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Abstract 

Breast cancer remains the most commonly diagnosed cancer among women over the age 

of 20, as recently reported by the Canadian Cancer Society. Studies have shown a strong 

correlation between early detection and increased survival rates thus it is important to have a 

means to adequately screen and detect breast cancer. Currently, tests are limited to traditional 

imaging methods such as ultrasound (US), magnetic resonance imaging (MRI) and standard 

mammography. There remains a need for a molecular imaging probe that is capable of providing 

further prognostic information particularly with respect to assessing tumour aggressiveness and 

the likelihood of a cancer to metastasize. 

Overexpression of the insulin receptor (IR) has been detailed in patients with breast 

cancer but there is currently no means of non-invasive and quantifiable detection of the receptor. 

The goal of the work described here was to prepare an insulin derived nuclear imaging probe via 

direct coupling of a prosthetic group bearing a radionuclide to the B29 lysine (B29-Lys) residue 

of the hormone. Benzoic acid bearing halogens were chosen as model compounds. The lead 

candidate N-[4-fluorobenzoyl]-(B29-Lys) insulin (4) was prepared in 60% overall yield and 

showed affinity for the IR similar to that of native insulin (IC50=3.6 nM). The 
18

F analogue (9) 

was successfully synthesized and showed high stability (up to 4 hours) post formulation in both 

saline and phosphate buffered solution (PBS).The product represents a promising new probe for 

assessing the role of the IR in cancer growth and metastasis. 

A complementary strategy for imaging markers of tumour aggressiveness was 

investigated through the development of a novel ultrasound probe. A pretargeting approach 

involving urokinase plasminogen activator receptor (uPAR), which is known to play a role in 

cancer metastasis, was used to develop the agent of interest. Here, an in vivo reaction between 
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tetrazine tagged microbubbles (MBs) and anti-uPAR antibodies conjugated to trans-cyclooctene 

(TCO) was employed. Following preparation of the antibody conjugate and tetrazine 

functionalized MBs, preliminary in vitro testing in a flow cell system was conducted. Results 

showed the ability of the uPAR expressing cells to exclusively capture the tetrazine MBs after 

they have been previously incubated with the TCO anti-uPAR antibody. No capture was 

observed when the target and/or the antibody were absent. The contrast agent developed 

represents the first MB targeted against uPAR and has the potential to impact current diagnostic 

paradigms particularly given the widespread use of ultrasound in cancer patient management. 
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CHAPTER ONE: INTRODUCTION 

1.1.Breast Cancer 

According to the latest statistics published by the Canadian Cancer Society, 

breast cancer remains the most commonly diagnosed cancer in woman over the age of 

20.
1
 Additionally, breast cancer has a very high mortality rate in women, second only to 

lung cancer. It is true that the rate of mortality due to breast cancer has decreased in the 

past decade, but physicians are always faced with challenges in choosing the proper 

course of treatment and predicting treatment outcomes. One reason for such challenges is 

attributed to difficulty in designing efficient means for early detection, diagnosis, staging 

and evaluation of the metastatic potential and aggressiveness of the cancer.
2
 

1.2.Detection of breast cancer 

Currently, patients presenting with potential breast cancer go through a multi-step 

sequence of testing before arriving at a final diagnosis. In most cases, patients will 

undergo a series of tests including US, standard mammography, MRI and eventually, 

US-guided biopsy. Studies have shown significant correlation between early detection 

and increased survival rates
3
, which has led to a concerted effort by physicians and 

general health practitioners to focus on early detection and prevention.
4
 

Although standard mammography is considered the “go-to” diagnostic method 

for most breast cases, its limitations are becoming increasingly apparent.
5
 For example, a 

comparison between a regular mammogram of an invasive ductal carcinoma and a 

molecular imaging scan using a breast specific camera and the probe 
99m

Tc-Sestamibi 

revealed a 10 mm lesion that went undetected by regular mammography (Figure 1).
6
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Mammography also does not provide information about metastatic potential which can 

be derived from molecular imaging technologies. As a result the discovery and validation 

of novel molecular imaging probes is an emerging area in cancer research. 

 

Figure 1 Regular mammogram (left) and molecular breast imaging scan using a 99mTc tracer (right) of same patient. 

Cancer (red box) can be seen on both images, but only molecular breast image (using sestamibi) shows additional 

10mm lesion (white box). (Reprinted with permission of 6) 

1.3.Diabetes, obesity and breast cancer 

The metabolic changes underlying diabetes, breast cancer and obesity were 

described as “parallel worlds” by Gary Taubes.
7
 Although the epidemiology connecting 

the three diseases is very compelling, additional work and new in vivo imaging tools are 

needed to better understand the role of insulin and IR expression and dysregulaton. 
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Diabetes and obesity are two of the most prevalent conditions worldwide. In Canada 

alone, the number of individuals with diabetes in the general population will increase 

from approximately 1.4 million in 2000 to 2.4 million in 2016.
8
 Additionally, 

approximately 90% of type-II diabetes is related to excess weight.
9
 The metabolic 

environment in obese individuals is rich in free fatty acids along with other inflammatory 

mediators and cytokines.
10

 The increase in those factors will lead to development of 

insulin resistance along with ß-cell dysfunction which can lead eventually to type-II 

diabetes.
10

 Similarly, a connection between diabetes and cancer has been established. For 

instance, type-II diabetic patients treated with drugs that increase insulin release have 

higher risk and poor prognosis in many types of cancer including breast and prostate 

cancer.
11

 

Clinical studies have also shown that diabetic breast cancer patients treated with 

metformin (a drug used for the treatment of type-II diabetes and its mechanism of action 

is via inhibition of gluconeogenesis without increasing insulin secretion) showed higher 

pathologic complete response (pCR) rates with neoadjuvant chemotherapy than did other 

diabetes medications.
12

 When studying the connection between obesity and cancer Calle 

et al. found that cancer mortality is influenced by the presence of obesity.
13

 It is believed 

that chronic excess energy intake causes obesity, which is a major predisposing factor to 

develop insulin resistance and hyperinsulinemia.
14

 The latter is a common pathological 

condition in both obesity and type-II diabetes where the increase in circulating insulin 

levels and insulin/insulin-like growth factor-1 (IGF-1) along with the decrease in the 

latter binding protein activates systems known to play a key role in tumour development 
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including extracellular-signal-regulated kinase (ERK) and phosphotidylinsositol 3-kinase 

(PI3K) pathways.
14

 There is a hypothesis that this insulin/insulin-like growth factor axis 

plays a fundamental role in connecting diabetes, cancer, and obesity.
7
 A suitable imaging 

tool that can be used to non-invasively study this system in patients could bring about a 

paradigm shift in understanding the relationships between these conditions while also 

providing a tool for early detection and characterization of cancer. 

1.4.Insulin 

Insulin is a low molecular weight protein discovered in 1921 and is one of the 

most studied endogenous molecules due its key role in fundamental biochemical 

processes.
15

 It consists of two peptide chains, A and B (Figure 2), connected by two 

disulfide bridges. The A-chain consists of 21 amino acids while the B-Chain has 

30.
15

The main role is to ensure glucose homeostasis, however it is also involved in tissue 

growth due to its anabolic effect on muscles.
16

 Elevated fasting blood glucose is 

indicative of diabetes which results from an insufficient secretion of pancreatic insulin 

(type I diabetes) or the inability of existing insulin to perform its function in lowering 

blood glucose levels (type II diabetes). Subcutaneous administration of insulin or 

derivatized forms is the most common treatment for diabetes.
15

 

Apart from its key role in glucose homeostasis, insulin is known for its anabolic 

function stimulating cell growth and proliferation, especially in skeletal muscles.
16

 This 

function can be accomplished directly via acting on the IR or indirectly via the insulin 

like growth factor(IGF) system.
17,18

 The mechanism involves activation of receptor 
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tyrosine kinases via both insulin and IGF-1 activating their receptors; IR and IGF-1 

receptor (IFG-1R), respectively. A hybrid IGF-1/IR exists which can be activated by 

insulin to stimulate specific IGF-IR signaling pathways.
17

 Some of those are important 

oncogenic pathways like the mitogen-activated protein (MAP) kinase pathway and the 

phosphoinositol-3 kinase/Akt (PI3K-Akt) pathway which are known to play a role in 

progression towards cancer.
19

 Whether the anabolic effect of insulin is due to inhibition 

of cell death or stimulation of cell growth is still being studied. A tool to understand the 

molecular mechanisms involved in insulin biochemistry would be of great utility in 

research in this field of study. 

 

Figure 2 Schematic representation showing the amino acid sequence and disulfide bonds making up human insulin. 

1.5.The IR in cancer 

IRs were found to be overexpressed in several tumours, including breast, colon, 

lung, ovary, and thyroid carcinomas.
20–23

 In particular the IR-A isoform is the form that 

is overexpressed in many types of malignant cells.
23

 This isoform was also found to bind 
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to IGF-2 and form hybrid IR/IGF-1 receptors.
23

 IR content in human breast cancer was 

measured and noted to be 10 fold higher than that typically found in normal breast 

tissue.
24

 A method to quantify the content of IR in cancer would be of great value, 

especially with the emergence of IGF-1R and/or IR-targeted therapies.
25,26

 Strategies for 

targeted IGF-1R therapy include IGF-1R-targeted monoclonal antibodies, IGF mimetic 

peptides to inhibit ligand binding, low molecular weight molecules to inhibit its tyrosine 

kinase activity, and antisense aptamers.
27

 Tyrosine kinase inhibitors are the most 

promising candidates and a number are currently in clinical trials.
28

 For the monoclonal 

antibody inhibitors of IGF-1R clinical results have been underwhelming where one 

hypothesis is that compensatory mechanisms using the IR can be accessed by the tumour. 

