a control, some cells were treated with the 

liposomal vector alone.  Cell were subsequently irradiated and incubated for 24 

hours.  Immunofluorescence analysis was performed as described previously (7).  

Briefly, the cells were permeabilized with 2 mL of 100% methanol for 20 minutes 

at -10°C and probed with a 1:1000 dilution of primary mouse monoclonal 

antibody (p21(187), Santa Cruz Biotechnology, Santa Cruz, CA, USA) followed 

by a 1:250 dilution of AlexaFluor488 goat anti-mouse IgG (Molecular Probes, 

Eugene, OR, USA).  DAPI (4',6-diamidino-2-phenylindole dihydrochloride, 

Sigma, St. Louis, MO, USA), a nuclear stain, was added prior to imaging.  Cells 

were examined with a Zeiss Axioplan2 microscope (Carl Zeiss, Jena, Germany).  

Images were captured using the Metamorph program and processed with Adobe 

Photoshop. 
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4.2.5 Western Blotting 
Approximately 5 x 105 cells per 4 mL of medium were plated in 60-mm culture 

dishes and incubated overnight at 37°C.  Four hours prior to irradiation, the cells 

were treated with 50, 100, 200, or 400 nM of asODN or rsODN, or with the 

FBBA-labelled oligonucleotides, [F]asODN or [F]rsODN.  The ODNs were 

transfected with or without a liposomal vector.  As a control, some cells were 

treated with the vector alone.  Cells were subsequently irradiated and incubated 

for 24 hours.  The cells were lysed with 50 mM Tris buffer, pH 7.4, containing a 

cocktail of the protease inhibitors aprotinin 10 µg/mL, leupeptin 10 µg/mL, and 

phenylmethylsulfonyl fluoride 1 mM, and an ATPase inhibitor sodium 

orthovanadate 2 mM (Sigma, St. Louis, MO, USA).  Protein concentration of the 

cell lysates was determined with the Bradford protein assay kit (Bio-Rad, 

Hercules, CA, USA) and the concentration measured at 595 nm with a DU-7400 

spectrophotometer.  Sodium dodecylsulfonate polyacrylamide gel electrophoresis 

(SDS-PAGE) was performed under reducing conditions on 30 µg of cell lysates in 

25 mM Tris buffer, pH 8.3, containing 192 mM glycine and 0.1% w/w SDS.  The 

gel bands were transferred to a polyvinylidene difluoride (PVDF) membrane 

(Hybond-P, Amersham Bioscience, Baie d’Urfé, QC, Canada), using the semi-dry 

membrane transfer method.  Ponceau S Stain was applied to verify uniform 

transfer of the protein bands to the membrane.  The membranes were probed with 

a 1:2000 dilution of p21 mouse monoclonal antibody (Sigma, St. Louis, MO, 

USA) in PBS containing 5% Carnation skim milk (to block non-specific binding 

of antibody to membrane), washed with PBS containing 0.1% Tween (to remove 

unbound protein), followed by incubation with a 1:1000 dilution of IgG 
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polyclonal goat anti-mouse horseradish peroxidase (HRP) IgG (Santa Cruz 

Biotechnology, Santa Cruz, CA, USA).  The membranes were washed with 

PBS/Tween solution and the protein bands detected using the enhanced 

chemiluminescence kit (ECL, GE Healthcare, Chalfont St Giles, UK) and 

exposure to Kodak Imaging film (Kodak, Rochester, NY, USA).  The membranes 

were subsequently stripped of the p21 probe with a 25 mM glycine/1% SDS 

solution, pH 2, and reprobed for actin (1:5000 goat polyclonal IgG (Sigma, St. 

Louis, MO, USA)) in PBS/milk.  The membranes were then processed as above. 

4.2.6 Flow Cytometry 
Approximately 5 x 105 cells per 4 mL of medium were plated in 60-mm culture 

dishes and incubated overnight at 37°C.  The cells were subsequently irradiated 

and incubated for 24 hours, followed by incubation with 280 nM Quasar-tagged 

ODNs with or without a vector for 0.5, 1, 2, or 2.5 hours.  The cells were washed 

and resuspended in PBS containing 2 mM ethylenediamine tetraacetic acid 

(EDTA).  One plate was left untreated and acted as a negative control.  Cellular 

uptake of the fluorescent probes was assessed using a FACSCalibur Flow 

Cytometer (Becton Dickenson, San Jose, CA, USA) with a 488 nm laser and the 

Cell-Quest Pro analysis package.  The data collected included forward scatter, 

side scatter, and fluorescence-1 (FL-1, Quasar 570).  The detected fluorescence 

was gated to exclude autofluorescence of the untreated control cells.  Histograms 

were recorded showing cell number versus fluorescence intensity in cells 

corresponding to ODN uptake.  The median fluorescence intensity (MFI) ratios of 

naked asODN-Q to rsODN-Q and transfected asODN-Q to rsODN-Q were 
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determined to evaluate the differences of cellular uptake and internalization of 

asODN versus its random sequence control.  Studies were performed in triplicate 

on different days. 

4.2.7 Cell Fractionation Studies 
Approximately 5 x 105 cells per 4 mL of medium were plated in 60-mm culture 

dishes and incubated overnight at 37°C.  The cells were subsequently irradiated 

and incubated for 24 hours, followed by incubation with approximately 0.4 

nmoles of [18F]-labelled asODN or rsODN per 106 cells (with or without a vector) 

for 0.5 to 2.5 hours.  A cell fractionation technique described by Eboue et al (16) 

was employed to determine uptake and intracellular compartmentalization of 

naked or transfected [18F]ODNs.  All media, washings, and cellular fractions were 

transferred to counting tubes and counted in a Wizard™ 3” 148 automatic gamma 

counter (PerkinElmer Life Sciences, Turku, Finland).  The data were background 

corrected and decay corrected to a standard.  All analyses were performed at least 

3 times on different days. The Student T-test was employed for statistical analysis 

of the data. 

4.2.8 Confocal Microscopy 
Approximately 105 cells per 2 mL of medium were plated in 35-mm tissue culture 

dishes with 14-mm microwell (MatTek, Ashland, MA, USA) and incubated 

overnight at 37°C.  Twenty-four hours after irradiation, cells were incubated with 

[F]asODN-Q, 280 nM, with or without a vector.  The cell nuclei were stained 

with 1 µL of Hoechst 33342 (1 µg/mL) (Molecular Probes, Eugene, OR, USA) 30 

min prior to imaging.  The intracellular distribution of the probes was visualized 
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using a Zeiss 510 LSM microscope (Carl Zeiss Microscope Systems, Jena, 

Germany) at 543 nm ([F]asODN-Q) and 364 nm (nuclear stain) following 2.5 

hours of probe incubation.  The intensity of the excitation laser, or acousto-optical 

tunable filter (AOTF), was optimized for each wavelength for each scan to 

visualize the location of the probe.  Differential interference contrast was included 

in some images for morphological information. 

4.3 Results 

4.3.1 Radiolabelling of oligonucleotide (ODN) 
RP-HPLC analysis of the radiolabelled ODNs demonstrated a single radioactive 

peak with the same retention time as that of the non-radioactive, fluorinated 

ODNs (retention time (tR): 14.6 to 14.9 minutes).  The ODNs were not adversely 

affected by high temperatures if heated in a vented vial:  RP-HPLC demonstrated 

a single peak corresponding to the retention time of an uncooked ODN (tR: 13.8 

min).  The final specific activity of the products ranged from 100 to 1000 

MBq/µmol, with a mean of 380 MBq/µmol.  

4.3.2 Protein Immunostaining 
Protein immunostaining was performed to verify upregulated p21 expression 

post-irradiation and to confirm an antisense effect with the selected asODN.  The 

cells were treated with ODNs for 4 hours prior to irradiation followed by a 24-

hour incubation after irradiation to give the ODNs the opportunity to enter the cell 

and hybridize with both endogenous and ionizing radiation-induced p21 

transcripts.  Figure 4-1 illustrates the effect of transfected asODN on p21 protein 

expression in irradiated HCT116 cells.  Cells which were not irradiated or treated 
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with ODNs were used as an endogenous control (Figure 4-1A): minimal 

constitutive expression of p21 protein was observed in these cells.  In contrast, 

irradiated cells that were not treated with ODNs expressed a high level of p21 

protein (Figure 4-1B).  The vector alone did not affect p21 expression in 

irradiated cells, nor did transfected rsODN (Figures 4-1C and 1D, respectively).  

However, transfected asODN effectively blocked ionizing radiation-induced p21 

expression to the level of the non-irradiated control (Figure 4-1E).  DAPI staining 

of intact nuclei showed that treatment with asODNs did not damage the cells at 

the concentration used over the time period studied (Figure 4-1F). 