As a result, tumours with low IR content respond better than those with high levels of IR. 

1.6.Molecular imaging 

Molecular Imaging (MI) is a tool that can be used to assess biochemical changes 

by visualizing interactions of a biological target with a molecular probe.
29

 For example, 

for nuclear imaging, detectors that are sensitive to gamma rays are used to visualize the 

distribution of radiolabeled compounds. These methods include positron emission 

tomography (PET) and single photon emission tomography (SPECT)
30,31

 which have the 

sensitivities needed to quantify changes in expression of specific receptors or the activity 

of enzymes and transporters. An emerging MI method is US imaging which utilizes non-

ionizing radiation and targeted US bubbles as the contrast agent. A more extensive 

discussion of this particular technique can be found in chapter four. 
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1.7.Peptides in nuclear imaging 

Peptides and proteins have been used extensively to develop new molecular 

imaging probes. One example of a peptide that has been used successfully in the clinic 

for detection of neuroendocrine tumours is 
111

In-Octreotide, which resembles the peptide 

endocrine hormone somatostatin in its structure.
29,32

 When selecting a peptide vector to 

create a MI probe it usually has a relatively small size (less than 50 amino acid residues), 

high binding affinity for the target (low-nanomolar range), high metabolic stability and 

the ability to achieve high target-to-nontarget ratios (specificity).
33

 The advantages of 

using peptides are that they are not immunogenic, their production and development is 

relatively inexpensive, they typically show rapid plasma clearance due to renal excretion 

and are often internalized thereby facilitating retention at the target of interest.
33

 

1.8.Insulin based nuclear imaging probes 

Many attempts to radiolabel insulin have been reported in the literature. However, 

a significant number lacked complete characterization and/or validation. Most viable 

insulin-based constructs are derived from the parent hormone where the radioisotope is 

attached at a specific site so as to not perturb affinity or specificity. These are 

summarized here based on the isotope and prosthetic groups used. 

The gold standard for studying insulin biochemistry in vitro is 
125

I-insulin which 

is a product of direct iodination of insulin bearing the isotope at the A14 tyrosine (A14-

Tyr) residue.
34

 This probe is prepared using well-known lactoperoxidase or chloramine-T 

methods. By optimizing the pH and molar ratios of insulin and iodine it is possible to 

preferentially (but not exclusively) produce the A14-Tyrderivative which is stable and 
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bioactive compared to other iodinated derivatives (i.e. A19-Tyr). However, 
125

I is not a 

suitable isotope for imaging human subjects because of its low energy emission and long 

half-life which limits the use of such probe to in vitro assays and quantitative 

biodistribution studies.
34,35

 

Virgolini and coworkers reported a double tracer imaging strategy that involved 

the use of 
99m

Tc-Galactosyl-Neoglyco albumin and 
123

I-A14-Tyrinsulin as a tool to 

diagnose human hepatocellular carcinoma (HCC).
36

 In vitro studies indicated that HCC 

express more than a thousand fold higher binding sites for the 
123

I-A14-Tyr insulin than 

normal liver cells. Human SPECT studies showed that the tracer accumulated in HCC 

lesions and enabled facile differentiation of healthy and diseased tissue in a small trial. 

Studies involving 
123

I-A14-Tyrinsulin in other forms of cancer or further use in HCC 

have not been reported. This is likely due to that fact that the preparation of the agent is 

complicated by low radiochemical yields and there is significant deiodination in vivo. 

124
I labeled insulin was prepared so that PET could be used to study insulin 

distribution and IR binding in vivo.
37

 The 
124

I insulin was prepared by direct electrophilic 

iodination at the A14-Tyr residue using cyclotron produced 
124

I and chloramine-T as an 

oxidizing agent. The product was isolated by a complicated multi-step purification 

protocol and studies conducted in rats showed uptake in myocardium and liver tissue 

with very low uptake in the brain. The heart, liver and kidneys were visualized by PET 

after intravenous injection. However, there are challenges in the clinical use of this probe 

which included difficulty in separating unlabeled insulin from the formulation and 
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difficulty determining the exact specific activity at the time of formulation. Other 

attempts of labeling insulin with 
124

I have been reported but they were low yielding and 

the labeled probe was not completely validated.
38

 It is also important to note that 
124

I is 

not an ideal radionuclide for imaging as the proportion of 
124

I that decays by positron 

emission is low.
38

 

An 
111

In-labeled insulin based tracer was reported by Rowshanfarzad et al.
39

 The 

labeling was achieved by conjugating insulin to the cyclic chelate diethylenetriamine 

pentaaceticacid dianhydride (ccDTPA) followed by treatment with 
111

InCl3. The 

radiolabeled complex was stable in human serum for at least 24 hours where no free 
111

In 

or 
111

In-DTPA was observed. Biodistribution studies in normal rat model were 

performed where uptake of the radiotracer showed high liver (24 hours post injection) 

and spleen uptake (24 hours post injection) (Figure 3) which was in agreement with the 

preclinical SPECT images (Figure 4). Complete biochemical validation for this tracer 

including its ability to bind the IR was not reported. 
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Figure 3 Biodistribution of 111In-DTPA-insulin in normal rats at 2, 4, 24 and48 hours post-injection. (Reprinted with 

permission of 39) 
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Figure 4 SPECT images of 111In-DTPA-insulin in normal rats at 2, 24 and 48 hours post injection. The best image was 

acquired at 24 hours post-injection, as radioactivity was concentrated in the liver with minimal background signal. In 

the images for both the 2 and 48 hour time points, increased background signal is apparent due to uptake in the 

intestines. (Reprinted with permission of 39) 

 

A related analogue, 
67

Ga-insulin, was prepared from
 67

Ga gallium chloride and 

the DTPA insulin derivative used to prepare the indium derivative.
40

 The radiolabeled 

complex was stable in the mice serum for at least 24hours and biodistribution studies in 

normal rats showed high accumulation in the liver. Again however IR binding in vitro 

was not validated. 

Kamei et al. studied the effect of cell-penetrating peptides (CPPs) on increasing 

the intestinal absorption of insulin via PET imaging of 
68

Ga-1,4,7,10-

tetraazacyclododecane N, N′, N″, N‴-tetraacetic acid insulin conjugates (
68

Ga-DOTA-

insulin).
41

 Biodistribution studies in rats showed that CPPs co-administration 

significantly increased the 
68

Ga-DOTA-insulin level in the liver, kidney, and circulation 

confirming their role in increasing the intestinal absorption of insulin. This is an example 

of how nuclear imaging can be used to support drug development. 

99m
Tc is an inexpensive isotope and it is the most widely used isotope in nuclear 

medicine. Direct labeling of insulin with 
99m

Tc has been reported but was not effective 

because IR binding was affected and a mixture of radiolabeled products was formed. 

Another example is 
99m

Tc labeled insulin that was designed as a tool to study the 

biochemistry and pharmacology of insulin in vivo, as reported by Sundararajan et al. 

99m
Tc labeled analogues along with their non-radioactive rhenium (Re) surrogates were 

synthesized by linking a 
99m

Tc chelate to the B1 phenylalanine (B1-Phe) position of a 
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protected insulin through a spacer group (Figure 5).
42

 In vitro assays for IR binding of 

the Re analogues showed no difference from native insulin. These probes have been 

evaluated in a series of biodistribution and SPECT/CT studies in different preclinical 

disease models where the extent of specific and nonspecific binding was assessed and 

they are currently under further investigation in order to improve their pharmacokinetic 

profiles via means of structural modifications. 

 

Figure 5 Human insulin and the target 99mTc/Re insulin conjugates.42 

 

18
F-labeled insulin using a prosthetic group methodology designed for studying 

the IR in vivo using PET was initially reported by Shai et al. where a 

fluoromethylbenzoyl prosthetic group linked to a glycine (Gly) spacer attached to insulin 

at the B1 position binds human (IM-9) lymphoblastoid cells in vitro with an affinity for 

the receptor that is similar to that of native insulin.
43

 Biodistribution studies and PET 

scans were performed in six rhesus monkeys where the tracer showed 95% stability and 

integrity for the first 5 minutes post injection which dropped down to 31% at 30 minutes 

post injection. The labeled tracer accumulated rapidly in the liver and unlabeled insulin 

blocked subsequent uptake by the liver. Both timing and reversibility of uptake and 

excretion of the analogue (using native insulin as a blocker) closely mimic the known 
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physiological processes by which insulin is cleared.
44

 Unfortunately, both the chemistry 

and radiochemistry associated with preparing the probe were low yielding and involved 

extensive HPLC purification protocols which complicate clinical translation. 

Another method for the preparation of 
18

F labeled analogues of insulin via direct 

coupling of an active ester to the free amino of the B1-Phe position through a spacer 

group was developed in our research group. In vitro assays of the non-radioactive 
19

F 

version showed similar binding to that of native insulin. The synthesis required a number 

of synthetic steps including protecting theA1-Gly and B29-Lysine (B29-Lys) positions of 

insulin. Protected insulin A1-Gly,B29-Lys-di(tert-butyloxycarbonyl) insulin (DBI) was 

synthesized to ensure site selective derivatization.
35

 More recently, 
18

[F]N-fluorobenzoyl 

B1-Phe insulin was prepared using a novel emulsion labeling technology which greatly 

enhanced radiolabeling yields.
45

 The product was tested for stability using mouse plasma 

and showed decomposition to a non-polar radioactive material. The percentage of 

decomposition from the compound based on analytical HPLC analysis was 50% at 30 

min. Biodistribution in Female CD-1 nu/nu mice bearing CHO/HIRC tumours showed 

tumour uptake of 1.74 ± 0.54% injected dose per gram (ID/g) at 5 minutes and 0.3 ± 

0.1% at 30 min post injection.
46

 Clearance was predominantly via the renal system with 

some additional excretion via the hepatobiliary system (Figure 6). 
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Figure 6 18[F]N-fluorobenzoyl (B1-Phe) insulin biodistribution in female CD-1 nu/nu mice. (Reprinted with 

permission of 46) 

1.9.B29-Lysderivatized insulin 

Insulin has three primary and reactive amines where modification of the protein 

can potentially be carried out: A1-Gly, B1-Phe andB29-Lys residues. The crystal 

structure of insulin interacting with its receptor indicates that A1-Gly residue is involved 

in binding, consequently derivatization must be carried out at B1-Phe and B29-Lys 

residues.
15

 Given the limitations of B1-Phe derived radiopharmaceuticals developed to 

date and considering the complex protecting group chemistry required to prepare 

compounds, B29-Lys is an attractive alternative. It has the advantage that it is highly 

reactive and can be selectively labeled by controlling the pH of the reaction medium.
47
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There have been a number of B29-Lys derivatives that have been reported, which are 

described here.  

Aiming to extend the time of action of insulin; 
3
H,N-palmitoyl B29-Lys insulin 

was prepared via direct coupling to the N-Hydroxysuccinimydyl ester of palmitic acid.
48

 

In a diabetic animal model, the duration of action was nearly twice that of unmodified 

human insulin, and the plasma half-life was nearly seven-fold that of the unmodified 

protein. Insulin action was longer and less variable than that of native insulin with 

improved pharmacokinetics. No data regarding IR receptor binding was reported 

although it was found that the derivative maintained its pharmacological potency. 

Vitamin B12-[B29-Lys]derivatized insulin conjugate was prepared as a tool for 

oral delivery of insulin.
49

 Carbonyldiimidazole (CDI) activated vitamin B12 was coupled 

to dimethylmaleic anhydride (DMMA) A1-Gly, B1-Phe di protected insulin and purified 

by ion exchange chromatography. It showed a significant glucose lowering effect 

maintaining the biological activity of insulin without interfering with IR recognition. A 

combination of molecular dynamics simulations and electron microscopy were used to 

assess the construct and indicated that chemical modification of insulin by linking a 

pendant group at the B29-Lys position does not interfere with IR recognition.
50

 

Another example was based on transferrin conjugation at the B29-Lys of insulin. 

The derivative showed increased stability to enzymatic degradation when compared to 

native insulin. The degradation profiles of insulin, transferrin and the conjugate were 

evaluated in a solution containing trypsin based on HPLC analysis.
47

 Many other 
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examples have been reported in the literature where modifying the B29-Lys of insulin 

had no effect on its biological activity, receptor recognition or stability.
48,51

 

1.10. Hypothesis and objectives 

The core hypothesis of the first component of the thesis is that derivatization of 

insulin at the B29-Lys position with a suitable radionuclide (e.g. 
123

I or 
18

F) and 

prosthetic group (Figure 7) will result in a MI probe that can be used to monitor changes 

in insulin biochemistry and IR expression in vivo. The desirable properties of a candidate 

probe are that it has high affinity for IR (IC50 close to or better than that of native 

insulin), stability in vitro (longer than the 5-10 minute plasma half-life of human insulin), 

ease of synthesis, blockable IR binding in vivo and high tumour uptake for IR expressing 

tumours.  

In order to develop and refine the synthetic and HPLC methods, two simple N-

succinimidyl active esters of benzoic acid were the initial targets. The specific choice of 

active esters was based on the fact that direct coupling to the B29-Lys position of insulin 

using other N-succinimidyl active esters has been previously reported.
41,51,52

 Also, in our 

group the same benzoic acid ester has been coupled to the B1-Phe of insulin without 

affecting it’s biological activity or IR binding.
35

 Furthermore, the preparation of the 
18

F 

and 
125

I derivatives of the active esters of benzoic acid have been reported and they can 

be isolated in good yields.
53–55

 Once the lead compounds were prepared and screened 

coupling to other prosthetic groups including those with a pharmacokinetic modifying 

linker were investigated which is described in chapter three. 
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Figure 7 Schematic representation of the general target: a B29-Lysradiolabeled insulin derivative. 

Subsequent to the work on insulin, a strategy was developed to enable US 

imaging to be used to visualize uPAR, which as mentioned previously, is a protein that is 

upregulated in breast cancer. The strategy utilizes a novel targeting methodology and gas 

filled MBs which act as US contrast agents. Details on the rationale and synthetic 

strategies which include the use of some novel bioorthogonal chemistry are provided in 

chapter four. 
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CHAPTER TWO: SYNTHESIS, PURIFICATION, 

CHARACTRIZATION, and IN VITRO SCREENING of B29-Lys 

DERIVATIZED INSULIN 

2.1.Synthesis of N-succinimidyl benzoic acid active esters 

As described in chapter one, the choice of simple halogenated benzoic acid active 

esters for the bioconjugation reaction was based on the fact that they are easy to 

synthesize, have been previously conjugated to insulin at different positions and methods 

to produce the radioactive analogues have been reported in the literature. Using a 

relatively simple synthetic procedure, 4-iodobenzoicacid was converted to its N-

succinimidyl active ester by heating it with 1-ethyl-3-[3-

dimethylaminopropyl]carbodiimide hydrochloride (EDC) and N-

hydroxysuccinimide (NHS) in dry dimethylformamide (DMF) (Scheme 1). After 3 hours 

the product (1) was obtained as white crystalline solid in high yield (90%) following 

extraction. Proton nuclear magnetic resonance spectroscopy (
1
H NMR) of the isolated 

product showed two key doublets corresponding to aromatic ring protons between 7.8 

and 8.2 ppm and the remaining four methylene protons of the succinimide group were 

observed at 3 ppm (Figure 8). In a similar fashion; N-succinimidyl 4-fluorobenzoate (2) 

was synthesized according to the same procedure described above in 82% yield. 
1
H NMR 

spectroscopy of the isolated product showed characteristic signals similar to those in (1) 

(Figure 9).  
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Scheme 1 Synthetic scheme for N-succinimidyl 4-iodobenzoate (1) and N-succinimidyl 4-fluorobenzoate (2). 

 

Figure 8 1H NMR (CD3CN, 600.13 MHz) of N-succinimidyl 4-iodobenzoate (1), residual CH3CN appeared at 1.94 

ppm followed by a water peak at 2.1 ppm. 



M. El-Gamal – M.Sc. Thesis; Chemical Biology – McMaster University 

20 
 

 

Figure 9 1H NMR (CD3CN, 600.13 MHz) of N-succinimidyl 4-fluorobenzoate (2), residual CH3CN appeared at 1.94 

ppm followed by a water peak at 2.1 ppm. 

 

2.2.Synthesis and purification of B29-Lys fluoro and iodo benzoic acid derivatized 

insulin 

Different reaction conditions were investigated to find the best method for 

coupling the active ester to the B29-Lys of insulin. In parallel, an analytical HPLC 

method in order to separate different reaction products was developed where the optimal 

gradient was: Mobile phase A = (acetonitrile (CH3CN) + 0.1 % trifluoroacetic acid 

(TFA)), Mobile phase B = (H2O + 0.1 % TFA ): Elution Conditions: 25% A to 100% A, 

0 – 20 min; 100% to 75% A, 20 – 30 min; 75% A to 25% A, 30 – 32 min; 25% A to 

100% A, 32 – 35 min. UV detection (λ = 240 nm) allowed for monitoring the reaction 

where tR for insulin was 9.3 min. 
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The reaction of insulin with N-succinimidyl 4-iodobenzoate was initially carried 

out in dimethylsulfoxide in 5% triethylamine (DMSO/TEA) at a pH of 10.5. Mass 

spectrometric analysis of the initial reaction showed peaks corresponding to di- and tri-

substituted derivatives of insulin rather than the required mono-substituted one, which 

indicated that reaction conditions needed refining. To optimize the formation of the 

desired product, molar ratios were varied between 20:1 and 1:10 of the active ester and 

insulin, respectively, where the results showed that a ratio in the range of 1.5:1 gave the 

best results. Notably, a key step to enhancing selectivity involved dissolving insulin 

completely in basic medium before addition of the ester.  

The ultimately successful conditions involved switching to a mixture of DMF and 

Borax buffer as the solvent using an insulin to active ester ratio of 1:1.5 at pH 9.5 ( 

Scheme 2). After 30 min at room temperature; N-[4-iodobenzoyl]-(B29-Lys) 

insulin (3) and N-[4-fluorobenzoyl]-(B29-Lys) insulin (4) were successfully synthesized 

as the predominant products. Purified materials were obtained by semi-preparative HPLC 

using a C18 column (3, Figure 10) and (4, Figure 11) and electrospray ionization mass-

spectrometry (ESI-MS) indicated that the isolated insulin derivatives are monosubstituted 

where (3) showed a mass to charge ratio (m/z) of 6036 (Figure 12) and (4) showed a m/z 

ratio of 5930 (Figure 13), respectively. 
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Scheme 2 Synthesis of B29-Lys insulin derivatives (3) and (4). 