4.3.3 Western Blot 
Western blotting was used to determine antisense activity of asODN as well as its 

activity after conjugation with a [F]-containing prosthetic group.  Figure 4-2 

shows p21 protein expression levels in HCT116 cells that have been treated with 

naked or transfected asODN or rsODN.  The non-irradiated control cells exhibited 

a low level of p21 expression, reflecting the minimal constitutive expression of 

this gene in an unstressed environment.  Following irradiation with 5 Gy, greatly 

increased p21 expression was observed in cells that were not treated with ODNs.  

Treatment with 400 nM of transfected asODN inhibited p21 expression to the 

level of the non-irradiated control cells.  In comparison, the naked asODN, naked 

rsODN, and transfected rsODN had minimal impact on p21 expression at this 

time point. 

The labelling of asODN with FBBA ([F]asODN) did not appear to interfere with 

its ability to down-regulate p21: treatment with transfected [F]asODN 
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demonstrated a concentration-dependent inhibition of p21 of similar magnitude to 

the nonfluorinated transfected asODN, with downregulation of p21 evident at an 

ODN concentration of 50 nM (Figures 4-3B and 3A, respectively).  Again, no 

change in p21 expression was observed with the transfected rsODN and 

[F]rsODN as compared to the control cells (Figures 4-3C and 3D, respectively). 

4.3.4 Flow Cytometry 
The following studies (i.e., flow cytometry, cell fractionation, and confocal 

microscopy) were designed to evaluate the potential of the asODN as an imaging 

agent, with respect to its cellular internalization and intracellular localization, 

following upregulation of p21 gene expression.  

Flow cytometry was performed to observe the uptake and intracellular pattern of 

distribution of fluorescently-labelled asODNs and rsODNs.  Table 4-1 depicts the 

percent of 5-Gy-irradiated HCT116 cells within a culture that contained the 

fluorescent probes as a function of incubation time.  Irradiated untreated cells 

were used as a control to exclude autofluorescence; such cells typically 

represented less than 2% of the gated population.  No difference in the number of 

cells internalizing the probes per unit time period was observed regardless of 

ODN sequence or whether a transfection agent was used, although more 

variability was observed in cells incubated with naked ODN versus transfected 

ODN.  At 2.5 h, 53 to 81% of the cells had internalized the naked probes versus 

73 to 77% with the transfected ODNs. 

Figures 4-4A and 4B compare uptake of asODN-Q and rsODN-Q, respectively, at 

1 hour; Figures 4-4C and 4D depict the distribution of asODN-Q and rsODN-Q at 
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2 hours.  M1 represents the gated population and excludes unlabelled cells.  A 

discrete Gaussian-type histogram at low fluorescence intensity was observed in 

cells treated with naked ODN (dark gray profile).  The intensity of the signal did 

not increase with time, implying little change in uptake and intracellular 

distribution of the probe over the time period tested.  In contrast, a distinct 

bimodal pattern of signal intensity was evident in cells containing transfected 

asODN-Q at 1 h (light gray profile), with the fluorescent signal increasing in 

intensity by 2 h.  A similar pattern of uptake and distribution of fluorescent 

rsODNs was observed (Figures 4-4B and 4D), although the bimodal distribution 

was less evident at 2 h. 

Figure 4-5 illustrates the differences of cellular uptake and internalization of 

asODN-Q and its random sequence control.  A mean naked asODN to naked 

rsODN MFI ratio of 1 was observed at all time periods, demonstrating that the 

cells do not differentiate between the naked asODN and rsODN with respect to 

their uptake or internal distribution.  In contrast, transfected asODN demonstrated 

a 1.8-fold increase in MFI ratio over the transfected rsODN after 2 h of 

incubation.  Therefore, although a similar number of cells were able to internalize 

the probes in the presence of a vector (see Table 4-1) a higher amount of 

transfected asODN remained in the cells as opposed to its random sequence 

control. In other words, once asODN is free from endosome entrapment and 

released from Lipofectin, it remains within the cell to bind with its target, whereas 

the rsODN is able to exit the cell as it has no specific target.   
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4.3.5 Cell Fractionation Studies 
Cell fractionation as described by Eboue et al [16] provided a means for locating 

and quantifying the radiolabelled probes in the subcellular fractions.  Table 4-2 

compares the uptake of radioactivity of naked or transfected [18F]asODN or 

[18F]rsODN over 2.5 hours whereas Table 4-3 shows transfected [18F]ODN 

uptake in the cytoplasm, endosomes, and nucleus, as a percentage of the cell-

associated radioactivity.  Transfected ODNs were superior in their ability to bind 

to and enter the cells as compared to the naked ODNs, which exhibited <1% mean 

uptake at each time period tested (Table 4-2).  The uptake of the transfected 

radiolabelled ODNs at 0.5 hours was approximately 2-fold higher than the naked 

ODNs, and uptake of the transfected antisense and random sequence probe was 

observed to be similar ([18F]asODN: 1.7% vs. [18F]rsODN: 2.0%).  Uptake 

increased with longer incubation times:  at 2.5 h, [18F]rsODN exhibited a higher 

uptake of 4.8% as compared with [18F]asODN (2.9%), although the difference 

was not statistically significant. 

Subtle differences in the behaviour of the internalized ODNs, on the other hand, 

were observed, as shown in Table 4-3.  Transfected [18F]asODN demonstrated 

variable uptake; however, increased radioactivity was observed over time in both 

the cytoplasm and endosomes.  Activity in the cytoplasm increased from 8.6% at 

30 minutes to 23% at 2.5 h (P <0.05).  Endosomal activity was also observed to 

increase from 9.5% of the cell-associated activity at 1 h to 34.8% at 2.5 h.  

Radioactivity associated with the nuclear pellet remained constant with 20% of 

the cell associated activity observed in the nucleus at all time periods tested.  

Transfected [18F]rsODN also demonstrated wide variability of uptake in the cell 
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fractions, however no significant difference in [18F]rsODN accumulation was 

observed over time in the cytoplasm, endosomes and nucleus with this probe.  

Thus, it appears that the processing of [18F]asODN differs from that of 

[18F]rsODN once the probes have been internalized. 

4.3.6 Confocal Microscopy 
Figures 4-6A to 6C show the location of fluorescently-labelled [F]asODNs, after a 

2.5 h incubation with the probe, in live 5-Gy-irradiated HCT116 cells examined 

using confocal microscopy.  Hoechst 33342 stain (blue) shows the intact nucleus, 

with uptake of [F]asODN-Q in red.  4-6A represents irradiated untreated cells 

(i.e., no [F]asODN-Q):  a very faint red fluorescent signal at high laser intensity 

(acousto-optic tunable filter (AOTF): 48.5%) was observed uniformly distributed 

in the cytoplasm of the cell, and likely represents mitochondrial-associated 

autofluorescence.  Distribution of naked [F]asODN-Q (Figure 4-6B) was 

observed in the cytoplasm as discrete dense foci of fluorescence located near the 

nucleus at the same AOTF setting.  Figures 4-6C and 4-6D depict uptake of 

transfected [F]asODN-Q with and without morphology, respectively: at an AOTF 

setting of 0.9%, large distinct foci of fluorescence were observed in the 

cytoplasm.  The probe was also observed in the nucleus:  the distribution appeared 

uniform within the nucleus, with sporadic smaller fluorescent foci.  However, the 

cell population showed heterogeneous accumulation of [F]asODN with some cells 

intensely fluorescent while others show minimal to no accumulation.  Uniform 

distribution of the probe was also faintly detected in the cytoplasm.  Neither the 
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autofluorescence in the control cells nor in the cells containing naked [F]asODN-

Q were visible at the 0.9% AOTF setting (images not shown). 

4.4 Discussion 

While pharmacokinetic parameters of various [18F]-labelled ODNs have been 

assessed (17-19), no literature describes the assessment of [18F]-labelled asODNs 

directed to a specific mRNA target in cell culture or in vivo.  Prior to in vivo 

imaging it is important to ascertain, in a suitable in vitro model, that the modified 

asODN is able to gain intracellular access, and discriminately bind to its mRNA 

transcript.  A particularly relevant target transcript in this regard is p21, which is 

one of a large number of genes that are transcriptionally transactivated by p53 in 

response to DNA damage.  It has been shown that p21 can be rapidly induced 

following γ-radiation in a number of cell lines, and sustained p21 expression was 

observed in HCT116 (colon carcinoma), A172 (malignant glioma), and SKNSH 

(neuroblastoma) for at least 6 days (7).  We have confirmed the sustained 

induction of p21 in HCT116 with immunofluorescence and Western blot studies. 

We were also able to show that the induction of p21 expression following a 5-Gy 

γ-ray exposure could be effectively blocked with [F]asODN if a delivery vector 

was used, whereas no inhibition of expression was observed with the similarly 

transfected [F]rsODN.  These observations are in agreement with those reported 

by Tian et al (12) who demonstrated inhibition of p21 expression in HCT116 cells 

previously irradiated with 10 Gy using the same asODN sequence, but unlabelled 

asODN.  These observations confirm that asODNs modified with a fluorine-

containing prosthetic group can target their mRNA transcript as effectively as the 
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unmodified ODN.  This is an important result since the addition of the fluorine 

containing prosthetic group is a requirement for future PET imaging applications. 

The naked asODN was not able to block the induction of p21 mRNA post-

irradiation, at the concentrations studied, even with a long incubation time of 24 

hours.  Cell fractionation studies demonstrated limited uptake (<1%) of naked 

[18F]asODN and [18F]rsODN, and flow cytometry showed that cells transfected 

with naked fluorescently-labelled ODNs had a low MFI even though up to 96% of 

the cells were successfully transfected with the fluorescent probes within 2.5 

hours of incubation.  Antisense activity with naked probes has been reported, 

however these studies used saturation concentrations of asODN for prolonged 

periods of time:  upon removal of the medium containing the asODN, the 

antisense activity was lost (20,21).  Uptake of the asODN at saturation levels 

involves energy-dependent and independent mechanisms of uptake and must 

allow the probe to avoid entrapment and be available for targeting cytoplasmic 

mRNA (22).  At the lower concentrations proposed for radionuclide imaging 

studies, energy dependent adsorptive pinocytosis is the most likely mechanism of 

uptake, resulting in entrapment of the probe within endosomal vesicles (see 

Chapter 1.6).  Others have observed that antisense activity is lost once the 

oligonucleotides become sequestered in the vesicular compartment (22).  The 

confocal microscopy images of irradiated HCT116 cells confirm that the probe 

localizes in discrete areas near the nucleus, possibly in vacuoles, granules, or 

perinuclear organelles.  The low cellular uptake of the naked probes and the 
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consolidation of [F]asODN in cytoplasmic organelles explain the lack of antisense 

activity observed here with Western blotting. 

Results obtained in this study confirm that, in order to enhance uptake and avoid 

vesicular sequestration, a transfection agent will be required.  Lipofectin, the 

cationic liposome used in this study, increased uptake of the [18F]ODN 3- to 5-

fold in irradiated HCT116 cells by 2.5 h.  As well, subtle differences in the 

distribution between [18F]asODN and [18F]rsODN were observed when the 

liposomal agent was used.  Flow cytometry results also provide evidence of 

differences in the distribution between the two transfected fluorescent probes: 

both asODN-Q and rsODN-Q showed a higher fluorescence intensity than the 

naked ODNs.  In addition, an approximately 2-fold increase in the MFI of 

transfected asODN-Q was observed over the similarly transfected rsODN-Q after 

1 h of incubation with the cells.  These results are in contrast to those observed 

with the naked probes, where both asODN-Q and rsODN-Q demonstrated 

equivalent intensity of fluorescence at the time periods tested.  Thus, both the 

naked asODN and rsODN were internalized and processed similarly once inside 

the cell.  The flow cytometry and cell fractionation studies provide a snapshot of 

the dynamic molecular processes within a population of cells, and reflect not only 

the uptake of the ODNs but also the efflux.  These results suggest that the cell can 

discriminate between the two probes if the probes escape the endosomes and are 

released from their carrier. 

Lipofectin is considered an efficient transfection agent for DNA-type probes and 

is commonly used in in vitro studies; however, cationic liposomes are generally 
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not considered appropriate vectors for in vivo use as they exhibit detergent-like 

properties as well as nonspecific interactions with serum, both of which can lead 

to cytotoxicity (23).  In addition, the liposome vector enhanced nuclear 

localization of the probes. The role of the (radio)fluorescent probe in the nucleus 

is unclear at this time.  It has been suggested that the nucleus may serve as a depot 

for excess ODNs with asODNs shuttling between the nucleus and cytoplasm, 

hybridizing with mRNA (24,25).  Regardless, alternate biocompatible vectors will 

be required to guide [18F]asODNs to cytoplasmic mRNA transcripts. 

4.5 Conclusions 

In order to determine whether [18F]-labelled asODNs have the potential for use as 

imaging probes of gene expression in vivo, it is important to confirm that the 

modified, radiolabelled asODN retain its biological activity, and is able to reach 

its target in vitro.  We have demonstrated that the conjugation of a radiofluorine-

labelled prosthetic group to an asODN did not interfere with the ODNs ability to 

block the induction of p21 expression by γ-rays in HCT116 cells.  As well, with 

the aid of a transfection agent, the cells were able to discriminate between 

[18F]asODN and [18F]rsODN implying recognition of its target mRNA transcript.  

These results have provided stimulus for further investigation into the cellular 

distribution and retention of [18F]-labelled antisense oligonucleotides in p21-wild 

type versus p21-knockout HCT116 human colon carcinoma cell lines using a 

delivery vector compatible with in vivo animal models.   
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Table 4-1  Percent of HCT116 cells containing ODN labelled with Quasar-570* 
 

 % cells containing fluorescent probe 

Time (h) 0.5 1 2.5 

Naked asODN 42.4 
(25.3 – 61.8) 

54.2 
(21.4 – 89.3) 

81.4 
(73.2 – 96.7) 

Naked rsODN 40.0 
(13.1 – 60.4) 

55.0 
(13.8 – 88.2) 

52.5 
(19.9 – 96.3) 

Transfected 
asODN 

31.0 
(29.1 – 33.7) 

50.8 
(31.1 – 64.9) 

72.9 
(66.1  – 83.6) 

Transfected 
rsODN 

42.5 
(35.3 – 50.4) 

53.9 
(36.0 – 65.0) 

77.1 
(60.2 – 85.6) 

 
*emission:  566 nm  
Results are given as mean of at least 3 replicates (plus range).  A total of 10,000 
cells were counted per sample 
 
 
 
 
 
Table 4-2  Uptake of [18F]ODNs expressed as percent of the total radioactivity 
added to the cells 
 

 % total radioactivity 

Time (h) 0.5 1 2 2.5 

Naked asODN 0.8 
(0.2 – 2.0) 

0.4 
(0.3 – 0.7) 

0.5 
(0.3 – 0.8) 

0.5 
(0.3 – 0.7) 

Naked rsODN 0.8 
(0.3 – 1.7) 

0.5 
(0.5 – 0.6) 

0.5 
(0.4 – 0.6) 

0.6 
(0.3 – 1.0) 

Transfected 
asODN 

1.7 
(0.5 – 3.2) 

2.0 
(1.6 – 2.4) 

2.8 
(2.0 – 3.9) 

2.9 
(2.0 – 4.0) 

Transfected 
rsODN 

2.0 
(1.6 – 2.6) 

3.0 
(2.4 – 3.3) 

4.1 
(2.8 – 5.4) 

4.8 
(3.1 – 5.7) 

 
Results are given as the mean of at least 3 replicates (plus range) 
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Table 4-3  Uptake of transfected [18F]ODN in HCT116 cells expressed as percent 
of cell-associated radioactivity 
 

 % cell-associated radioactivity 

Time (h) 0.5 1 2 2.5 
Cytoplasm 

asODN 
 

8.6 (1.4)* 
 

10.1 (2.0) 
 

12.7 (6.8) 
 

23.0 (8.6)* 
rsODN 15.6 (4.6) 12.1 (1.2) 17.6 (4.4) 12.0 (3.8) 

Endosomes 
asODN 

 
20.0 (10.2) 

 
9.5 (9.2) 

 
29.4 (19.8) 

 
34.8 (13.4) 

rsODN 16.1 (4.2) 18.7 (8.6) 32.1 (20.6) 17.8 (3.8) 
Nucleus 

asODN 
 

21.8 (17.1) 
 

25.1 (15.0) 
 

23.1 (14.9) 
 

19.8 (8.4) 
rsODN 17.3 (6.6) 18.5 (8.8) 18.5 (10.7) 23.4 (8.5) 