 

 

Figure 10 Analytical HPLC chromatogram of crude reaction mixture (top) between insulin and (1).The bottom 

chromatogram shows the HPLC of purified (3). Elution Method: A = (CH3CN + 0.1 % TFA), B = (H2O +0.1 % TFA ): 

Elution Conditions: 25% A to 100% A, 0 – 20 min; 100% to 75% A, 20 – 30 min; 75% A to 25% A, 30 – 32 min; 25% 

A to 100% A, 32 – 35 min.   λ= 240 nm. 
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Figure 11 Analytical HPLC chromatogram of crude reaction mixture (top) between insulin and (2).The bottom 

chromatogram shows the HPLC of purified (4). Elution Method: A = (CH3CN + 0.1 % TFA), B = (H2O + 0.1 % TFA): 

Elution Conditions: 25% A to 100% A, 0 – 20 min; 100% to 75% A, 20 – 30 min; 75% A to 25% A, 30 – 32 min; 25% 

A to 100% A, 32 – 35 min.  λ= 240 nm. 
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Figure 12 ESI-MS of the peak at tR= 10.90 minutes which has a m/z value 6036 consistent with the molecular weight 

of (3). 
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Figure 13 ESI-MS of the peak at tR= 10.16 minutes which has a m/z value 5930 consistent with the molecular weight 

of (4). 

2.3.Confirming the coupling at the B29-Lys position 

To determine the site of conjugation, an initial study was performed whereby the 

retention time of the isolated product (4) was compared to an authentic standard of N-[4-

fluorobenzoyl]-B1-Phe insulin. This was done since the likely impurity would be the B1-

Phe derivative which would not be distinguishable by simple ESI-MS. The products were 

found to have different retention times (tR= 10.52 min for the standard, tR=10.16 min for 

product (4)). These results indicate the derivatization did not occur at the B1-Phe of 

insulin (Figure 14). 
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Figure 14 Analytical UV-HPLC (240 nm) chromatograms for (a) Native insulin, (b) N-[4-fluorobenzoyl]-B1-Phe 

insulin, (c) compound (4) and (d) a co-injection of N-[4-fluorobenzoyl]-B1-Phe insulin and (4). 

2.4. Digestion Experiments 

In order to confirm the site of derivatization, a digestion/mass spectrometry 

protocol was employed. The procedure has been utilized previously to confirm the site of 

derivatization for insulin derivatives and peptides in general.
35,42,56

 Dithiothreitol (DTT) 
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was used to reduce the disulfide bonds between the two insulin chains separating them 

into two individual chains that can then be detected by HPLC-MS (positive ion 

electrospray, ES+) (Figure 15). The second part of the experiment involved sample 

treatment with endoproteinase-Glu-C (Staphylococcus aureus protease V8); a serine 

proteinase that cleaves amino acid segments at the carbonyl side of glutamic acid. This 

procedure was used following the DTT treatment and LCMS run to look specifically at B 

chain fragments (Figure 16).  

More specifically, the experimental procedure was initiated with a basic solution 

of (4) that was subsequently treated with aqueous DTT and the mixture incubated for 15 

min at 50 °C followed by LCMS (ES+) analysis. The remaining solution from the DTT 

experiment was then treated with endoproteinase-Glu-C and incubated overnight 

followed by analysis by LCMS (ES+). Fragments indicative of modified B-chain or 

unmodified A-chain were not observed for the DTT part of the experiment. The LC-MS 

(ES+) analysis for the second part revealed a peak with a m/z value of 1239 (Figure 17) 

which corresponds to the fragment with the amino acid sequence RGFFYTPKT of the B 

chain plus the pendant fluorobenozate group. There was no evidence of modification of 

the A-chain (m/z = 2379.7) but there was a small peak corresponding to the unmodified 

GIVE fragment of the A chain (m/z = 417.2). Based on the LC-MS data and the 

comparison to the B1-Phe derivatized insulin, the results indicate successful 

derivatization at the B29-Lys of insulin. 
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Figure 15 Diagram indicating the use of DTT in the digestion of derivatized insulin (disulfide bonds are highlighted in 

green). 

 

 

Figure 16 Diagram indicating the use of endoproteinase-glu-c in the digestion of derivatized insulin (red arrows 

indicate sites of cleavage). 
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Figure 17 ES-MS chromatogram of a peak at tR=18.2 min showing a peak (m/z =1238.7) that corresponds to the 

fragment from the B-chain of insulin (RGFFYTPKT) bearing a fluorobenzoate pendant group. 

2.5. IR in vitro Competitive Binding Assay 

MCF7 human breast cancer cells were used to evaluate IR binding of derivatives 

(3) and (4) using native insulin as a positive control. If successful the resulting IC50 

values should be lower than, or at least similar to, that of the unmodified protein. MCF7 

cell lines are known for their high IR content which is around 5-fold higher than normal 

non malignant cells.
57

 To determine the IC50 a radioactive assay was performed in which 

the concentration of (3), (4) and native insulin needed for a 50% displacement of 
125

I-

insulin (Perkin-Elmer
®
) were calculated using nonlinear regression analysis. The assay 

involves starving MCF7 cells by incubating them overnight prior to starting the assay 

with media containing charcoal stripped fetal bovine serum (csFBS). This was done to 

deplete the amount of insulin in the cells before exposure to the radioactive insulin probe. 

Cells were then incubated with 1 nM 
125

I insulin in the presence of the competing ligands 

((3), (4) and native insulin) at different concentrations at 4°C for 4 hours in a humid 

chamber. This was followed by cell lysis with 1 N NaOH and transfer of the solutions to 

gamma tubes for counting. 
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The assay was repeated six times, each in triplicate, where the results indicated 

that compound (4) (IC50=3.6 nM; 95% confidence intervals (CI): 1.869 to 7.135 nM)) 

has higher affinity for the IR compared to (3) (IC50=24.9 nM; 95% CI: 13.7 to 44.7 nM) 

as indicated by comparison to the IC50 values of native insulin tested under the same 

settings (IC50=1.4 nM; 95% CI: 0.50 to 4.0 nM) (Figure 18). These results show that (4) 

has affinity similar to that of native insulin which was a prerequisite for moving to the 

next step. 
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Figure 18 Representative data for displacement assay of 125I-insulin with native insulin (circles), 3 (squares), and 4 

(triangles). 

2.6. Conclusion 

Two new insulin derivatives were prepared using halogenated active esters and 

the site of derivatization was confirmed using LCMS and a digestion assay. Having 

established through an in vitro assay that (4) has high affinity for IR (IC50=3.6 nM; 95% 

(CI): 1.869 to 7.135 nM) that is comparable to that of native insulin (IC50=1.4 nM; 95% 
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CI: 0.50 to 4.0 nM) the next step was to prepare the 
18

F analogue of (4). Progress towards 

producing the radiolabeled insulin derivatives is described in chapter three. 

CHAPTER THREE: SYNTHESIS, CHARACTERIZATION and 

PRELIMINARY STABILITY ASSESSMENT OF 
18

F LABELED 

INSULIN 

3.1. Synthesis of 
18

F N-Succinimidyl 4-fluorobenzoate (6) 

The first step in the synthesis of
18

F-labelled N-succinimidyl4-fluorobenzoate (6) 

that can be used to radiolabel insulin was to prepare the quaternary ammonium salt (5) 

(Scheme 3).
55

 This salt was ultimately used in a nucleophilic aromatic substitution 

reaction (SNAR) to make the active ester. In brief, ethyl-4-(dimethylamino)benzoate was 

combined with methyl triflate (MeOTf) in dichloromethane (DCM) overnight followed 

by precipitation from cold ether (Scheme 3). The product was collected by filtration as a 

white powder in 88% yield. 
1
H NMR showed two peaks at 8.24 and 7.86ppmwhich are a 

result of the para substituted nature of the phenyl ring, one quartet at 4.32 ppm 

corresponding to the methylene protons, a singlet at 3.70 ppm representing the 9 

equivalent methyl protons attached to the nitrogen and a triplet at 1.33 ppm for the 

remaining methyl protons (Figure 19). 

 

Scheme 3 Synthesis of Ethyl 4-Trimethylammonium Benzoate Trifluoromethanesulfonate (5). 
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Figure 19 1H NMR (CD2Cl2, 600.13 MHz) of (5). 

Scheme 
4
) was prepared according to literature procedures.

55
 An aqueous K[

18
F]F 

solution was dried azeotropically  using CH3CN heated to 90 
o
C under N2.  K[

18
F]F was 

dissolved in DMSO and compound (5) was added to the reaction vial at 90 
o
C and stirred 

for 10 min to produce ethyl-4-[
18

F]fluorobenzoate. 0.5 N NaOH was added into the 

reaction vial at 90 
o
C to hydrolyze the ester. After cooling, the reaction mixture was 

neutralized with 1 N HCl and water. Tetrabutylammonium hydroxide (TBAOH) was 

added to the crude reaction mixture and the desired product eluted from a C-18 Sep-Pak 

cartridge and dried under a stream of N2 at 90 
o
C as the acid salt. For the last step, the 

residue was redissolved in CH3CN and O-(N-succinimidyl)-N,N,N’,N’-
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tetramethyluroniumtetrafluoroborate (TSTU) was added to the reaction vial and the 

mixture heated to 90 
o
C for 5 min ( 

Scheme 4). The desired product (6) was purified by HPLC using a semi-

preparative column. The desired fraction (tR= 13.40 min) was collected and dried where 

the decay-corrected radiochemical yield of (6) was between 20-70% (n=7) and the total 

synthesis time was 120 min including HPLC purification. Identity of the compound was 

confirmed by co-injecting it with the non-radioactive analogue (2) (Figure 20). 