 
Results are given as the mean of at least 3 replicates (± 1 standard deviation).   
*p <0.05 for [18F]asODN in cytoplasm at 0.5 h and 2.5 h 
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Figure 4-1  Immunofluorescence analysis of p21 protein expression in HCT116 
cells.  A: Before ionizing radiation exposure or ODN treatment. B: 24 h post-
irradiation (5 Gy); no ODN treatment. C: 24 h post-irradiation and treatment with 
the liposome transfection agent; no ODN. D:  24 h after irradiation and incubation 
with transfected rsODN (400 nM). E: 24 h after irradiation and incubation with 
transfected asODN (400 nM). F. DAPI staining of nuclei of asODN-treated cells 
in panel E 
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Figure 4-2 Western blot analysis of p21 protein expression in HCT116 cells after 
incubation for 24 h with asODN or rsODN (400 nM).  Control: p21 expression in 
cells not exposed to ionizing radiation or treated with ODN.  IR: p21 expression 
in cells 24 h after irradiation with 5 Gy.  L:  liposome treatment (no ODN) for 24 
h after irradiation. asODN and rsODN:  naked (no transfection agent); asODN + L 
and rsODN + L
 

:  liposome transfected ODNs 

  

 
Figure 4-3  Western blot analysis of p21 protein expression in HCT116 cells after 
incubation for 24 h with 50 to 400 nM of transfected ODNs. A: asODN, B: 
nonradioactive [F]asODN, C: rsODN, and D: nonradioactive [F]rsODN.  Control: 
p21 expression in cells not exposed to ionizing radiation or treated with ODN.  
IR
 

: p21 expression in cells 24 h after irradiation with 5 Gy 
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Figure 4-4  Flow cytometry histograms of cell counts vs. fluorescence intensity 
(Quasar 570) for 5-Gy-irradiated HCT116 cells treated with 280 nM asODN-Q (A 
and C) or rsODN-Q (B and D).  Panels A and B represent uptake of ODNs at 1 h; 
panels C and D uptake at 2 h.  The dark gray profile depicts naked ODN; the light 
gray curve shows uptake of transfected ODNs.  The black profiles correspond to 
untreated, irradiated cells.  M1 represents the region associated with cells that 
have internalized the ODN 
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Figure 4-5 Ratio of the median fluorescence intensity (MFI) of ODNs in 
irradiated HCT116 cells over time.  Naked asODN:rsODN ratios are shown as 
black bars; the transfected asODN:rsODN ratios are shown as speckled bars.  
Results are based on at least 3 replicates performed on different days.  Error bars 
represent 1 standard deviation 
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Figure 4-6 Confocal images of live, 5-Gy-irradiated HCT116 cells after 2.5 h 
incubation with Quasar-tagged [F]asODN.   Hoechst 33342 blue stain represents 
intact nuclei (364 nm).  Red signal represents [F]asODN-Q (543 nm).  A:  
irradiated cells, no ODN treatment. B:  naked [F]asODN-Q.  C:  liposome-
transfected [F]asODN-Q.  D:  liposome-transfected [F]asODN-Q (red signal only) 
 

A B 

D C 
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CHAPTER 5  
 

Evaluation of a block copolymer based nanocarrier for the 
delivery of [18F]-labelled oligonucleotides 

 

This chapter is based on a manuscript submitted for publication and authored by I. 

Koslowsky, S. Shahhosseini, E. von Guggenberg, X-B. Xiong, D. Murray, A. 

Lavasanifar, J. Mercer 

 

The work presented in this chapter was carried out by I. Koslowsky with technical 

assistance from S. Shahhosseini.  X-B. Xiong synthesized the spermine grafted 

polyamine block copolymer, SP.  Cell cultures were prepared by Bonnie Andrais. 
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5.1  Introduction 

Positron emission tomography (PET) is a non-invasive medical imaging 

technique using compounds labelled with short-lived positron emitting 

radionuclides for quantitative investigations of molecular and cellular structures 

and processes in vivo (1-4).  In this context, the imaging of gene expression using 

biomarkers such as antisense oligodeoxynucleotides (asODNs) labelled with PET 

radionuclides can be an invaluable clinical tool for studying disease progression 

and early response to treatment with radio- or chemotherapy in animal models of 

cancer and in cancer patients.  A number of PET radionuclides have been 

employed to radiolabel asODNs and their modified congeners for imaging gene 

expression. (5-9).  18F is the most common positron emitter explored in this regard 

due to its relatively favourable physical characteristics (i.e. β+ Emax of 0.633 MeV; 

half-life of 109.6 minutes).  

The challenges associated with imaging gene expression in vivo overlap with 

those of asODN-based gene therapy and include the need to deliver the 

(radiolabelled) probe to the affected tissue, followed by cellular internalization 

and release of the probe into the cytoplasm and/or nucleus, depending on the 

target site.  However, this is where the similarity ends.  Whereas the goal of 

asODN-based gene therapy is to affect a therapeutic antisense response through 

the downregulation of the expressed gene, the goal of imaging is to visualize the 

current state of gene expression without perturbation of ongoing biochemical 

processes. The requirements for delivery of the probe to the target tissue also 

differ:  gene therapy typically requires prolonged plasma clearance using 
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micromolar (µM) concentrations of probe to ensure the affected cells receive a 

therapeutic dose. Saturation of the target cells with µM concentrations of asODN 

promotes intracellular uptake using energy-dependant and independent 

mechanisms (10) with some of the probe escaping endosomal encapsulation and 

reaching its target mRNA.  In contrast, PET imaging of gene expression uses 

submicromolar concentrations of [18F]-labelled asODN which must be rapidly 

delivered to the target tissue before the isotope has decayed.  Energy-dependent 

adsorptive pinocytosis prevails at low concentrations of radiolabelled asODN and 

therefore few molecules will elude encapsulation (10). Finally, the clearance of 

unbound or metabolized probe must be rapid to improve visualization of [18F]-

labelled asODN hybridization to its target. 

In order to address these challenges, a large number of modified ODNs have been 

developed, many of which show promising improvement in probe stability and/or 

cellular accumulation (11,12).  However, intracellular access to target mRNA 

remains a significant hurdle for gene expression imaging or gene therapy, and it is 

generally recognized that, in most cases, a delivery vector will be required to 

improve cellular accumulation of the asODN (13).  While transfection agents 

have been well studied for in vitro use, these agents are generally not considered 

safe for use in vivo.  There have been a few reports of in vivo imaging in animal 

tumour models with vector-assisted radiolabelled asODNs:  some reports are 

promising (14); however, in general, results generally describe low accumulation 

of the radiolabelled probe in the tumour (15-17). A biocompatible delivery vector 

which can improve cellular uptake and release of [18F]-labelled asODNs into the 
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target cell/tissue would clearly be advantageous for molecular imaging of gene 

expression.   

Our interest in gene expression involves imaging changes in p21 mRNA 

expression following radiation therapy.  The gene encoding the cyclin dependent 

kinase inhibitor p21WAF1/CIP1 (hereafter called p21) is regulated by p53, a 

multifunctional protein whose roles in the DNA damage-response pathway 

include activation of the p53-p21 axis (18).  Activation of this axis soon after 

irradiation may promote cell survival by transiently activating cell-cycle 

checkpoints, allowing the cell to repair DNA damage; it can also promote the loss 

of clonogenic potential, e.g., by activating p53-directed apoptosis.  Furthermore, 

in some genetic backgrounds exposure to ionizing radiation can cause prolonged 

p21 up-regulation and p21-directed “permanent” cell cycle arrest (i.e., premature 

or “accelerated” senescence) (19-23).  Imaging changes in p21 mRNA expression 

post-irradiation in vivo should thus provide important insight into these early 

tumour responses and their potential impact on the outcome of radio-/chemo-

therapy.  Based on this long term goal, we have radiolabelled an asODN, directed 

toward p21 mRNA, with an [18F]-labelled prosthetic group and have 

demonstrated that this modification does not interfere with its antisense ability in 

p21-expressing (p21+/+) human colon carcinoma cells.  We have also 

demonstrated that an antisense effect was only observed in cells transfected with 

asODN bound to a liposomal carrier as opposed to cells incubated with naked 

asODN for 24 h (see Chapter 4).  However, the traditional cationic liposomal 

preparations used for in vitro transfection experiments, as was used in this work, 
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are not compatible with in vivo use due to cytotoxicity, inhibition of the delivery 

in the presence of serum and size limiting cellular membrane permeability (24). 

We are currently investigating the use of block copolymers as delivery vectors for 

radiolabelled asODN. These agents act through the formation of polymeric 

micelles capable of encapsulating ODNs and this appears to be a promising 

approach for both gene therapy and imaging. Amphiphilic copolymers, consisting 

of blocks of polyethylene oxide (PEO) and polyamine-functionalized 

polycaprolactone (PCL), rapidly condense DNA via electrostatic forces to form 

self-assembling micelles (25,26).  Inside the cell, release of the asODN from 

endosomes is proposed to occur via the ‘proton sponge effect’ whereby the acidic 

endosomal environment creates a charge gradient across the endosomal 

membrane due to the increased protonation of the polymer. This process provokes 

counterion and water influx and results in endosomal swelling and rupture 

(27,28).  The effectiveness of polyamine polymeric micelles as delivery vectors 

was demonstrated by Xiong et al who were able to inhibit p-glycoprotein 

expression using a spermine (SP)- or tetraethylenepentamine (TP)-functionalized 

block copolymer carrying MDR-1 siRNA in MDR-1-transfected MDA435/LCC6 

cells (29). With 1 h of incubation, confocal microscopy demonstrated 

accumulation of the fluorescently-tagged siRNA in the endosomal compartments; 

with 3 h of incubation, the probe was clearly visible in the cytoplasm, suggesting 

the successful release of the siRNA from the vesicles. Based on this evidence, we 

chose to evaluate this class of vector for the delivery of [18F]-labelled asODNs.  

Our aim was to study the cellular accumulation and efflux/retention of 
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(radio)fluorinated asODN transfected with the spermine-functionalized polymer, 

SP, in p21+/+ and p21-/- expressing human cancer cells. 

5.2 Materials and Methods 

5.2.1 Materials  
Chemicals were purchased from Sigma-Aldrich (St. Louis, MO, USA) or Caledon 

Lab (Georgetown, ON, Canada) and were used without further purification. 

[18F]fluoride was produced with a TR19/9 cyclotron (Advanced Cyclotron 

Systems, BC, Canada) via the 18O(p,n)18F nuclear reaction using enriched 

[18O]water (Rotem Inc, Topsfield, MA, USA). The prosthetic group precursor, 4-

cyano-N,N,N-trimethylanilinium trifluoromethanesulfonate, and the 

nonradioactive prosthetic group reference compound, N-(4-fluorobenzyl)-2-

bromoacetamide, were synthesized as described by Dollé et al (30).  The media 

used for cell culture and transfection studies were purchased from Invitrogen, 

Grand Island, NY, USA.  The cellular markers used in confocal microscopy were 

purchased from Molecular Probes Inc, Eugene, OR, USA. 

5.2.1.1 Oligonucleotides 
A fully phosphorothioated 20-mer antisense oligodeoxynucleotide (asODN) 

targeting the 3′-untranslated region of human p21 mRNA as described by Poluha 

et al (31) was synthesized and purified by University Core DNA Services, 

University of Calgary (Calgary, AB, Canada).  A 20-mer random sequence 

oligodeoxynucleotide (rsODN) was used as a control.  The sequence of the 

asODN was 5′ -TGTCATGCTGGTCTGCCGCC-3′.  The rsODN consisted of the 

sequence 5′ -CCGGTGAACGAGCGAGCACA-3′.  For confocal microscopy 
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studies ODNs were synthesized with Quasar 570 CPG (Biosearch Technologies, 

Inc, Novato, CA, USA) on the 3′ -end and the nonradioactive prosthetic group N-

(4-fluorobenzyl)-2-bromoacetamide on the 5′ -end ([F]asODN-Q or [F]rsODN-Q) 

(University Core DNA Services, Calgary, AB, Canada).  

5.2.1.2 Transfection Agents 
The block copolymer poly(ethylene oxide)-block-poly(ε-caprolactone) with a 

spermine-grafted side chain (SP) (Figure 5-1) was kindly provided by Dr. 

Afsaneh Lavasanifar (University of Alberta, Edmonton, Alberta).  SP was 

reconstituted in water at a concentration of 2 µg/mL.  ODNs were reconstituted 

with serum followed by incubation with SP at a SP:ODN ratio of 16:1 (w/w) for 

30 min at 37°C prior to addition to the cells.  Lipofectin was employed as the 

liposomal transfection agent and was prepared as per the manufacturer’s 

instructions (Invitrogen, Carlsbad, CA, USA). A 3 µg/mL concentration of 

Lipofectin was employed for in vitro studies.  

5.2.1.3 Cells and Cell Culture 
The human colon carcinoma cell lines HCT116(p21+/+), and its p21 knockout 

version, 80S4, were purchased from the American Type Culture Collection 

(Rockville, MD, USA).  The cells were cultured as monolayers in Dulbecco’s 

Modified Eagle Medium with nutrient mixture F-12 (Ham) (1/1) (DMEM/F12) 

supplemented with 10% (v/v) fetal bovine serum, 1 mM L-glutamine, 100 IU/mL 

penicillin G, and 100 µg/mL streptomycin sulphate.  Opti-Mem I Reduced Serum 

media was used for all transfection studies.  For studies utilizing the [18F]-labelled 

probes, 5 x 105 cells per 4 mL were plated in 60 mm dishes.  For confocal 
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microscopy studies with fluorescently-tagged probes, 105 cells per 2 mL of 

medium were plated in 35-mm culture dishes with 14-mm microwell (MatTek 

Corp, Ashland, MA, USA).  All cultures were incubated at 37°C and 5% CO2 in 

air.   

5.2.2 Analytical methods   
Analysis of the radiolabelled ODN was performed with reverse phase (RP)-HPLC 

using a Beckman Coulter Inc system consisting of a Model 168 Diode Array u.v. 

module, 260 nm; a Model 126 analytical dual pump; a radioactivity detector 

(Ortec, TN, USA):  ACE Mate™ Single Channel Analyzer; and a Phenomenex 

Luna, 10 µm, 10 x 250 mm, C18 column (Torrance, CA, USA) with guard 

column.  A gradient mobile phase was employed: triethylammonium acetate 100 

mM, pH 7.0 (aq)/acetonitrile 90/10 to 60/40 over 30 minutes, followed by a 

washout phase of 30/70 for 5 minutes at a flow rate of 3 mL/min.  The 

concentration of [18F]-labelled ODNs was determined by u.v. spectroscopy at 260 

nm using a Beckman DU 7400 spectrophotometer. 

5.2.3 Irradiation 
60Co γ-ray exposures were performed in a Gammacell 220 Unit (Atomic Energy 

of Canada Limited, Ottawa, ON, Canada) at a dose rate of ~5 Gy/min (total dose 

of 5 Gy).  Cells were irradiated 24 hours after seeding  

5.2.4 Radiolabelling of ODNs 
Synthesis of the prosthetic group, N-(4-[18F]fluorobenzyl)-2-bromoacetamide 

([18F]FBBA, was performed in a GE TRACERlab FXFDG automated synthesis 

unit (GE Healthcare, WS, USA) as described in Chapter 2 (8).  Typically, 150 to 
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460 MBq of purified [18F]FBBA was collected for radiolabelling ODNs from 

starting [18F]fluoride of 11 to 22 GBq. 

Lyophilized ODN, 0.25 mg, was reconstituted with 0.5 mL of phosphate buffered 

saline (PBS) 0.1 M, pH 8, mixed with methanol, 1:1 (v/v), and added to 

[18F]FBBA.  The mixture was heated in a vented vial at 120°C for 30 minutes.  

Methanol 50%, 0.5 mL, was added midway through the reaction to maintain 

volume.  Unreacted [18F]FBBA was separated from the [18F]-labelled ODN using 

a NAP™-10 column (GE Healthcare, Chalfont St Giles, UK) by eluting 

[18F]ODN with 1.5 mL PBS 0.01 M, pH 7.2.  No further purification was 

performed.   

5.2.5 In vitro cellular accumulation and retention studies 
Twenty-four hours after a 5 Gy exposure to radiation, the cells were transfected 

with (radio)fluorinated ODNs encapsulated in Lipofectin, SP, or with no 

transfection agent (naked).  The cells were incubated with [18F]asODN or 

[18F]rsODN (collectively described as [18F]ODN), or the corresponding 

nonradioactive fluorescent [F]ODN-Q, for 2.5 hours at a concentration of 50 nM 

(0.1 nmoles ODN per 1 million cells).  The cellular uptake of the probes was 

subsequently assessed, or the medium was refreshed and the cells were incubated 

a further 6 hours at 37°C to evaluate cellular retention of the probes.  Those cells 

which had been incubated with [18F]-labelled ODNs were trypsinized, washed, 

and the cell pellet separated from the media.  All media, cell washings and pellets 

were transferred to counting tubes and counted in a Wizard™ 3” 148 automatic 

gamma counter (PerkinElmer Life Sciences, Turku, Finland).  The data were 
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background corrected and decay corrected to a standard.  All accumulation and 

retention experiments were performed at least 3 times on different days.  The 

Student T-test was employed for statistical analysis of the data. 

Cells which had been incubated with the fluorescent probes [F]asODN-Q and 

[F]rsODN-Q, were prepared as follows for imaging with confocal microscopy.  