 

Scheme 4 Preparation of 18F N-succinimidyl 4-fluorobenzoate (6). 

 

Figure 20 Co-injection of compound (2) and purified radiolabeled compound (6) which had similar retention times. 

(λ= 254 nm) 
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3.2. Radiolabeling insulin with 
18

F N-succinimidyl 4-fluorobenzoate (6) 

The initial approach to labeling was carried out by dissolving insulin and (6) in 

borax buffer and stirring the mixture at room temperature for 20 min. Unfortunately, no 

radiolabeled insulin was found in the HPLC traces of the crude mixture and this turned 

out to be a result of the hydrolysis of the active ester in the borax buffer system. This 

finding was confirmed by dissolving the dried active ester in the buffer system and re-

injecting into an analytical HPLC column where a peak associated with the hydrolyzed 

benzoic acid was observed. Note that the comparable reaction was not observed when 

using the cold analogue (4). 

Conventional radiolabeling of biological vectors is challenging due to the high 

cost of  the molecules in addition to their sensitive nature which often result in low 

radiochemical yields, thus new methods are continuously being developed to create 

suitable reaction environments and increase yields. Emulsion systems are known to 

accelerate organic reactions possibly via surface effects, preferable orientation of 

substrates and concentration of reactants (Figure 21). This concept has been utilized 

recently in radiolabeling of insulin at the B1-Phe position where the results were superior 

to conventional homogenous solution-based approaches.
45

 In the work done to date, DBI 

was radiolabeled in an emulsion at ambient temperature in yields between 40-80% with 

no impurities observed. These results support the use of the emulsion based radiolabeling 

method in preparing the radioactive derivatives of the B29-Lys insulin. To confirm the 

reliability of the reaction and to refine the experimental technique, labeling of DBI at the 

B1-Phe position was repeated. The desired product was obtained and purified by semi-
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preparative HPLC, dried then formulated in saline (Figure 22). The results were 

consistent with what was previously reported. 

Figure 21 Illustration of the droplet labeling method. 
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Figure 22 Gamma HPLC chromatograms of B1-Phe-radiolabeled insulin prepared using droplet method; crude 

reaction mixture (top) and purified product after formulation in saline (bottom). 

Several attempts were made to label insulin at the B29-Lys position using the 

droplet method. Unfortunately, most were low yielding and the procedure favored 

labeling at other positions. This could be due to the orientation of the B29-Lys away 

from the oil-water interface which would reduce yield. In light of these results, efforts 

reverted to employing other more conventional labeling methods. 

The most successful labeling conditions were carried out in a mixture of 

(DMF/water/ 0.1 M NaHCO3) in a ratio of 3:1:1 (v/v/v) where 185-370 MBq (5-10 mCi) 

of dry (6) was dissolved in DMF and transferred to a microwave vial containing 1 mg of 
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unprotected insulin dissolved in the  aqueous NaHCO3 (Scheme 5). The reaction was 

stopped after 20 minutes and radiolabeled insulin (9) (tR= 8 min) was isolated from the 

crude reaction mixture using semi-preparative HPLC (Figure 23) and its identity was 

confirmed by having a similar retention time to the UV peak associated with the co-

injected (4) (Figure 24). 

 

 

Scheme 5 Synthesis of (9) using a conventional labeling strategy. 

 

 

Figure 23 HPLC of the crude reaction mixture for conventional labeling of insulin with (6); Gamma trace (top) and 

UV trace (bottom). (λ= 254 nm) 
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Figure 24 HPLC of the co-injection of purified labeled insulin (9) and the non-radioactive insulin analogue (4); 

Gamma trace (top) and UV trace (bottom). (λ= 254 nm). 

3.3. Stability studies in saline and PBS 

In order to test the stability of (9) the agent was dissolved in either saline or PBS, 

which are used as vehicles for administering radiopharmaceuticals. Radiolabeled insulin 

(9) was dried following HPLC purification where the use of the Biotage evaporation 

system proved challenging as most of the activity tended to stick to the vials and thus the 

product could not be reconstituted in the formulating solution. The labeled product was 

eventually dried using air and two formulations were made; one in saline [7.4 MBq (200 

µCi)] and one in PBS [9.25 MBq (250 µCi)]. The labeled insulin was shown to be stable 

for up to four hours in both saline (Figure 25) and PBS (Figure 26). It is also noteworthy 

that cold insulin was present in the samples as shown in the UV traces as separation of 

the two compounds by HPLC proved difficult. 
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Figure 25 Analytical gamma HPLC chromatogram for radiolabeled insulin (9) (top); 4 hours post formulation in saline 

and UV tracer (bottom) showing unlabelled insulin. (λ= 254 nm) 

 

Figure 26 Analytical gamma HPLC chromatogram for radiolabeled insulin (9) (top); 3 hours post formulation in PBS 

and UV tracer (bottom) showing unlabelled insulin. (λ= 254 nm) 

3.4. Summary 

A radiolabeled form of insulin bearing a prosthetic group at the B29-Lys position 

was synthesized. The non-radioactive analogue showed high affinity for the IR. The 

product represents a new candidate probe that has the potential to be used to image IR 
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expression with PET. During the course of this work, experiments performed in our 

laboratory with 
18

F-labeled B1 insulin showed that the metabolic stability and circulation 

time of the agent was as critical as affinity for achieving optimal biodistribution results in 

vivo. As a result the emphasis shifted to evaluate an approach to addressing these issues 

prior to testing (9) in vivo. 

3.5. Increasing circulation time and reducing metabolism 

A key challenge when developing insulin based nuclear imaging probes or insulin 

based pharmaceuticals in general is the pharmacokinetic profile of the parent ligand. The 

innate properties of the hormone itself along with its peptidic nature make it susceptible 

to degradation by both specific mechanisms like the insulin degrading enzyme (IDE) and 

general peptidases found in the plasma.
58

 Several strategies can be implemented towards 

addressing this issue where the use of long chain fatty acids and 6-fluoronicotinic acid 

were investigated here. 

3.6. Palmitic acid and myristic acid B-29 acylated insulin 

Long chain fatty acids can be used as a way of modifying insulin’s 

pharmacokinetic profile by increasing its biological half-life and duration of action. 

Insulin acylated at the B29-Lys with long chain fatty acids, which promote albumin 

binding in the blood, resulted in a sustained delivery of insulin.
59

 B29-Lys myristic acid 

acylated insulin for example, which is known as insulin Detemir, is used for the 

treatment of diabetes (Novo Nordisk). Insulin has also been derivatized with palmitic 

acid with similar results.
48

 Implementing a comparable prosthetic group bearing a 

radiolabel could prolong the circulation time of an insulin derived probe, overcome the 
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problems associated with premature degradation and maximize delivery to the target 

(tumours). 

To optimize synthetic strategies and test the impact of the prosthetic groups on IR 

binding, N-[myristoyl]-(B29-Lys) insulin (7) and N-[palmitoyl]-(B29-Lys) insulin 

(8)were synthesized in a similar fashion to (3) and (4) (Scheme 6). The products, which 

were purified by semi-preparative HPLC (method A) (Figure 27) in 48%theoretical yield, 

were subsequently screened for IR binding. The assay results indicated that the average 

IC50 values for these compounds were 196.0 nM (95% CI: 105.6 to 363.5 nM) for (7)) 

and 577.9 nM (95% CI: 309.0 to 1110.0 nM) for (8) which is significantly higher when 

compared to the IC50 value of native insulin evaluated in the same experimental setting 

(9.1 nM; 95% CI: 5.0 to 165 nM). These results suggest a negative effect on IR binding 

which is a key requirement for a successful MI probe. In light of these results further 

work on these molecules was not pursued. 

 

Scheme 6 Synthesis of fatty acid acylated insulin, compounds (7) and (8). 

 



M. El-Gamal – M.Sc. Thesis; Chemical Biology – McMaster University 

42 
 

 

Figure 27 Analytical HPLC spectra of purified (7, tR=15.3) (top) and (8, tR=16.4) (bottom). (λ= 240 nm) 

3.7. Acylation with 6-Fluoronicotinic acid 

The second strategy implemented to modify insulin’s pharmacokinetic profile and 

to enhance tumour uptake was to tag insulin with 6-fluoronicotinic acid instead of the 6-

fluorobenzoic acid used in previous chapters. 6-Fluorobenzoic acid has been used to 

improve residualization of molecules inside the cells, which is favorable in the design of 

radiopharmaceuticals as it facilitates tumour saturation.
60

 
18

F nicotinic acid derivatives 

have displayed high tumor uptake including up to 17% ID/g in melanoma tumours.
61

 The 
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key here is that the basicity of the pyridine nitrogen promotes entrapment intracellularly 

due to protonation of the pyridine nitrogen. It is also worth mentioning that Cuthbertson 

et al. efficiently synthesized the 
18

F tetrafluorophenol (TFP) active ester of 6-

fluoronicotinic in a one-step radiosynthesis reaction which is more convenient when 

compared to the two step radiosynthesis of the NHS ester of  6-fluorobenzoic acid.
62

 

Following a modified literature procedure, non-radioactive 6-fluoronicotinicacid 

2,3,5,6-tetrafluorophenyl ester (10) was chosen for the B29-Lys conjugation.
62

 The 

compound was synthesized in yields between 60-70% and the reaction was carried out by 

dissolving6-fluoronicotinicacidin DCM followed by addition of TFP and 

dicyclohexylcarbodiimide (DCC) with stirring overnight (Scheme 7). The desired 

product was isolated by filtration to remove the urea byproduct followed by re-

crystallization from hot hexane. Identity of the molecule was confirmed by mass 

spectrometry (EI-MS) indicating a m/z ratio of 289.0 (Figure 28) and 
1
H NMR 

spectroscopy which showed signals corresponding to the one aromatic proton on the 

phenyl ring and peaks at 7.16, 8.60, and 9.12 ppm corresponding to the protons on the 

pyridine ring (Figure 29). 

 

Scheme 7 Synthesis of the non-radioactive 6-fluoronicotinicacid 2,3,5,6-tetrafluorophenyl ester (10). 
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Figure 28 EI-MS spectrum for pure 6-fluoronicotinicacid 2,3,5,6-tetrafluorophenyl ester (10). 

 

Figure 29 1H NMR (CDCl3, 600.13 MHz) of 6-fluoronicotinicacid 2,3,5,6-tetrafluorophenyl ester (10). Residual 

CHCl3 can be seen at 7.24 ppm. 

N-[6-Fluoronicotinyl]-(B29-Lys) insulin (11) was synthesized in a similar fashion 

to (3) and (4) by reaction of insulin and (10) in a mixture of borax buffer and DMF for 30 

minutes at pH 9.96 (Scheme 8). The product was purified by semi-preparative HPLC in 
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94% purity (Figure 30) and ESI-MS showed a m/z ratio of 5931.0 (Figure 31) for the 

purified product. 

 

Scheme 8 Synthetic scheme for N-[6-fluoronicotiniyl]-(B29-Lys) insulin (11). 

 

Figure 30 Analytical HPLC chromatogram of crude reaction mixture (top) and purified product (11) (bottom). Elution 

Method: A = (CH3CN + 0.1 % TFA), B = (H2O +0.1 % TFA ): Elution Conditions: 25% A to 100% A, 0 – 20 min; 

100% to 75% A, 20 – 30 min; 75% A to 25% A, 30 – 32 min; 25% A to 100% A, 32 – 35 min.   (λ= 240 nm) 
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Figure 31 ESI-MS of the peak with tR= 11.40 minutes which has a mass of 5931.0 m/z consistent with the molecular 

weight of (11). 

The digestion/mass spectrometric protocol described in chapter 2 was conducted 

using (11) in order to confirm the identity of the monosubstituted species. Fragments 

indicative of modified B-chain and un-modified A-chain were not observed for the DTT 

part of the experiment and this is probably due to using a lower concentration of DTT 

thus fragments of intact disulfide bridges were expected to be found following 

endoproteinase-Glu-C treatment. A fragment of the modified B29-Lys position did not 

show following LCMS (ES+) analysis but two other fragments indicating unmodified A-

chain GIVE fragment (at a m/z of 417.2) and unmodified B1-Phe position 

QCCTSICSLYQLE-FVNQHLCGSHLVE fragment (at a m/z of 1485.63 (M/2)) were 
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found (Figure 32) providing some evidence that the modification occurred at the B29-

Lys position. 

 

Figure 32 Detected fragments following LCMS (ES+) digestion protocol on (11). 

N-[6-fluoronicotiniyl]-(B29-Lys) insulin (11) was screened for in vitro IR 

binding using the 
125

I insulin displacement assay. Three consecutive screens using MCF7 

cells to assess IR binding of (11) derivative were completed with a single lot of 
125

I 

insulin. As a reference, the combined aggregate data for human recombinant insulin for 

these experiments resulted in an IC50 of 6.9 nM (95% CI: 5.0 to 9.5 nM). The IC50 of 

(11) was 30.1 nM (95% CI: 20.1, 45.0 nM), approximately 4.2 times that obtained for 

native insulin in the same assay. 
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Based on the IR binding data for (11), it was worth investigating how different 

the IC50 values would be compared to the structurally similar B1-Phe acylated derivative, 

especially when the B1-Phe fluorobenzoate derivative previously reported by Kim et al. 

showed better IC50 values compared to the B29-Lys derivative (4) reported in chapter 2. 

Attempts to derivatize DBI with (10) were conducted following literature procedure but 

the crude reaction mixture showed a single broad peak when analyzed by HPLC and 

following mass spectrometric analysis a small molecular weight adduct made it difficult 

to isolate the desired product.
35

 

In light of the challenges with the TFP ester, an NHS ester of 6-

fluoronicotinicacid was used subsequently. To ensure the DBI reaction was performing 

as previously reported, a proof of concept experiment was performed using N-[4-

fluorobenzoyl]-(B1-Phe) insulin was undertaken. The product was successfully 

synthesized and purified in accordance with the literature procedure (Scheme 9). The N-

succinimidyl ester of 6-fluoronicotinic acid was synthesized in a similar fashion to the 

fluorobenzoate esters (Scheme 10), but it required extensive re-purification and signals 

corresponding to starting materials were always present in the 
1
HNMR spectrum. For 

these reasons, the decision was made to not make any further progress on this project. 

https://www.google.ca/search?rlz=1C1CHFX_enCA540CA540&es_sm=93&q=succinimidyl&spell=1&sa=X&ei=gthrU7ClLo6oyATZhoHABg&ved=0CCgQBSgA
http://www.chemnet.com/Global/Offer-to-Sell/6-fluoronicotinic-acid-2495744.html
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Scheme 9 Synthesis of N-[4-fluorobenzyl]-(B1-Phe) insulin. 

 

 

Scheme 10 Synthetic scheme for N-succinimidyl  ester of 6-fluoronicotinic acid.  

3.8. Conclusions and Future Work 

Several approaches were undertaken to prepare B29-Lys labeled insulin. The 

most promising was conventional labeling at room temperature in water and NaHCO3 

with 
18

F where the desired product was obtained in 20% yield. The cold analogue had an 

IC50 of 3.6 nM (95% CI: 1.869 to 7.135 nM) which was comparable to insulin. Next 

steps should focus on assessing the plasma stability of (9) and performing biodistribution 

studies in both normal mice and mice bearing IR expressing tumours.
63

 

Additional efforts were made to modify insulin to enhance uptake and reduce 

metabolism; unfortunately the synthetic strategies were either unsuccessful or produced 

compounds with low IR affinity. These issues likely have to be addressed before a viable 

probe for imaging IR expression on breast cancer can be developed. As a result of these 

https://www.google.ca/search?rlz=1C1CHFX_enCA540CA540&es_sm=93&q=succinimidyl&spell=1&sa=X&ei=gthrU7ClLo6oyATZhoHABg&ved=0CCgQBSgA
http://www.chemnet.com/Global/Offer-to-Sell/6-fluoronicotinic-acid-2495744.html
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challenges work shifted to a promising new probe development technology that arose in 

our group (US molecular imaging) and a target (uPAR) whose expression is directly 

linked to tumour aggressiveness. This work is presented in chapter four. 
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CHAPTER FOUR: PREPARATION AND SCREENINGOF uPAR 

TARGETING MICROBUBBLES 

USINGBIOORTHOGONALCHEMISTRY 

4.1.Overview 

The ultimate goal in designing any cancer imaging probe is to be able to 

effectively detect tumour cells and differentiate them from healthy ones. There is a 

further need to be able to stratify tumours based on their metastatic potential. The value 

of such a probe is particularly significant when it comes to detection of breast cancer. In 

the previous chapters efforts were made to use insulin as a platform for such an agent 

based on the fact that the IR is overexpressed in breast cancer tissue. Given the 

challenges in radiolabeling and poor tumour uptake in vivo, the focus shifted to imaging 

a new target using US in place of nuclear imaging methods. 

4.2.uPAR in Cancer 

uPAR is a heterogeneously glycosylated, single-chain polypeptide of molecular 

weight of 50-60 kDa, which decreases to 35 kDa upon deglycosylation.
64

 It is a member 

of the lymphocyte antigen (Ly-6)/uPAR protein family that is involved in regulation of 

tissue plasminogen with a variety of ligands, such as urokinase-type plasminogen 

activator  (uPA), which plays a key role in cell adhesion, migration and proliferation.
65,66

 

Under normal physiological conditions, the cellular expression of uPAR is low 

and it increases under specific conditions including tissue remodeling, inflammation, and 

immune response.
67

 It has also been found that uPAR expression is high in select 

pathological conditions like chronic kidney disease, ischemic injury, the central nervous 
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system (CNS) and most importantly cancer.
68–70

 uPAR expression is elevated in different 

forms of cancer including solid tumors, bone marrow and blood stem tumours, 

lymphomas and stromal cells such as fibroblasts and tumour associated macrophages.
70–

73
 High tumour tissue mRNA expression is associated with clinical outcomes indicating 

faster metastasis and decreased overall survival in breast cancer patients.
74

 Fibroblastic 

expression of uPAR was also found to be an independent prognostic factor of patients’ 

shortened relapse-free survival.
75

 The role of the uPA/uPAR system in facilitating cancer 

metastasis – although not yet fully understood – can be attributed to its involvement in 

the degradation of extra cellular matrix (ECM). Binding of pro-uPA, the inactive form of 

uPA, to uPAR boosts the conversion of pro-uPA to active uPA which consequently 

converts plasminogen to active plasmin. It is this active plasmin that degrades 

ECM/basement membrane and releases active meta-metalloproteinases (MMPs), which 

play a key role in cancer cell invasion and metastasis.
66,76

 

uPAR is a promising target for in vivo visualization with molecular imaging as it 

would allow for determination of the metastatic potential of the tumour being examined, 

which will consequently affect treatment choices for the patient. One other advantage of 

having a uPAR-targeted molecular imaging probe is that it will overcome the current 

limitations associated with obtaining tissue samples through biopsy, which is the current 

method employed for quantifying uPAR expression. 