Thirty minutes prior to live imaging, Hoechst-33342 (1 µL, 1 µg/mL) and 

LysoTracker® Green DND-26 (50 nM) were added to the cells to stain cell nuclei 

and acidic organelles respectively.  To stain the membrane, 10 µL (1 mg/mL) 

Alexa Fluor® 488 wheat germ agglutinin conjugate (WGA) was added 10 minutes 

prior to imaging.  The intracellular distribution of the probes was visualized using 

a Zeiss 510 LSM fluorescence microscope (Carl Zeiss Microscope Systems, Jena, 

Germany) at an emission wavelength of 543 nm ([F]ODN-Q), 364 nm (nuclear 

stain), and 511 nm (endosomes) or 519 nm (membrane).  The intensity of the 

excitation laser was optimized for each emission wavelength for each scan to 

visualize the location of the probe.  Differential interference contrast was included 

in some images for morphological information. 

5.3 Results and Discussion 

The intent of this study was to evaluate the spermine-grafted PEO-b-PCL block 

copolymer as a potential delivery vector of [18F]-labelled asODN for the purpose 

of imaging gene expression.   SP rapidly forms micelles, when simply mixed with 

anionic biomolecules such as ODNs, through electrostatic interaction with the 

nitrogenous spermine functional group. von Guggenberg et al previously 

demonstrated that [18F]-labelled ODNs were completely complexed with SP at a 
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SP:ODN ratio of 16:1 (w:w) (32).  The complex was stable in serum and able to 

release its cargo when challenged with the competing polyanion, heparin.  As 

well, cytotoxic effects were not observed at this SP:ODN ratio.  Cellular 

accumulation and efflux of SP-transfected [F]ODNs were compared with 

Lipofectin, a liposomal transfection agent which has been previously used to 

successfully transfect asODNs directed to p21 mRNA  (33,34).  Naked ODNs 

were also used to provide a baseline level of uptake and efflux in the absence of a 

carrier. 

5.3.1 Induction of p21 expression in human colon carcinoma cells  
Two human colon carcinoma cell lines were chosen for this study:  the wild-type 

HCT116 containing intact p21+/+ alleles, and its corresponding p21-/- knockout 

version, 80S4, which acted as a negative control for p21 expression.  In HCT116 

cells, p21 mRNA has been shown to increase approximately 6-fold 4 hours after a 

radiation dose of 5 Gy (23).  Upregulated p21 expression was still observed 24 

hours after exposure, and accelerated senescence was observed 6 days after 

irradiation.  Others have also demonstrated increased p21 expression in HCT116 

cells after exposure to larger doses of radiation, with subsequent loss of 

clonogenic potential due to the induction of cellular senescence (34,35).  As 5 Gy 

has been reported as the approximate apoptotic threshold for HCT116 cells (36) 

this dose was used for the induction of p21 expression. 

5.3.2 Radiolabelling of ODNs 

Conjugation of the [18F]FBBA prosthetic group to the ODNs resulted in a mean 

radiochemical yield of 40% (as determined by the fraction of the reaction mixture 
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which eluted from the NAP™-10 column as [18F]-labelled ODN).  Analysis by 

RP-HPLC demonstrated minimal degradation of the ODN after heating at 120°C 

in a vented vial.  As well, similar HPLC retention times of unlabelled ODNs were 

observed before and after treatment at 120°C (tR: 13.8 min).  Attempts to use 

milder reaction temperatures resulted in lower yields.  [18F]ODNs eluted as a 

single radioactive peak using RP-HPLC which corresponded to the retention time 

of the nonradioactive fluorinated ODNs (tR: 14.9 min ([18F]rsODN; 15.4 min 

([18F]asODN).  A mean specific activity of 3.2 GBq/µmol (n=14) was achieved at 

the end of the reaction. Others have reported similar yields at 120°C but with a 

shorter reaction time (37,38).  However we found that ODNs which were refluxed 

with [18F]FBBA at 120°C produced degradation products which could be avoided 

by venting the reaction vessel.  

5.3.3 Cellular Accumulation and Retention of [18F]-labelled ODNs within cell 
lines 

The uptake and retention of SP-transfected [18F]asODN and [18F]rsODN were 

evaluated against the cellular accumulation and retention of Lipofectin-transfected 

and naked ODNs in both cell lines.  In HCT116 cells, the naked [18F]ODNs 

showed the lowest uptake of 1.5 to 1.6% at 2.5 h, with only 0.4 to 0.5% of the 

added radioactivity retained after 6 hours (Table 5-1).  [18F]ODNs incubated with 

the liposomal vector showed a much higher uptake at 12 to 13% which was 

retained in the cells 6 h post wash i.e. radioactivity was not observed to elute from 

the cells.  The SP-incubated [18F]ODNs exhibited an intermediate uptake of 5 to 7 

% at 2.5 h, with 2% of the total activity retained 6 h later.  Uptake of the probes 

was in agreement with preliminary work performed in our laboratory where 4 to 
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5% of the total SP-[18F]asODN activity was associated with the cells in 

comparison to 15% for Lipofectin-transfected cells after 2 h of incubation (32).  

The characteristics of uptake and retention of [18F]ODNs in 80S4 cells were 

similar to that observed in HCT116 cells except that values were lower than those 

observed in the p21+/+ cells (Table 5-2). 

No significant difference in uptake or retention was observed between 

[18F]asODN and [18F]rsODN within each cell line regardless of the delivery 

vector.  Specificity of liposome-transfected [F]-labelled asODN to p21 mRNA 

was previously demonstrated using western blot and protein immunofluorescence 

analyses by effectively inhibiting p21 protein expression in HCT116 cells 

exposed to radiation. [F]rsODN, on the other hand, did not influence p21 

expression (see Chapter 4).  Therefore, accumulation of [18F]asODN may be due 

to specific targeting, as opposed to the accumulation of [18F]rsODN which may be 

from non-specific targeting due to the capacity of nucleic acid polymers to display 

an aptameric effect (13).  Another possibility for the lack of difference observed 

between the accumulation of [18F]asODN and [18F]rsODN is due to the short (2.5 

h) incubation period of the probes with the cells. Hnatowich et al showed 

significantly higher accumulations of 35S-labelled antisense ODNs directed 

against the RIα in ACHN cells as compared to control ODNs over time with twice 

the accumulation of the antisense ODN versus control ODN by 24 hours (13).  

However, no apparent statistical difference between the antisense ODN and its 

control ODN was observed with an incubation period of 5 h or less of incubation.   

Therefore, uptake studies appear to require longer incubation times, even when a 
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delivery vector is used, in order to visualize differences in uptake between 

antisense and control probes.    

5.3.4 Cellular Uptake and Retention of [18F]-labelled ODNs between cell lines 
A difference in uptake of naked [18F]asODN between the two cell lines was 

observed to approach significance (HCT116: 1.5%; 80S4: 0.9%, p=0.05).  

Although such a low level of accumulation of naked [18F]asODN may be 

ineffective from an imaging perspective, the results imply that p21+/+ expressing 

cells exhibit selectivity for the antisense probe. 

[18F]-labelled ODNs exhibited higher uptake and retention when transfected with 

Lipofectin, ([18F]asODN uptake in HCT116: 13.4%; in 80S4: 6.8%; retention in 

HCT116: 12.2%; in 80S4: 5.7%), (Figure 5-2), however, no statistical difference 

was observed between the two cell lines.  In contrast, SP-transfected [18F]asODN 

demonstrated statistically higher uptake in the HCT116 cells versus 80S4 cells at 

both 2.5 h of incubation (4.7% vs. 1.4%, respectively; p< 0.05), and 6 h after a 

media change (1.8% vs. 0.3%, respectively; p<0.01).  The higher cellular 

accumulation of both naked and SP-transfected [18F]asODN in p21+/+ cells versus 

p21-/- cells strongly suggests specificity of the antisense probes to its target.  The 

higher variability in cellular uptake and retention of the [18F]rsODN suggests that 

the random sequence probe has no specific target.  Approximately 10% more SP-

transfected [18F]rsODN was observed to efflux from HCT116 cells over 6 h as 

opposed to the SP-transfected [18F]asODN; whereas, similar efflux was observed 

with both probes in p21-/- cells. Although these observations are not statistically 
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significant, the results reinforce the suggestion of specificity of the antisense 

probe to p21 mRNA. 