Several uPAR targeted probes can be found in the literature; optical, MRI, 

nuclear and multimodality imaging probes were all designed to evaluate the expression 
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of uPAR in vivo. One example of an optical probe targeting uPAR implemented a semi-

automated approach to correlate two-dimensional (2D) noninvasive near-infrared 

fluorescence (NIRF) imaging with three-dimensional (3D), high-resolution, flat-panel 

volume computed tomography (fpVCT).
77

 Anti-uPAR antibodies labeled with a 

fluorescent cyanine dye (Cy5.5) were used to visualize human mammary cancer MDA-

MB-231 xenograft in mice and a strong correlation between tumour size and florescence 

intensity was observed. 

Utilizing the advantageous anatomical resolution of MRI, a recombinant peptide 

derived from mice targeting uPAR was conjugated to magnetic iron oxide nanoparticles 

where high and specific uptake was observed in uPAR-expressing cells.
78

 Unfortunately, 

interspecies variations between humans and mice could limit the utility of this construct. 

Nuclear imaging probes targeting uPAR for both SPECT and PET imaging have 

also been reported. One example is an anti-uPAR
111

In-labeled peptide designed as a 

potential probe for SPECT imaging.
79

 The probe showed uPAR binding IC50 values 300 

fold higher than that of uPA itself, which played a key factor in the biodistribution results 

as endogenous uPA competed with the labeled peptide. This conclusion was drawn by 

comparing ex vivo and in vivo data. Several attempts to develop a PET probe targeting 

uPAR have also been reported. For instance, a 
64

Cu-labeled high-affinity anti-uPAR 

peptide was evaluated in a mouse tumour model bearing uPAR-positive U87MG human 

glioblastoma where the tumour uptake was 10-fold higher than that in the negative cell 

line (MDA-MB-435 cells).
80

 In fact, this interesting high-affinity uPAR peptide 
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antagonist probe  (known as 
64

Cu-DOTA-AE105) was evaluated in a quantitative PET 

study,
81

 and it is currently being evaluated in human clinical trials.
82

 LeBeau et al. 

recently reported the use of two humanized anti-uPAR antagonistic antibodies for both in 

vitro and in vivo studies.
83

 In vitro results indicated that both of these antibodies can bind 

efficiently to the surface of MDA-MB-231 uPAR expressing cells, as evident from a 

uPAR staining fluorescent study. In vivo, SPECT images and near-infrared optical 

images of the 
111

In labeled antibodies confirmed the ability to detect uPAR expression in 

triple negative breast cancer tumour xenografts.  

4.3. US Imaging 

US imaging, or ultrasonography, is an imaging modality that is performed by 

signal processing of the reflections of sound waves directed towards the tissues within 

the body.
84

 It is the most routinely used imaging modality in current medical practice due 

to the fact that it is noninvasive, safe and is available at a low cost.
85,86

 US is not 

restricted to diagnostic applications, as it is also used for biopsy guidance and tissue 

ablation through the use of high-intensity focused US (HIFU).
86,87

 

4.4. Contrast Enhanced US Imaging Using Targeted Microbubbles (MB) 

Small gas filled bubbles, otherwise known as MBs are used to enhance US 

imaging. MBs typically have a diameter of 1–10 µm, and are designed to oscillate when 

exposed to ultrasonic pulses that can be deflected to a vessel wall, thus enhancing the 

reflectivity of perfused tissues.
88

 Several non-targeted MBs such as Definity® (Lantheus 
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Medical Imaging, Inc.) are already approved for use in humans for imaging of the 

myocardium.
89

 They are also being intensively investigated as a tool for drug delivery.
86

 

Targeted US imaging use MBs bound to a ligand that has high affinity for a 

specific receptor expressed at the site of disease.
85

 Typically, targeted MBs are prepared 

by attaching an antibody or analogous vector by surface conjugation to the MB through 

streptavidin-biotin interactions or covalent bonds. Key examples include antibody and 

peptide functionalized MBs targeting angiogenesis and integrins that are designed to bind 

vascular endothelial growth factor receptor 2 (VEGFR2) αvβ3 integrin respectively. 
90,91

 

One of the challenges with this approach is the difficulty in reproducibly producing 

modified MBs and in finding ligands that can effectively target the cell-sized constructs. 

4.5. Targeted Bubbles using Bioorthogonal Chemistry 

Bioorthogonal chemistry involves chemical reactions that are highly selective, 

biocompatible and are capable of linking two xenobiotics in a living system.
92

 This 

chemistry has important applications in chemical biology, molecular imaging and 

medicine.
93

 Copper-free click chemistry reactions are often employed in bioorthogonal 

chemistry where one prominent example is the inverse-electron-demand Diels–Alder 

reaction between electron-deficient tetrazine and strained trans-cyclooctene (TCO) 

derivatives. This reaction has been heavily utilized in recent studies due to its remarkably 

fast reaction kinetics and in vitro selectivity.
92,94

 For example, Rossin et al. reported for 

the first time the use of the click reaction between tetrazine and a TCO-tagged antibody 

in an in vivo tumor model.
93

 
111

In labeled tetrazine-DOTA construct was used for the in 

vivo reaction with a TCO anti-tumor-associated glycoprotein 72 (TCO-anti-TAG72) 
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monoclonal antibody. Multi-step SPECT/CT images in mice bearing colon cancer 

xenografts showed localization of the radioactivity in the tumour with minimal 

background (Figure 33). 

 

Figure 33 SPECT/CT images of mice bearing colon cancer xenografts: posterior projections of mice preinjected with 

a) 42 MBq111In labeled tetrazine-DOTA administered 24 h after the TCO-anti-TAG72 antibody injection, b) 

20MBq111In-labeled tetrazine-DOTA administered 24 h after anti-TAG72 antibody injection, and c) 50 MBq111In-

labeled tetrazine-DOTA administered 24 h after a TCO-modified rituximab lacking specificity for TAG72 was 

preinjected; d)–f) single transverse slices (2 mm) passing through the tumors in (a)–(c). (Reprinted with permission of 
93) 

In our group, a novel pre-targeted approach combining targeted US imaging and 

bioorthogonal chemistry was developed.
95

 As a proof-of-concept, the reactivity of 



M. El-Gamal – M.Sc. Thesis; Chemical Biology – McMaster University 

57 
 

tetrazine-tagged MBs (MBTz) towards TCO-conjugated anti-VEGFR2 antibody was 

evaluated in VEGFR2positive H520 cells. Streptavidin-coated MBs were functionalized 

with a biotinylated tetrazine as part of the evaluation of the capturing strategy. In order to 

validate the ligation reaction, the biotinylated tetrazine was initially tested in an in vitro 

fluorescence assay in H520 cells tagged with TCO–anti-VEGFR2 and results indicated 

identical intensity when compared to a commercially available biotinylated anti-

VEGFR2 antibody (biotin–antiVEGFR2) with minimal non specific binding in the 

negative controls. 

A flow assay was conducted subsequently to test the ability of the approach to 

localize MBTz at the target in a dynamic system. A semi-quantitative analysis was 

performed by comparing the area covered by the MBs in each image to the area covered 

by the cells. Results showed that MBTz binding to TCO–antiVEGFR2 tagged H520 cells 

was an order of magnitude higher than that of untagged cells. A preliminary study in 

animal models was conducted and US imaging was performed using CD1 nu/nu mice 

bearing SKOV-3 human adenocarcinoma tumours. Images showed high retention of 

MBTz in vascularized regions of the tumors (Figure 34). 



M. El-Gamal – M.Sc. Thesis; Chemical Biology – McMaster University 

58 
 

 

Figure 34 Transverse color-coded parametric nonlinear contrast mode US images acquired 4 min after intravenous 

administration of MBTz to: a) SKOV-3 human adenocarcinoma murine tumor model (VEGFR2(+)) pre-administered 

with TCO–antiVEGFR2; and b) the same model without antibody; c) A431 human epidermoidcarcinoma tumor 

(VEGFR2(-)) pre-administered with TCO–antiVEGFR2. Images of SKOV-3 murine tumor models following 

administration of d) VEGFR2-targeted MBs (MBV); and e) Control MBs (MBC) with pre-administered TCO–

antiVEGFR2. Regions of interest were based on the vascularity of the tumors determined from the initial distribution 

of the MBs following injection. dTE = differential targeted enhancement. (Reprinted with permission of 95) 

4.6. Objective 

 The objective was to combine the benefits of US imaging and the bioorthogonal 

chemistry that takes place between tetrazine functionalized MBs and TCO modified 

antibodies to create a new breast cancer molecular imaging technology. The focus is to 

create a MB that can selectively bind to uPAR such that the probe could eventually be 

used to evaluate protease receptor expression levels and hence the aggressiveness and 

metastatic potential of breast cancers using US.  

 The initial goal involved the preparation of a TCO modified antibody that can 

bind uPAR followed by in vitro testing of the bioorthogonal reaction between tetrazine-

coated MBs and TCO-conjugated anti-uPAR antibodies. Work was done in a flow 

chamber system, as opposed to simply in culture, to mimic conditions found in vivo. 

Success would ultimately lead to US imaging studies in small animal models. 
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4.7. Results 

4.7.1. TCO anti-uPAR antibody conjugation 

The TCO-conjugated antibody (TCO–anti-uPAR) was prepared by combining an 

excess (20 equivalents) of commercially available (E)-cyclooct-4-enyl-2,5-

dioxopyrrolidin-1-yl carbonate (TCO–NHS) with a murine monoclonal antibody, 

subclass IgG2a recognizing the human urokinase plasminogen activator receptor (uPAR) 

(American Diagnostica Inc., Product No. 3936) at 4 °C overnight (Scheme 11). The 

reaction was conducted in PBS where the pH was adjusted to 8.5–9.0 using 1 M Na2CO3. 