5.3.5 Confocal Microscopy 
Confocal microscopy was used to ascertain the intracellular location of 

fluorescently tagged [F]ODNs.  Figure 5-3A illustrates uptake of the SP-

transfected [F]asODN-Q 2.5 h after incubation with HCT116 cells.  A uniform 

distribution of red probe is clearly evident in the cytoplasm with no evidence of 

binding to the cell membrane (green) or internalization into nucleus (blue).  At 6 h 

post wash, ‘free’ red fluorescent probe was observed near acidic organelles 

(green), with some of the probe trapped within the vesicles (yellow) (Figures 5-

3B and 3C).  These results are in agreement with those observed by Xiong et al 

using siRNA transfected with SP/siRNA complexes (29) and demonstrate that the 

SP-transfected [F]asODN-Q continues to be released from these organelles into 

the cytoplasm. 

[F]ODN-Q transfected with Lipofectin showed highly intense uptake in the 

nucleus and lower accumulation in the cytoplasm (Figure 5-4A).  The nuclei 

remained intensely fluorescent 6 h after a media change, with faint evidence of 

fluorescent probe in the cytoplasm.  Lipofectin-transfected [F]ODN-Q were 

observed to distribute in a heterogenous pattern in the cell population with highly 

intense fluorescence in the nuclei of a small number of cells.  In comparison, SP-

transfected [F]ODN-Q appeared homogeneously distributed throughout the cell 

population.   
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The naked and SP-transfected probes were only dimly visible in 80S4 cells due to 

the very low fluorescence emitted.  Figure 5-4B shows the localization of naked 

[F]asODN-Q in the endosomes of 80S4 (yellow), a pattern that was typically 

observed with naked [F]asODN-Q and [F]rsODN-Q in both cell lines. These 

images confirm the similar, low retention observed with the naked [18F]-labelled 

asODN and rsODN probes 6 h after wash out, and demonstrate that the probes 

remain trapped within vesicles for prolonged periods.   

From an imaging perspective, the rapid efflux of the excess/unbound probe is 

generally considered a desirable feature and should improve the target signal 

within the cells.  However, the modest cellular accumulation and low retention of 

SP-transfected [18F]asODNs are a concern as there may be insufficient signal to 

visually detect targeted mRNA with PET.  Modification of the polymer through 

conjugation of functional groups targeting tumour-associated epitopes 

overexpressed on cancer cells could improve uptake, and ultimately, retention of 

the probe.  For example, block copolymers can be modified with epidermal 

growth factor (EGF) for increased specificity to HCT116 cells, which are known 

to express the EGF receptor (39,40)  Lee et al have reported on the effectiveness 

of using an EGF-conjugated PEO-b-PCL block copolymers for targeted therapy 

of EGF receptor positive tumours:  EGF-conjugated micelles were more potent 

than free EGF in inhibiting EGFR expression in MDA-MB-468 breast cancer 

cells (41). 

There are methods, apart from modifications to the transfection agent, which 

could improve the signal.  For instance, high specific activity (i.e. the measure of 
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the radioactivity per unit mass of the labelled and unlabelled compound) is 

considered a prerequisite for successful in vivo imaging of gene expression (42).  

Methods to optimize the yield and specific activity of [18F]-labelled ODNs 

include modification to the synthesis of [18F]FBBA (Chapter 3) (43), reducing the 

ODN starting material, and further purification of the [18F]-labelled probes by 

HPLC. 

Another factor which may impact the uptake and retention of the [18F]asODN is 

the turnover rate of the upregulated target mRNA.  It is been suggested that for 

successful imaging of gene expression, a rapid turnover of the target mRNA is 

required thus providing ‘fresh’ target to which the incoming [18F]asODN can bind 

(13).  The p21 mRNA used as the target in our study has previously been shown 

to become rapidly induced after exposure to radiation with peak production of 

mRNA at 4 h and 24 h (23).  In our study, cells were transfected with the probes 

20 to 24 h post cellular exposure to radiation, i.e. near the peak of p21 mRNA 

transcription.  It may be necessary to study cellular accumulation and retention of 

[18F]-labelled probes at an alternate time point after radiation to benefit from rapid 

expression of p21 mRNA.       

5.4 Conclusion 

Selective uptake and retention of SP-transfected [18F]asODN was demonstrated in 

the p21+/+-expressing HCT116 cells as opposed to the p21 knock-out cell line.  

Although cellular accumulation at 2.5 h remained lower than that observed with 

liposome-transfected [18F]asODN, SP-transfected fluorinated probes were found 

uniformly distributed within the cytoplasm with evidence of unsequestered probe 
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in the cytoplasm 6 h later.  In contrast, liposome-transfected [F]ODNs exhibited a 

heterogeneous pattern of distribution with predominant localization in the nuclei, 

and naked probes remained sequestered in acidic vesicles.  Neither the liposome-

transfected nor naked probes demonstrated selectivity between p21+/+ and p21-/- 

cell lines. 

Overall these results demonstrate the potential of polyamine PEO-b-PCL block 

copolymers as vehicles for the delivery of radiolabelled antisense ODNs for 

noninvasive antisense imaging, or for the delivery of radiotherapeutic ODNs. 
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Table 5-1  Cellular accumulation and retention of [18F]ODNs in irradiated 
HCT116 cells 
 

 % Uptake % Retention 

 Naked Liposome SP Naked Liposome SP 

[18F]asODN 1.5 
(0.3) 

13.4 
(7.8) 

4.7 
(2.0) 

0.5 
(0.3) 

12.2 
(10.3)  

1.8 
(0.4) 

[18F]rsODN 1.6 
(0.7) 

12.2 
(4.7) 

7.1 
(5.0) 

0.4 
(0.2) 

12.4 
(6.1) 

2.0 
(1.7)  

 
Uptake of [18F]-labeled ODN in previously irradiated HCT116 (p21+/+) cells was 
determined after 2.5 h incubation of the probe with the cells.  Retention was 
determine 6 h after a media change at 2.5 h.  The data represent the mean (± 1 
standard deviation) of 3 experiments performed on different days. 
 
 

Table 5-2  Cellular accumulation and retention of [18F]ODNs in irradiated 80S4 
cells 
 

 % Uptake % Retention 

 Naked Liposome SP Naked Liposome SP 

[18F]asODN 0.9 
(0.3) 

6.8 
(2.4) 

1.4 
(0.5) 

0.4 
(0.3) 

5.7 
(4.0) 

0.3 
(0.2) 

[18F]rsODN 0.9 
(0.4) 

10.9 
(7.0) 

2.1 
(1.5) 

0.3 
(0.2) 

10.7 
(8.1) 

0.4 
(0.2) 

 
Uptake of [18F]-labeled ODN in previously irradiated 80S4 (p21-/-) cells was 
determined after 2.5 h incubation of the probe with the cells.  Retention was 
determine 6 h after a media change at 2.5 h.  The data represent the mean (± 1 
standard deviation) of 3 experiments performed on different days. 
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Figure 5-1 Chemical structure of poly(ethylene oxide)-poly(ε-caprolactone) 
spermine (SP) 
 

 

 

 

 

 

Figure 5-2  Cellular accumulation and retention of [18F]asODN in irradiated 
HCT116 (p21+/+) and 80S4 (p21-/-)  cells.  The data represent the mean of 3 
experiments performed on different days.  Error bars represent 1 standard 
deviation. 
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Figure 5-3 SP transfection of [F]asODN-Q in HCT116 cells.  Uptake at 2.5 h is 
shown in A:  [F]asODN-Q (red) in cytoplasm; nuclei (blue); cell membrane 
(green).  Panels B and C display retention of the probe at 6 h post wash.  
[F]asODN (red); acid organelles (green); [F]asODNin endosomes (yellow).  Panel 
C is an enlargement of Panel B 
 

        
 
Figure 5-4 Retention of liposome-transfected and naked [F]asODN-Q in HCT116 
and 80S4 cells, respectively.  Panel A shows high uptake of [F]asODN-Q in 
nucleus (pink/purple) of HCT116 cells 6 hours post wash with some accumulation 
in endosomes (yellow); ‘empty’ endosomes are depicted in green.  Panel B 
depicts naked [F]asODN-Q in 80S4 cells 6 h post wash with evidence of probe 
accumulation in endosomes (yellow). Morphologic background is included to 
assist in determining the location of the probes within the cellular structure. 

A B 
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CHAPTER 6  
 

To Summarize and Philosophize  
In this research work oligonucleotides (ODNs), biologically stabilized by 

phosphorothioate linkages, were successfully radiolabelled with [18F] by 

attachment of the prosthetic group, [18F]FBBA.  Using automated synthesis 

[18F]FBBA could be synthesized in sufficient yield, and [18F]-labelled ODNs 

could be produced with suitable specific activity to perform cell culture studies.  