After purification using a 30 kDa centrifugal filter (Amicon Ultra-0.5) MALDI-TOFMS 

showed an average of 2.7 TCO groups per antibody in the product (Figure 35). 

 

 

Scheme 11 Conjugation of TCO with anti-uPAR antibody. 
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Figure 35 MALDI-TOF analysis of unconjugated anti-uPAR antibody (top) and TCO-anti-uPAR (bottom). In ultra-

high mass spectrometry, as in this case, typically the resolution is lower. The samples shown in this spectra did not 

ionize well (as evidenced in the low intensity), which may be due to other salts and contaminants in solution which 

suppress ionization. This causes the peaks to widen as well. However, there is a large enough shift between the two 

spectra that it signifies a different protein.
96

  

4.7.2. uPAR Binding Assay 

Before conducting the flow experiment, it was important to show that the addition 

of the TCO group did not reduce the affinity of the parent antibody for the target. A 

preliminary fluorescence intensity experiment was conducted in which the ability of the 

biotinylated tetrazine (Figure 36) (obtained from Aimen Zlitni) to react with uPAR 

expressing MDA-MB-231 cells tagged with the TCO modified antibody was tested. The 

biotinylated tetrazine was added to MDAMB-231 cells that had been incubated with the 

antibody (TCO+) and cells that lacked the antibody (TCO-) and the extent of tetrazine–
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TCO conjugation was determined by adding a FITC-labeled anti-biotin antibody (FITC-

antiBiotin) and measuring the arising fluorescence in cell lysates. Results indicated a 4-

fold increase in fluorescence intensity in the (TCO+) cells (Figure 37) compared to that 

observed when no TCO was present. 

 

Figure 36 Chemical structure of biotinylated tetrazine; N-(4-(1,2,4,5-tetrazin-3-yl)benzyl)-6-(5-((4S)-2-oxohexahydro-

1H-thieno[3,4-d]imidazol-4-yl)pentanamido)hexanamide. 
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Figure 37 uPAR fluorescence intensity study for the binding of FITC-antiBiotin with biotinylated tetrazine in the 

presence (left) and absence (right) of TCO on MDA-MB-231 cells. 

4.7.3. Flow Chamber Cell Adhesion Assay 

A novel in vitro flow assay that has previously been developed in our group was 

used to evaluate the effectiveness of the MBTz in capturing the TCO-anti-uPAR. MBs 

were tested under flow conditions that mimic rheology properties in tumor capillaries by 

using a parallel-plate flow chamber system (Glycotech, Rockville, Md.). Initially, a 

preliminary study using uPAR- expressing MDA-MB-231 cells was conducted in which 

cells were incubated at room temperature with TCO–anti-uPAR for 30 minutes prior to 

the assay (TCO +). Cells were washed with PBS for 2 minutes using a syringe pump to 

remove any unbound antibody, followed by either functionalized (MBTz) or unmodified 
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MBs. The procedure was performed over 4 minutes at a 100 s
-1

 shear rate to mimic flow 

conditions found in vivo and to allow for comparison to our previous work involving 

VEGFR2 targeted MBs. After 4 min, cells were washed with PBS for 2 minutes at a 

1000 s
-1

 shear rate in order to eliminate MBs that were simply sticking to the well 

through nonspecific binding interactions. Plates were visualized using an optical 

microscope and videos were taken during the flow assay and static images for analysis 

acquired after the final washing step was completed (Figure 38). 

Analysis of the results of the flow experiment indicated that the MBTz 

concentrated to a significant extent on MDA-MB-231 cells (TCO+) when compared to 

the controls (TCO-) (Figure 38). A semi-quantitative analysis was performed by 

comparing the area covered by the MBs in each image to the area covered by the cells 

determined using an open-source image processing package. Although results indicated 

higher binding to the (TCO+) cells, the total number of bubbles bound per cell was less 

than that which has been previously reported for VEGFR2. This could be attributed to 

the difference in expression levels of the targets (uPAR vs. VEGFR2). One other related 

observation was that the total number of cells per well decreased significantly after the 

washing steps due to the modest adhesion properties of the MDA-MB-231 cells.  
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Figure 38 Graphical analysis of the number of MBs bound per cell based on relative area from the flow chamber 

adhesion assay following washing. The two bright-field microscopy images are shown; one image from one well of 

both MB-Tz with TCO (left) and MB-Tz with no TCO (right). The MBs appear as black spheres (with select examples 

highlighted by the white arrows). 

To address the adherence issue, anA431 cell line was used as it is known to 

overexpress uPAR, is sufficiently adherent and it has been used successfully in prior 

flow experiments. The flow assay was repeated with all controls, each sample done in 

duplicate, using A431 cells as the uPAR expressing cell line (uPAR +) and MCF7 as a 

negative control (uPAR -).
97

 In order to test the difference between pre-targeted (capture 

strategy) and conventional targeting, MBTz was pre-incubated with TCO-anti-uPAR 

antibodies (MBuPAR) to generate an actively targeted construct. Results of the experiment 

showed minimal binding in all of the negative controls; MCF7 cells incubated with the 

antibody, A431 cells exposed to MBTz without antibody treatment and antibody treated 

A431 cells exposed to control MBs lacking the tetrazine moiety (MBc).The binding of the 

MBTz to A431 (TCO+) cells was 6 fold higher than the highest negative control and a 

concentration= 1.99 x 10
7
 

MBs / mL 

Size = 2.66 µm ± 0.74 µm 
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qualitative assessment of the images and videos indicates a significantly higher binding 

than the negative controls. No significant difference between the pre-targeted MBTzand 

the MBuPAR was observed. It is worth mentioning that a similar pattern was observed 

when repeating the experiment with the same controls on a different day, where graphical 

analysis of both experiments (Figure 39 and Figure 40) and a representative of the 

microscopic images (Figure 41) are shown below. 

 

Figure 39 Graphical analysis of the number of MBs bound per cell based on relative area from the flow chamber 

adhesion assay following washing on day one, where a=TCO-anti-uPAR + MBTz, b=MBuPAR, c=MBTz, d=TCO-anti-

uPAR + MBTz and e=TCO-anti-uPAR + MBC (n=2). 
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Figure 40 Graphical analysis of the number of MBs bound per cell based on relative area from the flow chamber 

adhesion assay following washing on day two, where a=TCO-anti-uPAR + MBTz, b=MBuPAR, c=MBTz, d=TCO-anti-

uPAR + MBTz  and e=TCO-anti-uPAR + MBC (n=2). 

 

 

Figure 41 Bright-field microscopy images showing binding of: a) A431 cells + TCO-anti-uPAR + MBTz, b)A431 cells 

+ MBTz-TCO-anti-uPAR, c) A431 cells + MBTz, d) MCF7 cells + TCO-anti-uPAR + MBTz and e) A431 cells + TCO-

anti-uPAR + MBC.  The MBs appear as black spheres with select examples highlighted by the white arrows. 
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4.8. Summary and Future Work 

TCO was successfully conjugated to the anti-uPAR antibody and fluorescence 

experiments in MDA-MB-231 cells validated the selective reactivity of the TCO-anti-

uPAR antibody towards a biotinylated tetrazine derivative. Also, uPAR expressing A431 

cells were incubated with the antibody and tested in a flow assay where they were able to 

capture the MBTz selectively. Next steps for this work should involve in vivo US imaging 

in animal xenograft models. The antibody will be injected first, allowed to accumulate in 

tumours and subsequently clear from the rest of the body. After this, the MBTz will be 

injected and US will be taken to assess the contrast enhancement achieved by the MBs. 
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CHAPTER FIVE: CONCLUSION AND FUTURE WORK 

 The work described in this thesis was divided into two parts. The first component 

was done to create a MI probe that could target increased IR expression in different types 

of cancer, with particular focus on breast cancer. In the attempts to design such a probe, 

we have been able to selectively conjugate halogenated prosthetic groups to insulin at the 

B29-Lys position and successfully produce the 
18

F-analogue which showed adequate 

stability in saline and PBS. The lead compound, (4), also showed affinity for the IR 

comparable to insulin. Further development of the probe was halted because of concerns 

over metabolic stability of the vector and target localization issues that arose when 

testing the similar B1 probe in vivo. Future efforts on the IR probe should focus on 

further enhancement of metabolic stability or switching to a different strategy using 

antibodies targeting IGF-1 or IR. 

An antibody-targeted US imaging approach targeting uPAR was investigated as 

another avenue to preparing MI probes for breast cancer. The flow experiments were 

successful and showed that the pre-targeted approach using MBs can be used to detect 

uPAR in vitro. This was evident by the ability of uPAR-expressing cells in capturing the 

MBTz once the cells were incubated with the TCO-conjugated antibody. Short term goals 

for this work should include in vivo US imaging in animal xenograft model expressing 

uPAR. 

Although preliminary data proves promising, there are two potential limitations 

with this strategy. First, endogenous uPA is overexpressed concurrently with 

overexpression of uPAR. This can be overcome using antibodies that bind uPAR whether 
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or not uPA is present. Also, this platform was based upon a streptavidin-biotin 

interaction at the MB surface, which is known to cause an adverse reaction in humans.
98

 

The long term objective should therefore be to design the next generation of tetrazine-

bubbles that are human compatible. This is currently an active area of research within the 

group. 
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