Using techniques employed in molecular biology, such as Western blot, 

fluorinated antisense (as) ODN was shown to exhibit specificity toward 

complimentary p21 mRNA in the cell population in comparison to random 

sequence ODN.  Flow cytometry and confocal microscopy offered a visual 

perspective of the distribution of the fluorinated asODNs within individual cells.  

Together with results of in vitro cellular accumulation and retention studies with 

[18F]-labelled ODN, it can be concluded that [18F]-labelled asODNs do 

demonstrate selective uptake in p21+/+ cells, and that the magnitude of the uptake 

and the specificity are dependent on the delivery vector used.  Lipofectin, a 

liposome frequently employed to improve cellular transfection efficiency in vitro, 

allowed us to demonstrate that (radio)fluorinated asODN retained its antisense 

effect after labelling with FBBA.  Because of its known biological 

incompatibility, Lipofectin was not evaluated per se as a potential vector for in 

vivo use; however, the heterogeneous intracellular distribution of the fluorescent 

probes, upon transfection with Lipofectin, and its predilection to indiscriminately 

concentrate ODNs in the nucleus, implies that this particular liposome would not 
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be considered an ideal delivery vector of [18F]asODN for imaging.  In contrast, 

the studies with polyamine-grafted block copolymer (SP-transfected) probes 

demonstrated intracellular distribution that is more likely to represent delivery of 

the [18F]asODN to mRNA in the cytoplasm.  Although uptake and retention of 

SP-transfected [18F]asODN was lower than with Lipofectin,  selective 

accumulation and retention of SP-transfected [18F]asODN was observed in 

p21+/+ expressing cells.  Therefore, SP exhibits favourable cellular kinetics to be 

considered suitable as a delivery vector for radiolabelled probes.  As well, SP can 

be modified to include receptor-targeting functional groups thus improving 

tumour cell targeting, and ultimately improving uptake and target specificity. 

A limitation of this work is that in vivo imaging with [18F]-labelled ODN was not 

performed.  With the promising in vitro results observed using SP as a vector for 

[18F]-labelled ODNs, a preliminary in vivo pharmacokinetic study in an 

appropriate animal model would have been a meaningful addition to this work.  

The availability of both the p21+/+ human colon carcinoma cell line and a 

corresponding knock-out (p21-/-) cell line offers a unique opportunity to, 

simultaneously, evaluate the specificity of [18F]asODN in the corresponding solid 

tumours in vivo.  

Further in vitro studies, using Western blot, would complement in vivo imaging.  

Validation that SP-transfected [F]asODN can inhibit p21 expression would 

confirm that the ODN is being released from SP and available to hybridize with 

its target mRNA.  These studies would add credibility to tumour uptake observed 

in in vivo studies. 
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Further work is required to improve the uptake and selectivity of [18F]asODNs in 

p21+/+  cells.  Specifically, improving the yield and specific activity of [18F]FBBA 

and [18F]ODNs, respectively, should increase the ability to discriminate between 

‘directed’ and non-specific cellular uptake.   

The reduction of [18F]FBN to [18F]FBA is a critical step in the synthesis of 

[18F]FBBA.  Incomplete reduction of [18F]FBN to [18F]FBA reduces the yield of 

[18F]FBBA and thus, the specific activity of [18F]ODNs.  The presence of residual 

water in ASUs, in which common transfer lines are used, is the main cause for the 

incomplete conversion to the amine with LiAlH4.  Preliminary work, described in 

Chapter 3, demonstrates that quantitative reduction of [18F]FBN can be achieved 

by utilizing a solid-phase, water-tolerant approach of nitrile conversion.  Through 

activation of a borohydride exchange resin (BER) with transition-metal catalysts, 

[18F]FBN was observed to be converted to [18F]FBA within 1 min.  As opposed to 

the necessity of an anhydrous environment with LiAlH4, an aqueous environment 

is necessary for the BER for improved solubility of the metal catalysts, and 

improved wetting of the resin.  A limitation of this work is that this method has 

not yet been tested in an ASU.  However, the potential application of BER in 

radiochemistry justifies the need to investigate this method further, not only to 

improve the yield of [18F]FBBA, a probe useful for labelling a variety of  

biomolecules, but also to improve the yield of other [18F]FBA-derived prosthetic 

groups. 

The hypothesis of this research work is that [18F]-labelled asODNs (a) retain their 

specificity towards an mRNA target and (b) have the potential to visualize and 
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quantify upregulated p21 gene expression following radiation treatment.  We have 

demonstrated that the first part of the hypothesis is true, based on the conclusions 

mentioned above.  The ability of [18F]-labelled asODNs to visualize and quantify 

upregulated p21 expression in vivo has yet to be determined, and there have been 

no reports in the literature demonstrating specific uptake in vivo of [18F]-labelled 

ODNs in an animal tumour model.  The cell culture studies, described in this 

work, demonstrate that [18F]-labelled asODNs have the potential to image gene 

expression.  However, perhaps the question should be: Is [18F] the most 

appropriate radionuclide for imaging gene expression?   The answer is dependent 

on the interplay between a number of factors.  From a radiochemistry perspective, 

factors include the length and complexity of radiolabelling, and the specific 

activity of the radiolabelled ODN, and hinge on the physical half life of the 

radionuclide.  From a biological perspective, a rapid plasma clearance rate and 

rapid transport into the cell are the key factors if [18F] is to be considered as an 

appropriate radionuclide for radiolabelling ODNs. 

The multi-step synthesis of [18F]FBBA is challenging, however [18F]FBBA can be 

produced in sufficient yields within 1 h.  With appropriate improvements in 

synthesis, such as use of BER for nitrile reduction and automated transfer of the 

reaction mixture for purification by normal phase HPLC, losses of radioactivity 

can be controlled and [18F]FBBA can be prepared in higher yields.  Higher yields 

of [18F]FBBA should translate to a higher yield of [18F]-labelled ODN.  Further 

purification of [18F]ODN by RP-HPLC can also improve specific activity but adds 

additional time to the procedure and results in more losses due to decay.  



 

  141   

Regardless, the synthesis of high-yielding [18F]FBBA is achievable within a time 

frame suitable for using [18F].  

The general consensus in the molecular imaging community is that the most 

significant barrier to gene expression imaging is transport of the probe across the 

cell membrane, and that a delivery vector will be required for visualizing 

upregulated gene expression with radiolabelled antisense probes in diseased 

tissue, regardless of the type of modified ODN used (1-4).  Thus it will be the 

pharmacokinetics of the delivery vector in vivo which determines effectiveness 

and efficiency of probe delivery.  Several groups are diligently exploring methods 

to improve the delivery of radiolabelled antisense probes for imaging and for 

radiotherapeutic use.   The more promising reports are those involving the Tat cell 

penetrating peptides, and the peptide nucleic acid (PNA) chimeras.  The cell 

culture results reported by Zhang et al demonstrating rapid uptake of the Tat-

directed PNAs are remarkable (5), and other Tat-peptide carrying antisense 

probes have demonstrated selective uptake in animal tumour models (6,7).   The 

PNA chimeras labelled with 99mTc or 64Cu show promising uptake in vivo in 

animal tumour models with tumour uptake observed 12 and 24 h after i.v. 

injection of 99mTc-labelled PNA probes (8).  Higher uptake of 64Cu-labelled PNA 

was observed at 4 h post injection with improved tumour-to-background ratio at 

24 h post injection (9).  Probes labelled with 99mTc, with a physical half-life of 6 

h, or 64Cu, with a 12.7 h half-life, can provide information of uptake and retention 

at later time periods than probes labelled with relatively short half-life 
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radionuclides.  Based on these reports, employing a radionuclide with a longer 

physical half-life may be a ‘better fit’ for imaging gene expression. 

The polymer based vectors have not been extensively evaluated for delivery of 

radiolabelled antisense probes.  Generally, the uptake of the ODN-polymer 

complex was no better than that observed with the naked ODN (10).  However, 

many advances have been made in polymer design, and block copolymers, 

specifically, continue to be investigated as potential drug delivery agents (11).   

Pharmacokinetic investigations of PEGylated copolymeric micelles have shown 

that drug-loaded micelles prolong circulation in the blood and reduce hepatic and 

kidney uptake (12).  Another report of 111In-labelled copolymeric micelles also 

showed prolonged circulation in the blood, but with higher hepatic and splenic 

retention between 8 and 24 h post injection (13).  No specific functional groups 

were used to improve targeting to tumour tissue.  However, it is realistic to 

believe that the ‘fine-tuning’ of polymeric design using a targeted approach would 

improve the rate of uptake into target tissue and, depending on clearance, offer 

imaging times the same day of injection.  If this can be achieved, ODNs labelled 

with short-lived radionuclides, such as [18F], may remain a viable option for 

imaging gene expression using PET. 
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